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Author Abstract 
 
CTG•CAG repeat expansions are the underlying genetic cause for at least 12 

inherited neurological disorders, including Huntington’s disease (HD) and myotonic 

dystrophy type I (DM1). Trinucleotide repeats (TNRs) are very unstable with a 

strong expansion bias between generations in affected families. High-frequency 

somatic expansions in affected tissues are also evident for some diseases. Expansions 

determine whether disease will ensue, at what age and the speed of disease 

progression. 

Inherited and somatic expansions require the DNA mismatch repair protein 

MutSb. Previous studies investigated MutSb abundance, MutSb ATPase function 

and naturally occurring polymorphisms of Msh2 and Msh3. These studies were 

carried out in several different experimental systems and in some studies the protein 

variants were expressed at lower levels than wild-type proteins which makes it 

difficult to draw firm conclusions about the mechanism of MutSb and expansions. I 

used CRISPR/Cas9 genome editing technology to mutate Msh3 in human SVG-A 

astrocytes to create a Msh3-/- cell line that is selectively deficient for MutSb. 

CTG•CAG repeat expansion frequencies were measured using the well-established 

SVG-A expansion assay. The Msh3-/- cell line was found to be severely defective for 

expansions with no effect on contractions. Over-expression of Msh3 showed a rescue 

of expansion phenotype and an increase in expansions in line with Msh3 expression, 

thereby indicating that MutSb abundance is limiting for CTG•CAG expansions in 

human cells. 

The Msh3-/- cell line provided me with a novel experimental platform for 

studying key Msh3 variants in a biologically relevant cell system by adding back 

clones expressing those variants to the Msh3-/- cells. I was able to identify cell lines 

that express the variant protein at near wild type levels, thereby allowing me to 

distinguish between the variant protein effect and any effect of protein abundance on 

expansions. Mutation of the Walker B motif of the Msh3 ATPase domain was shown 

to affect hydrolysis of ATP by Msh3 but is predicted to not affect binding of ATP. 

When assayed for expansions, there was a significant decrease in expansions to a 

similar level to the Msh3-/- cell line. Thus, the ATPase mutant appeared completely 

defective in driving expansions. I also investigated Msh3 polymorphisms in this 

system, previous studies had identified the mouse T321I and the human T1045A 



 

	xviii 

Msh3 gene polymorphism as modifiers of genomic instability. Like the studies 

mentioned earlier, these polymorphic proteins were also found to be expressed at 

lower levels than wild-type. I tested the human equivalent to the T321I 

polymorphism, T363I and the T1045A polymorphism at near wild type levels and 

found no significant difference in expansion rates. This indicates that the effect on 

genome stability seen in the other studies was due to lower protein expression and 

not due to altered biochemical activities arising from the polymorphisms. 

I also describe the creation of a novel Msh35KR cell line which expresses a 

mutant Msh35KR protein with five known acetylation sites mutated from lysine to 

arginine residues. The Msh35KR protein is expressed at wild type level, mimics a 

deacetylated Msh3 protein and the cell line containing this mutation is active for 

CTG•CAG repeat expansions. This cell line is particularly useful for investigating 

the relationship between Msh3 and histone deacetylase 3 (HDAC3), another known 

promoter of CTG•CAG repeat expansions. I report my initial findings on the effect 

of HDAC3 inhibition on CTG•CAG repeat expansions in the Msh35KR and wild type 

cell lines and provide a solid framework for further investigation into the relationship 

between MutSb and HDAC3 and how they promote CTG• CAG repeat instability in 

human cells.  
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1.1 Repeat instability overview  

 

Trinucleotide repeats (TNRs) are tandem arrays of three base pairs that are normally 

genetically stable and rarely alter in length. However, some TNRs undergo frequent 

expansion (increased length) and these TNR expansions are the genetic basis for 

several neuromuscular and neurodegenerative disorders (Figure 1.1). CTG•CAG 

repeat expansions are the underlying genetic cause for at least 12 neurodegenerative 

disorders including Huntington’s disease (HD), myotonic dystrophy 1 (DM1) and 

most of the spinocerebellar ataxias (SCAs) (Orr and Zoghbi, 2007, Lopez Castel et 

al., 2010, McMurray, 2010, Zhao et al., 2015). Expansions can arise during 

inheritance in all of these diseases and some also undergo somatic expansions in 

certain tissues. Inherited length of the CTG•CAG repeat determines age of onset of 

disease and somatic expansions determines speed of disease progression (Lopez 

Castel et al., 2010, McMurray, 2010, Zhao et al., 2015). It is known that CTG•CAG 

somatic expansions are promoted by the presence of certain proteins, including the 

mismatch repair protein complex MutSb which has been shown to be essential for 

somatic and inherited expansions (Kantartzis et al., 2012). The histone deacetylases 

(HDACs) HDAC3 and HDAC5 have been implicated as being potential regulators of 

MutSb activity in somatic expansions (Gannon et al., 2012). In this introduction, I 

endeavour to describe the characteristics of TNR expansions and the proteins 

proposed to promote somatic CTG•CAG expansions in Huntington’s disease, 

focusing on MutSb and HDAC3 and review the proposed molecular mechanisms by 

which they act.  

 

1.2 TNR diseases  

1.2.1 Sequence and location of TNR tracts  

 
TNR diseases are predominantly autosomal dominant or exhibit X-linked inheritance 

patterns, the one exception is Friedrich’s ataxia (FRDA) which is autosomal 

recessive (Palau and Espinos, 2006). TNR diseases share a common type of 

mutation, an expansion of a repeat tract; however, the DNA sequence of the repeat 
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tract and its genomic location vary greatly amongst diseases, as does the clinical 

manifestation of the disease (Figure 1.1).  

 

 
 

Figure 1.1 Schematic showing location of and sequence of TNR repeats in TNR 
diseases 
TNR repeats differ in sequence and in location, coding and non-coding regions are 
indicated. Polyglutamine diseases e.g. Huntington’s disease arise from TNR 
expansions in a coding region. The green area of the triangle represents normal 
length repeat alleles, yellow represents carrier length and disease length is denoted 
by the red area. Adapted from (Kumari et al., 2012).  
 

TNR diseases are divided into two groups dependent on whether the expanded TNR 

is in a coding or non-coding region (Figure 1.1). Polyglutamine disorders are one of 

the largest groups and includes HD and several of the SCAs. The expanded CAG 

tract located in the coding region of a gene results in expanded polyglutamine 

(PolyQ) tracts being incorporated into the cognate protein. The increased PolyQ tract 

leads to an altered protein confirmation and a gain-of-function toxicity (Orr and 

Zoghbi, 2007). The second group of TNR disorders result from an expanded TNR 

located in a non-coding region of the gene, i.e. the 3’UTR or 5’UTRs. FRDA is 

caused by a GAA repeat located in an intronic region and the disease pathogenesis 

arise from a loss-of function by the protein. DM1 arises from an expanded CTG tract 

in the 3’UTR and there is a CUG tract present in the RNA transcript which leads to a 

toxic gain-of-function (Cummings and Zoghbi, 2000).  

 

 

Coding region
Polyglutamine

Disorders  

Non-coding
region 

Non-coding
region 

Non-coding
region 
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1.2.2 Inherited expansions in TNR diseases  

 

TNR diseases are mostly autosomal dominant and inherited TNR tract length 

determines age of onset of disease. Disease onset is inversely dependent on the 

length of the TNR tract i.e. the longer the inherited tract, the earlier the age of onset. 

Genetic anticipation is often observed in families with TNR diseases. Anticipation is 

a common feature of genetic disease, where disease phenotype worsens through 

subsequent generations (Friedman, 2011, Maltecca et al., 2003). Most but not all 

TNR diseases exhibit a parent of origin bias. In the case of non-coding TNR 

diseases, such as DM1, it is known that full mutations (37-50 repeats) are inherited 

maternally with expansions of the TNR tracts shown to be occurring in non-dividing 

oocytes (Dean et al., 2006, De Temmerman et al., 2004). It has also been observed in 

DM1 patients (Lavedan et al., 1993) and mouse models (Savouret et al., 2003, 

Fortune et al., 2000) that TNR tracts exhibit a high degree of somatic instability 

which tends to increase with age. In the case of diseases which arise from a TNR 

tract in a coding region, i.e. HD, it has been shown that expansion from a normal 

CAG length to a pre-disease length occurs primarily through paternal transmission 

(Kremer et al., 1995, Wheeler et al., 2007, Norremolle et al., 1995).  Similar to DM1, 

a high level of somatic instability is observed in HD, particularly in post-mitotic 

neurons (Gonitel et al., 2008). It is noteworthy that there are also TNR diseases that 

do not exhibit a parent of origin bias, such as SCA12 and oculopharyngeal muscular 

dystrophy (OPMD) (McMurray, 2010).  

 

1.2.3 Tissue specific somatic instability in TNR diseases  

 

Many TNR diseases exhibit tissue-specific somatic instability, including DM1, 

SCA1, fragile X syndrome (FXS) and HD, reviewed in (McMurray, 2010, Dion, 

2014). Several TNR mouse models have been tested for tissue-specific phenotypes, 

reviewed in (Dion, 2014). In the case of DM1, the primary affected tissue is muscle, 

where large expansions of CTG tracts are observed (Thornton et al., 1994) whereas 

much fewer expansions are observed in the blood of DM1 patients. Similarly, the 

DM1 knockin mice showed higher levels of instability in the liver and kidney and 

little to no instability in the heart and cerebellum (Dion, 2014). A study investigating 



Chapter 1 
 

 

	 5 

somatic instability in FXS mice and human carriers of the permutation alleles also 

reported that there were high levels of somatic instability in the brain, liver and testis 

with low levels of  instability observed in the heart or blood (Lokanga et al., 2013).  

 

Somatic instability is very prevalent in HD patients, particularly in the striatum of the 

brain, the primarily affected tissue (Swami et al., 2009). Examination of somatic 

instability in HD knockin mice investigated the degree of somatic instability in 

different tissue types and found that somatic instability was highest in the striatum 

and cortex of the brain, with little or no instability seen in the tail, spleen and heart 

cells (Lee et al., 2011, Dion, 2014). Interestingly, another study investigated another 

region of the brain, the cerebellum and found no instability, thereby suggesting that 

the somatic instability observed is tissue-specific (Tian et al., 2009b). Several studies 

have identified proteins that act as genetic modifiers and promote somatic instability 

in TNR diseases, I will discuss some of these in respect to HD.  

 

1.2.4 TNRs are dynamic in nature and governed by a genetic threshold 

 

TNR tracts are highly dynamic and are subject to both contractions and expansions 

in length (Figure 1.2). The TNR mutational process is dynamic and the resultant 

products continue to mutate throughout generations, leading to both germline and 

somatic instability being observed in some cases (Pearson et al., 2005).  

 

 
 

Figure 1.2 Dynamic TNRs are subject to both contractions and expansions 
TNRs are subject to both expansions and contractions and are highly dynamic in 
nature. The length of the repeat correlates with the presence of the disease. 
 

A commonality between most TNR diseases is that unaffected individuals usually 

contain a small number of TNR repeats (~5-35 repeats) in the associated disease 

gene and these repeats are generally genetically stable and not subject to further 

expansions (Cleary and Pearson, 2003). There exists a disease threshold which 

Threshold length 

TNR
ExpansionContraction

Large TNR 
Disease length 

Normal TNR
Unaffected  length 
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separates short stable repeats from longer disease-causing lengths which are 

genetically unstable and dynamic in nature (McMurray, 2008). Expansion of a TNR 

tract across the genetic threshold from pre-mutation to full-mutation length will 

result in the disease (Figure 1.3), for example in HD, expansion of the repeat above 

the normal length of ~36 CTG repeats will result in expression of HD symptoms 

(Huntington's Disease Collaborative, 1993).  

 
 

Figure 1.3 Genetic threshold of TNR diseases  
Schematic showing the presence of a genetic threshold in TNR diseases. Unaffected 
individuals will have a normal size range of repeats (5-35), the threshold number of 
repeats will be present in disease carriers (~36-37). Individuals with the disease will 
contain a number of repeats in the affected range (>37). Adapted from (Williams and 
Surtees, 2015).  
 

Studies that use transgenic mouse models in the disease state for HD, DM1, FRDA 

and FXS typically utilise repeat tracts of 100-300 repeat tracts in length. These tracts 

of increased length are highly dynamic and more likely to undergo expansion or 

contraction in size. The studies presented in this thesis deal with threshold length 

repeats (~22-33 CTG repeats) and the genetic modifiers that promote their expansion 

or contraction in length at threshold level. 

 

1.3 Huntington’s disease  

 

Huntington’s disease (HD) was first described by George Huntington in 1872. It is a 

dominantly inherited neurodegenerative disorder which has an average age of onset 

of 30-50 years with some juvenile cases also observed (age of onset <20 years) 

(Roos, 2010). HD has a prevalence of 0.1-1 per 10,000 people dependent on the 

5-35

~36-37

>37
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country of origin. Adult-onset HD is the most common and the symptoms include 

uncontrolled movements such as chorea, severe cognitive and psychological decline 

as well as motor defects and usually results in premature death (Table 1.1) (Dandelot 

and Tome, 2017, Roos, 2010). There are currently no treatments or cure for HD.  

 

 
 

Table 1.1 Huntington’s disease patient symptoms  
Table showing neurological, psychiatric, cognitive and non-neurological symptoms 
of HD patients. Adapted from (Pandey, 2013).  
 

HD is caused by expansion of an unstable CAG repeat in exon 1 of the huntingtin 

(HTT) gene that is located on the short arm of chromosome 4 (Huntington's Disease 

Collaborative, 1993). As discussed earlier, unaffected individuals will have between 

5-35 stable CAG repeats whereas affected individuals will have >36-37 CAG repeats 

(Figure 1.3). Analysis of HD patients have shown that inherited expansion length is 

inversely correlated with the age of onset of disease (Andrew et al., 1993, Snell et al., 

1993). Instability of the CAG repeat between generations is different for paternal and 

maternal transmissions, most paternal transmissions resulted in expansions (61-68%) 

whereas the majority of maternal transmissions (>60%) showed CAG repeat 

contraction or stabilisation of the repeat (Kremer et al., 1995, Aziz et al., 2011). 

Therefore, it is suggested that HD is transmitted most often through the paternal line. 

This is further supported by studies which show that CAG repeat expansion occurs in 

spermatagonia before the end of the first meiotic division and continues to increase 

post meiosis (Yoon et al., 2003).  

Symptoms of HD in patients 

Neurological Psychiatric Cognition Non-neurological

Chorea Depression Speech difficulty Muscle and testicular 
atrophy 

Dystonia Mania Executive
dysfunction

Weight loss 

Rigidity Psychosis Short term
memory loss 

Osteoporosis

Gait abnormality Anxiety Poor attention Impaired glucose tolerance 
test 

Eye movement
abnormality 

Suicidal 
tendency 

Poor calculation Heart failure 
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Somatic instability in HD has been implicated as being a driver of disease 

progression, the striatum and cortex being the primarily affected tissues with the 

highest levels of somatic instability (Telenius et al., 1994, De Rooij et al., 1995, 

Wheeler et al., 1999). As these areas of the brain contain both dividing (astrocytes, 

glia) and non-dividing cells (post-mitotic neurons, glia in adult brains), both 

replication and DNA repair have been investigated as genetic modifiers of somatic 

instability in HD.  

 

1.4 Genetic modifiers of CTG•CAG somatic instability  

 
The mechanisms that cause repeat instability are not fully established, however some 

models are proposed. Cellular mechanisms including DNA replication, 

recombination, transcription and DNA repair have all been studied for their roles in 

TNR instability. A common feature to all the proposed models is the formation of 

secondary structures such as hairpins by the TNRs. These hairpins are acted upon in 

the mutagenic instability process and their formation has been directly detected in 

cells (Liu et al., 2010) and in tissue samples from DM1 patients (Axford et al., 2013).  

 

Post-mitotic neurons from HD patient and HD mouse brains exhibit somatic 

expansions (Shelbourne et al., 2007, Gonitel et al., 2008). This suggests that there is 

an additional mechanism to replication which acts on non-dividing cells. Several 

DNA repair pathways have been implicated in TNR instability including base 

excision repair (BER), nucleotide excision repair (NER) and mismatch repair 

(MMR).  

1.4.1 Base excision repair (BER) 

 

Base excision repair (BER) repairs DNA by correcting small base lesions such as 

those that arise from oxidation such as 8-oxoG lesions which are a common type of 

genomic DNA lesion caused by reactive oxygen species (ROS). DNA glycosylases 

such as Ogg1 remove oxidised bases by hydrolysing the bond that connects the 

damaged base to the DNA strand. Once removed, an abasic site is formed on the 

DNA strand and this abasic site is processed by the Ape1 endonuclease and repaired 
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by either short-patch or long-patch BER (Migliore and Coppede, 2009, Lin and 

Wilson, 2012) (Figure 1.4). BER occurs through a highly-coordinated action of many 

proteins, including endonucleases, polymerases and ligases and is normally a robust 

process which functions efficiently to remove oxidative damage from DNA.  

 
 

Figure 1.4 Base excision repair pathway  
Schematic representation of base excision repair (BER) mechanism. An oxidised 
base is recognised and excised by a specific glycosylase, either Ogg1 or Neil1. An 
endonuclease creates a nick and there is strand displacement and insertion of the first 
nucleotide. The decision to undergo short patch or long patch repair is dependent on 
the 5’deoxyribose-5-phosphate (dRP) form. Polb and LigI or LigIII are involved in 
short patch repair. Long patch repair occurs in the absence of a ligatable nick and 
involves 5’ flap cleavage by Fen1 and Polb activity to create a nick that can be 
ligated by LigI. Adapted from (Christmann et al., 2003). 
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Studies investigating BER and its role in TNR expansions in human cells observed 

an increase in CAG repeat expansions in human HD fibroblasts when treated with an 

oxidising agent such as H2O2 (Kovtun et al., 2007). Similarly, studies in transgenic 

FXS mice showed an increase in expansions following treatment of the mice with 

potassium bromide, another oxidising agent (Entezam et al., 2010). Additionally, 

Ogg1, an important DNA glycosylase in the BER pathway, was found to promote 

most somatic expansions in a transgenic HD mouse (Kovtun et al., 2007, Budworth 

et al., 2015). A similar result was observed with the ‘back-up’ glycosylase NEIL1; a 

decrease in somatic expansions was observed following loss of NEIL1 in transgenic 

HD mice (Mollersen et al., 2012). In a study by Budworth et al (Budworth et al., 

2015), transgenic HD mice were treated with a pharmacological agent XJB-5-131 

and it was observed that somatic expansions were blocked. XJB-5-131 reduces the 

number of oxidative radicals, thereby reducing oxidative damage and the substrates 

for Ogg1 and BER.  

 

Other components involved in the BER pathway were also investigated in the 

context of TNR instability and have been shown to contribute to expansions. In vitro 

experiments using CTG•CAG substrates provided evidence for the involvement for 

long patch BER pathway (Kovtun et al., 2007, Goula et al., 2009), as this pathway 

generates flaps which can form TNR secondary structures such as hairpins. Polb, 

Fen1 and LigI have also been implicated in TNR expansions. It was proposed that 

the hairpin that is formed cannot be cleaved by Fen1 at the 3’ end and instead a nick 

is formed at the 5’ end and this 5’ nick is incorporated into the DNA by Polb and 

LigI resulting in an expansion (Liu et al., 2009).  

1.4.2 Nucleotide excision repair (NER) 

 

Nucleotide excision repair (NER) is a multi-step DNA repair pathway which 

recognises and repairs a wide variety of damage, including UV-induced damage and 

bulky chemical adducts (Gillet and Scharer, 2006). NER consists of two main 

pathways, transcription-coupled repair (TCR) and global genomic repair (GGR), 

both pathways are highly conserved in eukaryotes and function to excise and replace 

damaged nucleotides (Figure 1.5). TCR specifically removes damage from 

transcribed DNA when it is limiting transcription activity and the process is activated 
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by the stalling of RNA polymerase II (Figure 1.5). GGR detects and removes bulky 

chemical adducts from the entire genome, including untranscribed regions and silent 

chromatin (Petruseva et al., 2014) (Figure 1.5).  

 
 

Figure 1.5 Nucleotide excision repair pathway  
NER operates through two pathways, transcription–coupled repair (TCR) (right) or 
global genomic repair (GGR) (left). Each pathway contains different protein 
complexes responsible for detecting DNA lesions/ damage. The factors involved in 
excision and repair after recognition are similar for both TCR and GGR. Not all 
proteins involved in NER are shown for clarity purposes. Adapted from (Lans et al., 
2012). 
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The protein complexes involved in DNA damage recognition differ for TCR and 

GGR. Damage recognition in TCR is initiated by the stalling of RNA polymerase II 

on the transcribed strand and the subsequent recruitment of the Cockayne Syndrome 

A (CSA) and B (CSB) proteins whereas in GGR, the damage is recognised by the 

XPC-Rad23B protein complex (Gillet and Scharer, 2006, Sugasawa, 2010) (Figure 

1.5). Following damage recognition, the transcription factor II H is recruited and acts 

to unwind the DNA strands allowing the repair proteins access to the damaged site. 

Subsequently, the nuclease ERCC1/XPF incises the DNA at the 5’ end of the 

damaged lesion. XPG then incises the 3’ end of the lesion, leading to the removal of 

a strand of ~10-20 nucleotides, i.e. damaged DNA strand is excised (Hanawalt and 

Spivak, 2008, Cleaver et al., 2009, Staresincic et al., 2009). The resultant gap in the 

DNA is repaired by a DNA synthesis and ligation step which involves PCNA, RPA, 

RCF and the DNA polymerases d, e and k with ligation performed by DNA ligases I 

and II (Gillet and Scharer, 2006).  

 

In the context of TNR instability, several NER proteins have been investigated in 

both pathways. It is proposed that the single-stranded DNA formed after the first 5’ 

incision by ERCC1/XPF could form a hairpin in the presence of a TNR, this then 

could act as a mutagenic intermediary for expansions. ERCC1, XPG and CSB were 

all investigated in a study where siRNA knockdown of these proteins in a human HD 

cell model caused a suppression of transcription-dependent contractions (Lin et al., 

2010, Lin et al., 2006). GGR was targeted specifically in a study where TNR 

instability was investigated in a HD mouse model following loss of or knockdown of 

XPC and it was observed that there was no effect on repeat expansions (Lin et al., 

2006). This finding suggests that TCR is the main pathway of NER that promotes 

TNR instability in mice. A study investigating NER factors in yeast (Concannon and 

Lahue, 2014) targeted five representative NER proteins RAD23, RAD4, RAD16 and 

RAD14 and found that deletion of the genes encoding these proteins resulted in 

significant decrease in expansion rates. Additional experiments in this study 

(Concannon and Lahue, 2014) lead the authors to conclude that both TCR and GGR 

pathways are promoting TNR expansions in yeast.  
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1.4.3 Mismatch repair (MMR) 

 

Mismatch repair (MMR) functions to maintain genome stability by removing single- 

base DNA mismatches and insertion/deletion loops that occur following DNA 

replication (Li, 2008, Kunkel and Erie, 2005). Failure to repair DNA mismatches and 

insertion/deletion loops can lead to an increase in genome mutations and contributes 

to genome instability. The MMR pathway is highly conserved between prokaryotes 

and eukaryotes and has been characterised in many model systems. The eukaryotic 

MMR system is more complex than the prokaryotic system and involves several 

heterodimeric protein complexes (Table 1.2).  

 

MMR protein 

complex 

Protein complex 

components  

Function in MMR 

MutS! Msh2-Msh6 Recognise base-base mismatches and 

insertion/deletion loops  

MutSβ Msh2-Msh3 Recognition of insertion/deletion loops 

Also recognises some base-base 

mismatches   

MutL! Mlh1-Pms2 Forms complex with mismatched DNA 

and MutS! and MutSβ 

Also functions in meiotic 

recombination to repair DNA 

mismatches formed in heteroduplex 

DNA  

MutLɣ Mlh1-Mlh3 Main function in meiotic 

recombination, back up for MutL! in 

MutSβ directed repair  

 
Table 1.2 MMR protein complexes, components and function  
Table showing MMR protein complex, their respective complex components and 
their function in MMR. References are in text below.  
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MutSa is a complex of Msh2-Msh6 and is required for recognition of base-base 

mismatches and small insertion/ deletion loops (Palombo et al., 1995, Drummond et 

al., 1995, Gradia et al., 1997, Acharya et al., 1996). Msh2 also complexes with Msh3 

to form MutSb which is required for the recognition of insertion/deletion loops 

(Acharya et al., 1996, Palombo et al., 1996) and also functions to recognise some 

base-base mismatches (Sia et al., 1997). The MutL complexes, MutLa and g are also 

involved in MMR. MutLa is a complex of Mlh1 and Pms2 and is recruited to a 

mismatch following recognition by a MutS complex, it functions to increase 

discrimination between hetero and homo duplexes. In some systems, but not all 

MutLa also functions in meiotic recombination, primarily in a DNA MMR role. 

(Prolla et al., 1998, Li and Modrich, 1995, Dzantiev et al., 2004, Genschel and 

Modrich, 2003). MSH proteins have a more prominent role to play in preventing 

recombination between divergent DNA sequences. MutLg, a complex of Mlh1 and 

Mlh3, functions both in meiotic recombination (Lipkin et al., 2002) and in MMR, 

interacting with MutSb to repair insertion/ deletion loops (Romanova and Crouse, 

2013, Flores-Rozas and Kolodner, 1998). An example of MMR repair of a base-base 

mismatch is shown in Figure 1.6.  
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Figure 1.6 Proposed Mismatch repair pathway  
Schematic showing mammalian DNA MMR mechanism for repair of a base-base 
mismatch. A mismatch in the DNA is recognised by the MutSa protein complex. 
The MutLa complex is subsequently recruited and together with PCNA a sliding 
clamp is formed which can transverse the DNA strand until it reaches a mismatch. 
The exonuclease Exo1 then degrades the strand leading to strand degradation. The 
single stranded DNA is coated by RPA and Pol d resynthesizes the new DNA strand 
and the gap is ligated by DNA ligase I. The newly synthesized DNA strand is 
mismatch free. MutSb repairs small insertion/deletion loops by a similar mechanism. 
Adapted from (Bak et al., 2014) 
 

As shown in Figure 1.6, the base-base mismatch present in the DNA is recognised by 

MutSa and repair is initiated by the recruitment of downstream factors (Prolla et al., 

1998, Hombauer et al., 2011). The MutLa protein complex is recruited in an ATP-

dependent manner (Cannavo et al., 2005). The Pms2 subunit of the MutLa complex 

has an endogenous endonuclease activity which is proposed to generate a nick in the 

damaged DNA strand (Kadyrov et al., 2006, van Oers et al., 2010, Pluciennik et al., 

2013). Similarly, the Mlh3 component of MutLg also exhibits an endonuclease 

activity (Nishant et al., 2008). It is proposed that the nick created by the MutL 
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complexes acts as a loading point for a downstream factor, Exonuclease 1 (Exo1). 

Exo1 is a 5’ to 3’ exonuclease that operates in concert with MutSa and RPA to 

excise the damaged stand in a 5’ to 3’ direction (Amin et al., 2001, Bellacosa, 2001, 

Genschel and Modrich, 2003). When a nick is generated on the 3’ side of the 

mismatch, RFC and PCNA are also required along with MutLa endonuclease 

activity, these proteins work to provide a 5’ nick that Exo1 can subsequently load to 

(Genschel and Modrich, 2003, Kadyrov et al., 2006, Kadyrov et al., 2009, Goellner 

et al., 2014). Following successful strand degradation and excision of the mismatch, 

the now single stranded DNA is coated with RPA and a new DNA strand is 

synthesised by DNA polymerases such as DNA Pold and ligated by DNA ligase I 

(Jiricny, 2006). The resultant DNA stand in mismatch free, insertion/deletion loops 

are repaired in a similar manner following recognition by MutSb.  

 

MutSb also has a role in double strand break induced genetic recombination in a 

process called 3’ non-homologous tail removal. A 3’ non-homologous tail is 

generated following 5’-3’ resection of DNA strands surrounding a double strand 

break and this 3’ tail can invade a homologous donor sequence (Sugawara et al., 

1997, Ivanov et al., 1996, Evans and Alani, 2000, Kirkpatrick and Petes, 1997, 

Paques and Haber, 1999). DNA synthesis is initiated from the 3’ OH of the invading 

strand and branch migration follows. If there is non-homology present in the 3’ tail 

MutSb must act in collaboration with the Rad1-Rad10 endonuclease to remove the 

tail before DNA synthesis and repair can be completed (Kumar et al., 2013, 

Studamire et al., 1999).  

 

Several studies have identified a role for some MMR proteins in TNR instability. Of 

particular importance is the MutSb complex, which will be the focus of this study. 

Interestingly, it is the presence of certain MMR proteins, rather than their absence, 

that drives TNR instability. Candidate gene studies in mice and other model 

organisms identified MutSb as an important driver of CTG•CAG repeat expansions. 

As mentioned above, MutSb is a heterodimeric complex of Msh2 and Msh3 and 

functions to remove small and large insertion/deletion loops from DNA (Palombo et 

al., 1996, Acharya et al., 1996). Mouse knockouts of either subunit, Msh2 or Msh3 

blocked nearly all inherited and somatic expansions in HD and DM1 transgenic mice 
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(Manley et al., 1999, Kovtun and McMurray, 2001, van den Broek et al., 2002, 

Savouret et al., 2003, Wheeler et al., 2003, Owen et al., 2005). Surprisingly, 

knockout of Msh6, encoding the protein unique to MutSa showed little to no effect 

on expansions in HD mice (van den Broek et al., 2002, Owen et al., 2005, Foiry et 

al., 2006, Dragileva et al., 2009). It was observed in a study by Foiry et al, (Foiry et 

al., 2006) that there was a slight reduction in maternally inherited expansions in 

Msh6-/- DM1 mice. However, MutSb appears to be the major contributor to 

CTG•CAG expansion frequency in these transgenic animals. A similar result was 

also observed in an FXS mouse model where MutSb was found to promote 

CGG•GGC expansions (Lokanga et al., 2014, Zhao et al., 2015, Zhao et al., 2016). 

Further evidence for MutSb involvement in TNR expansions comes from studies in 

human cells. siRNA mediated knockdown of Msh2 and Msh3 resulted in a 

significant suppression of expansions, whereas, knockdown of Msh6 had no effect 

(Gannon et al., 2012). Similarly, studies in yeast showed that yeast msh3 mutants and 

not msh6 mutants again showed a sizeable reduction in expansions (Kantartzis et al., 

2012). The growing body of literature suggests that MutSb is driving CTG•CAG 

repeat expansions and MutSa has little to no part to play. I will delve into the 

different mechanistic factors of MutSb and how they are proposed to contribute to 

CTG•CAG repeat expansions in the latter sections of the introduction and in the 

experimental work presented in chapter 3 and chapter 4.   

 

In addition to driving expansions, MutSb has also been studied for its effect on 

CTG•CAG repeat contractions. There are some conflicting reports in this area. Some 

mouse studies show that loss of MutSb caused a loss of expansions and stabilisation 

of the repeat but also observed an increase in contractions or contraction bias (Foiry 

et al., 2006). A biochemical study using human cell extracts also observed an 

increase in contractions in the absence of MutSb (Slean et al., 2016). In contrast, 

there are several mouse studies which do not show a contraction bias when MutSb is 

ablated (van den Broek et al., 2002, Owen et al., 2005, Dragileva et al., 2009). 

Understanding the mechanism for enhancing TNR contractions is of interest as 

inducing contractions could be a potential therapy approach for slowing disease 

progression. I address MutSb and its role in contractions in chapter 3 and chapter 4.  
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Recent work has also implicated the MutL complexes, MutLa (Mlh1-Pms2) and 

MutLg (Mlh1-Mlh3) in TNR expansions. Similar to the MutSb complex, the 

presence of these MutL proteins is required for expansions. The Mlh1 protein has 

been shown to be required for somatic expansions in HD transgenic mice (Pinto et 

al., 2013). As Mlh1 is common to both MutL complexes, further studies have 

targeted Pms2 (MutLa) and Mlh3 (MutLg) in an attempt to distinguish which MutL 

complex is driving expansions. MutLa is the more abundant MutL complex and 

Pms2 was found to be required for a substantial amount of CTG•CAG expansions 

(~50%) in DM1 transgenic mice (Gomes-Pereira et al., 2004). Loss of Pms2 was also 

found to cause significant suppression of GAA•TTC expansions in neuronal cells in 

transgenic FRDA mice (Bourn et al., 2012). Mlh3, the unique MutLg subunit is 

expressed at ~60 times lower than Pms2 in human colon cancer cells (Cannavo et al., 

2005). Despite its low abundance, a role for Mlh3 in TNR expansions has also been 

suggested. In a study by Pinto et al (Pinto et al., 2013), HD transgenic mice that were 

Mlh3-/- exhibited an almost complete elimination of somatic expansions to the same 

level as that observed for loss of Mlh1. Overall, there is evidence suggesting the 

MutL complexes have a role in promoting CTG•CAG repeat expansions, although 

this mechanism is undefined. It is not clear which MutL complex, MutLa or MutLg 

is driving TNR instability. It would also be interesting to further investigate the 

interaction between MutSb and the MutL complexes and to determine the 

mechanism by which they may be acting.  

1.5 MutSb as a driver of CTG•CAG repeat instability 

 

As described briefly in the previous section, there is a large body of work that 

implicates MutSb as a molecular determinant of CTG•CAG repeat expansions. 

MutSb was found to promote both germline and somatic CTG•CAG repeat 

instability. Furthermore, there is some evidence to suggest that MutSb also affects 

CTG•CAG repeat contractions. I endeavour to summarise the work that details the 

different aspects of MutSb mechanism and how it promotes CTG•CAG repeat 

instability. The main aim of this study was to elucidate the mechanism of how 

MutSb is promoting CTG•CAG repeat instability in human cells.   
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MutSb is a heterodimer of Msh2 and Msh3 whose structure is shown in Figure 1.7. 

Msh2 and Msh3 dimerise by their respective dimerization domains (DMD) and form 

an ‘open-palm’ structure. MutSb consists of five structural domains (I-V) which are 

conserved in both subunits. Domain I (mismatch binding domain, MBD) and domain 

IV (clamp) are required for DNA mismatch binding, i.e. an insertion/deletion loop. 

The ATPase domain is in domain V and is essential for ATP hydrolysis which is 

required for conformational changes, efficient mismatch repair and recruitment of 

the MutL complexes. Domain II and III connect the DNA binding domains and the 

ATPase domain (Gupta et al., 2012) (Figure 1.7).  
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Figure 1.7 Crystal structure of MutSb protein complex  
Ribbon diagrams of the crystal structure of MutSb with Msh2 in green and Msh3 in 
blue. The two proteins dimerise through the dimerization domain (DMD). The 
mismatch binding domain (MBD) of MutSb is shown in complex with a DNA 
molecule. DNA backbone is shown in red, nucleotide bases are in light pink and 
unpaired nucleotides are shown in yellow and orange. Both Msh2 and Msh3 have 
ATPase domains, the ATPase domain of Msh2 is shown to have an ADP molecule 
associated. Adapted from (Gupta et al., 2012).  
 

1.5.1 MutSb abundance  

 

Msh3 is the unique protein to MutSb, Msh2 also complexes with Msh6 to form 

MutSa. Targeted study of Msh3 and not Msh2 allows selective study of MutSb 

without implicating MutSa. Another benefit to this approach is that loss of Msh3 is 

associated with only a minimal increase in endometrial cancer (Buchanan et al., 

2014), whereas Msh2 deficiency is the cause of Lynch syndrome or hereditary non- 

polyposis colorectal cancer (HNPCC) (Lynch et al., 2009). Therefore, Msh3 studies 

do not exhibit as large a mutator phenotype or as extensive a cancer predisposition 
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that would be observed in studies that eliminate Msh2 or Msh6. This is due to the 

partial redundancy of MutSb to MutSa in MMR. 

 

Msh3 abundance is limiting for overall MutSb abundance and has been proposed to 

be a relevant feature of MutSb action in TNR instability. A study by Foiry et al, 

(Foiry et al., 2006) using Msh3+/- DM1 mice showed a reduced level of expansions in 

line with reduced (but not ablated) Msh3 protein expression. Similarly, siRNA 

mediated knockdown of Msh3 in human cells resulted in a significant suppression of 

somatic CTG•CAG repeat expansions that again correlated to reduced Msh3 protein 

expression (Gannon et al., 2012, Nakatani et al., 2015). It is proposed that the 

reduced Msh3 expression levels were causing the reduced expansion rates, however 

this has not been directly tested. Also, to my knowledge there are no reports on the 

effect of Msh3 over-expression on TNR instability. In a study by Drummond et al 

(Drummond et al., 1997), a mutator phenotype was observed when Msh3 was over-

expressed by sequestering Msh2 from Msh6, however, TNR instability was not 

evaluated in this study. In chapter 3, I address this hypothesis directly.  

 

1.5.2 Proposed models of MutSb involvement in CTG•CAG repeat instability  

 

Two of the models proposed for MutSb action at CTG repeats include the misrepair 

model (Gomes-Pereira et al., 2004) and the hi-jacking model  (Owen et al., 2005) 

(Figure 1.8). The misrepair model (Figure 1.8 B) proposes that MutSb is active at the 

TNR hairpin and that it recruits MMR downstream factors such as Mlh1, Pms2 and 

Mlh3, consistent with studies that propose the MutL complexes are driving 

expansions (Gomes-Pereira et al., 2004, Pinto et al., 2013). An in vitro biochemical 

study (Pluciennik et al., 2013) investigating extra helical (CAG)n and (CTG)n 

elements showed that the repeat elements were sufficient to initiate MutSb and 

MutLa dependent mismatch repair and their findings also support many elements of 

the misrepair model (Pluciennik et al., 2013).  

 

Instead of working to excise extra nucleotides that compromise the hairpin as in 

normal MMR (Figure 1.6), it is proposed that repair occurs on the opposite strand, 
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leading to retention of the extra nucleotides and synthesis of their complement to 

create the expansion. It is proposed that there is a nick introduced on the opposite 

strand, the loop dissolves and the gap in the DNA is repaired and ligated and the 

extra nucleotides of the loop are incorporated into the DNA. The repeat expands by 

the same number of nucleotides as the hairpin loop. One prediction from this model 

is that the ATPase activity of Msh3 will be required for expansions to occur, I 

address this prediction in chapter 3.  

 

 
 

Figure 1.8 Proposed models of TNR instability mediated by MutSb 

Adapted from (McMurray, 2010). (A) Schematic showing formation of a hairpin 
loop in dividing cells and efficient removal of the loop which results in no mutation 
present in the DNA. (B) The misrepair model- In non-dividing cells, MutSb (Msh2-
Msh3) is recruited to a hairpin loop and has an active repair function. Additional 
MMR machinery (e.g. MutL proteins) are recruited and inappropriate repair of the 
hairpin loop or ‘misrepair’ causes the loop to be incorporate into the DNA rather 
than being excised, leading to repeat expansion. (C) The hi-jacking model - Active 
MutSb is recruited to a hairpin loop along with non-MMR machinery. The MutSb 
complex becomes trapped at the hairpin and its MMR function is inhibited or 
‘hijacked’. Through an unknown mechanism there is incorporation of the hairpin into 
the DNA strand, again leading to repeat expansion.  
 

Hi-jacking 
Model

Misrepair 
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The alternative model proposed is the hi-jacking model (Figure 1.8 C) (Owen et al., 

2005), which also predicts that MutSb is recruited to a TNR hairpin, however, in this 

model MutSb is proposed to become trapped at the hairpin and its repair activity is 

inhibited. A study by Lang and colleagues (Lang et al., 2011) performed analysis of 

MutSb’s binding to (CAG)4, (CAG)7 and (CAG)13 triplet repeat hairpins and found 

that all hairpins were bound equally. Investigating hairpin repair, it was shown that 

the (CAG)4 hairpin was repaired correctly, however the (CAG)13 hairpin was repair 

resistant. FRET analysis performed in this study also showed that the repair resistant 

(CAG)13 hairpin provides a binding site for MutSb but fails to couple DNA binding 

with ATP hydrolysis (Lang et al., 2011). The collective findings from this study 

provide experimental evidence that binding to a hairpin causes inhibition of the 

repair activity of MutSb. The hi-jacking model proposes that non-MMR proteins are 

recruited and the hairpin is incorporated into the DNA strand. The proposed 

mechanism is that there is a nick induced on the opposite strand and the loop is 

resolved and gap-filling synthesis occurs thereby leading to an incorporation of the 

extra nucleotides into the DNA strand and resultant repeat expansion (Owen et al., 

2005). This model predicts that ATP binding by Msh3 would be required for MutSb 

to become stuck at the hairpin, however it does not make any predictions on the ATP 

hydrolysis activity of Msh3.  

 

1.5.3 MutSb ATPase activity  

 

Both the Msh2 and Msh3 subunit of MutSb have an ATPase domain capable of 

binding and hydrolysing ATP (Owen et al., 2005, Tian et al., 2009a, Gupta et al., 

2012, Lang et al., 2011). MutSb recognises insertion/deletion loops and can recruit 

either MutLa or MutLg in an ATP-dependent manner (Cannavo et al., 2005). The 

ATPase activity of MutSb has been proposed to be required for CTG•CAG 

expansions to occur, particularly in the misrepair model which proposes that MutSb 

DNA mismatch repair goes awry at TNR repeats and causes extra DNA repeats to be 

added, leading to expansion of the DNA, ATP hydrolysis activity of Msh3 is 

proposed to be required for this model (Figure 1.8) (Lang et al., 2011, Gomes-Pereira 

et al., 2004). The ATPase domain of Msh2 has been studied previously by Tomé and 
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colleagues (Tomé et al., 2009). In this study, DM1 mice harbouring an Msh2 ATPase 

G674A mutation were analysed for TNR instability. The G674A mutation impairs 

ATP hydrolysis by Msh2 and the mice were found to have significantly decreased 

levels of both inherited and somatic CTG expansions (Tomé et al., 2009). However, 

it was observed that the resultant Msh2-G674A protein was found to be expressed at 

lower levels than wildtype, suggesting that MutSb abundance may also be involved. 

Additionally, the Msh2 G674A mutation is also reported to cause Msh2 to bind ATP 

poorly (Lang et al., 2011), therefore it cannot be said that the decrease in expansions 

is caused by the loss of Msh2 ATP hydrolysis alone. I am interested in Msh3 ATP 

hydrolysis and whether it is required for CTG•CAG repeat instability in human cells 

and how it relates to the misrepair model of expansions (Figure 1.8). I address this 

question directly in chapter 4.  

1.5.4 Naturally occurring polymorphisms in Msh3 gene   

 

Recent findings from studies in HD mice (Tomé et al., 2013) and human regression 

studies using DM1 patient samples (Morales et al., 2016) identified polymorphisms 

in the Msh3 gene that may affect TNR instability. In the mouse study by Tomé and 

colleagues (Tomé et al., 2013), HD transgenic mice of different genetic backgrounds 

containing the same HD transgene showed dramatically different levels of TNR 

expansions. These differences in expansions risk suggested that something in the 

mouse genetic background was important. Extensive genetic analysis mapped the 

expansion phenotype to the Msh3 gene and seven polymorphisms were identified. 

The authors propose that the T321I polymorphism may be affecting overall Msh3 

protein stability and somatic CTG expansions. Msh3 containing this polymorphism 

was found to be expressed at lower levels than wildtype in this study, again 

indicating a role for MutSb abundance. I am interested in investigating the human 

equivalent polymorphism T363I at near wild type levels and measuring its effect on 

CTG•CAG repeat expansions. The second polymorphism of interest is an A1045T 

polymorphism identified from regression studies from the blood of DM1 patients 

(Morales et al., 2016). A threonine at position 1045 is associated with a higher level 

of somatic CTG instability, the resultant protein was again found to be expressed at 

lower levels than wild-type and as the polymorphism is located close to the ATPase 
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domain of Msh3, there is an untested possibility that it may be affecting ATPase 

activity. I test the T1045A polymorphism at near wild type expression levels and 

predict lower levels of somatic CTG expansions will be observed, this work is 

summarised in chapter 4.  

 

1.6 Histone deacetylases (HDACs)  

1.6.1 HDACs classification  

It was discovered in 1964 that levels of histone acetylation correlate with gene 

activation (Allfrey et al., 1964). Histone deacetylases are chromatin modifiers that 

regulate gene expression by removing acetyl groups from the lysine side chains of 

both histone and non-histone proteins (Zhang et al., 2005a). Histone 

acetyltransferases (HATs) work in an opposing action to transfer acetyl groups to 

lysine residues, this typically leads to an open chromatin structure and an increase in 

gene expression. Conversely, HDAC removal of acetyl groups lead to a closed 

chromatin structure and often gene silencing. Gene expression is governed by a 

balance of HDACs and HATs (Figure 1.9).  

 

 
 

Figure 1.9 HAT and HDAC regulation of gene expression- a balancing act  
Schematic showing opposing action of HATs and HDACs and subsequent control of 
gene expression. Adapted from (de Ruijter et al., 2003). 
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There are 18 HDACs identified in humans and they are divided into four classes 

based on their homology to the yeast HDACs. The class I Rpd3-like proteins, the 

class II HdaI like proteins, the class III Sir-2 like proteins and the class IV protein 

(de Ruijter et al., 2003, Yang and Seto, 2008, d'Ydewalle et al., 2012). The members 

of each of these families are shown in figure 1.10.  

 

 
 

Figure 1.10 Classification of human HDACs 
Schematic showing the domain organisation of the human HDACs. Enzymatic 
domains are shown in colour coded legend on bottom right. The number of amino 
acid residues in each HDAC is shown on the right end of each protein. Nuc= 
Nuclear, Mito= Mitochondrial, cyt= Cytoplasmic localisation domains. Adapted 
from (Seto and Yoshida, 2014).  
 

HDAC1, 2 and 3 are ubiquitously expressed in most tissues and HDAC8 is expressed 

mostly in smooth muscle (Waltregny et al., 2005). The class I HDACs except for 

HDAC3 are predominantly localized to the nucleus (de Ruijter et al., 2003). Class II 

HDACs are further divided into class IIa and class IIb proteins, HDAC4,5,7 and 9 

are all class IIa proteins and share ~50% overall identity. HDAC6 and 10 were 

discovered independently and contain a second deacetylase domain unlike the other 

proteins and therefore make up class IIb. All the members of class IIa and class IIb 

subgroups show subcellular localisation suggesting that their functional role may be 
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cytoplasmic in nature (de Ruijter et al., 2003). HDAC11 is the sole protein in class 

IV HDAC family, it shares sequence similarity with both class I and class II families. 

Little is known about HDAC11 and its functional role, however, it has been shown to 

regulate the protein stability of DNA replication factor CDT1 (Glozak and Seto, 

2009) and also affects the expression of interleukin 10. The final group of HDACs, 

class III differs from the rest in that they do not contain a zinc molecule at its active 

site like class I, II and IV. The class III grouping of HDACs contains seven HDACs, 

SIRT1-7 and are highly homologous to the yeast Sir2 and they carry out their 

deacetylation function in an NAD+ mediated manner (Yang and Seto, 2008).  

 

This thesis focuses mainly on HDAC3 which is known to complex with the silencing 

mediator for retinoid and thyroid receptors (SMRT) and nuclear receptor corepressor 

(N-CoR) proteins to form a stable complex (Guenther et al., 2001). The 

SMRT/NCoR complex also complexes with HDAC5 and other subunits such as 

TBL1 and BCL6 (Figure 1.11). The SMRT/NCoR complexes act as co-activators for 

HDAC3 and is necessary for HDAC3 enzymatic action, HDAC3 alone does not 

exhibit this function (Li et al., 2000, Guenther et al., 2000). In the next sections I 

endeavour to outline the evidence for HDAC3 and HDAC5 action in TNR instability 

and describe the proposed model.  

 

 
 
Figure 1.11 SMRT/NCoR and HDAC3 form a stable complex  
Simplistic diagram of the SMRT/NCoR/HDAC3 complex with HDAC5 and other 
subunits also present.  
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1.6.2 HDAC3 and HDAC5 as promoters of TNR instability    

 

HDAC3 and HDAC5 have been identified as modifiers of CTG repeat expansions in 

human cells (Debacker et al., 2012, Gannon et al., 2012). A genetic screen performed 

in yeast looking for novel promoting factors of expansions identified that the yeast 

HDACs Rpd3L and Hda1 promote CTG•CAG repeat expansions (Debacker et al., 

2012). In the same study, one human homolog of Rpd3, HDAC3, was targeted with a 

selective small molecule inhibitor, with some off-target activity for HDAC1 

(Herman et al., 2006) and found that CTG•CAG repeat expansions were suppressed 

up to 77% compared to wild-type expansion levels in human astrocytes. This 

indicated that HDAC3 is promoting CTG•CAG repeat expansions in human cells, 

HDAC1 was subsequently inhibited with a HDAC1 selective inhibitor and no effect 

on expansions was observed, thereby confirming that HDAC3 is the relevant HDAC 

promoting expansions in human cells (Debacker et al., 2012). The authors offer 

further confirmation through siRNA mediated knockdown of HDAC3 which resulted 

in a 76% reduction in expansion frequencies. In a study by Gannon et al (Gannon et 

al., 2012) this finding was investigated further and siRNA experiments in human 

astrocytes showed that knockdown of HDAC3 and HDAC5, its partner in the 

SMRT/NCoR complex (Figure 1.11), resulted in a suppression of 75% of CTG•CAG 

repeat expansions. The same suppression of expansions was seen for single and 

double knockdown of HDAC3 and HDAC5, indicating that the HDACs are working 

in the same pathway. In the same study, Gannon et al investigated the subunits of 

MutSb, Msh2 and Msh3 and found that siRNA mediated knockdown of Msh2 or 

Msh3 resulted in a suppression of expansions up to ~66% compared to wild-type 

expansion levels. When a double knockdown of Msh2 and HDAC5 was performed a 

similar decrease in expansions to that seen with the individual knockdowns was 

observed. The authors propose that MutSb and HDAC3/5 are working to promote 

CTG•CAG repeat expansions in the same pathway (Gannon et al., 2012).  

 

The observed genetic epistasis between HDAC3, HDAC5 and MutSb could be 

explained by several mechanisms. The authors in the Gannon et al study (Gannon et 

al., 2012) investigate some of these possibilities. First, they hypothesised that 

HDAC3 might be controlling the recruitment and access of MutSb to the TNR tract. 
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To test this, they performed a chromatin immunoprecipitation (ChIP) experiment and 

measured MutSb occupancy at the TNR tract when HDAC3 was targeted with 

siRNA. They included the MutSa subunit Msh6 as a negative control and they 

observed no detectable difference in MutSb occupancy at the TNR tract in the 

HDAC3 depleted cells. The second proposed mechanism was that depletion of 

HDAC3 could be affecting transcription or protein stability of the MutSb proteins 

Msh2 and Msh3. The authors performed immunoblot analysis on cells treated with 

HDAC3 siRNA compared to a scrambled siRNA control and they found no apparent 

change in protein levels of Msh2 or Msh3 (Gannon et al., 2012). Therefore, it can be 

concluded that HDAC3 is not acting in a chromatin modifier role to reduce MutSb 

occupancy at the CTG•CAG repeat tract, nor is HDAC3 controlling protein levels of 

MutSb. Another untested possibility is that HDAC3 and HDAC5 are controlling 

another protein that operates in the same pathway, possibly one of the MutL proteins.  

 

1.7 Proposed model of action- HDAC3 and MutSb 

 

HDACs have been shown to promote TNR expansion, however as they do not 

possess the ability to alter DNA sequence, it is proposed that HDACs are working 

with MutSb to promote CTG•CAG repeat expansions in human cells (Debacker et 

al., 2012, Gannon et al., 2012). The possibilities that HDAC3 is controlling MutSb’s 

access to the TNR tract or MutSb abundance have been ruled out so it is proposed 

the HDAC3 is acting directly on MutSb to regulate its promoting action at the TNR 

tract.  

 

The proposed model (Figure 1.12 A) states that MutSb is a target of HDAC3 and that 

in its acetylated state MutSb exhibits low expansion activity. It is proposed that when 

HDAC3 removes the acetyl groups from MutSb the complex then exhibits high 

expansion activity i.e. wild type level. Therefore, inhibition of HDAC3 with either 

siRNA or small molecule inhibitor should result in a suppression of expansions, 

similar to previous reports (Debacker et al., 2012, Gannon et al., 2012). I perform 

preliminary investigations of this hypothesis in chapter 5. For this purpose, I also 

created an Msh35KR acetylation mutant cell line (Figure 1.12 B). If this model is 
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correct, this cell line should mimic wildtype Msh3 in a hypoacetylation state and 

bypasses the requirement of HDACs, thereby allowing study of the interaction 

between MutSb and HDAC3 and their promoting role for CTG•CAG repeat 

expansions in human cells.   

 

 
 

Figure 1.12 Proposed model for HDAC3 and MutSb and TNR instability  
(A) Schematic showing proposed model of HDAC3 acting directly on MutSb to 
remove acetyl groups causing a shift from low expansion activity to high expansion 
activity. (B) Schematic showing MutSb acetylation mutant that contains Msh35KR. In 
this scenario, the cells exhibit a high expansion activity and are not acted upon by 
HDAC3, thereby bypassing the requirement for HDACs.  
 

1.8 HDAC inhibitors as potential treatment for Huntington’s disease  

 

HDAC inhibitors are being investigated as potential therapeutic agents in the 

treatment of some TNR diseases, including HD (Kazantsev and Thompson, 2008, 

Hahnen et al., 2008). Several studies have investigated the effect of HDAC3 

inhibition by small molecule inhibitors on TNR instability in HD mouse models (Jia 

et al., 2016, Jia et al., 2012, Suelves et al., 2017).  In a study by Jia et al, (Jia et al., 

2016) HD transgenic mice were treated with the HDAC3 selective inhibitor 

Msh2 Msh3

MutSβ

Acetylated MutSβ

Low expansion activity 

AcAc

HDAC3

Msh2 Msh35KR

MutSβ

Msh2 Msh3

MutSβ

MutSβ

High  expansion activity 

MutSβ acetylation mutant 

High expansion activity 

Requirement for HDACs bypassed 

A
HDAC3

X

B



Chapter 1 
 

 

	31 

RGFP966 for 10 weeks and the mice were tested for motor behaviour. This study 

found that inhibition of HDAC3 by RGFP966 was sufficient to suppress HD disease 

symptoms in the HD mice. Another recent study by Suelves et al, (Suelves et al., 

2017) tested the same HDAC3 selective inhibitor (RGFP966) in a different HD 

mouse model (HdhQ111 knock-in mice). This study found that treatment of these 

mice at an early stage prevented long-term memory impairments, prevented motor 

learning defects and significantly suppressed striatal CAG repeat expansions. In 

chapter 5, I perform preliminary characterisation of the HDAC3 selective inhibitor 

RGFP966 and explore the possibilities of testing this inhibitor and measuring 

CTG•CAG repeat expansions in both wild type and Msh35KR cells.  

 

1.9 Thesis objectives  

 

While it is clear that MutSb is an important driver of TNR expansions, there are key 

unanswered questions regarding mechanisms. One difficulty is that the experimental 

evidence presented in this introduction is from a variety of different model systems 

and test a medley of repeat sizes. Another issue is that attempts to study variants of 

MutSb, such as its ATPase mutants, are confounded by protein stability issues. I aim 

to create a cell system that allows the study of different aspects of MutSb mechanism 

in one model organism, SVG-A astrocytes. These cells are biologically relevant, due 

to their derivation from human glia cells where expansions occur. Furthermore, 

SVG-A cells are one of the few cells lines that support expansions under tissue 

culture conditions. A second goal was to establish cell lines where expression levels 

of MutSb variant proteins can be controlled. I also aim to study threshold length 

CTG•CAG repeats and I will measure both expansions and contractions to study 

their dynamic nature.  

 

Objective 1- Create a Msh3-/- astrocytic cell line and add- back system 

My first objective is to create a novel cell system that will be a valuable tool in 

studying Msh3 and TNR instability. Creation of a homozygous Msh3-/- cell line in 

the biologically relevant SVG-A astrocytic cell line allows selective investigation of 

MutSb. The Msh3 -/- cell line provide a platform for creating Msh3 variant cell lines 
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by a plasmid mediated add-back system. In chapter 3, I describe the creation of the 

cell line and the subsequent rescue cell lines and I report the functional analysis of 

these cell lines. In chapter 4, I describe the Msh3 variant cell lines that I created and 

again report experimental data on their functional analysis. The cell system is used 

again in chapter 5 to create another Msh3 variant cell line. This novel cell system is a 

valuable tool for the Lahue laboratory and will aid further investigations into Msh3 

and MutSb as drivers of CTG•CAG repeat instability.  

 

Objective 2- MutSb abundance as a driver of TNR instability   

MutSb has been implicated as being an important driver of TNR instability, 

however, the reports are from disparate experimental systems. I aim to investigate 

CTG•CAG repeat expansions and contractions in Msh3-/- cell lines and in cells that 

over express Msh3. To my knowledge there are no reports of the effect of MutSb 

overexpression on TNR instability. I address this hypothesis in chapter 3.  

 

Objective 3- Msh3 ATPase activity and TNR instability 

As discussed previously the ATPase activity of MutSb has been proposed to be 

essential for the misrepair model of expansions (Gomes-Pereira et al., 2004). Msh2 

ATPase activity has been investigated, whereas Msh3 ATPase activity is largely 

untested. I aim to create an Msh3E976A cell line which is deficient in ATP hydrolysis 

and test the cell line for CTG•CAG repeat contractions and expansions. I report the 

findings from this in chapter 4.  

 

Objective 4- Naturally occurring polymorphisms in the human Msh3 gene and TNR 

instability  

It has been reported that Msh3 gene polymorphisms may be affecting TNR instability 

(discussed previously). The polymorphisms reported are from two different model 

systems, mouse and human. I have created a system that allows me to investigate 

these polymorphic proteins expressed at near-wild type levels and asses the effect, if 

any on CTG•CAG repeat expansions in human cells (chapter 4).  

 

Objective 5- HDAC3 and MutSb- are they acting in a shared pathway to promote 

expansions?  
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Previous studies in the Lahue lab identified HDAC3 and HDAC5 as promoting 

factors for CTG•CAG repeat expansions. It is proposed that HDAC3 and MutSb are 

acting in the same pathway to promote expansions. In chapter 5, I describe the 

creation of a novel Msh35KR cell line where the known acetylation sites in Msh3 have 

been mutated from lysine to arginine. This cell line will be a valuable tool for 

investigating the relationship between HDACs and MutSb I also report my initial 

findings on the effect of small molecule inhibition of HDAC3 on CTG•CAG repeat 

expansions and contractions in human cells.  
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2.1 General reagents and consumables 

 
Unless otherwise stated, all chemical and molecular reagents were obtained from 

Fisher Scientific (Ballycoolin, Dublin), Sigma Aldrich (Arklow, Co. Wicklow, 

Ireland), Formedium (Hunstanton, Norfolk, U.K) and New England Biolabs (ISIS 

Ltd., Unit 1& 2, Ballywaltrim Business Centre, Boghall Road, Bray, Co. Wicklow, 

Ireland). All primers for PCR analysis were manufactured and supplied by Eurofins 

MWG Operon (Anzingerstr. 7a, 85560 Eberseg, Germany). All Sanger sequencing 

was performed by Source Bioscience (Riverstown 5, Tramore, Waterford, Ireland). 

All plastics and consumables were purchased from Sarstedt (Sinnotstown Lane, 

Drinnagh, Co. Wexford) or Fisher Scientific. 

 

2.2 Cell culture conditions for SVG-A cells 

 
SVG-A cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% FBS and Pen/Strep (all reagents from Sigma) in a 

humidified 5% CO2 atmosphere at 37 °C. 

 

2.3 CRISPR/Cas9 targeting of Msh3 in SVG-A cells 

 
A homozygous Msh3 -/- SVG-A cell line was created using CRISPR/Cas9 genome 

editing system (Ran et al., 2013). Guide RNA (gRNA) primers were designed to 

target exon 2 of Msh3 gene using the CRISPR design program available at 

crispr.mit.edu. M3g5F 5’ TTTCTTGGCTTTATATATCTTG TGGAAAGGACG 

AAACACCGCAGGCCCATCATTTTCCAA-3', M3g5R5’-GACTAGCCTTATTTT 

AACTTGCTATTTCTAGCTCTAAAACTTGGAAAATGATGGGCCTGC-3’. 

gRNA primers were extended using phusion polymerase, annealed using Gibson 

assembly (New England Biolabs) and ligated into a linearised gRNA plasmid 

(Addgene) to create the gRNA plasmid for transfection into cells.  

 

SVG-A cells were seeded at a density of 4.0x105 cells in a 60 mm2 dish and 

transfected with a combination of the gRNA plasmid (3.01 µg), CRISPR hCas9 WT 

plasmid (1.13 µg) (Addgene) and a pMSCV puromycin resistance plasmid (110 ng) 
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(Clontech Laboratories) using Lipofectamine 2000® (Invitrogen-Thermo Fisher 

Scientific). Cells were transfected with gRNA plasmid at a 30:1 ratio to puromycin 

resistance plasmid to increase the chances of selecting colonies that had been 

successfully transfected with all three plasmids. The SV40 origin was removed from 

the Cas9 WT plasmid as SVG-A cells were immortalised with large T antigen, 

removal of the SV40 origin prevents replication of the plasmid independent of the 

cell cycle. The SV40 origin was removed by blunt-end digestion of the plasmid with 

StuI and DraIII (New England Biolabs) and subsequent re-ligation of the plasmid 

using NEB Quick Ligase.  

 

Forty-eight hours after transfection, the cells were resuspended in media 

supplemented with puromycin (700 ng/ml) and transferred to a 10 cm2 tissue culture 

dish, approx. 200 cells per dish. The optimum puromycin concentration was 

determined by a kill curve on un-transfected SVG-A cells. Selection for puromycin 

resistance was applied for 14 days and formation of single cell colonies was 

observed. Subsequently, selection pressure was removed and colonies were grown in 

complete media. Cells were screened by immunoblot for Msh3 expression as 

described below. Frozen stocks were made of all clones by standard DMSO 

cryopreservation techniques (Freshney, 1987). 

 

2.4 Confirmation of Msh3-/- cell line 

 
Once ablation of Msh3 expression signal was detected by immunoblot analysis, the 

Msh3 gene sequence in the cell lines were further analysed by TA cloning (Holton 

and Graham, 1991) and Sanger sequencing (Sanger et al., 1977). Genomic DNA was 

prepared from Msh3+/+ and Msh3-/- cell lines using the Macheryl-Nagel Nucleospin 

tissue kit. Exon 2 of the Msh3 gene was amplified using PCR primers designed both 

upstream and downstream of the predicted CRISPR/Cas9 cut site. Msh3 exon2 F 5’-

AACAGTTCACCCAT AGGGTTT-3’, Msh3exon2R 5’-AACAAAAGGGACCTTT 

CTCCACAA-3’. 40 ng of genomic DNA was amplified using GoTaq polymerase 

(Promega) and a standard PCR mastermix (For one reaction- 24.8 µl Mol Biol H2O,8 

µl GoTaq colourless 5x flexi buffer, 3 µl MgCl2 (25 mM), 0.8 µl dNTPs (10 mM), 2 

µl forward and reverse primer (50 µM) and 1U GoTaq polymerase). The PCR 
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reaction was amplified for one cycle of one min at 95°C, 30 cycles of 15 seconds at 

95°C, 15 seconds at 56.1°C and 15 seconds at 72°C with a final extension of two 

minutes at 72°C.  
 

The expected product was 406 bp and was visualised on an 0.8% SYBR green 

agarose gel. Once identified, the product was gel extracted and purified using the 

Macheryl-Nagel PCR clean up kit. As Taq polymerases leave an A overhang on PCR 

products, I performed TA cloning and ligated the purified PCR product with a 

linearised plasmid with a T overhang (pGem-T easy vector kit- Promega). The 

linearised product was transformed into DH5α competent E. coli (New England 

Biolabs) and successful inserts were identified by standard blue-white screening 

methods (Maas, 1999). By transforming this PCR product into E. coli, we can 

distinguish between one allele and another, as E. coli will only replicate one genomic 

copy at a time.  The goal of this was to detect any disruption of Msh3 exon 2 gene 

sequence and confirm the Msh3-/- cell line. Sanger sequencing was performed by 

Source Bioscience using the standard T7 promoter and primer Msh3 CRISPR F 5’-

CCTGTTAAAAAGAAA GTAAAGAAAG-3’ to sequence close to the predicted 

CRISPR/Cas9 cut site. The resultant sequence was aligned to the consensus sequence 

using Serial Cloner 2-6-1 software and disruption to the Msh3 gene sequence was 

identified. The consensus sequence for Msh3 corresponds to NCBI entry 

NG_0.16607.1.  

2.5 Growth curve analysis of cell lines  

 
Cells were seeded at a density of 3.0x105 cells/well in six-well plates in triplicate. At 

the appropriate time point, i.e. 24/48/72 hours, cells were trypsinised, pelleted and 

resuspended in a small volume of media, 100-200 µl depending on the time point. 

Cells were counted using a Trypan blue exclusion (Strober, 2015) and the 

CountessÔ automated cell counter (Invitrogen). Total cell number was calculated 

accounting for dilution factor and resuspension volume. For experiments where cell 

viability was measured, cell viability was also measured using trypan blue exclusion 

by the same method. Cell viability numbers were normalised to DMSO controls in 

these experiments.  
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2.6 Creation of Msh3 expression plasmid 

 
An Msh3 expression plasmid was created using an Msh3 cDNA clone purchased 

from Source Bioscience (MGC: 163308, IMAGE: 40146467). The Msh3 cDNA 

clone chosen has the same sequence as the Msh3 gene in the SVG-A cell line. The 

Msh3 cDNA was supplied in a pentr4 vector. Msh3 cDNA was PCR amplified using 

the following primers, F1pcdnamsh3 5’-A ACTTAAGCTTGGTACCGAGC TCGA 

TCCTTGCCCTGCCATGTCTCGCCGGAA-3’, R3pcdnamsh3 5’- CGGCCGCCA 

CTGTGCTGGATTAGTCTTCATTTTAATGAAGAA- 3’ and standard PCR 

mastermix (For one reaction- 37.2 µl Mol Biol H2O, 12 µl GoTaq green 5x flexi 

buffer, 4.5 µl MgCl2 (25mM), 1.2 µl dNTPs (10mM), 3 µl forward and reverse 

primers (50µM) and 1.5U GoTaq polymerase). The reaction conditions were one 

cycle of one min at 95°C, 35 cycles of 15 seconds at 95°C, 30 seconds at 62°C and 

one min at 72°C with a final extension of five minutes at 72°C.  
 

The expected product is the Msh3 cDNA insert and runs at 3.5 Kb on a 0.8% Sybr 

green agarose gel. The product was gel purified and ligated with a pGEMT easy 

vector plasmid (linearised with a T overhang) (Promega). The ligation product was 

transformed into DH5α competent E. coli and blue-white screening identified 

successful ligation products where white colonies indicated insert ligated into vector. 

Diagnostic digest by EcoRI was performed to confirm insert of Msh3 cDNA and the 

pGEMT-Msh3 plasmid was confirmed by sequencing. Msh3 cDNA was successfully 

ligated into the pGEMT easy vector but in the wrong orientation. Restriction enzyme 

digest was used to remove the Msh3 cDNA from the pGEMT easy vector; enzymes 

were chosen that would allow directional cloning of the Msh3 cDNA fragment into 

the destination expression vector pcDNA 3.1 neo. Digestion of the pGEMT-Msh3 

vector with SpeI and EagI and simultaneous digestion of pcDNA3.1 neo with XbaI 

and NheI was performed and a ligation reaction was performed using the Quick 

Ligase kit (New England Biolabs). Diagnostic digest confirmed successful ligation, 

this was again sequence confirmed. Functionality of the plasmid was investigated by 

transfecting the Msh3 expression plasmid into Msh3-/- cells by transient transfection 

and measuring Msh3 expression by SDS-PAGE and immunoblot analysis as 

described below in sections 2.15 and 2.16. 
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2.7 Site-directed mutagenesis of Msh3 plasmid 

 
To create ATPase mutants and polymorphic variants of Msh3, site-directed 

mutagenesis was performed on the Msh3 expression plasmid, described in 2.6, using 

the Q5® site directed mutagenesis kit (New England Biolabs). The desired amino 

acid changes and mutagenic primers are listed in table 2.1 below.  
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Table 2.1 Mutagenic primers for site-directed mutagenesis  
Desired amino acid changes required to create Msh3 variant cell lines and mutagenic primers used with NEB Q5® site directed mutagenesis. 
Consensus sequence for Msh3 corresponds to NCBI entry NG_016607.1.  
 

Msh3 variant  Desired Amino acid change  Mutagenic primers used  

E976A 969LVILDELG978 

969LVILDALG978 

F 5’-CTAGGAAGAGGGACGAGCACTCATG-3’ 

R 5’-GGCATCCAAGATAACCAAGGACTGTGATG-3’ 

T363I  358EIMTDTST365 

358EIMTDIST365 

F 5’-ATGACTGATATTTCTACCAGCTATC-3’ 
R 5’-TATCTCATCAACATTTACAGC-3’ 

T1045A 1041LDPGTAE1047 

1041LDPGAAE1047 

F 5’-GAACAAGTCCCTGATTTTGTCACCTTC-3’  
R 5’-TGCGGCGCCTGGATCCAGTTTGCTTTC-3’  

5KR 96PVKKKVKKV104 119SEPKKCLR126 

96PVRRKVKRV104 119SEPRRCLR126 

F 5’-TCTGGGAATGTCTGGCAACTCTGAGCCAAGA 

CGGTGTCTGAGGACCAGGAATG-3’  

R 5’-TCACTTCCTCCTTCCTTTTGTTGGACA 

CGCTTTACTTTCCTTCTAACAGGCCC-3’ 
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2.8 Creation of stable cell lines 

 
SVG-A Msh3 -/- cells were seeded at a density of 4.0x105 in a 60 mm2 dish and co-

transfected with the Msh3 WT or variant Msh3 expression plasmid and a 

pMSCVHygro resistance plasmid (Clontech Laboratories). Forty-eight hours 

following transfection, cells were resuspended in Hygromycin supplemented media 

(400 ng/ml) and diluted to 200 cells/10 cm2 dish to allow formation of colonies. 

Protein expression was measured in individual clones by SDS-PAGE and 

immunoblot analysis as described in section 2.15 and 2.16. 

2.9 Shuttle vector transfection and small molecule inhibitors  

 
For shuttle vector transfection and drug treatment of SVG-A cells, SVG-A cells were 

transfected with shuttle vector DNA using Lipofectamine 2000Ò as described 

previously. Briefly, SVG-A cells were seeded at a density of 4.0x105 cells in 60 mm2 

tissue culture dishes and transfected 48 hours later with 10 µl of Lipofectamine and 7 

µg of plasmid DNA. After six hours, the transfection media was replaced by 4 ml 

DMEM media supplemented with 10% FBS and pen/strep containing the HDAC3 

inhibitor RGFP966 (kindly provided by BioMarin Pharmaceuticals) or DMSO only. 

Cells were incubated for an additional 48 hours and samples were taken for either 

expansion assay or immunoblot analysis. Cell viability was calculated using a 

Trypan blue exclusion and the CountessÔ automated cell counter (Invitrogen). Cell 

growth was calculated as described in section 2.5. 

2.10 Transfection efficiency of SVG-A cells 

 
SVG-A cells were seeded at a density of 4.0x105 cells per 60 mm2 dish, 48 hours 

later the cells were transfected with a combination of Lipofectamine 2000Ò and a 

GFP expression plasmid (500 ng) (Addgene). Following 48-hour incubation, the 

cells were imaged using a microscope with a bright field and FITC filter, ensuring 

that the images captured corresponded to the same area of cells. Cells that emitted a 

green signal were considered transfected and transfection efficiency was calculated 

as no. of cells transfected with GFP plasmid / total no. of cells in bright field image. 

The average transfection efficiency for SVG-A cells was calculated at >80% of total 
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cells transfected. Figure 2.1 shows an example of images captured, the transfection 

efficiency in this example is 81%.  

 

  
 

Figure 2.1 Transfection efficiency of SVG-A cells  
(A) Bright field image of SVG-A cells, cells were counted for total number of cells. 
(B) FITC filter image of SVG-A cells transfected with GFP plasmid, green cells 
were counted and transfection efficiency was calculated to be 81%.  
 

2.11 Expression and purification of MutSβ  

 
Expression and purification of MutSb was performed by Kara Y. Chan and Prof. 

Guo-Min Li as part of a collaborative study.  

 

Human Msh3 gene encoding a glutamine to alanine substitution at amino acid 

residue 976 (Msh3E976A) was cloned into pFastBac-HT b using the Gibson assembly 

kit (New England BioLab). Wild type MutSβ (Msh2-Msh3) or MutSβ-EA (Msh2- 

Msh3E976A) were expressed in insect cells co-infected with baculoviruses carrying 

Msh2 and Msh3 or Msh2 and Msh3E976A, respectively. Both wild type and mutant 

MutSβ proteins were purified to near homogeneity as previously described (Zhang et 

al., 2005b). Protein concentrations were determined by Bio-Rad Protein Assay kit 

(Bio-Rad Laboratories, Hercules, California).  

 

 

 

SVG-A cells bright 
field  

SVG-A cells FITC 
filter   

A B 
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2.12 ATPase assays  

 
ATPase assays were performed by Kara Y. Chan and Prof. Guo-Min Li as part of a 

collaborative study. 

 

 ATPase activity of MutSβ proteins was assayed in 20 µl reactions containing 25 mM 

HEPES•KOH (pH 7.6), 4 mM MgCl2, 0.1 µCi [γ-32P] ATP, and 50 nM MutSβ or 

MutSbE976A 
in the presence or absence of 5 nM 50-mer oligonucleotide duplex 

containing a two-nucleotide insertion/deletion heterology. After incubation at 37 ̊C 

for 20 min, the individual reactions were terminated and fractionated through a 20% 

denaturing polyacrylamide gel. 32P-containing species were detected by 

autoradiography and quantified using ImageJ.  

 

2.13 Harvesting SVG-A cells for whole cell extracts 

 
SVG-A cells were harvested by washing in ice cold 1x PBS (137 mM NaCl, 2.7 mM 

KCl, 10 mM phosphate pH 7.4) and resuspended in 1x RIPA buffer (0.1% SDS, 

0.1% Triton X-100, 0.1% sodium deoxylcholate, 5 mM EDTA, 100 mM PMSF and 

mammalian protease inhibitors (Fisher Scientific #12841640) at 1x concentration). 

Following incubation on ice for 30 minutes, cell pellets were disrupted in a waterbath 

sonicator for four cycles of 15 seconds and then centrifuged at 13,000 rpm @ 4 °C 

for 30 minutes. Supernatants containing protein samples were retained.  

 

2.14 Protein quantification 

 
Sample protein concentrations were measured using DC-assay (Bio-Rad 

Laboratories) with BSA used as the protein standard. Samples containing 50 µg of 

total protein were mixed with 4x laemmli buffer (containing 20 mM DTT) and 

boiled at 95 °C for five minutes. 
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2.15 SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transfer to 

nitrocellulose membrane  

 
Samples were resolved on a 10% SDS polyacrylamide gel in a Bio-Rad mini 

PROTEAN III cell electrophoresis unit. Running buffer (0.33% Tris base, 1.44% 

glycine and 0.1% SDS) was added to the inner and outer chambers of the 

electrophoresis unit. Samples were loaded along with 7 µl of SeeBlue Plus2 standard 

protein ladder (Invitrogen). The gels were run at 60 V until samples enter the 

stacking gel and 100 V through the resolving gel until the bromophenol blue dye 

front reaches the end of the gel. Following gel electrophoresis, the SDS-PAGE gels 

were removed from the running apparatus and transferred to nitrocellulose 

membrane. Transfer was performed using TRANS blot ™ transfer unit along with an 

ice pack and magnetic stir-bar in an icebox. The tank was filled with 1x transfer 

buffer (25 mM Tris, 193 mM glycine and 20% methanol) and transfer was performed 

at 120 V for 150 minutes. After transfer, the membrane was stained with Ponceau S 

stain (0.1% (w/v) in 5% acetic acid) to ensure protein transfer. Thereafter, the 

membrane was destained with 1x PBS and underwent immunoblot analysis.  

 

2.16 Immunoblot analysis 

 

Nitrocellulose membrane was blocked in 5% non-fat milk/PBS-T (PBS 0.1% 

Tween®- 20) at room temperature for one hour on a rotating platform. All antibodies 

(Table 2.2) were diluted in 5% non-fat milk/PBS-T and membranes were incubated 

with an appropriate dilution of primary antibody overnight at 4 °C. The membranes 

were then washed three times in 1x PBS-T for five minutes. The membranes were 

then incubated with infrared-labelled secondary antibodies for one hour (Li-COR 

Biosciences). The blots were subsequently washed four times in 1x PBS-T for five 

minutes with a final wash of three minutes in 1x PBS. Immunoreactive bands were 

visualised and quantified using Odyssey Infrared Imaging systems (Li-COR 

Biosciences). In the case of the SVG-A cell lines created, the Msh3 protein 

expression was quantified in both Msh3+/+ and the Msh3v cell lines and normalised to 

the loading control actin protein expression. Protein expression levels were reported 

relative to the Msh3+/+ protein expression that was quantified in parallel in every 

immunoblot performed. The values reported are average values, recorded from 
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immunoblots performed in parallel to the SVG-A expansion/contraction assays. An 

example immunoblot analysis is described on page 64 of this thesis.  

2.17 Co-immunoprecipitation 

 
Co-immunoprecipitation experiments were performed by Prof. Robert S. Lahue.  

 

SVG-A cells or derivatives were grown to near-confluence in tissue culture flasks of 

175 cm2 surface area. All subsequent steps were performed at 0-4°C unless otherwise 

noted. Cell culture media was removed and the cells were washed with PBS. Cells 

were scraped off into fresh PBS and collected by centrifugation at 425 x g for five 

minutes. Cell pellets were washed once in fresh PBS, centrifuged again and the cell 

pellet was drained. Whole cell lysates were prepared by adding 0.5 ml IP buffer (25 

mM HEPES-KOH pH 7.5, 125 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA, 0.05% 

Triton X-100 and mammalian protease inhibitors (Fisher Scientific #12841640) at 1x 

concentration). Following 30 minutes incubation on ice with occasional gentle 

pipetting, lysates were clarified by centrifugation at 15,000 x g for 20 min. Protein 

concentrations were determined by DC assay (Bio-Rad Laboratories). Cell lysate 

containing 2 mg protein was added to protein A-sepharose beads (originally 30 µl 

slurry; New England Biolabs #S1425S) in IP buffer to which 3 µg of anti-Msh3 

antibody ab69619 (Abcam) had previously been bound. After overnight mixing of 

the 0.5 ml mixture, the beads were removed magnetically, and then washed three 

times in IP buffer. Bound proteins were eluted in 1x Laemmli SDS sample buffer at 

95o for 5 min. Protein mixtures were separated on 8% SDS-PAGE followed by 

immunoblotting for Msh3, Msh2 and actin as described earlier. 

 

2.18 Preparation of CaCl2 competent Escherichia coli 

 
A frozen stock of DH5α high efficiency competent E. coli cells (C2992H, NEB; 

Genotype: 

F’proA+B+laclqΔ(lacZ)M15zzf::Tn10(TetR)/fhuA2Δ(argFlacZ)U169phoAglnV44Φ

80Δ(lacZ)M15gyr196recA1endA1thi-1 hsdR17) was grown on an LB plate with no 

antibiotics overnight at 37 °C. The following day, a 10 ml starter culture was 

inoculated with a single colony and grown overnight at 37 °C with shaking (220 
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rpm). A 1L culture of LB media was inoculated with 10 ml of starter culture and 

grown at 37 °C until the OD600 reached 0.35-0.4. The culture was then chilled on ice 

for 20 minutes with intermediate swirling. Cells were harvested by centrifugation at 

4 °C at 3000 x g for 15 minutes. The resultant cell pellet was resuspended in 100 ml 

of ice cold 100 mM MgCl2. The cells were subsequently harvested at 2000 x g for 15 

minutes at 4 °C. The pellet was then resuspended in 200 ml of ice cold 100 mM 

CaCl2 and chilled on ice for approx. 20 minutes. Subsequently the cells were 

harvested by centrifugation at 2000 x g for 15 minutes at 4°C. For the final wash, 

cells were resuspended in 50 ml of ice cold 85mM CaCl2 15% glycerol and harvested 

by centrifugation at 1000 x g for 15 minutes at 4°C. The cell pellet was resuspended 

in 2-3 ml of ice cold 85 mM CaCl2 15% glycerol. The CaCl2 cells were then 

aliquoted and snap-frozen in liquid nitrogen before being stored at -80°C.  

 

2.19 E. coli transformation 

 
E. coli competent cells were thawed on ice. 3 µl of plasmid DNA (approx. 100 ng) 

was added to 50 µl cells. 140 pg of pUC19 control plasmid was transformed 

alongside as a positive control to ensure transformation efficiency. Cells were 

incubated on ice for 30 minutes, heat-shocked at 42°C for 30 seconds and then 

incubated on ice for a further five minutes. 950 µl of LB broth was added to the cells 

and they were incubated at 37 °C for 1.5 hours with shaking (220 rpm). 50- 200 µl of 

the cell suspension was spread on LB plates containing the appropriate antibiotic e.g. 

ampicillin at 75 µg/ml. Plates were incubated overnight in an inverted position in a 

37 °C incubator. The following day colonies were counted/picked to grow a starter 

culture. 

2.20 Preparation of plasmid DNA 

 
A 200 ml LB broth culture containing Ampicillin (75 µg/µl) was inoculated with 3 

ml of an overnight starter culture of E. coli containing the plasmid of interest and 

subsequently grown at 37 °C overnight with shaking (220rpm). When preparing 

repeat containing plasmids care was taken to ensure that the culture did not reach 

stationary phase and harvesting cells when OD600 value was 0.5-1. This precaution is 

taken as it has previously been shown that TNRs in E .coli undergo high frequencies 
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of contractions as the cells proceed through stationary phase (Bowater et al., 1996). 

Maxi prep plasmid preparations were performed using a Nucleobond Xtra Maxi EF 

kit (Macheryl-Nagel) following manufacturer’s instructions. 

2.21 Shuttle vector assay overview 

 
The shuttle vector assay allows direct functional analysis of TNR instability in 

mammalian cells. The SVG-A shuttle vector assay was previously described 

(Pelletier et al., 2005, Farrell and Lahue, 2006, Debacker et al., 2012, Gannon et al., 

2012), (Figure 2.2). 

 

 

 
 

Figure 2.2 Shuttle vector assay overview  
Schematic showing overview of shuttle vector assay in SVG-A cells. SVG-A cells 
are transfected with the appropriate shuttle vector for either the expansion or 
contraction assay, plasmids are subsequently recovered and transformed into yeast 
and plated on the appropriate selection medium. Expansion/contraction frequency are 
calculated by colony counts and PCR confirmation. 
 
This selective genetic assay allows examination of expansions or contractions of 

trinucleotide repeats that occur in human SVG-A cells during cell culture. SVG-A 

cells are astrocytes immortalised with the large T antigen (Major et al., 1985, Gee et 

al., 2003) that support expansions in culture (Claassen and Lahue, 2007, Debacker et 

al., 2012, Gannon et al., 2012). For analysis of expansions, a shuttle vector with a 

CAN1 reporter was used (Figure 2.3 A). Similarly, contractions were assayed using 

the shuttle vector with URA3 as the reporter gene (Figure 2.3 B).  
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Figure 2.3 Shuttle vector assay plasmids  
(A) Selection for expansions using CAN1 reporter system. Expansion of the starting 
tract to 26 or more repeats causes an out-of-frame ATG to be encoded in the CAN1 
gene leading to canavanine-resistance. (B) Selection for contractions using URA3 
reporter system. Contraction of the starting repeat tract to 28 or less leads to a 
functional URA3 gene product and a Ura+ phenotype.  
 

Briefly, on day 0 cells were seeded at 4.0x105 cells per 60 mm2 tissue culture dish 

(Sarstedt) in complete media (DMEM, 10% FBS, pen/strep). Forty-eight hours after 

seeding, cells were transfected with 7 µg of the shuttle vector in a liposome-mediated 

transfection using 10 µl Lipofectamine 2000® as transfection agent. For HDACi 

treatment, media is changed six hours later to media containing HDAC inhibitors or 

DMSO control. On day four, cells were harvested and samples were taken for 

expansion/contraction assay and for immunoblot analysis. For expansion/contraction 

analysis, the plasmid DNA was extracted by Hirt’s alkaline lysis (Hirt, 1967) and 

concentrated using Amicon Ultra 50K centrifugal filter units (Millipore). Following 

ethanol precipitation, purified plasmid DNA was digested by DpnI (New England 

Biolabs) to remove any unreplicated plasmid. DNA was then transformed into S. 

cerevisiae for measurement of canavanine resistance (100 µg/ml) to assess 

expansions or measurement of Ura+ phenotype to measure contractions. In both 

cases, the number of total transformants was measured by restoration of a His+ 

phenotype to the cells due to the presence of HIS3 gene as a selectable marker on the 
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shuttle vector. Expansions and contractions were confirmed by PCR as described in 

section 2.24 (Pelletier et al., 2005, Farrell and Lahue, 2006, Debacker et al., 2012). 

In these studies, the range of the expansion assay was detection of +4 to + 12 

CTG•CAG repeats and for contraction assay the range of detection was -6 to -33 

CTG•CAG repeats. 

 

2.22 Plasmid isolation from SVG-A cells and DpnI digestion of recovered 

plasmids 

 
Shuttle vector plasmid DNA was extracted from SVG-A cells by Hirt’s alkaline lysis 

(Hirt 1967). Cells were washed gently with ice-cold 1x PBS. 1 ml of Hirt’s lysis 

buffer (SDS 0.6%, 10 mM EDTA, 10 mM Tris-HCl pH 7.4) was added to the dish. 

Cells were gently scraped and lysate was decanted into a 1.5 ml tube, 250 µl 5M 

NaCl was added, inverted several times and stored overnight at 4 °C. The following 

day, lysates were centrifuged at 14,000 rpm at 4 °C for 40 minutes. The supernatant 

was decanted into a 1.5 ml tube and incubated with proteinase K at a final 

concentration of 100 µg/ml at 50 °C for 2 hours. The lysate was then concentrated by 

transferring to an Amicon Ultra 50K centrifugal filter unit (Millipore, Tullagreen, 

Carrigtwohill, Co. Cork) and centrifuged at 5000 rpm at 4°C for 10 minutes. The 

centrifugal unit was then inverted into a new vial and centrifuged at 3000 rpm at 4 °C 

for five minutes to recover the retentate. The retentate was then transferred to a 1.5 

ml tube and precipitated with two volumes of 100% ethanol for one hour at -80 °C. 

The sample was then centrifuged at 14000 rpm at 4 °C for 30 minutes. The resultant 

DNA pellet was air-dried for 10 minutes and resuspended in 100 µl TE buffer.  

 

DpnI digest was performed on recovered samples to eliminate any plasmids that did 

not undergo replication in SVG-A cells. Plasmids replicated in E. coli have 

differential methylation patterns on their adenine residues to plasmids replicated in 

human cells. DpnI specifically cleaves the sequence GATC only in the presence of a 

methylated adenine residue (Figure 2.4). This allows us to use DpnI digest to 

distinguish between plasmids replicated in E. coli and plasmids replicated in human 

cells. 50 µl of recovered plasmid DNA was incubated with 1 µl RnaseA (10 mg/ml), 

3 µl DpnI (60 units, NEB) along with 6 µl of 10x cut smart buffer. The overall 

reaction was incubated at 37 °C for three hours and thereafter heat-inactivated at 75 
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°C for 10 minutes. The DpnI digested plasmid prep is then transformed into S. 

cerevisiae for measurement of expansions or contractions as described in shuttle 

vector assay overview. Figure 2.4 shows pBL302 plasmid subjected to DpnI digest 

before transfection into SVG-A cells (Untransfected) and after purification from 

SVG-A cells (Transfected) (lane 3-4). DpnI digest of the Untransfected plasmid 

(Lane 1-2) shows degradation of the plasmid due to the presence of methylated 

adenine residues, only found in plasmids replicated in E. coli. This degradation 

results in the multiple bands of a smaller molecular weight seen in lane 2. In the case 

of the pBL302 plasmid that was recovered from SVG-A cells following transfection 

(Lane 3-4), digestion of the recovered shuttle vector prep does not yield any visible 

DpnI-sensitive material (i.e. no lower weight bands in lane 3-4), indicating that the 

vast majority of the recovered DNA is plasmid that has replicated at least once in 

SVG-A cells.  

 
Figure 2.4 Agarose gel electrophoresis of DpnI digested pBL302 shuttle vector  
Lane 1 represents the uncut stock plasmid used for the transfection and digested with 
DpnI in lane 2. Lane 3 contains uncut shuttle vector recovered from SVG-A cells and 
in lane 4, it has been DpnI-digested. DpnI digest results in the removal of any 
plasmid not replicated in mammalian cells.  
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2.23 Yeast transformation 

 
DpnI digested pBL302 recovered from SVG-A cells was transformed using BL1435 

yeast strain (MATa leu2-3 leu2-112 his3-Δ trp1-289 ura-52 Δcan::kanMX). Yeast 

transformation was performed using a high efficiency PEG/LiAC transformation 

protocol (Gietz and Woods, 2002). A frozen glycerol stock was streaked onto an 

YPD plate and incubated at 30 °C for two days. A single colony was used to 

inoculate a small YPD starter culture. The liquid culture was subsequently incubated 

at 30 °C for 16-18 hours with shaking at 200 rpm. Two ml of this culture was added 

to 50 ml YPD in an aerated 250 ml conical flask and this culture was incubated at 30 

°C with shaking at 200rpm until OD600 has doubled twice since starting culture 

OD600. The yeast was then centrifuged at 4000 rpm for five minutes and washed 

twice with dH2O. Cells were resuspended in 1 ml dH20 and aliquoted into 100 µl 

volumes. Cells were then centrifuged at 14,000 rpm for one minute and pellets were 

resuspended in 326 µl transformation mix (240 µl filter-sterilised 50% w/v 

polyethylene glycol 3500, 36 µl filter-sterilised 1M lithium acetate and 50 µl boiled 

salmon sperm carrier DNA per transformation). 34 µl of recovered shuttle vector was 

added to the cells and incubated at 42 °C for 40 minutes. If less than 34 µl DNA was 

added to the cells, then the volume was adjusted with dH2O. Background expansions 

of the pBL302 were determined by transforming 625 ng stock plasmids; similarly, 

625 ng of pRS313 was used to determine transformation efficiency. Typical values 

for transformation efficiency ranged from 50-200 cfu/ng, transformation efficiencies 

of <20 cfu/ng were considered too low to continue the experiment.  

 

Following the 40 minutes incubation at 42°C, the tubes were centrifuged at 14,000 

rpm for 30 seconds to pellet the cells and remove transformation mix. The resultant 

pellets were resuspended in a final volume of 220 µl of dH2O and plated onto the 

appropriate selection medium; SC-His for total transformants and expansions and 

SC-His-Ura for contractions. Recovered shuttle vector transformed cells for 

expansion assay were plated in 20 µl and 200 µl volumes onto two separate SC–His 

plates. For the contraction assay the recovered shuttle vector was plated in 20 µl 

volumes on SC-His plates and 200 µl volumes onto SC-His-Ura plates. The stock 

plasmids and pRS313 plasmids were plated in 10 µl volumes (1/200 dilution) onto 

SC-His plates. Plates were incubated in an inverted position in a 30 °C incubator. 
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After two days incubation, the 20 µl SC-His plates were counted for total 

transformants, the resultant number was adjusted for dilution factor. A minimum of 

30 total transformants was required for the experiment to be continued. For the 

expansion assay, following two days incubation colonies from the 200µl plates were 

replica plated onto SC-His-Arg+Can (100 µg/ml) plates using 3-4 waste plates in 

between. The plates were then incubated at 30 °C for a further five days. For the 

contraction assay, SC-His-Ura plates were incubated at 30 °C for 5 days. After the 

appropriate incubation period, five days for contraction assay, seven days for 

expansion assay, colonies were counted to give a number to expansions/contractions 

and changes in repeat lengths was analysed by PCR.  

 

2.24 TNR PCR and sequencing gels 

 
Yeast colonies were counted and a small number of cells from representative 

colonies were lysed in 100 µl of yeast lysis buffer (50 mM DTT with 0.5% Triton X) 

and incubated at 37 °C for 30 minutes and 95 °C for eight minutes. PCR was 

performed using 5 µl of this yeast lysis and 5 ul of PCR master mix (MyTaq 

polymerase and reaction buffer). PCR was performed using Cy5 labelled primers that 

flank the triplet repeat tract. The thermocycling conditions were one cycle of one min 

at 95 °C, 30 cycles of one min at 95°C, one min at 60 °C and one min at 72 °C with a 

final extension of 72 C for 5 min. The forward primer was common to both 

expansion and contraction assay- oBL251 Cy5- GATGTTACTTGGGGAGAGGTG 

CGATAAT-3’. For expansions, the reverse primer CAN1 was used, Cy5-

TGCTTCTCCTCTATGTCG GCGTCT-3’ and for examination of contractions 

oBL252 was used Cy5- AGTAGCAGCAGGTTCCTTATATGTAGCTTT-3’. PCR 

products were analysed on a denaturing 6% polyacrylamide gel. Product sizes were 

determined by comparison to standards containing repeats of known sizes, examples 

of gels are shown below (Figure 2.5).   
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Figure 2.5 Examples of sequencing gels for expansion and contraction assays. 
(A) Expanded repeat highlighted in red, repeat has expanded above 22 CTG repeat 
starting tract (lane 1), false positive shown in blue (lane 4) is identified as due to its 
lower intensity in comparison to 22 CTG band. (B) 33 CTG (lane 1) and 25 CTG 
(lane 2) standards are run alongside PCR products, contractions (shown in red) are 
seen clearly with a false positive (lane 6) (shown in blue) also present.   
 
Figure 2.5 panel A shows an example of a sequencing gel for the shuttle vector 

expansion assay, there is a confirmed expanded repeat ‘real expansion’ shown in 

lane 1, estimated to be + 8 CTG repeats. Real expansions are distinguished from 

‘fake expansions’ due to position and intensity of the band. The intensity of a 

positive signal for expansion is greater than the intensity of no change. Lanes 2-4 in 

panel A show unexpanded repeats and lane 4 gives an example of a ‘fake expansion’. 

One possibility for the occurrence of ‘fake expansions’ is the presence of an 

inactivating mutation within the CAN1 gene. In the case of contractions, most 

contractions observed are found to be real events when PCR confirmed as seen in 

lanes 3-7 with a false positive shown in lane 6. The contractions seen here are 

estimated to be in the range of -16 to -20.  
 

2.25 Sample calculation of expansion/contraction frequencies 

 
Expansion frequency was calculated using the colony counts from the genetic 

selection plates. Total transformants were counted on SC-His plates, numbers for 

expansions were counted from SC-His-Arg + Can (100 µg/ml) and colony counts 

22 CTG  

Expanded  
   repeat  

False positive 
33 CTG 

25 CTG 

False positive 

Contracted 
 repeats  

A B 

1   2   3    4    1 2 3 4 5 6 7  
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from SC-His-Ura plates were used for contractions. TNR PCR was performed to 

give a ratio of real events: false positives, and this was used to correct observed 

expansion frequencies. Background expansion and contraction frequencies were 

calculated by transforming the shuttle vectors directly into yeast and plating onto 

selection plates, the values for background for each plasmid prep were subtracted 

from final frequency data. Example calculations of expansion and contraction 

frequencies are given below using real data from the Msh3+/+ cell line.  

 

The correction factor obtained from the TNR PCR, e.g. 1/5 for the expansion assay is 

used to account for colonies that grew on the SC-His-Arg +Can plates indicating that 

they contained an expanded plasmid, however, when tested by TNR PCR the 

plasmid CTG repeat length was found to be 22 repeats, i.e. starting length. This is 

considered a fake expansion event. The ratio obtained in the example above (1/5) 

indicates that only 20% of colonies tested contain expanded plasmids and are true 

expansion events. The ratio of real expansions/ total events is applied to calculations 

to correct for true expansion events.   

2.26 Strengths and Weaknesses of SVG-A shuttle vector assay  

The SVG-A assay allows for analysis of CTG•CAG repeat expansions in a 

biologically relevant cell line. The advantages of this assay include functional 

analysis of expansion/ contraction frequencies in cells treated with siRNA, small 

molecule inhibitors or variant SVG-A cell lines such as the ones described in this 

thesis.  It is important to note that there are some weaknesses to the assay. It is not 

amenable to high-throughput screening and is labour intensive with each round of the 

assay taking 14 days to complete. Additionally, as mentioned above, there is a rather 

large proportion of fake expansions observed in the expansion assay, this has been 

observed in the majority of assays performed by the majority of individuals who 

execute the assay. This observation makes the use of TNR PCR and the application 

Expansion frequency - Msh3
+/+

 cell line  

Total transformants (SC-His colonies): 150 

Expansions (SC-His-Arg+Can colonies): 58 

TNR PCR (Real expansions/Total events): 1/5 

Expansion frequency: (58/150) *(1/5) = 0.07 

Contraction frequency- Msh3
+/+ 

cell line  

Total transformants (SC-His colonies): 160 

Contractions (SC-His-Ura colonies): 8 

TNR PCR (Real contractions/Total events) : 7/7 

Contraction frequency: (8/160) *(7/7) = 0.05 
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of a correction factor a necessity to confirm any results obtained from yeast plate 

colony counts. This affects the robustness of the assay.  

There are certain steps in the assay which are prone to user-dependent variability 

including counting of the colonies on the yeast plates and determination of expanded 

repeats and false positives in the TNR PCR gels (see Figure 2.5).  This can be mostly 

overcome by everyone establishing strict guidelines and parameters for both these 

instances. However, there still exists inherent variability as well as the risk of human 

error. Finally, it is noteworthy that there can be some inconsistency in expansion and 

contraction frequencies obtained per separate rounds of the assay, this is because of 

the inherent variability that comes from using the yeast strain BL1435 as a bio-

sensor in the assay.  

2.27 Statistical analysis 

 
All P-values were determined by one-tailed Student’s t-test. P values for each data 

set are reported in the text body. n values for each data set are specified in the figure 

legend unless stated within the text body.  
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Antibody list  

 
Protein  Source  Cat number  Raised in  Dilution 

used  
Incubation 
time  

Application  Band (kDa) 

MSH3  
(N-Terminal) 

BD Transduction 
Laboratories  

611390 Mouse  1/1000 Overnight  Immunoblot 127 

Msh3  
(C-terminal) 

Abcam Ab154521 Rabbit 1/1000 Overnight Immunoblot  127 

MSH2 Calbiochem  NA26 Mouse  1/1000 Overnight  Immunoblot 100  
MSH6 BD Transduction 

Laboratories  
610919 Mouse  1/1000 Overnight  Immunoblot 160 

Actin Sigma  A2066 Rabbit  1/1000 Overnight  Immunoblot 50  
Acetyl Histone 
H4  

Millipore 06-866 Rabbit 1/1000 Overnight Immunoblot  14 

Histone H4  Abcam Ab31830 Mouse 1/1000 Overnight Immunoblot 10 
MSH3  Abcam  Ab69619 Rabbit  - - Co-immunoprecipitation - 
 
Table 2.2 Antibody list  
List of Antibodies used in immunoblot analysis and co-immunoprecipitation experiments including optimal dilutions and incubation times 
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Chapter 3  

Creation and characterisation of an Msh3-/- cell line and 

Msh3 rescue cell lines  

 

 
 
 
 
 
 
 

Some of the material presented in this chapter was published in the 
following article: 

 

“MutSβ abundance and Msh3 ATP hydrolysis activity are important drivers of 

CTG•CAG repeat expansions” 

 

Nucleic Acids Research  

doi:10.1093/nar/gkx650 
  

 

Norma Keogh, Kara Y. Chan, Guo-Min Li and Robert S. Lahue 
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The data presented in this chapter were obtained by Norma 
Keogh except for the following figures:  

• Figure 3.18 Co-immunoprecipitation of Msh2 and Msh3 in Msh3 wild-type 

and over expression cell lines- Experiments performed by Prof. Robert S. 

Lahue  

• Figure 3.22 Estimation of MutSβ abundance as fraction of overall MutS 
complexes in SVG-A cells. - Experiments performed by Prof. Robert S. 
Lahue 
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3.1 Summary  

 
The work presented in this chapter outlines the creation and characterisation of a 

novel Msh3-/-  SVG-A astrocytic cell line. SVG-A astrocytes are a suitable model 

system for two reasons, one, they are glia cells which undergo expansion in HD 

(Shelbourne et al., 2007) and therefore are a biologically relevant model organism 

for studying HD. Secondly, they support expansions in culture, unlike other cell 

lines, this facilitates analysis of repeat expansions and contractions in a 

physiologically relevant environment. Using CRISPR/Cas9 genome editing on SVG-

A astrocytes, I created a homozygous Msh3-/- cell line that is selectively deficient in 

MutSb but still retains the components of MutSa. Characterisation of the cell line 

showed a residual 2% Msh3 protein expression with no growth defects or observable 

morphological changes to the cells. This Msh3-/- cell line allowed me to investigate 

Msh3 abundance and its functional effect on CTG•CAG repeat expansions and 

contractions using the previously established SVG-A shuttle vector assay. Upon loss 

of Msh3 protein expression, I observed a significant decrease (~75%) in CTG•CAG 

repeat expansion frequency in comparison to Msh3+/+ cells but there was no 

significant difference in CTG•CAG repeat contraction frequency. These results 

confirmed my hypothesis that Msh3 protein levels are limiting for CTG•CAG repeat 

expansions, mirroring previous work in the field. To ensure that the expansion defect 

was due to loss of Msh3 protein expression, and to investigate further the 

relationship between MutSb abundance and TNR instability, I created Msh3 rescue 

cell lines by transfecting the Msh3-/- cell line with a cDNA plasmid and then 

screening for stable integrants expressing Msh3 protein. This approach produced two 

Msh3 rescue cell lines, Msh31.7X and Msh32.9X, that over-expressed Msh3 at 1.7-fold 

and 2.9-fold above wild-type levels, respectively. Both cell lines had normal growth 

rates and both displayed MutSb complex formation at higher levels than wild type 

cells. When assayed for CTG•CAG repeat expansions, I observed rescue of the 

expansion phenotype upon add-back of Msh3 and a trend of increased repeat 

expansion proportional to Msh3 abundance. Like what I had found in the Msh3-/- cell 

line, no significant difference in CTG•CAG repeat contractions was observed in the 

Msh3 rescue cell lines. Overall, the results in this chapter clearly demonstrate that 

MutSb abundance drives CTG•CAG repeat expansions in human cells. This chapter 
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also establishes the novel Msh3-/- cell system and validates its use for elucidating the 

mechanism of MutSb-driven CTG•CAG repeat expansions in human cells.  

 
 
 

3.2 Introduction  

 
TNRs are highly dynamic in nature and are subject to somatic and inter-generational 

expansions and contractions. Somatic expansions and contractions are linked to 

disease progression and are found to be influenced by proteins that are normally 

present in the cell. Interestingly, several studies have shown that the presence of 

MutSb promotes CTG•CAG repeat expansions (Manley et al., 1999, Kovtun et al., 

2004, van den Broek et al., 2002, Savouret et al., 2003, Wheeler et al., 2003, Owen et 

al., 2005). Msh3 abundance appears to be a key factor in MutSb’s overall promoting 

role, this has been seen in Msh3+/- mice (Foiry et al., 2006) and also in RNAi 

knockdowns of Msh3 in human cells (Gannon et al., 2012, Nakatani et al., 2015), 

where reduction in Msh3 expression resulted in significantly reduced levels of 

expansions. The assumption that Msh3 abundance is limiting for CTG•CAG repeat 

expansions has not been directly tested. Similarly, over-expression of Msh3 has not 

been tested for its effects on expansions or contractions. Investigation of Msh3 

abundance as a driver of CTG•CAG repeat expansions in a biologically relevant 

experimental system would add greatly to the current knowledge in the field.  

 

In contrast to the clear-cut role of MutSβ in driving expansions, its role in promoting 

TNR contractions is unclear. TNR contractions are found to be dynamic in nature, 

particularly in mouse studies which test large TNR tracts of up to 300 repeats. Some 

mouse studies show that loss of Msh3 resulted in a decrease in expansions, a 

stabilisation of the TNR tract and also a contraction bias with a dramatic shift 

towards contractions (Foiry et al., 2006). However, other studies with different 

mouse strains see a decrease in expansions but do not observe this contraction bias 

(van den Broek et al., 2002, Owen et al., 2005, Dragileva et al., 2009). In vitro 

biochemical studies (Slean et al., 2016) , investigating MutSb and CTG•CAG repeat 

contractions, found that the presence of MutSb protected against contractions and 

they proposed that loss of MutSb would cause an increase DNA intermediates that 
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undergo TNR contractions. Investigation of MutSb and contraction frequencies at 

small threshold length repeats (~33 CTG repeats) in mammalian cells would provide 

additional insight into this area.  

 

3.3 Aims and objectives  

 
I hypothesise that Msh3 abundance drives CTG•CAG instability in human cells. To 

address this hypothesis, my aim was to create a novel Msh3-/- cell line and measure 

expansion and contraction frequency using the SVG-A shuttle vector assay. To 

validate my results, I wanted to create a Msh3 WT expression plasmid and create 

Msh3 rescue cell lines that express Msh3 to levels above wild type expression. 

Assaying these cell lines allows me to investigate the relationship between Msh3 

abundance and TNR instability.  
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3.4 Results  

 

3.4.1 Creation of Msh3-/- cell line by CRISPR/Cas9 and confirmation by 

immunoblot analysis  

 
To address the promoting role of Msh3 in CTG•CAG repeat expansions, a 

homozygous Msh3-/-cell line was created using CRISPR/Cas9 genome editing 

(Figure 3.1). Exon 2 of hMsh3 gene was targeted (Figure 3.1 A) as this was the 

region of the gene also targeted in many of the Msh3 knockout mouse studies.  

 

 
 
Figure 3.1 CRISPR/Cas9 approach to create Msh3-/- cell line  
(A) Exon 2 of the Msh3 gene was targeted with guide RNAs (M3g5) designed to cut 
three bases upstream from the ‘palm’ site (shown in orange). (B) Schematic showing 
predicted CRISPR/Cas9 cut site in exon 2 of human Msh3 gene. Sequencing results 
show in-frame 9 base pair deletion with corresponding loss of codons for amino 
acids 116-118. 
 

Following the targeting approach (outlined in section 2.3) 11 potential Msh3-/-cell 

lines were screened by immunoblot for Msh3 protein expression (Figure 3.2).  

 

 

Predicted CRISPR/Cas9 cut site

Msh3 +/+

Msh3 -/-

Msh3

Ex
on
	1
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	2
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UT

R

GATCTGGGAATGTCTGGCAACTCTGGTGAGTT
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A B



Chapter 3 
 

	63 

 
 

Figure 3.2: Initial immunoblot screen of potential Msh3-/- clones 
Immunoblot of 11 clones screened for loss of Msh3 protein expression. HCT116 
Msh3-/- cells were used as a control for loss of Msh3 signal. Immunoblot was imaged 
using standard enhanced chemiluminescence (ECL) detection and X-ray film. 
 

The initial immunoblot screen showed little to no detectable Msh3 protein expression 

in clone 6, clone 10 and clone 13, consistent with knockout of both alleles of Msh3. 

Additional clones, clone 4 and clone 8 showed decreased protein expression, 

possibly due to knockout of one Msh3 allele, and the remaining clones had 

unchanged levels of Msh3 protein expression. Further immunoblot screening was 

performed on clones 4, 7, 6, 8, 10 and 13 to confirm Msh3 protein expression levels. 

(Figure 3.3). ‘Clone 6’ was chosen for further screening and analysis as it was shown 

to have ablated Msh3 protein expression in initial screens. (Figure 3.4).  
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Figure 3.3: Confirmation immunoblot analysis of potential Msh3-/- clones 
Immunoblot of potential Msh3-/- clones, confirming loss of Msh3 protein expression 
in clone 6 and 13. Immunoblot was imaged using standard enhanced 
chemiluminescence (ECL) detection and X-ray film. 
 

 

The cell line, ‘clone 6’ hereafter referred to as Msh3-/- cell line was screened 

extensively using two antibodies for human Msh3 (Figure 3.4 C). The CRISPR/Cas9 

targeting was designed to target Msh3 exon 2 (a.a. 80-119), as this area is in the N-

terminus of the protein, I screened with an additional antibody to ensure the loss of 

Msh3 signalling was not just a result of ablation of the antibody epitope. The N-

terminal Msh3 antibody (cat no. 611390) from BD Transductions targets the N 

terminal region of Msh3 (a.a. 136-349) (Biosciences, 2017) and was used in the 

initial screen (Figure 3.4 A). To confirm that Msh3 protein expression was ablated, a 

second antibody that targets the C-terminus of Msh3 (a.a.916-1137) from Abcam 

(ab154521) was used (Abcam, 2017). Screening with the C-terminal antibody 

confirmed that there was defective Msh3 protein expression in the Msh3-/- cell line 

(Figure 3.4 B).  
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Figure 3.4: Screening of Msh3-/- cell line using N-terminus and C-terminus 
antibody 
(A) Immunoblot of Msh3-/- and Msh3+/+ cell lines using N-terminus antibody (BD 
transductions- 611390) showing loss of Msh3 protein expression. (B) Immunoblot 
using C-terminus Msh3 antibody (Abcam- ab14521) again showing loss of Msh3 
protein expression. (C) Location of CRISPR/Cas9 target site and immunogen regions 
used to create Msh3 antibodies.   
 

In the example immunoblot shown in figure 3.4 A, immunoreactive bands 

representing Msh3 and Actin protein levels were quantified using the Odyssey 

imaging system, as described in Section 2.16. For the Msh3+/+ cell line values of 

17100 and 293000 were obtained for Msh3 and Actin respectively. Normalising for 

Actin loading control (17100/293000) attributes a Msh3 value of 0.058 to the 

Msh3+/+ cell line. The Msh3-/- cell line has a value of 1590 and 278000 for Msh3 and 

Actin respectively, when normalised for Actin loading control (1590/278000) the 

Msh3-/- cell line has a Msh3 protein expression level of 0.0057. Comparing the Msh3-

/- value relative to Msh3+/+ cell line gives a value of 0.09, i.e. 9% of Msh3+/+ 

expression.  

 

Extensive quantitative immunoblot analysis (n=9) of the Msh3+/+ and Msh3-/- cell 

line showed that there is an average of 2% residual Msh3 protein expression in the 
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Msh3-/- cell line compared to the Msh3+/+cell line (Figure 3.8). This could be 

attributed to background in the immunoblots or some residual Msh3 protein being 

expressed at very low levels. Therefore, I characterise this Msh3-/-  cell line to be a 

‘near-null’ cell line with ~2% Msh3 protein expression retained as opposed to a 

‘knock-out’ cell line.  

3.4.2 Sequence analysis and confirmation of Msh3-/- cell line  

 
Following confirmation of Msh3 protein expression loss, the Msh3-/- cell line was 

sequenced to identify the change to the DNA sequence following CRISPR/Cas9 

targeting. Genomic DNA was isolated and PCR amplified from nucleotides 1601- 

2007, noting that the proposed CRISPR cut site is located at nucleotide 1880. 

Sequencing of the direct PCR product did not yield reads that were sensitive enough 

to distinguish Msh3 alleles and confirm homozygosity. Therefore, the PCR product 

was TA cloned and sequenced (see section 2.4). The gRNAs used in the 

CRISPR/Cas9 targeting were designed to target exon 2 of the human Msh3 gene 

(Figure 3.1). Sequence alignment of the Msh3-/- cell line with Msh3+/+ cells 

identified a nine-base pair deletion directly upstream of the CRISPR/Cas9 cut site 

(Figure 3.5 A), this corresponds to a three amino acid loss in the Msh3 protein 

sequence (Figure 3.5 B).  

 

 
 
Figure 3.5 CRISPR/Cas9 approach for creating Msh3-/- cell line  
(A) Resultant sequence alignment between Msh3+/+ DNA and Msh3-/- DNA. 
Sequence alignment shows a nine base pair deletion upstream of CRISPR/Cas9 cut 
site (highlighted in green) n=6. (B) The nine base pair deletion corresponds to a three 
amino acid loss in exon 2 of the Msh3 gene.  

Msh3	+/+
Msh3	-/-

A

B
Amino	acid	changes- Msh3	exon	2	aa	116-118

DLGMSGNSEPKK			Msh3	+/+	1137	aa	

DLGM	- - - SEPKK		Msh3 -/- 1134	aa
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The TA cloning yielded six colonies, i.e. six alleles of the Msh3-/- cell line were 

analysed and all six colonies contained the same nine base pair deletion, thereby 

suggesting with a high likelihood that the cell line is homozygous for this deletion  

 

The nine base pair deletion identified in the Msh3-/- cell line was surprising as it did 

not cause a frameshift or early stop codon. The three amino acids deleted in the 

Msh3-/- cell line are serine (S), glycine (G) and asparagine (N). According to 

phosphosite.org, there are no known phosphorylation events associated with the 

serine amino acid at this position. Unfortunately, when the secondary structure of 

Msh3 was solved, this region of the Msh3 N-terminus was deleted prior to 

crystallization and therefore the amino acids of this region are missing from the 

structure (Gupta et al., 2012). This then makes it more difficult to attribute a specific 

structural role to this region. Using predictive software provided by psirpred.com, I 

attempted to make a prediction as to what the secondary structure of this region 

would be (Figure 3.6). The results did not attribute any specific secondary structure 

to the region of interest, however we can see that it is located in between two a 

helices, thereby suggesting that there may be a secondary structure role for this 

region which is currently unknown. Nonetheless, it is clear from my immunoblotting 

results that Msh3 protein levels in cells carrying this mutation are reduced to 2% of 

normal values. 

 

 
 

Figure 3.6: Protein secondary structure predictions for Msh3 gene deletion 
Secondary structure prediction generated by psirped.com. The region of interest a.a. 
112-120 is highlighted in red. The legend shows that there is high confidence of the 
prediction and there is no b strand or a helix secondary structure attributed to this 
region. 
 

Amino acid changes- Msh3 exon 2 aa 116-118

DLGMSGNSEPKK   Msh3 +/+ 1137 aa 

DLGM - - - SEPKK  Msh3 -/- 1134 aa
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As this section of the Msh3 structure is currently unsolved I can only hypothesise to 

the importance of this region and effect any amino acid deletion would have on 

overall protein stability and expression. However, one point of interest for this region 

of the human Msh3 gene is the identification of naturally occurring polymorphisms  

present in the mouse Msh3 gene that affect protein stability (Tomé et al., 2013). 

Genotyping carried out in this study identified seven naturally occurring 

polymorphisms that occurred between mouse strains B6 and CBY. One 

polymorphism that was identified in exon 2 of the mouse Msh3 gene corresponds 

with the amino acid deletion in our Msh3-/- cell line and is also conserved in the CBy 

mouse strain which is known to have decreased Msh3 protein expression in 

comparison to the B6 mouse (Tomé et al., 2013) (Figure 3.7). Although, this S-A 

polymorphism was not linked with any decrease in Msh3 protein expression in this 

mouse study, there may be a structural role to this region of the Msh3 gene. One 

prediction is that this area is required for protein stability and that any loss of 

sequence. i.e. three amino acid deletion, could result in protein instability and loss of 

protein expression.  

 

 

 
Figure 3.7: Alignment of naturally occurring polymorphisms in mouse and 
human Msh3 gene 
Adapted from (Tomé et al., 2013). Alignment of human, mouse and yeast Msh3 and 
genes with E.coli mutS. Highlighted in red is the amino acid sequence deleted in the 
Msh3-/- cell line. Highlighted in blue is the polymorphism identified by Tomé et al in 
Msh3 exon 2.  
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3.4.3 Characterisation of Msh3-/- cell line  

 
To validate the use of the Msh3-/- cell line as a viable model for measuring 

expansions, I first wanted to further characterise the cell line and identify any defects 

or changes that may be occurring in the cells due to the elimination of Msh3 protein 

expression. My main goal in creating this cell line was to selectively eliminate 

MutSb (Msh2-Msh3) without affecting MutSa (Msh2-Msh6). Therefore, it was 

essential that Msh2 and Msh6 protein levels were not reduced in the Msh3-/- cell line. 

Immunoblot analysis of the Msh3-/- cell line revealed that Msh2 and Msh6 were 

expressed at wild-type levels (Figure 3.8).  

 

 

 
 
 

 
 

Figure 3.8 Quantitative immunoblot analysis of Msh2 and Msh6 protein 
expression 
(A) Representative immunoblot showing Msh3, Msh2 and Msh6 protein expression 
in Msh3-/- and Msh3+/+ cell lines. (B) Quantitative analysis of Msh protein 
expression, normalised to actin loading control and relative to Msh3+/+ cell line. n=9 
for Msh3 levels; n=7 for Msh3+/+ Msh2 and Msh6 protein levels; and n=6 for Msh3-/- 

Msh2 and Msh6 protein levels. *P = 2.23x10-20. 
 
 
The quantitative immunoblot analysis showed that the Msh3-/- cell line was 

selectively deficient in MutSb with the protein component of MutSa remaining 
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unaffected. This confirmed that the MutSa components were unaffected by the Msh3 

targeting strategy.  

 

I then wanted to investigate the growth of Msh3-/- cells in comparison to Msh3+/+ 

cells by performing growth curve analysis (Figure 3.9). In contrast to studies with the 

other MMR proteins, Msh2 (Shen et al., 2017) and Msh6 (Campo et al., 2013) where 

knockdown or knockout of the proteins caused decreased cell growth, there are no 

reports of aberrant cell growth or cell viability upon loss of Msh3 (Hinz and Meuth, 

1999, Takahashi et al., 2011). No significant difference was seen in cell growth of 

Msh3-/- cells in comparison to Msh3+/+ cell line. Similarly, no morphological changes 

or changes in cell viability were observed in the Msh3-/- cell line, based on routine 

standard microscopy analysis performed throughout cell culture.  

 
 
Figure 3.9 Growth curve analysis of Msh3-/- cell line  
Growth curve analysis comparing Msh3+/+ and Msh3-/- cells over a 72-hour period, 
showing no significant difference in cell growth. n=3, error bars ±SEM.  
 

In summary, the novel Msh3-/- cell line created using CRISPR/Cas9 showed a 

significantly decreased average Msh3 protein expression of ~2% in comparison to 

Msh3+/+ cell lines, and a nine base pair deletion and three amino acid loss in exon 2 

of the Msh3 gene. The other MutS proteins Msh2 and Msh6 are both expressed at 

wild-type levels, thereby confirming that the Msh3-/-  cell line is selectively deficient 

in components of MutSb but retains normal protein levels of the MutSa components, 

Msh2 and Msh6. I also confirmed that the Msh3-/- cell line does not show any growth 

defects upon loss of Msh3 protein expression. Having successfully created and 
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characterised this Msh3-/- cell line, I then performed functional analysis of TNR 

instability using the SVG-A shuttle vector assays.  

 

3.4.4 Msh3-/- cells are severely defective for expansions but not contractions 

 

Functional analysis of CTG•CAG repeat expansions and contractions was performed 

using the established SVG-A shuttle vector assay (see section 2.21). Measurement of 

expansion and contraction frequencies provide a direct readout of TNR instability in 

SVG-A mammalian cells. Unless otherwise stated, all events reported were PCR 

confirmed.  

 

Msh3-/- cells were assayed for CTG•CAG repeat expansions in parallel with Msh3+/+ 

cells (Figure 3.10). Msh3-/- cells were shown to be defective for expansions with a 

loss of ~75% of expansion frequency. This finding agrees with what has been 

observed in previous Msh3 knockout or depletion studies in mouse (van den Broek et 

al., 2002, Owen et al., 2005, Foiry et al., 2006), yeast (Nakatani et al., 2015, 

Kantartzis et al., 2012) and mammalian cells (Gannon et al., 2012). The range and 

size of expansions, +4 to +10 repeats were consistent for both the Msh3+/+ and Msh3-

/- cell lines (Table 3.1).  

 

 

 
Figure 3.10 Analysis of expansion frequencies of Msh3+/+ and Msh3-/- cell lines  
Expansion frequencies of Msh3+/+ and Msh3-/- cell lines, n=3 for Msh3+/+ and n=4 for 
Msh3-/-, *P= 0.0019, error bars denote ±SEM.     
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Expansions were not eliminated upon loss of Msh3 expression. If you take into 

consideration the error value (SEM), the error does not overlap with zero and there is 

a residual 0.01 expansion frequency observed in the Msh3-/- cell line. As discussed 

later, the remaining expansions observed may be caused by other proteins present in 

the cell. Nevertheless, the reduction in expansions observed confirms my hypothesis 

that Msh3 protein expression drives CTG•CAG repeat expansions in human cells.  

 
As discussed earlier, the role of Msh3 protein abundance in CTG•CAG repeat 

contractions is less defined than in expansions. Using the SVG-A shuttle vector 

assay, Msh3-/- cells were assayed for contractions alongside Msh3+/+ cells (Figure 

3.11). There was no significant difference in CTG •CAG repeat contraction 

frequency observed (P= 0.3). All contraction sizes and frequencies are listed in Table 

3.2. 

  

 
 
Figure 3.11 Analysis of contraction frequencies of Msh3+/+and Msh3-/- cell lines  
Contraction frequencies of Msh3+/+and Msh3-/- cell lines, n=3, error bars denote 
±SEM.  
 

In some mouse studies, loss of MutSb resulted in an increase in CTG•CAG repeat 

contractions (Foiry et al., 2006), whereas in others no contraction bias was observed 

(van den Broek et al., 2002, Owen et al., 2005, Dragileva et al., 2009). In our study, 

we observed no significant difference in contraction frequencies upon loss of Msh3 

protein expression. 
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In summary, the Msh3-/- cell line was found to be defective for CTG•CAG repeat 

expansions with no significant effect observed on CTG•CAG contraction 

frequencies. These results suggest that Msh3 protein expression is limiting for 

CTG•CAG repeat expansions and has no effect on CTG•CAG contractions. To 

further validate and confirm these findings, I aimed to create a Msh3 WT expression 

plasmid that would allow me to create Msh3 rescue cell lines and establish a cell 

system for investigating Msh3 protein variants.  

 

3.4.5 Creation of Msh3 WT expression plasmid  

 

One essential tool that I created was an Msh3 WT expression plasmid for use in 

mammalian cells. This plasmid allowed me to transfect Msh3-/- cell lines, isolate 

stable cell lines and restore Msh3 protein expression, thereby creating Msh3 rescue 

cell lines. Additionally, site-directed mutagenesis of this plasmid and subsequent 

stable cell line creation would also provide me with a novel cell system that enables 

me to investigate functional mutants and polymorphic variants of Msh3 (described in 

Chapter 4). The random integration of the Msh3 plasmid yielded different cell lines 

with different Msh3 expression levels, this offers a novel way of testing varying 

levels of Msh3 protein expression in the context of CTG•CAG repeat expansions 

and contractions.  

 

To create the Msh3 WT expression plasmid, a Msh3 cDNA clone was obtained from 

Source Bioscience (MGC: 163308, IMAGE: 40146467) and cloned into a pcDNA 

3.1 neo expression plasmid. The consensus sequence for Msh3 cDNA corresponds to 

NCBI entry NG_016607.1. The pcDNA 3.1 neo plasmid contains a CMV promotor 

and is suitable for use in mammalian cells. As described in section 2.6, the Msh3 

cDNA was PCR amplified, purified and run on an agarose gel to ensure correct size 

of the PCR product (Figure 3.12 A). The Msh3 cDNA was then ligated to a carrier 

plasmid pGEM-T Easy vector, following ligation, DNA from three E. coli colonies 

was screened by diagnostic digest to check for correct ligation of insert to vector 

(Figure 3.12 B). Colony 3 was identified to have the correct banding pattern and was 

confirmed by sequencing. Restriction digest was then carried out on the pGEMT-

Msh3 plasmid to remove the Msh3 cDNA from this vector and it was subsequently 
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ligated to the pcDNA 3.1 neo expression plasmid. Construction of the pcDNA3.1-

Msh3 plasmid was confirmed by diagnostic digest (Figure 3.12 C). Correct banding 

pattern was observed and this plasmid was further confirmed by sequencing.  
 

 

 

Figure 3.12 Creation of Msh3 WT expression plasmid  
(A) Agarose gel of purified Msh3 cDNA PCR product. Product is run in lane 2 and is 
of the correct size of 3.5Kb. (B) Diagnostic digest of potential pGEMT-Msh3 
ligation colonies, lane 2 shows undigested pGEMT vector, lane 3 shows digested 
pGEMT vector, lane 4-6 show digestion of E. coli colonies from ligation step. 
Colony 3 in lane 6 shows correct band pattern for successful insert ligation. (C) 
Diagnostic digest of pcDNA3.1-Msh3 plasmid. Lane 2 shows undigested pcDNA 3.1 
vector and lane 4 shows digested pcDNA3.1-Msh3 plasmid. Digestion revealed the 
correct band pattern, confirming successful ligation of insert and vector.  
 

The T7 promotor priming site and the BGH reverse priming site are both present in 

the pcDNA 3.1 neo plasmid backbone and flank the area that the Msh3 cDNA was 

inserted. Utilising these primer sites, Sanger sequencing was performed on the 

pcDNA3.1-Msh3 plasmid across the Msh3 cDNA insert, 100% sequence similarity to 

the consensus sequence (NCBI entry NG_016607.1) was observed.  

 

To test the ability of the plasmid to express Msh3, I transiently transfected the 

plasmid into Msh3-/- cells and screened for Msh3 protein expression by immunoblot 

(Figure 3.13). The lanes labelled Msh3 WT are four independent dishes of Msh3-/- 
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cells with increasing amounts (100-400 ng) of Msh3 WT expression plasmid 

transfected into the cells.  

 

 
 

Figure 3.13 Immunoblot analysis of transient transfection of Msh3 WT 
expression plasmid  
Immunoblot of Msh3 protein expression in Msh3-/- cells following transient 
transfection of Msh3 WT expression plasmid. No detectable Msh3 protein expression 
in Msh3-/- cells with/ without Lipofectamine transfection reagent. Increasing levels of 
Msh3 protein expression observed when cells transfected with increasing amounts of 
Msh3 WT expression plasmid.  
 

Forty-eight hours after transient transfection of the Msh3 WT expression plasmid, the 

cells were harvested and screened for Msh3 protein expression by immunoblot. 

Normal levels of Msh3 protein were measured in Msh3+/+ cells and very low Msh3 

protein expression (~2%) was observed in the Msh3-/- cells. Increasing levels of 

Msh3 protein expression were observed in cells transfected with increasing 

concentrations of Msh3 WT expression plasmid (right-hand four lanes of Fig 3.13). 

This confirmed that Msh3 protein expression could be rescued by using the Msh3 

WT expression plasmid.  

 
 
 

Msh3

Actin

M
sh
3+

/+

M
sh
3-
/-

M
sh
3-
/-

Li
po

fe
ct

am
in

e 
on

ly
 

M
sh
3

W
T 

10
0 

ng

M
sh
3

W
T 

20
0 

ng

M
sh
3

W
T 

30
0 

ng

M
sh
3

W
T 

40
0 

ng



Chapter 3 
 

	76 

3.4.6 Creation and characterisation of Msh3 rescue cell lines  

 
Msh3-/- cells showed a significant decrease in CTG•CAG repeat expansions 

following ablation of Msh3 protein expression (Figure 3.10). To confirm these 

results, I wanted to restore Msh3 protein expression to the Msh3-/- cells and measure 

CTG•CAG instability, thereby performing a rescue experiment and validating my 

initial findings. Using the Msh3 WT expression plasmid described in section 3.4.5, I 

transiently transfected Msh3-/- cells with both the Msh3 WT expression plasmid and a 

pMSCVhygro resistance plasmid (described in section 2.8). Stable cell lines were 

created by applying Hygromycin selection pressure and allowing single cell colonies 

to form. Immunoblot screening of 11 potential clones showed numerous Msh3 rescue 

cell lines with varying levels of Msh3 protein expression (Figure 3.14). Creation of 

the Msh3 rescue cell lines in this manner allowed for random integration of the Msh3 

WT expression plasmid and therefore resulted in varying levels of Msh3 protein 

expression seen by immunoblot analysis.   

 

 

 
Figure 3.14 Initial screen of Msh3 rescue cell lines, immunoblot analysis  
Immunoblot showing Msh3 protein expression in various Msh3 rescue cell lines. 
Msh3 protein expression is normalised to actin loading control and relative to wild 
type Msh3+/+ cells. Msh3 level is denoted under the blot.  
 
One question of interest is how varying levels of Msh3 will impact on CTG•CAG 

repeat instability in human cells. I chose two cell lines out of the cell lines screened 

for this purpose Msh3 8 (1.2X wildtype) and Msh3 11 (4.6 X wildtype). I carried out 
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extensive immunoblot analysis to confirm the Msh3 protein expression levels and 

found that on average their respective Msh3 levels were 1.7X wild type level (Figure 

3.15) and 2.9 X wild type level (Figure 3.16). Hereafter, the cell lines will be referred 

to as Msh31.7X and Msh32.9X. Immunoblot analysis also measured Msh2 and Msh6 

protein expression levels.  

 

 
 

Figure 3.15 Characterisation of Msh31.7X rescue cell line, immunoblot analysis  
(A) Representative immunoblot showing Msh3 protein expression in Msh3 rescue 
cell line (Msh31.7X) in comparison to Msh3+/+ and Msh3-/- cell lines. (B) Quantitative 
analysis of Msh3 protein expression normalised to actin and relative to Msh3+/+ cell 
line. Msh3 add-back cell line has an average Msh3 expression level of 1.7 times wild 
type expression. n=9 for Msh3 protein expression in all cell lines, n=7 for Msh2 and 
Msh6 protein levels in Msh3+/+ cell lines, n=6 for Msh2 and Msh6 protein levels in 
Msh3-/- cell line and n=5 for Msh2 and Msh6 protein levels in Msh31.7x cell line. *P = 
2.23x10-20 and **P=1.87 x10-6, both compared to Msh3 level in Msh3+/+ cells.  ***P 
= 0.032 compared to Msh6 level in Msh3+/+ cells. Error bars denote ±SEM. 
 
The Msh31.7X cell line was found to have an average Msh3 protein expression of 1.7 

times wild-type expression. There was also a significant increase in Msh6 protein 

expression observed in this cell line (Figure 3.15 B). This was a surprising 

observation, as I would have predicted a decrease in Msh6 upon loss of Msh3 and as 

there is now increased Msh3 levels, one would predict either no change or a 

decreased in Msh6 due to Msh2 now having more Msh3 to partner with. There is no 

clear explanation for this increase in Msh6 expression.   
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Figure 3.16 Characterisation of Msh32.9X rescue cell line, immunoblot analysis  
(A) Representative immunoblot showing Msh3 protein expression in Msh3 rescue 
cell line (Msh32.9X) in comparison to Msh3+/+ cells. (B) Quantitative analysis of 
Msh3 protein expression normalised to actin and relative to Msh3+/+ cell line. Msh3 
rescue cell line has an average Msh3 expression level of 2.9 times wild type 
expression. n=4 for Msh3, Msh2 and Msh6 protein expression in both cell lines. *P= 
1.03x10-3, error bars denote ±SEM. 
 
The second Msh3 rescue cell line, Msh32.9X was found to have an average Msh3 

protein expression of 2.9 times wild-type expression. There was no significant 

difference in Msh2 and Msh6 protein levels observed (Figure 3.16 B).  

 

Growth curve analysis was performed on both Msh31.7X and Msh32.9X cell lines in 

parallel to Msh3+/+ cell lines to check for any growth defects due to the increased 

Msh3 protein levels (Figure 3.17). No significant difference in cell growth was 

observed.   
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Figure 3.17 Growth curve analysis of Msh3 rescue cell lines, Msh31.7X and 
Msh32.9X  

(A) Growth curve analysis of Msh3-/-, Msh3+/+ and Msh31.7X 
cell lines, showing no 

detectable difference in cell growth. Error bars denote ±SEM, n=3. (B) Growth curve 
analysis of Msh3+/+ and Msh32.9X 

cell lines, showing no detectable difference in cell 
growth. Error bars denote ±SEM, n=3. 

 

In summary, the two Msh3 rescue cell lines, Msh31.7X and Msh32.9X chosen for this 

study have respective Msh3 protein expression at 1.7 times and 2.9 times wild type 

expression. Increased Msh6 protein expression was observed in the Msh31.7X cell line 

and there was no significant effect of increased Msh3 protein expression on cell 

growth. 

 

3.4.7 Overexpression of Msh3 causes an increase in MutSb formation  

 
Msh3 binds with Msh2 to form the DNA mismatch repair protein complex MutSb, 

Msh2 also partners with Msh6 to form MutSa complex which also plays a role in the 

DNA mismatch repair pathway. Msh3 is unique to MutSb and does not form a 

complex with any other binding partners. Creation of the Msh3 rescue cell lines 

resulted in cell lines that over-express Msh3 above wild-type levels, for example; 

Msh31.7X and Msh32.9X. As Msh3 protein expression has increased significantly in 

these cell lines, we were curious whether this increase in Msh3 expression would 

result in an increased level of the MutSb complex. In a study by Halabi et al (Halabi 

et al., 2012), cells that over expressed Msh3 were found to have increased Msh2 

levels as a result of the increased Msh3 expression. Although they did not measure 
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complex formation directly, it does suggest that the increase in Msh3 may be 

sufficient to increase the levels of MutSb protein complex.    

 

To address this question, co-immunoprecipitation (co-IP) was performed on Msh3-/-, 

Msh3+/+ and Msh32.9X cell lines using antibodies against Msh3, followed by 

immunoblot analysis of Msh3 and Msh2. As Msh2 also complexes with MutSα, and 

MutSα is known to be the more abundance complex in the cell (Drummond et al., 

1997), the prediction is that some Msh2 will co-IP with Msh3 but that there will be 

some (~70-80%) of Msh2 that will be remaining in the flow-through, this Msh2 is 

predicted to be complexed with Msh6 to form MutSα.  

 

The input samples for Msh3+/+ and Msh32.9X cells show the expected gradation of 

Msh3 abundance, whereas Msh2 levels were approximately equal. In the co-IP 

samples, however, the levels of Msh3 and Msh2 both increase, consistent with a 

higher abundance of MutSβ complex (Figure 3.18 A). 

 

 
 
Figure 3.18 Co-immunoprecipitation of Msh2 and Msh3 in Msh3 wild-type and 
over expression cell lines  
(A) Representative immunoblot for co-immunoprecipitation of Msh3 and Msh2 and 
investigation of MutSβ formation in Msh3-/-, Msh3+/+ and Msh32.9X cell lines. (B) 
Quantitative analysis of immunoprecipitated Msh3 and Msh2 protein abundance, n=4 
for all samples. *P=5.44 x10-13 for Msh3 and *P=4.30 x10-11 for Msh2 compared to 
wild type; and **P=1.66 x10-4 for Msh3 and **P=4.96 x10-3 for Msh2 compared to 
wild type. Error bars denote ±SEM.  
 
Repetition of this experiment and quantification of the amounts of Msh3 and Msh2 
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cell line Msh32.9X there was an increase of 2.5-3 fold MutSb complex formation in 

comparison to wild-type Msh3+/+ cells (Figure 3.18 B). In addition to observing 

increased MutSb protein complex formation in the over-expression cell line 

Msh32.9X, I also observed no detectable Msh3 protein in the input samples for the 

Msh3-/-cell line and no MutSb complex formation in the co-IP samples for Msh3-/- 

cell line (Figure 3.18). This further confirms the ablation of Msh3 protein expression 

and that the Msh3-/- cell line is deficient in MutSb.  

 

3.4.8 Overexpression of Msh3 causes an apparent increase in expansion 

frequency  

 
Msh3 abundance in mice is limiting for expansion activity, based on partial loss of 

expansions in Msh3+/- animals where Msh3 abundance is reduced (Foiry et al., 

2006). To see if Msh3 overexpression drives elevated levels of expansions in 

mammalian cells, an over-expression cell line Msh31.7X  was assayed for expansions 

in parallel to Msh3-/- and wild type Msh3+/+cells. Expansion frequency was measured 

using the SVG-A expansion assay and all events were PCR confirmed (Figure 3.19).  
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Figure 3.19 Analysis of expansion frequencies of Msh3-/-, Msh3+/+ and Msh31.7X 

cell lines.  
Expansion frequencies for Msh3-/-, Msh3+/+ and Msh31.7X cell lines. n=4 for Msh3-/- 

and n=3 for Msh3+/+ and Msh31.7X. *P=0.029 compared to wild type. Error bars 
denote ±SEM.  
 
Over-expression of Msh3 protein levels to 1.7X wild type levels caused an increase 

in expansion frequency, although not to a significant level (P=0.16). The range of 

expansion sizes was similar between wild type and overexpressing cells (+4 to +10 

repeats, Msh3+/+; +4 to +12 repeats Msh31.7X), as was the weighted average 

expansion size (+6.8 repeats, Msh3+/+; +7.2 repeats Msh31.7X)  (Table 3.1). 

Additionally, restoration of the expansion phenotype in the Msh3 rescue cell line 

shows that Msh3 abundance is playing an important driving role in CTG•CAG 

expansions in human cells. 

 

The Msh32.9X cell line was also assayed for expansions in comparison to Msh3+/+ 

cells. The cell lines were assayed using the SVG-A expansion assay and a significant 

increase in observed expansion frequency was seen (*P=0.02) (Figure 3.20), 

however due to technical issues with the assay that could not be overcome, these 

events are not PCR confirmed. Therefore, I conclude that the trend is consistent with 

what was observed with the Msh31.7X cell line but as this is observed expansion 

frequency only, further analysis would be needed to confirm this finding.  
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Figure 3.20 Observed expansion frequencies of Msh3+/+ and Msh32.9X cell line  
Observed expansion frequencies for Msh3+/+ and Msh32.9X cell lines, n= 12 for 
Msh3+/+ and n=11 for Msh32.9X. *P= 0.02 compared to wild type, error bars denote 
±SEM  
 
Restoration and over-expression of Msh3 protein expression in Msh3-/- cells resulted 

in a rescue of the expansion phenotype and an increase in CTG•CAG repeat 

expansions. I observed a trend of increased Msh3 expression resulting in increased 

expansion frequency although not to a significant level. Nevertheless, these data are 

consistent with my hypothesis that Msh3 abundance is an important driver of 

CTG•CAG repeat expansion in human cells.   

 

3.4.9 Increased Msh3 expression and CTG•CAG repeat contractions  

 
As discussed previously, the role of Msh3 in CTG•CAG repeat contractions is not 

well defined with some conflicting views supported by studies in mice. Assaying of 

the Msh3-/- cell line for contractions showed no significant difference in contractions 

upon loss of Msh3. Following on from this result, I assayed the Msh3 over-

expression cell lines for contraction frequencies in parallel to Msh3-/- cells and wild-

type Msh3+/+ cell lines (Figure 3.21).  
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Figure 3.21 Contraction frequencies of Msh3 rescue cell lines, Msh31.7X and 
Msh32.9X 

Contraction frequencies for Msh3-/-, Msh3+/+, Msh31.7X and Msh32.9X cell lines. n= 7 
for Msh3+/+ and n=3 for Msh3-/-, Msh31.7X and Msh32.9X. No significant difference 
observed in contraction frequency. Error bars denote ±SEM.  
 

Contrary to previous reports that stated that loss of MutSb caused an increase in 

contractions (Foiry et al., 2006, Slean et al., 2016) we found that regardless of the 

Msh3 abundance level in our cells; near-null, wild-type or over-expressed there was 

no significant difference observed for CTG•CAG repeat contractions (P=0.2-0.3). 

These results are consistent with several mouse studies which saw no contraction 

bias (van den Broek et al., 2002, Owen et al., 2005, Dragileva et al., 2009).  

 

3.4.10 MutSb abundance in SVG-A cells  

 
The co-IP data (section 3.4.7) allowed us to estimate the normal abundance of 

MutSb in comparison to MutSa in wild-type SVG-A cells. By quantifying the Msh3 

and Msh2 levels in the input and flow-through fractions of the co-IP protocol, the 

proportion of Msh2 protein present in MutSβ can be estimated (Figure 3.22 A) . One 

example of primary data gave a value of 27% of all Msh2 protein captured as MutSβ 

(Figure 3.22 B). Overall results (n=4) showed that 26% ± 6% of total Msh2 was 

complexed in MutSβ in SVG-A cells, giving an estimation of the ratio of 26% 

MutSβ to 74% MutSα (Figure 3.22 C).  
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These values are in reasonable agreement with the report by Drummond et al 

(Drummond et al., 1997) that approximately 15% of total Msh2 in HL-60 cells is 

complexed with Msh3 as MutSβ, with the remaining 85% complexed with Msh6 to 

form MutSα. Drummond et al, did not use a co-immunoprecipitation approach but 

rather they used a fractionation protocol on nuclear extracts of HL-60R cells, 

purified hMutSβ and hMutSα and used MonoQ anion exchange FPLC 

chromatography to determine the respective abundances of the complexes in these 

cells. As mentioned, they determined that MutSα was the more abundant protein 

complex, similar to what we observed by our method (Figure 3.22).  
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Figure 3.22 Estimation of MutSβ abundance as fraction of overall MutS 
complexes in SVG-A cells. 
(A) Overview of experimental approach and calculation of Msh3/Msh2 capture 
efficiencies and MutSβ abundance. FT stands for Flow-through. (B) Representative 
immunoblot of co-immunoprecipitated Msh3 and Msh2 showing IP input and IP 
flow-through from wild type SVG-A cells. In this example, there was 11% of total 
Msh3 in flow-through, correspondingly the capture efficiency was calculated at 84%. 
For Msh2, 78% was measured in flow-through, indicating that 22% of Msh2 protein 
was captured by the anti- Msh3 antibody. MutSβ abundance is calculated using the 
formula (22/84) *100% to give a value of 27%. (C) Quantitative data of Msh3 and 
Msh2 capture efficiencies from co-IP data, average values shown ±SEM, n=4.
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3.4.11 Expansion and contraction sizes and frequencies.  

 

Expansion and contraction sizes were estimated from the TNR PCR sequencing gels 

and are listed in Table 3.1 and Table 3.2. The frequency of each expansion and 

contraction is also listed as is the weighted size, total number, mean and median size 

of the expansions/contractions. For both the expansion assays and contraction assays 

performed in this chapter, there was no significant difference observed between cell 

lines in expansion/contraction size or frequency. This is consistent with the idea that 

loss of Msh3 or expression of an Msh3 variant affects expansions equally across this 

threshold length.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 3 
 

	88 

 
Expansion	sizes	

		

Data	for	Figure	3.8	

	
Data	for	Figure	3.17	

	

		

expt	dates	
6/4/16,20/11/16,	25/11/16	

expt	dates	
6/4/16,20/11/6,25/11/16	

	Expansion	

size	 Msh3+/+	 weighted	 Msh3-/-	 weighted	 Msh3	1.7X	 weighted	
+	4	 1	 4	 3	 12	 0	 0	
+	5	 0	 0	 3	 15	 1	 5	
+	6	 5	 30	 2	 12	 5	 30	
+	7	 3	 21	 2	 14	 1	 7	
+	8	 2	 16	 0	 0	 2	 16	
+	9	 0	 0	 2	 18	 1	 9	
+	10	 1	 10	 0	 0	 0	 0	
+	11	 0	 0	 0	 0	 0	 0	
+	12	 0	 0	 0	 0	 1	 12	
Total	 12	 81	 12	 71	 11	 79	
Smallest	 4	 		 4	 		 4	 		
Largest	 10	 		 9	 		 12	 		
Mean	 7	 6.75	 6.5	 5.92	 8	 7.18	
Median	 7	 6.5	 6.5	 5.5	 8	 6.00	

 
Table 3.1 Expansion sizes and frequencies for figure 3.8 and 3.17 
Table showing expansion sizes and frequency of each size expansion for each cell line measured in the respective experiment. The weighted size 
of the expansion and mean and median of the total number of the expansions are shown. There is no significant difference in the size or 
frequency of expansions between cell lines for these experiments.  
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Table 3.2 Contraction sizes and frequencies for figure 3.9 and 3.19 
Table showing contraction sizes and frequency of each size contraction for each cell line measured in the respective experiment. The weighted 
size of the contraction and mean and median of the total number of the expansions are shown. There is no significant difference in the size or 
frequency of contractions between cell lines for these experiments. 

Contraction	sizes	

		 Data	for	Figure	3.9	 Data	for	Figure	3.19	

		 expt	dates	26/2/16	and	2/4/16	 expt	dates	26/2/16,	2/4/16	and	31/5/17	
Contraction	sizes		 Msh3+/+	 weighted	 Msh3-/-	 weighted	 Msh3	1.7X	 weighted	 Msh3	2.9X		 weighted	
-6	 0	 0	 3	 -18	 0	 0	 0	 0	
-7	 0	 0	 1	 -7	 1	 -7	 0	 0	
-8	 1	 -8	 1	 -8	 1	 -8	 0	 0	
-9	 0	 0	 0	 0	 0	 0	 0	 0	
-10	 0	 0	 1	 -10	 2	 -20	 2	 -20	
-11	 1	 -11	 1	 -11	 0	 0	 1	 -11	
-12	 3	 -36	 2	 -24	 1	 -12	 4	 -48	
-13	 0	 0	 3	 -39	 2	 -26	 2	 -26	
-14	 5	 -70	 1	 -14	 0	 0	 4	 -56	
-15	 1	 -15	 0	 0	 0	 0	 2	 -30	
-16	 0	 0	 0	 0	 1	 -16	 0	 0	
-17	 0	 0	 0	 0	 0	 0	 0	 0	
-18	 3	 -54	 0	 0	 3	 -54	 0	 0	
Total	 14	 -194	 13	 -131	 11	 -143	 15	 -191	
Smallest	 6	 		 6	 		 7	 		 10	 		
Largest	 18	 		 14	 		 18	 		 15	 		
Mean	 12	 -13.86	 10	 -10.08	 12.5	 -13.00	 12.5	 -12.73	
Median	 12	 -14	 12	 -11	 15.25	 -13	 12.5	 -13	
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3.5 Discussion  

 
The key question asked in this chapter was, ‘Is Msh3 abundance driving CTG•CAG 

repeat instability in human cells?’ Addressing this question, I describe the creation, 

characterisation and functional analysis of a novel Msh3-/- cell line and a rescue cell 

system. The findings presented in this chapter lead me to conclude that Msh3 

abundance is driving CTG•CAG repeat expansions in human cells but it does not 

have any significant effect on CTG•CAG repeat contractions.  

 

CRISPR/Cas9 genome editing was utilised to target exon 2 of the Msh3 gene in 

SVG-A astrocytes. The targeting approach resulted in a nine base pair deletion and 

subsequent loss of three amino acids from the protein sequence. This resulted in a 

~98% reduction of Msh3 protein expression, additionally no Msh3 or MutSb 

complex formation could be detected in this cell line by co-IP experiments. Msh2 

and Msh6 protein expression levels were unaffected in the Msh3-/- cell line indicating 

that the cell line is selectively deficient in MutSb with the components of MutSa 

remaining intact. When assayed for expansions in parallel to wild-type Msh3+/+ cells, 

the Msh3-/- cells were found to be largely defective for expansions (~75%). Thus, a 

large majority of CTG•CAG repeat expansions are dependent on MutSb, similar to 

numerous findings in mouse knockout studies of Msh3 (van den Broek et al., 2002, 

Owen et al., 2005, Dragileva et al., 2009), siRNA knockdowns in human cells 

(Gannon et al., 2012, Nakatani et al., 2015, Du et al., 2013)  and msh3 mutants in 

yeast (Kantartzis et al., 2012). The residual ~25% of expansions seen in Msh3-/- cells 

might be attributable to other pathways of expansion. For example, residual germline 

expansions in Msh3-/- Fragile X mice were attributed to the activity of MutSα (Zhao 

et al., 2015, Zhao et al., 2016). Nevertheless there is a striking reduction in 

expansions in Msh3-/- cells that are selectively deficient for MutSb.  

 

Another key question centres on MutSb abundance and its role in promoting 

expansions in human cells. A study using Msh3+/- heterozygous mice showed that 

reduced Msh3 abundance was associated with a decrease in expansions (Foiry et al., 

2006), suggesting that expansions are limited by the level of Msh3 protein, and by 

inference, MutSb. A separate question is whether the normal abundance of MutSb 
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limits expansions. To address this, we created cell lines that overexpress Msh3. 

There was a clear increase in expansion activity for the Msh31.7X cells over the Msh3-

/- line, indicating rescue of the expansion defect by add back of wild type Msh3. 

Expansions in Msh31.7X cells were also elevated over wild type, although not to a 

statistically significant degree. Expansion activity in the series Msh3-/-, wild type and 

Msh31.7X cells is consistent with a dose-dependent relationship between Msh3 

abundance and expansion frequency above wild type levels. Another overexpressing 

cell line, Msh32.9x, showed high levels of MutSb complex formation, thus proving the 

assumption that higher levels of Msh3 increase the abundance of MutSb. The direct 

correlation between Msh3 overexpression and enhanced abundance of MutSb is 

consistent with a previous report (Drummond et al., 1997). Overall, the observed 

trends, although not statistically significant, appear to support the conclusion that 

increased Msh3 abundance, leading to increased levels of MutSb complex, directly 

affects the likelihood of CTG•CAG expansions in human cells.  

 

We observed an apparent relationship between MutSb abundance and CTG•CAG 

expansions in human cells. In contrast, there was no significant effect on CTG•CAG  

repeat contractions observed when Msh3 levels were manipulated. This result 

concurs with most (van den Broek et al., 2002, Owen et al., 2005, Dragileva et al., 

2009) but not all (Foiry et al., 2006) previous reports of Msh3 knockout mice where 

no major changes to inherited or somatic contractions were found or in vitro studies 

where MutSb deficiency was linked to an increase in contractions (Slean et al., 

2016). It is important to note that the range of the SVG-A contraction assay (-6 to -

33 CTG•CAG  contractions) is significantly smaller that the range of contractions 

observed in mouse studies. Typically, mouse studies focus on much larger, much 

more dynamic repeats of ~ 300 repeats. We are unable to detect contractions of 

smaller than 6 or larger than 33 repeats. It is possible that CTG•CAG repeat 

contractions are being affected by MutSb but our assay is not capable of detecting 

contractions larger than 33 CTG repeats.  

 

Overall, this chapter describes the experimental approach taken to investigate Msh3 

abundance as an important driver of CTG•CAG repeat instability in human cells. 

Utilisation of a novel Msh3-/-  cell system allowed careful examination of both 
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CTG•CAG expansions and contractions in SVG-A astrocytes. I conclude from this 

study that Msh3 is driving CTG•CAG repeat expansions in human cells but not 

CTG•CAG contractions.  
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Chapter 4  

Msh3 ATPase function and Msh3 gene polymorphisms 

as drivers of CTG•CAG repeat instability  

 

 
 
 
 
 
 
 

Some of the material presented in this chapter was published in the 
following article: 

 

“MutSβ abundance and Msh3 ATP hydrolysis activity are important drivers of 

CTG•CAG repeat expansions” 

 

Nucleic Acids Research  

doi:10.1093/nar/gkx650 
 

Norma Keogh, Kara Chan, Guo-Min Li and Robert S. Lahue 
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The data presented in this chapter were obtained by Norma 
Keogh except for the following figures: 

• Figure 4.9 Co-immunoprecipitation of Msh3 and Msh2 in Msh3+/+ and 

Msh3E976A cell lines - Experiments performed by Prof. Robert S. Lahue 

• Figure 4.10 ATP hydrolysis activity of MutSb E976A in comparison to wild-

type – Experiments performed by Prof. Guo Min Li and Kara Y. Chan (UT 

Southwestern) 

• Figure 4.19 Co-immunoprecipitation of Msh3 and Msh2 in Msh3T363I and 

Msh3T1045A cells - Experiments performed by Prof. Robert S. Lahue 
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4.1 Summary  

 

The work in this chapter describes the creation of an Msh3 ATPase mutant cell line 

and Msh3 polymorphic variant cell lines. These Msh3 variants were created by 

adding back cDNA clones encoding the variants to the Msh3-/- cell line described in 

chapter 3. These cell lines were analysed for CTG•CAG repeat expansion and 

contraction frequencies in comparison to wild type cells. Importantly, these mutant 

or polymorphic proteins were expressed at near wild type protein expression levels, 

to distinguish between a biochemical effect and a protein abundance effect. The 

Msh3 ATPase mutant Msh3E976A has reduced ATP hydrolysis by Msh3. The cell line 

had normal cell growth rates and it expressed the mutant protein at 100% of wild-

type Msh3 levels. The ATPase mutant forms MutSb complex efficiently in the cell 

although at a partially lower abundance to wild type cells. When assayed for 

CTG•CAG repeat expansions, a significant decrease in expansions was observed at a 

similar level to what was observed in the Msh3-/- cell line. This suggests that Msh3 

ATP hydrolysis is required for expansions. These results are in line with the 

misrepair model for expansions. When assayed for CTG•CAG repeat contractions, 

no significant difference was seen in contraction frequency when compared to 

Msh3+/+ cells. Previous studies that identified and studied Msh3 gene polymorphisms 

have linked these polymorphisms to TNR instability. Naturally occurring 

polymorphisms found in the Msh3 gene are proposed to affect protein stability 

(Msh3T363I) and repeat instability (Msh3T1045A). Msh3T363I cell lines expressed Msh3 at 

a slightly lower level that Msh3+/+ cells (~75%), however the cells retain normal 

growth. Similarly, Msh3T1045A cells expressed Msh3 at 71% of wild type levels and 

exhibit normal cell growth. Both polymorphic variants form MutSb complex 

correctly in the cell, again at slightly reduced abundance to wild type. However, 

when assayed for CTG•CAG repeat expansions and contractions, no significant 

difference was observed in either cell line when compared to Msh3+/+ cells. These 

findings suggest that the variability in TNR instability seen in previous studies was 

due to decrease protein abundance and not as a direct result of the polymorphisms. In 

summary, the work contained in this chapter shows that Msh3 ATP hydrolysis is 

required for CTG•CAG repeat expansions but not contractions.  
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4.2 Introduction  

 
ATPase activity of MutSb is known to be essential for efficient DNA mismatch 

repair. Both subunits of MutSb (Msh2-Msh3) can bind and hydrolyse ATP (Owen et 

al., 2005, Tian et al., 2009a, Gupta et al., 2012, Lang et al., 2011, Modrich, 2006). 

The misrepair model of MutSb’s involvement in CTG•CAG repeat instability 

(Gomes-Pereira et al., 2004) proposes that hydrolysis of ATP by Msh3 is required 

for expansions (Lang et al., 2011). Previous studies by Tomé and colleagues tested 

Msh2 ATPase activity in DM1 mice by creating a G674A mutation, which resulted 

in an impairment of Msh2 ATPase function and reduced ATP binding by Msh2 

(Tomé et al., 2009). This study also found that the overall stability of the protein was 

decreased and when tested for expansion frequency, a significant decrease was 

observed. The role of Msh3 ATPase activity has not been investigated in the context 

of CTG•CAG repeat expansions and furthermore, it would be beneficial to 

distinguish between binding of ATP by Msh3 and ATP hydrolysis by Msh3. To 

address this, an Msh3E976A cell line was created that expresses the ATPase mutant 

protein at wild type level. Mutation of a Glutamate to Alanine at amino acid position 

976 in the Msh3 gene caused a Walker B ATPase mutant, this mutant has 

significantly decreased hydrolysis of ATP by Msh3. This predicted effect is based on 

a biochemical analysis of purified yeast Msh2 which contained a E768A mutation, 

that Msh2 protein was shown to have active ATP binding by Msh2 but its hydrolysis 

activity was decreased (Studamire et al., 1998, Drotschmann et al., 2002, Antony et 

al., 2006). In this study, the Msh3E976A cell line was analysed for both CTG•CAG 

repeat expansions and contractions. These experiments investigate Msh3 ATP 

hydrolysis and how it relates to the misrepair model of CTG•CAG repeat expansions 

(Gomes-Pereira et al., 2004).  

 

Naturally occurring polymorphisms have been identified in the mouse and  human 

Msh3 gene, these include T321I (Tomé et al., 2013) and T1045A (Morales et al., 

2016) respectively. The mouse Msh3 T321I polymorphism was first identified in 

mouse studies performed by Tomé et al (Tomé et al., 2013). Tomé et al were 

investigating CTG•CAG tract instability in HD mice from different genetic 

backgrounds. They found that in mice that have the same HD transgene, there exists 
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a huge variability in tract instability. Genetic mapping was performed and provided 

excellent evidence that these observed phenotypic difference were due to 

polymorphisms in the Msh3 gene. Further analysis identified these polymorphisms 

and provided evidence that the variability in CAG repeat instability was due to these 

sequence variations. The Msh3 polymorphism T321I was found to be associated with 

a lower level of somatic instability. However, this polymorphism was thought to 

affect overall Msh3 protein stability and the Msh3 protein was found to be expressed 

at a lower level, therefore the biochemical effect of the polymorphism and protein 

abundance were not able to be studied separately. Using the novel cell system 

established in chapter 3, I created the human equivalent polymorphism T363I and 

identified a cell line that expressed the protein at near wild type levels. If T363I has 

an underlying biochemical defect that reduces its ability to drive expansions then the 

prediction is that lower levels of somatic instability would be observed. Conversely, 

if the lower levels of somatic instability seen previously are due to protein instability 

only, then I would expect to observe normal levels of expansions. Additionally, 

another human Msh3 polymorphism was identified from regression studies in DM1 

patients, where a T1045A polymorphism was associated with higher levels of 

somatic instability in patients (Morales et al., 2016). This human polymorphism, 

T1045A, alters an amino acid close to the ATPase site of Msh3. Thus, it is possible, 

but untested, that T1045A may alter the ATPase activity of human Msh3 and 

therefore affect repeat expansions (Morales et al., 2016). In our cell system, the 

Msh3 cDNA contains threonine at position 1045, so we created the alanine variant 

and tested for CTG•CAG repeat expansions. I tested the prediction from Morales et 

al work that the Msh3 T1045A would yield lower expansion frequencies than wild 

type.   

 

Overall, this chapter utilises the novel cell system that was created and described in 

chapter 3. The Msh3-/-  genetic background allows the expression and analysis of a 

number of Msh3 variants. The advantage of this system is that you can choose cell 

lines with the desired expression levels of the variant proteins, for example as close 

as possible to WT expression. The benefit of this approach is that it allows the study 

of the biochemical effects of the ATPase activity of Msh3, naturally occurring 

polymorphisms in the human Msh3 gene and protein abundance as distinct features. 
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The information provided by these experiments has the potential to add to the current 

knowledge of Msh3 and its role in CTG•CAG repeat instability and to test the DNA 

misrepair model of CTG• CAG repeat expansions.  

   

4.3 Aims and objectives   

 
Based on the DNA misrepair model for expansions (Gomes-Pereira et al., 2004), I 

hypothesised that Msh3 ATPase activity drives CTG•CAG instability in human 

cells. To address this hypothesis, my aim was to create a novel ATPase mutant cell 

line with a Walker B mutation, Msh3E976A. I measured CTG•CAG expansions and 

contractions using the SVG-A shuttle vector assay and related my findings to the 

DNA misrepair model of CTG•CAG repeat expansions. The second aim of this 

chapter was to investigate naturally occurring polymorphisms that occur in the Msh3 

gene. I created the polymorphic variant cell lines and measured CTG•CAG repeat 

expansions.  
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4.4 Results  

4.4.1 Creation of Msh3 variant expression plasmids by site-directed mutagenesis 

of Msh3 WT expression plasmid 

 
To create the Msh3 variant cell lines, I first created Msh3 variant expression plasmids 

by performing site-directed mutagenesis on the original Msh3 WT expression 

plasmid, outlined in section 2.7. Figure 4.1 contains schematics for the desired amino 

acid changes needed to create these variant plasmids. The mutagenic primers used to 

create these plasmids are shown in Table 2.1 (Materials and Methods).  

 

 
 

Figure 4.1 Desired amino acid changes for creation of Msh3 variant expression 
plasmids  
(A) Schematic showing amino acid changes required to mutate Walker B motif of 
Msh3 ATPase domain, h denotes any hydrophobic amino acid. (B) Schematic 
showing amino acids changes required to create T363I polymorphic variant of Msh3 
WT plasmid. (C) Schematic showing amino acid changes required to create T1045A 
polymorphic variant plasmid.  
 

For the Msh3 ATPase mutant the desired amino acid change was a glutamate (E) to 

and alanine (A) at amino acid position 976 (Figure 4.1 A). To create the human 

equivalent of the mouse T321I polymorphism, a threonine (T) was mutated to an 

isoleucine (I) at amino acid position 363 (Figure 4.1 B) and for the human T1045A 

polymorphism a threonine (T) was mutated to an alanine (A) at position 1045 in the 

Msh3 gene. Mutagenic primers were designed to introduce mutations at the desired 

locations and site-directed mutagenesis was performed using the NEB Q5 site-

directed mutagenesis kit (see section 2.7). Msh3 variant plasmids were confirmed 

using Sanger sequencing performed by Source Bioscience (Figure 4.2).   

 

A B C

Msh3 Walker B mutant

hhhhDxxG      Walker B motif 
LVILDELG      Msh3 +/+

LVILDALG      Msh3 E976A

Msh3 T363I polymorphism 

EIMTDTST  Msh3 +/+

EIMTDIST   Msh3 T363I

Msh3 T1045A polymorphism 

LDPGTAE Msh3 +/+

LDPGAAE Msh3 T1045A
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Figure 4.2 Sequence confirmation of Msh3 variant expression plasmids  
(A) Sequence alignment of Msh3 WT sequence (Seq_1) and Msh3E976A plasmid 
sequence (Seq_2). The alignment shows the desired mutation of a GAA to GCC in 
Msh3E976A plasmid. (B) Sequence alignment of Msh3 WT sequence (Seq_1) and 
Msh3T363I plasmid sequence (Seq_2). The alignment shows the desired mutation of an 
ACT to ATT in Msh3T363I plasmid. (C) Sequence alignment of Msh3 WT sequence 
(Seq_1) and Msh3T1045A plasmid sequence (Seq_2). The alignment shows the desired 
mutation of an ACA to GCC in Msh3T1045A plasmid 
 

Figure 4.2 shows the sequence alignment of the Msh3 variant plasmid sequences and 

the Msh3 WT consensus sequence. In the case of the Msh3E976A plasmid GAA was 

mutated to GCC to convert a Glutamate codon to an Alanine codon (Figure 4.2 A). 

The Msh3T363I mutation of Threonine to Isoleucine was obtained by changing an 

ACT codon to an ATT codon (Figure 4.2 B). Finally, the Msh3T1045A mutation was 

because of converting an ACA codon to an GCC codon (Figure 4.2 C). Once 

sequence confirmed, a transient transfection into Msh3-/- cells and immunoblot 

analysis of Msh3 protein expression was performed (Figure 4.3).  

 

A

B

C
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Figure 4.3 Immunoblot analysis of transient transfection of Msh3 variant 
expression plasmids 
(A) Immunoblot showing Msh3 protein expression in Msh3-/- cells and Msh3-/- cells 
transiently transfected with 500 ng of the Msh3E976A expression plasmid with actin as 
a loading control. (B) Immunoblot showing Msh3 protein expression in Msh3-/- cells 
and Msh3-/- cells transiently transfected with 1000 ng of Msh3T363I expression 
plasmid with actin as a loading control. (C) Immunoblot showing Msh3 protein 
expression in Msh3-/- cells and Msh3-/- cells transiently transfected with 1000 ng of 
Msh3T1045A expression plasmid with actin as a loading control. 
 
As seen in Figure 4.3 above, all three Msh3 variant expression plasmids transiently 

express Msh3 protein when transfected into a Msh3-/- background. To create stable 

cell lines of the ATPase mutant and polymorphic variants, Msh3-/- cells were co-

transfected with the relevant expression plasmid and a selection plasmid (as 

described in section 2.8). Stable cell clones were assayed for Msh3 protein 

expression by immunoblot analysis and characterised for cell growth and MutSb 

complex formation.  

 

4.4.2 Creation of the Msh3E976A cell line  

 
As discussed earlier, mutation of the Glutamate to an Alanine at position 976 of the 

human Msh3 gene creates an Msh3 ATPase mutant which is predicted to bind ATP 

but not hydrolyse ATP. Creation of an Msh3E976A cell line that expresses the mutant 

Msh3 at similar protein levels to wild type allows us to investigate this as a separate 

and distinct characteristic from protein abundance.  

 

Following co-transfection of Msh3-/- cells with 1000 ng of the Msh3E976A plasmid and 

a selection plasmid, selection pressure was applied for 14 days and single cell colony 

Msh3

Actin

Msh3

Actin

Msh3

Actin

A B C
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formation was observed. Five clones were screened for Msh3 and Msh3 protein 

expression by immunoblot using separate antibodies specific for Msh3 and Msh2 

respectively (Table 2.2), alongside Msh3+/+ cells for comparison of Msh3 protein 

levels (Figure 4.4).  

 

 
 
Figure 4.4 Initial immunoblot analysis of Msh3E976A clones  
Immunoblot showing Msh3 and Msh2 protein expression in Msh3+/+, Msh3-/- and 
Msh3E976A clones with actin as a loading control. Msh3 level was quantified by 
analysis of band intensity using Li-CoR Image Lab software and is relative to 
Msh3+/+ protein levels and normalised to actin loading control.  
 
Following the initial immunoblot analysis which identified Msh3 protein expression 

in all five of the Msh3E976A clones obtained, further immunoblot analysis was 

performed on the three clones that had shown the highest Msh3 protein expression, 

Msh3E976A 1,2 and 5 (Figure 4.5).  

 

 

Msh3

Msh2

Actin

1.0     0.02        0.5        0.8                      0.4         0.75       0.4    Msh3 level 
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Figure 4.5 Second immunoblot screen of Msh3E976A clones 1,2, and 5 
Immunoblot of Msh3E976A clones 1,2 and 5 showing Msh3, Msh2 and Msh6 protein 
expression with actin as a loading control. See Table 2.2 for antibodies used. 
Msh3+/+ and Msh3-/- cell protein levels were measured in parallel.  
 
The second screen of the Msh3E976A clones showed that Msh3E976A 5 had a Msh3 

protein level most comparable to Msh3+/+ WT levels. Therefore, further immunoblot 

analysis was performed to confirm the Msh3 protein levels. (Figure 4.6). The 

average Msh3 protein expression level of Msh3E976A 5 was 0.86 ±0.06 (n=2) that of 

wild type.  

 

 

 

Msh3

Msh2

Msh6

Actin

1.0              0.03           0.3              0.4                 0.9            Msh3 level 
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Figure 4.6 Immunoblot analysis of Msh3E976A 5 clone  
Immunoblot showing Msh3, Msh2 and Msh6 protein expression in Msh3+/+, Msh3-/- 
and Msh3E976A5 cell lines. Msh3 protein expression levels are normalised for actin 
loading control and relative to Msh3+/+ wild type expression.  
 
The Msh3E976A 5 clone was chosen for functional analysis and further characterisation 

and hereafter will be referred to as the Msh3E976A cell line.  

4.4.3 Characterisation of the Msh3E976A cell line  

 
Compilation of the protein abundance levels show that the Msh3E976A cell line Msh3 

expression levels are indistinguishable from wild type (~101%, n=4). The additional 

measurements of Msh3 protein expression gave an average expression of level of 

101% rather than 86% as mentioned previously. Msh2 levels were comparable to 

Msh3+/+ cell line, however, Msh6 protein levels were significantly increased in 

Msh3E976A cell lines (Figure 4.7). This was also previously observed in the over 

expression cell line Msh31.7X. This was a surprising observation, as Msh3 is 

expressed at wild type levels in the Msh3E976A cell line there is no expectation for a 

change in Msh6 levels. There is no clear explanation for this increase in Msh6 levels.  
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Figure 4.7 Quantitative analysis of Msh protein abundance in Msh3E976A cell line 
(A) Representative immunoblot showing Msh protein expression in Msh3+/+ and 
Msh3E976A cell lines. Msh3E976A cells show Msh3 expression at near wild type levels. 
(B) Quantitative analysis of Msh protein expression normalised to actin loading 
control and relative to Msh3+/+ cell line. Msh3E976A cell line has a Msh3 protein level 
of 101% wild type expression (n=4), comparable Msh2 protein expression to wild 
type levels (120%, n=4) and an increased Msh6 protein expression (196%, n= 4, 
*P=0.02). Error bars denote ±SEM. 
 
Analysis of Msh3E976A cell growth in comparison to Msh3+/+ cells showed no 

significant difference in cell growth or obvious growth defects (Figure 4.8).  

 

 
 

Figure 4.8 Growth curve analysis of Msh3E976A cells in comparison to Msh3+/+ 
cells  
Growth curve analysis of Msh3E976A cells in comparison  to Msh3+/+ 

showing no 
detectable defect in cell growth. n=3, error bars denote ±SEM.  
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Having established that the Msh3E976A cell line has comparable Msh3 protein 

expression to Msh3+/+ cell lines and normal cell growth, co-IP of Msh3 and Msh2 

was performed to assess MutSb complex formation in the Msh3E976A cell line (Figure 

4.9).  

 

 

 
Figure 4.9 Co-immunoprecipitation of Msh3 and Msh2 in Msh3+/+ and 
Msh3E976A cell lines  
(A) Representative immunoblot of co- immunoprecipitation of Msh3 and Msh2 and 
MutSβ formation in Msh3+/+ and Msh3E976A cell lines. (B) Quantitative analysis of 
immunoprecipitated Msh3 and Msh2 protein abundance normalised to protein input 
and relative to Msh3+/+ cells. A partial defect in MutSβ complex formation is 
observed in Msh3E976A cell lines. n=3, *P=0.023 for Msh3 and **P=1.5x10-4 for 
Msh2. Error bars denote ±SEM.  

 

Analysis of MutSβ complex formation in Msh3E976A cells, measured by co-IP and 

subsequent immunoblot analysis, reveals that there is MutSβ complex formation in 

the Msh3E976A cell line (Figure 4.9 A) but at about 50-70% the level compared to 

Msh3+/+ (Figure 4.9 B). Thus, the E976A variant appears partially defective in 

forming or maintaining a stable MutSβ complex.  This could be due to the E976A 

mutation which is located close to the Msh2 interacting domain of Msh3.  
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4.4.4 Msh3 ATP hydrolysis is decreased in Msh3E976A cell lines  

 
The mutation of a glutamate (E) to alanine (A) at position 976 of the human Msh3  

gene is predicted to ablate ATP hydrolysis by Msh3 without affecting ATP binding 

(Chiraniya et al., 2013)  Previous biochemical studies showed that purified yeast 

Msh2 protein with a similar Walker B mutation, E768A was shown to have efficient 

ATP binding but decreased ATP hydrolysis (Chiraniya et al., 2013, Studamire et al., 

1998, Drotschmann et al., 2002, Antony et al., 2006). To confirm that the E976A 

mutation would ablate Msh3 ATP hydrolysis, our collaborators Prof. Guo-Min Li 

and Kara Y. Chan (UT Southwestern) performed ATPase assays to assess ATP 

hydrolysis of purified MutSb that contained the E976A mutation (Figure 4.10).  

 

 

 

Figure 4.10 ATP hydrolysis activity of MutSb E976A in comparison to wild-type  
(A) Representative ATPase analysis of MutSβ and MutSβ-Msh3E976A (MutSβ EA) 
in the absence or presence of mismatched DNA containing a two-nucleotide 
insertion/deletion mispair. Pi, 0.1 µCi [32P] phosphate. (B) Average ATP hydrolysis 
activity, n=3. *P=0.028 compared to wild type MutSβ assayed without DNA 
(unshaded bars); **P=0.001 compared to wild type MutSβ assayed with DNA 
(shaded bars). Error bars denote± SEM.  
 

To test whether Msh3E976A protein is defective in ATPase function, both wild type 

MutSβ and the mutant complex containing Msh3E976A were purified and assayed for 

ATPase function. Representative assay results showed that wild type MutSβ was 

active as an ATPase and that this activity could be moderately stimulated in the 

presence of a two-nucleotide insertion/deletion mispair (Figure 4.10 A). In contrast, 
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MutSβ-Msh3E976A showed only partial ATPase activity with little stimulation by 

mismatched DNA. Cumulative results from three independent assays confirmed that 

MutSβ-Msh3E976A ATP hydrolysis activity is significantly reduced compared to wild 

type protein under these assay conditions (Figure 4.10 B).  It is worth noting that 

ATP binding in the MutSβ-Msh3E976A protein was not tested in this assay, it would 

be desirable to study this in future studies.  

 

4.4.5 CTG•CAG repeat expansion frequency is decreased in Msh3 ATPase 

mutant 

 

To test the hypothesis that Msh3 ATPase activity promotes CTG•CAG repeat 

expansions in human cells, CTG•CAG repeat expansion frequency was measured in 

the Msh3E976A cells in parallel to Msh3+/+ cells (Figure 4.11).  

 

 
 

Figure 4.11 CTG•CAG repeat expansion frequency in Msh3E976A cells in 
comparison to Msh3+/+ wild-type cells 
Expansion frequencies for Msh3E976A cell line in comparison to Msh3+/+, n=3, 
*P=0.037. Error bars denote ±SEM.  
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A significant decrease (85%) in CTG•CAG repeat expansions was observed in the 

Msh3E976A cells when assayed in parallel to Msh3+/+ wild-type cells. This is despite 

the much smaller defect in MutSb complex formation. As the E976A mutation 

causes defective ATP hydrolysis by Msh3, these results indicate that Msh3 ATP 

hydrolysis is required for CTG•CAG repeat expansions to occur in this system. The 

defect in expansions is similar in magnitude to the defect seen in the Msh3-/- cells 

(75%) (Figure 3.10).  

4.4.6 Contractions of CTG•CAG repeats are unchanged in Msh3 ATPase 

mutant  

 
To test the hypothesis that Msh3 ATP hydrolysis is promoting CTG•CAG repeat 

contractions, Msh3E976A cells were assayed for contraction frequency alongside 

Msh3+/+ cells using the SVG-A shuttle vector assay (Figure 4.12).  

 

 

 

Figure 4.12 Analysis of contraction frequencies in Msh3E976A and Msh3+/+ cell 
lines 
Contraction frequencies of Msh3E976A and Msh3+/+ cell lines, n=5 for Msh3+/+ and 
n=4 for Msh3E976A. Error bars denote ±SEM.   

 

In contrast to the significant decrease in expansions observed in the Msh3E976A cell 

line (Figure 4.11), no significant difference (P= 0.065) was observed in the 

contraction frequencies of the Msh3+/+ and Msh3E976A cell lines. This is like what we 
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observed in our previous studies of Msh3-/- and Msh3 over expression cell lines 

(Chapter 3). As discussed later, the SVG-A shuttle vector assay has a limited size 

detection range (-6 to -33) of contractions. It is possible that larger contractions are 

occurring but we are unable to detect these using our system.  

 

4.4.7 Creation of Msh3 polymorphic variants, Msh3T363I and Msh3T1045A  

 

The Msh3 polymorphic variant cell lines Msh3T363I and Msh3T1045A were created by 

transfecting Msh3-/- cells with respective Msh3T363I and Msh3T1045A expression 

plasmids (1000 ng) along with a pMSCV Hygro selection plasmid (see section 

2.7,2.8). Antibiotic selection pressure was applied for 14 days to allow single cell 

colonies to appear. Potential clones were then screened for Msh3 protein expression 

by immunoblot. Ideally, clones with near wild-type expression levels were chosen 

for further screening, characterisation and functional analysis.  

 

For the Msh3T363I cell line, four clones were screened (Figure 4.13). Msh3T363I clone 3 

showed the highest level of Msh3 protein expression and was nearest to wild-type 

expression. Further immunoblot analysis was performed to confirm protein 

expression levels (Figure 4.14).  

 

 
 
Figure 4.13 Initial immunoblot screen for Msh3T363I cell line  
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Immunoblot of Msh3T363I clones 2,3,4 and 5 showing Msh3 protein expression with 
actin as a loading control. Msh3+/+ and Msh3-/- cell protein levels were measured in 
parallel. 
 
 

 
 

Figure 4.14 Second immunoblot screen for Msh3T363I cell line  
Immunoblot of Msh3T363I clones 2,3,4 and 5 showing Msh3 protein expression with 
actin as a loading control. Msh3+/+ and Msh3-/- cell protein levels were measured in 
parallel.  
 

Msh3T363I clone 3 was shown to have near wild type levels, with an average Msh3 

protein expression of ~100% wild-type levels (n=2). More extensive immunoblot 

analysis was performed and representative blots and average protein expression 

levels are shown in Figure 4.17. Msh3T363I clone 3 was chosen for further 

characterisation and analysis and hereafter will be referred to as Msh3T363I cell line.  

 

For creation of the Msh3T1045A cell line, six clones were screened for Msh3 protein 

expression (Figure 4.15). Msh3T1045A clone 12 had the highest level of Msh3 protein 

expression, additional clones (clone 1 and 5) also showed near wild-type protein 

levels. Further immunoblot analysis was performed to confirm Msh3 protein 

expression (Figure 4.16).  
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Figure 4.15 Initial immunoblot screen for Msh3T1045A cell line  
Immunoblot of Msh3T1045A clones 12,1,5,10,14 and 7 showing Msh3 protein 
expression with actin as a loading control. Msh3+/+ and Msh3-/- cell protein levels 
were measured in parallel.  
 

 
 

Figure 4.16 Second immunoblot screen for Msh3T1045A cell line  
Immunoblot of Msh3T1045A clones 13,5,1 and 12 showing Msh3 protein expression 
with actin as a loading control. Msh3+/+ and Msh3-/- cell protein levels were 
measured in parallel.  
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Msh3T0145A clone 12 was shown to have near-wild type Msh3 levels with an average 

Msh3 protein expression level of 125% wild type expression (n=2). More extensive 

immunoblot analysis was performed and representative blots and average protein 

expression levels are shown in figure 4.17.  Msh3T1045A clone 12 was chosen for 

further characterisation and analysis and hereafter will be referred to as Msh3T1045A 

cell line. 

 

4.4.8 Characterisation of Msh3T363I and Msh3T1045A cell lines  

 

Initial immunoblot screens characterised the Msh3T363I and Msh3T1045A cell lines to 

have Msh3 protein expression levels of 100% and 125% wild type levels 

respectively. To ensure correct levels of Msh3 protein were being measured 

throughout the study, Msh3, Msh2 and Msh6 protein levels were measured in 

parallel to every shuttle assay experiment. A representative blot and average protein 

levels for all Msh proteins for both cell lines are shown in figure 4.17.  

 

 
 

Figure 4.17 Quantitative analysis of Msh protein expression in Msh3T363I and 
Msh3T1045A cell lines 
(A) Representative immunoblot showing Msh protein expression in Msh3T363I and 
Msh3T1045A cell lines in comparison to Msh3+/+ cells. (B) Quantitative analysis of 
Msh3 protein expression normalised to actin and relative to Msh3+/+ cell line.  
Msh3T363I cell line shows Msh3 protein expression of 75% compared to Msh3+/+, P= 
0.16. Msh3T363I has a decreased Msh2 protein expression of 88% when compared to 
wild type levels, *P= 0.03, and an increased Msh6 protein expression of 1.75 times 
wildtype levels, **P= 0.008.  Msh3T1045A cell line shows Msh3 protein expression at 
71% of wild type levels, P= 0.09. Msh2 is expressed at 85% wild type levels, P= 
0.13 and Msh6 is over-expressed at 1.5 times Msh3+/+ expression levels, P= 0.07, 
n=3 for all measurements.  See Table 2.2 for antibodies used.  
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Following extensive immunoblot analysis, Msh3T363I and Msh3T1045A cell lines were 

found to have near wild type expression levels of 75% and 71% respectively (Figure 

4.17). Although somewhat reduced in comparison to Msh3+/+ wild type cells, the 

Msh3 protein levels are reasonably close to wild type levels. Surprisingly, in the 

Msh3T363I cell line we see a significant decrease in Msh2 protein expression (to 88% 

the level in Msh3+/+ cells) and an increase in Msh6 protein expression (to 175% the 

level in Msh3+/+ cells).  

 

To test the possible effects of the Msh3 polymorphic variants on cell growth, growth 

curve analysis was performed on both the Msh3T363I and Msh3T1045A cell lines in 

comparison to Msh3+/+ cell lines (Figure 4.18).  

 
 

Figure 4.18 Growth curve analysis of Msh3T363I, Msh3T1045A and Msh3+/+ cell 
lines 
Growth curve analysis of Msh3T363I and Msh3T1045A cell lines measured in parallel to 
Msh3+/+ cells. No apparent growth defects observed. n=3, error bars denote ±SEM.  
 

Final characterisation of the Msh3 polymorphic cell lines involved investigation of 

MutSb complex formation. Co-immunoprecipitation of Msh3 and Msh2 was 

performed as described earlier (see section 2.17) on both cell lines in parallel to 

Msh3+/+ wild type cells (Figure 4.19).  
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Figure 4.19 Co-immunoprecipitation of Msh3 and Msh2 in Msh3T363I and 
Msh3T1045A cells  
(A) Representative immunoblot of co-immunoprecipitated Msh3 and Msh2 showing 
MutSβ complex formation in Msh3T363I and Msh3T1045A cell lines alongside Msh3+/+ 

cells. (B) Quantitative analysis of immunoprecipitated Msh3 and Msh2 protein 
abundance normalised to protein input and relative to Msh3+/+ cells. A decrease in 
immunoprecipitated Msh2 protein levels is observed in Msh3T363I cells; n=3, 
*P=0.004; and in immunoprecipitated Msh2 protein levels is observed in Msh3T1045A 
cells; n=3, *P=0.005.  
 
 
Figure 4.19 A shows that there is MutSb complex formation in both the Msh3T363I 

and Msh3T1045A cell lines, however quantitative analysis of this (Figure 4.19 B) shows 

that MutSb abundance was reduced in Msh3T363I cells to about 60-90% of wild-type 

in line with the expression levels of the Msh3 and Msh2 proteins in this cell line 

(Figure 4.17 B). A similar decrease in MutSb was observed in Msh3T1045A cell line.  

 

4.4.9 CTG•CAG repeat expansions are unchanged in Msh3 polymorphic cell 

lines  

 

The mouse polymorphism T321I was proposed to be associated with Msh3 protein 

stability and lower levels of somatic instability (Tomé et al., 2013). We hypothesised 

that by creating the human equivalent T363I polymorphism we would observe lower 

levels of CTG• CAG repeat expansions in our cell system. The other polymorphism 

that was identified in human regression studies of DM1 patients, T1045A is 
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associated with higher levels of somatic instability when the threonine is in position 

1045, we created the alanine substitution and predicted that we would observe lower 

levels of CTG•CAG repeat expansions. Msh3T363I and Msh3T1045A cells were assayed 

for expansion frequency in parallel with Msh3+/+ cells (Figure 4.20). No significant 

difference in expansions was observed for either polymorphic cell line in comparison 

to Msh3+/+ wild type cells.  

 

 
Figure 4.20 Analysis of CTG•CAG repeat expansions in Msh3T363I and 
Msh3T1045A cell lines  
Expansion frequencies for polymorphic Msh3 cell lines assayed in parallel to 
Msh3+/+. Error bars denote ±SEM, n=3.  

 

No significant difference was seen in CTG•CAG repeat expansions in the 

polymorphic cell lines in comparison to wild type cells (T363I P=0.3, T1045A 

P=0.28). In the previous studies that observed changes to genome instability, the 

Msh3 protein was expressed at much lower levels that wild-type. Although the cell 

lines in this study have slightly decreased Msh3 protein expression, they are in a 

comparable range. Therefore, these results indicate that the previously reported 

change in CTG•CAG repeat instability was because of the decrease in protein 

abundance and not due to the presence of these naturally occurring polymorphisms.  
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4.4.10 Expansion and contraction sizes and frequencies 

 
Expansion and contraction sizes were estimated from the TNR PCR sequencing gels 

and are listed in Table 4.1 and Table 4.2. The frequency of each expansion and 

contraction is also listed as is the weighted size, total number, mean and median size 

of the expansions/contractions. For both the expansion assays and contraction assays 

performed in this chapter, there was some variability in the frequency of expansions 

and contractions but they were all a similar size.   
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																																																																														Expansion	sizes	

		 Data	for	Figure	4.11	 Data	for	Figure	4.20	
		 expt	dates	17/11/16	and	21/11/16		 expt	dates	7/11/16	and	8/11/6		

Expansion	sizes		 Msh3+/+	 weighted	 Msh3	E976A	 weighted	 Msh3+/+	 weighted	 Msh3T363I	 weighted	 Msh3T1045A	 weighted	
+	4	 1	 4	 2	 8	 1	 4	 4	 16	 1	 4	
+	5	 2	 10	 0	 0	 1	 5	 4	 20	 0	 0	
+	6	 3	 18	 1	 6	 3	 18	 4	 24	 1	 6	
+	7	 0	 0	 0	 0	 0	 0	 3	 21	 1	 7	
+	8	 1	 8	 0	 0	 1	 8	 3	 24	 0	 0	
+	9	 0	 0	 0	 0	 0	 0	 1	 9	 0	 0	
+	10	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
+	11	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
+	12	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	
Total	 7	 40	 3	 14	 6	 35	 19	 114	 3	 17	

Smallest	 4	 		 4	 		 4	 		 4	 		 4	 		
Largest	 8	 		 6	 		 8	 		 9	 		 7	 		
Mean	 6	 5.71	 5	 4.67	 6	 5.83	 6.5	 6	 5.5	 5.67	
Median	 7	 6	 5	 4	 6	 6.00	 6.5	 6	 5.5	 6	

 
Table 4.1 Expansion sizes and frequencies for figures 4.11 and 4.20  
Table showing expansion sizes and frequency of each size expansion for each cell line measured in the respective experiment. The weighted size 
of the expansion and mean and median of the total number of the expansions are shown. There is some variability in the frequency of expansions 
but not in sizes between cell lines. 
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Table 4.2 Contraction sizes and frequencies for figure 4.12 
Table showing contraction sizes and frequency of each size contraction for each cell line measured in the respective experiment. The weighted 
size of the contraction and mean and median of the total number of the contractions are shown. There is some variability in the frequency of 
contractions but not in sizes between cell lines. 

		 Data	for	Figure	4.12	
		 exp	dates	23/1/17	

Contraction	sizes		 Msh3	+/+		 weighted	 Msh3	E976A	 weighted		
-12	 0	 0	 0	 0	
-13	 1	 -13	 0	 0	
-14	 1	 -14	 3	 -42	
-15	 0	 0	 0	 0	
-16	 2	 -32	 2	 -32	
-17	 2	 -34	 4	 -68	
-18	 2	 -36	 4	 -72	
-19	 1	 -19	 19	 -361	
-20	 2	 -40	 7	 -140	
-21	 1	 -21	 4	 -84	
-22	 0	 0	 1	 -22	
-23	 2	 -46	 1	 -23	
-24	 2	 -48	 2	 -48	
-30	 1	 -30	 0	 0	
Total	 17	 -333	 47	 -892	

Smallest	 13	 		 14	 		
Largest	 30	 		 24	 		
Mean	 21.5	 -19.59	 19	 -18.98	
Median	 21.5	 -20	 19	 -19	
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4.5 Discussion 

 

The main aim of this chapter was to investigate ATPase function of Msh3 and 

naturally occurring polymorphisms in the Msh3 gene and to try and elucidate what 

effect these variants would have on TNR instability in human cells. The approach 

was to start with the Msh3 -/- cell line that is nearly void in expressing Msh3 protein, 

and create an ATPase mutant cell line that expressed an Msh3 protein that is 

predicted to bind ATP but not hydrolyse ATP at wild type levels. Two additional cell 

lines were similarly created that contained polymorphisms in the Msh3 gene, T363I 

and T1045A. All cell lines were chosen to have near wildtype protein levels and 

were tested for TNR instability using the SVG-A shuttle vector assays.  

 

Investigating ATPase activity of Msh3 and its effect on CTG•CAG repeat instability 

gives insight to the misrepair model of CTG•CAG repeat instability (Gomes-Pereira 

et al., 2004). The misrepair model predicts that MutSb is exhibiting active mismatch 

repair activity and it recognises a small DNA loop-out that is formed at the repeat 

(Figure 4.21 B). MutSb recruits other MMR proteins such as MutL proteins, an 

active MMR reaction occurs although it is error prone and misrepair of the hairpin 

loop occurs. This leads to the loop being incorporated into the DNA rather than 

being excised as in normal repair (Figure 4.21 A). This occurs as there is a nick on 

the opposite strand, the loop dissolves and the gap in the DNA is repaired and ligated 

and the extra nucleotides of the loop are incorporated into the DNA. The repeat 

expands by the same number of nucleotides as the hairpin loop. The predictions for 

this model are that MutSb retains an active MMR role and therefore would bind and 

hydrolyse ATP as normal, hydrolysis of ATP by Msh2 and Msh3 subunits would be 

essential for this process to occur. Additionally, ATP binding but not hydrolysis is 

critical for Msh-Mlh protein interactions.  
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Figure 4.21 Proposed models of TNR instability mediated by MutSb 
Adapted from (McMurray, 2010). (A) Schematic showing formation of a hairpin 
loop in dividing cells and efficient removal of the loop which results in no mutation 
present in the DNA. (B) The misrepair model- In non-dividing cells, MutSb (Msh2-
Msh3) is recruited to a hairpin loop and has an active repair function. Additional 
MMR machinery (e.g. MutL proteins) are recruited and inappropriate repair of the 
hairpin loop or ‘misrepair’ causes the loop to be incorporate into the DNA rather 
than being excised, leading to repeat expansion. (C) The hi-jacking model - Active 
MutSb is recruited to a hairpin loop along with non-MMR machinery. The MutSb 
complex becomes trapped at the hairpin and its MMR function is inhibited or 
‘hijacked’. Through an unknown mechanism there is incorporation of the hairpin into 
the DNA strand, again leading to repeat expansion.  
 

The alternative model proposed by Owen et al (Owen et al., 2005), proposes that 

MutSb is recruited to a hairpin loop in the DNA, however MutSb is proposed to act 

as an adaptor for non-MMR proteins, there is a nick induced on the opposite strand 

and the loop is resolved and gap-filling synthesis occurs, thereby leading to an 

incorporation of the extra nucleotides into the DNA strand and resultant repeat 

expansion (Figure 4.21 C). This model requires the presence of MutSb but it states 

that MutSb is stuck at the hairpin and its MMR activity is not required for the 

process to occur. Thereby, ATP hydrolysis by Msh3 would not be essential for 

expansions to occur.  

Hi-jacking 
Model

Misrepair 
Model

A

B C
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The Msh3E976A cell line was created to express Msh3 that contained a Walker B 

mutation in the ATPase domain. Mutation of a glutamate to an alanine in this region 

causes ablated ATP hydrolysis by the protein but ATP binding is proposed to be 

unaffected (Modrich, 2006). The cell line that I chose to analyse for CTG•CAG 

repeat instability expressed the mutant Msh3 at 100% of wild type protein expression 

and exhibited no cell growth defects. It was observed that there was a defect in 

MutSb complex formation, measured by co-IP, however this could be attributed to 

the mutation in the ATPase domain. When assayed for CTG•CAG repeat 

expansions, there was a significant decrease in expansions (~75%) in comparison to 

Msh3+/+cells. This major decrease in expansions is similar in magnitude to what was 

observed when the Msh3-/- cell line was measured for expansion frequency. This 

indicates that Msh3 ATP hydrolysis is required for expansions to occur and it 

appears to be as important as presence of the protein itself. 

 

As discussed earlier, according to the misrepair model of expansions, the ATPase 

function of Msh3 is proposed to be essential for expansions to occur. Our results 

agree with this model as loss of Msh3 ATP hydrolysis caused a significant decrease 

in expansions in line with the model predictions.  

 

In the case of CTG•CAG repeat contractions, there was no significant difference 

observed in the Msh3E976A cell line in comparison to the Msh3+/+cell line. Similar 

results were obtained in the other work in this project which investigated Msh3 

abundance and CTG•CAG repeat contractions (chapter 3). As discussed previously, 

there are conflicting reports regarding Msh3 and CTG•CAG repeat contractions, 

some mouse studies report that upon loss of Msh3 there is a stabilisation of the 

repeat with a shift towards contractions observed (Foiry et al., 2006).Similarly, in 

vitro studies using cellular extracts showed that the absence of MutSb caused an 

increase in contractions (Slean et al., 2016). In contrast, animal studies reported no 

contraction bias was observed (van den Broek et al., 2002, Owen et al., 2005, 

Dragileva et al., 2009). No significant difference was observed in our study; 

however, it must be noted that our range of detection is only -6 to -33 CTG repeats, it 

is possible that MutSb is affecting contractions of a larger size but we are unable to 

detect them in our system.  
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The second part of this chapter dealt with the creation and analysis of two 

polymorphic cell lines, Msh3T363I and Msh3T1045A. Polymorphisms can occur 

naturally in a gene and may or may not exhibit a difference in the protein that is 

expressed. In the case of the first polymorphism T363I, this polymorphism was first 

identified in a mouse study (T321I) that was investigating Msh3 and TNR instability 

(Tomé et al., 2013). In this study, Tomé and colleagues were investigating Msh3 

gene polymorphisms and Msh3 protein levels in Huntington’s disease mice. They 

found differential levels of TNR instability between the mouse strains and following 

genotyping identified seven naturally occurring polymorphisms in the Msh3 gene 

between mice with a CBy and B6 genetic background. The attributed the difference 

in TNR instability to one polymorphism, the T321I polymorphism (Figure 4.22).   

 

 
Figure 4.22 Msh3 T321I polymorphism identified in mouse study 
Adapted from (Tomé et al., 2013). Highlighted in blue is the T321I polymorphism 
present between HD mice with B6 and CBy backgrounds. The corresponding human 
polymorphism is T363I.  
 
Animals that contained the T321I polymorphism were found to have a lower somatic 

instability. This could be attributed to the polymorphism itself or due to its proposed 

effect on protein stability. The polymorphism is present in a b turn of the protein and 

the replacement of a threonine (T) with an isoleucine (I) at this position is proposed 

to have a detrimental effect on protein stability. Msh3 was found to be expressed at a 

lower level in these animals and is known to be decreased in CBy mice in general 

(Tomé et al., 2013). Therefore, it is not clear as to whether the decrease in TNR 

instability is because of the polymorphism or due to the decrease in Msh3 protein 

abundance.  

 

In our study, we aimed to measure CTG•CAG repeat expansions in the cell line that 

expressed the polymorphic protein at near wild type levels. We were able to make 

and characterise a cell line that expressed Msh3T363I at 75% of wild type expression 

and this cell line showed no growth defects, however it did show a decrease in the 

Taken from Tomé et al, PLOS Genet, 2013.
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formation of MutSb complex. When assayed for expansions, I observed normal 

levels of CTG•CAG repeat expansions with no significant difference seen in 

comparison to wild type Msh3+/+cells. This is contrary to our prediction that lower 

levels of TNR instability would be observed, I offer two possible explanations for 

this. First, the original paper that identified the mouse T321I polymorphism, also 

identified six more polymorphisms in the same animal. Our Msh3 cDNA clone that 

was used to make the T363I polymorphism expression plasmid, contains a mixture 

of polymorphisms that were present in the study. Therefore, to observe an expansion 

defect it is reasonable to propose that all seven polymorphisms would need to be 

present and that the introduction of just one polymorphism (i.e. T363I) is not 

sufficient to observe the disease phenotype. Secondly, it is probable that the reduced 

somatic expansions in the Tomé paper are due to the decreased protein abundance 

and not due to the presence of the polymorphism. This would be in line with our 

results which show that Msh3 abundance is limiting for CTG•CAG repeat 

expansions.  

 

The second polymorphic cell line that was created and analysed was a Msh3T1045A cell 

line. The T1045A Msh3 polymorphism was identified in human regression studies on 

blood samples from DM1 patients (Morales et al., 2016). In this study, there was a 

significant correlation between the presence of the threonine (T) amino acid at the 

position 1045 and a higher level of somatic instability. In our Msh3 cDNA clone, the 

amino acid at position 1045 was already a threonine (T), we created the T1045A 

polymorphism with the prediction being a lower somatic instability would be 

observed. The Msh3T1045A cell line that was created expressed Msh3 at near wild-type 

levels (71%) and showed no growth defects but again there was decreased MutSb 

complex formation observed. However, when assayed for expansions there was no 

significant difference in expansion frequency when compared to wild type cells. This 

polymorphism is located in domain V of Msh3 between two conserved regions that 

flank the ATPase domain of Msh3 (Gupta et al., 2012), therefore it is possible that 

the effect seen was due to alteration of ATPase activity. However, it has not been 

established if the presence of this SNP does alter the structure of the ATPase domain. 

The results in this study, lead me to conclude that the presence of the T0145A 
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polymorphism in the Msh3 gene does not exhibit any effect on TNR instability in 

human cells.  

 

In summary, this chapter explores Msh3 ATPase activity as a promoter of 

CTG•CAG repeat expansions in human cells. The results indicate that Msh3 ATP 

hydrolysis is essential for expansions to occur and the findings agree with the 

misrepair model of expansions (Gomes-Pereira et al., 2004). In relation to the 

naturally occurring polymorphisms that were tested for a role in TNR instability, 

there was no significant evidence to suggest a role for either the T363I or T1045A 

polymorphism in driving CTG•CAG repeat expansions.  
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The data presented in this chapter were obtained by Norma 
Keogh except for the following figures:  

• Table 5.1 Required nucleotide changes to mutate acetylation sites- Site-
directed mutagenesis of expression plasmid performed by Lucy Kirkham- 
McCarthy  
 

• Figure 5.9 Preliminary Co-IP of Msh35KR and Msh3+/+ cell lines- Experiment 
performed by Prof. Robert S. Lahue  
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5.1 Summary  

 
The data from chapter 3 show that MutSb promotes CTG•CAG repeat expansions in 

human cells. It is known that there are additional proteins required in the pathway for 

expansions to occur. siRNA knockdown of Histone Deacetylase 3 (HDAC3) or 

Histone Deacetylase 5 (HDAC5) in human cells resulted in suppression of 

expansions that is similar in magnitude to the knockdown or knockout of MutSb. 

Small molecule inhibition of HDAC3 also caused suppression of expansions to a 

similar extent. Interestingly, double knockdown of HDAC3 and Msh2 or HDAC5 

and Msh2 caused a decrease in expansions to the same level as that observed in 

single knockdowns with no additional suppression of expansions observed. One 

proposed model is that HDAC3 may be acting upon MutSb to regulate its function in 

promoting expansions. To address this model, an acetylation mutant of Msh3 

(Msh35KR) was created and was tested for expansion frequency. This cell line mimics 

a situation in which Msh3 is continuously deacetylated. My preliminary data suggest 

that the 5KR cell line displays a near-wild type level of expansions to wild type cells, 

indicating that the 5KR variant is functional in expansions. Msh3 in the Msh35KR cell 

line is found to be expressed at 1.33 times wild type levels, with a slight increase in 

Msh2 and Msh6 protein expression also observed. Correct formation of the MutSb 

complex was also observed in this cell line. To test if this level of expansions is 

controlled by HDAC3 action, future studies will treat the Msh35KR cell line with a 

small molecule inhibitor of HDAC3 and test whether the Msh35KR cell line can 

bypass the requirement for HDAC3/HDAC5. The Msh35KR cell line was also tested 

for CTG•CAG repeat contractions with and without small molecule inhibition of 

HDAC3 with no significant effect seen on contractions. The preliminary work in this 

chapter begins to explore the relationship between MutSb and HDAC3 and their 

action on CTG•CAG repeat instability in human cells. The creation of a Msh35KR cell 

line that is active for CTG•CAG repeat expansions will be beneficial to further 

studies of the acetylation status of Msh3 and how it relates to TNR instability. 

Overall the work in this chapter, although preliminary, provides the framework for 

further investigation into the proposed epistatic relationship between HDAC3 and 

MutSb in the context of TNR instability in human cells.  
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5.2 Introduction  

 

Histone deacetylase 3 (HDAC3) is a member of the class I histone deacetylases. 

HDAC3 regulates gene expression through its deacetylation of both histone and non-

histone proteins (Zhang et al., 2005a). HDAC3 complexes with the SMRT/NCoR 

corepressors to form a stable complex that regulates gene transcription in the cell. 

Interaction with SMRT complex is required for activation of HDAC3 enzymatic 

function, without the SMRT complex, HDAC3 is an inactive enzyme (Guenther et 

al., 2001).  

 

HDACs have been shown to be causal for CTG•CAG repeat expansions. In a study 

by Debacker et al (Debacker et al., 2012), a forward genetic screen performed in 

budding yeast identified the yeast HDACs Rpd3L and Hda1 as promoting factors for 

expansions. This finding was confirmed by subsequent genetic analysis where 

targeted knockouts of Rpd3L and Hda1 resulted in a 90% loss of expansion 

frequency. In the same study, siRNA knockdown of the human class 1 HDAC, 

HDAC3 in human astrocytic cells resulted in a significant decrease (~75%) in 

expansions (Debacker et al., 2012). These results indicate clearly that HDAC3 is 

involved in promoting CTG•CAG repeat expansions. As HDACs do not act on DNA 

to alter length, the possibility of HDACs acting upon downstream targets to promote 

repeat expansion was proposed.  

 

A study by Gannon et al (Gannon et al., 2012) investigated the interaction between 

MutSb and HDAC3 and their promoting role for CTG•CAG repeat expansions in 

human cells. siRNA mediated knockdown of the MutSb subunits Msh2 and Msh3 

caused a significant decrease (~65%) in expansions in human astrocytes. Similarly, 

in this study, siRNA mediated knockdown of HDAC3 caused a similar decrease 

(~75%) in expansion frequency in these cells. Finally, double knockdown of Msh2 

and HDAC3 simultaneously caused a similar decrease (~75%) in expansions as that 

seen with the single knockdown. This indicates that MutSb and HDAC3 may be 

acting in the same pathway to control CTG•CAG repeat expansions in human cells 

(Gannon et al., 2012).  
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One proposed model for how HDAC3 and MutSb are interacting to promote 

expansions is that HDAC3 is acting on MutSb (Msh2-Msh3) to remove acetyl 

groups, this deacetylation results in high level of expansions or normal wildtype 

levels of expansions (Figure 5.1 A). When HDAC3 deacetylation action is inhibited 

(Figure 5.1 B) by either siRNA knockdown or small molecule inhibition then 

expansions are found to be decreased (Gannon et al., 2012). Gannon et al explored 

the possibility that HDAC3 may be regulating the direct interaction between MutSb 

and the TNR repeat, i.e. recruitment of MutSb to the TNR tract. Chromatin 

immunoprecipitation (ChIP) experiments that measured the MutSb abundance at the 

repeat following HDAC3 knockdown showed no significant change in MutSb, 

thereby, ruling out that possibility. The second possibility that Gannon and 

colleagues investigated was whether HDAC3 might be controlling MutSb protein 

expression levels, however, immunoblot analysis of Msh2 and Msh3 levels after 

HDAC3 depletion again showed no significant effect. It is proposed that HDAC3 is 

acting directly on MutSb to control its promoting action at TNR tracts (Figure 5.1).  

 

 

 

 

 

 



Chapter 5 
 

	131 

 
 

Figure 5.1 Model of HDAC3 and MutSb action and TNR instability  
(A) Schematic showing proposed model of HDAC3 acting directly on MutSb to 
remove acetyl groups causing a shift from low expansion activity to high expansion 
activity. (B) Schematic showing MutSb acetylation mutant that contains Msh35KR. In 
this scenario, the cells exhibit a high expansion activity and are not acted upon by 
HDAC3, thereby bypassing the requirement for HDACs.  
 

HDAC3 inhibitors have been and are currently being tested in clinical trials for a 

variety of cancers (Halsall and Turner, 2016), including multiple myeloma (Minami 

et al., 2014) and have also been tested for use as therapies for several neurological 

disorders including Huntington’s disease (HD) (Kazantsev and Thompson, 2008, 

Hahnen et al., 2008). Several studies have investigated the effect of HDAC3 

inhibition by small molecule inhibitors on TNR instability in HD mouse models (Jia 

et al., 2016, Jia et al., 2012, Suelves et al., 2017).  In a study by Jia et al, (Jia et al., 

2016) HD transgenic mice were treated with the HDAC3 specific inhibitor RGFP966 

for 10 weeks and the mice were tested for motor behaviour. This study found that 

inhibition of HDAC3 by RGFP966 was sufficient to suppress HD disease symptoms 

in the HD mice. Another recent study by Suelves et al, (Suelves et al., 2017) tested 

the same HDAC3 selective inhibitor (RGFP966) in a different HD mouse model 

(HdhQ111 knock-in mice). This study found that treatment of these mice at an early 
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stage prevented long-term memory impairments, prevented motor learning defects 

and significantly suppressed striatal CAG repeat expansions.  

 

Overall, there is a growing body of literature which supports HDAC3 as an important 

driver of CTG•CAG repeat expansions. Similarly, there is significant evidence that 

highlights the use of HDAC3 inhibitors as an exciting potential therapy for the 

treatment of Huntington’s disease. The interaction between MutSb and HDAC3 and 

their role in promoting expansions is an area of great interest and further study into 

this area will add greatly to the currently knowledge in the field.  

 

The work in this chapter describes the creation of an Msh3 acetylation mutant cell 

line that can be used to investigate the relationship between MutSb and HDAC3. The 

preliminary characterisation of the selective HDAC3 inhibitor RGFP966 will also 

provide a solid framework for further investigation of MutSb and HDAC3, their 

relationship and their role in promoting CTG•CAG repeat expansions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 
 

	133 

5.3 Aims and Objectives  

 

In this study, I aim to create a Msh3 acetylation mutant cell line, Msh35KR where five 

acetylation sites are mutated from lysine (K) to arginine (R). This prevents 

acetylation of these sites and creates an acetylation mutant. I aim to initialise study of 

CTG•CAG repeat expansion and contraction frequency in the Msh35KR cell line. I 

predict that the Msh35KR cell line will show normal levels of both expansions and 

contractions. The second aim of this study is to test the small molecule inhibitor of 

HDAC3, RGFP966, and characterise its cellular effect in Msh3+/+ cells. I also aim to 

treat both wild type Msh3+/+ and Msh35KR cells with the HDAC3 selective inhibitor 

RGFP966 and begin preliminary analysis of expansion and contraction frequencies. 

My prediction would be that expansions and contractions will decrease upon 

inhibition of HDAC3 in the Msh3+/+ cells and there will be no change in TNR 

instability in the Msh35KR cell line as the requirement for HDAC3 has been bypassed 

by mutation of the acetylation sites.  

 

The main objective of this chapter is to initialise study of the interaction between 

HDAC3 and MutSb and their action of TNR instability. The results presented are 

preliminary and are intended to be extended in future studies 
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5.4 Results  

5.4.1 Creation of Msh35KR expression plasmid by site-directed mutagenesis of 

the Msh3 WT expression plasmid  

  

To create a Msh35KR expression plasmid, site-directed mutagenesis was performed on 

the Msh3 WT expression plasmid. The aim was to mutate the five known acetylation 

sites in Msh3 from lysine (K) to arginine (R), this would result in the sites no longer 

being acetylated and creation of a cell line with this plasmid would yield an Msh3 

acetylation mutant cell line. As mentioned there are five acetylation sites identified 

for Msh3, four from mouse studies and one from a human metabolic study (sites can 

be found on phosphosite.org) (Figure 5.2).  

 

 
 

Figure 5.2 Acetylation sites proposed to be mutated in Msh35KR expression 
plasmid  
Schematic showing the five known acetylation sites in Msh3 and the positions of the 
mutations that are required to create a Msh35KR acetylation mutant.  
 

Site-directed mutagenesis was performed on the Msh3 WT expression plasmid as 

described in sections 2.7 and 2.8 using mutagenic primers (Table 2.1) targeted to the 

regions of interest. Table 5.1 shows the nucleotides that were changed to mutate the 

lysine (K) residues to arginine (R) for all five acetylation sites. The primers were 

designed to mutate all these sites in the Msh3 WT expression plasmid.  

 

 

Msh3 acetylation mutant 

97-VKKKVKKVQQ…EPKKCLR-124
97-VRRKVKRVQQ…EPRRCLR-124

Msh3 acetylation sites 
4 from mouse 
1 from human
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Table 5.1 Required nucleotide changes to mutate acetylation sites  
This table lists the amino acid positions and original nucleotide sequence that codes 
for lysine (K) and the required nucleotide sequence to code for an arginine (R) in its 
place.  
 

The site-directed mutagenesis was performed (by Lucy Kirkham-McCarthy) and a 

plasmid that contained all five mutated sites was obtained. This plasmid was 

sequenced using Sanger sequencing to confirm the replacement of lysine with 

arginine at the required positions (Figure 5.3).  

 

 
 

Figure 5.3 Sequence alignment of Msh35KR expression plasmid and Msh3+/+ 
expression plasmid 
(A) Sequence alignment of Msh3 WT sequence (Seq_1) and the Msh35KR sequence 
(Seq_2) for the amino acid positions 98,99 and 103. The sequence shows the desired 
mutation of an AAA to AGA codon for position 98, AAG to AGG codon for position 
99 and AAA to CGT codon for position 103. (B) Sequence alignment of Msh3 WT 
sequence (Seq_1) and the Msh35KR sequence (Seq_2) for the amino acid positions 
122 and 123. The Sequence shows the desired mutation of an AAA to AGA for 
position 122 and AAA to CGG for position 123.  
 
 

Amino acid Lysine codon Arginine codon

98 aaa aga

99 aag agg

103 aaa cgt

122 aag aga

123 aaa cgg

A
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A section of 814 nucleotides of the Msh35KR expression plasmid was sequenced and 

aligned to the consensus sequence. The sequence alignments shown above (Figure 

5.3) confirm the mutation of the lysine (K) to arginine (R) at the five known 

acetylation sites in the expression plasmid. Once the sequence was confirmed, I 

confirmed that the plasmid would express Msh3 when transfected into a Msh3-/- cell 

line. (Figure 5.4). Msh3-/- cells were transfected with 500 ng of the Msh35KR 

expression plasmid and tested for Msh3 protein expression by immunoblot.  

 

 
 

Figure 5.4 Immunoblot analysis of Msh3 protein expression in Msh3-/- cells 
transiently transfected with Msh35KR expression plasmid   
Immunoblot showing Msh3 protein expression in Msh3-/- cells transiently transfected 
with 500 ng of the Msh35KR expression plasmid.  
 

Having established that the Msh35KR expression plasmid has the correct sequence and 

expresses Msh3, it was used to create a stable Msh35KR cell line as described in 

section 2.8.  
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5.4.2 Creation of Msh35KR cell line  

 

Msh3-/- cells were co-transfected with the Msh35KR expression plasmid and a 

selection plasmid and stable cell lines were identified (section 2.8). Over 15 viable 

clones were obtained and a subset of seven potential clones were screened by 

immunoblot (Figure 5.5). The aim was to select a cell line that expresses Msh35KR at 

near wild type levels.  

 

 
 

Figure 5.5 Initial immunoblot screen of Msh35KR clones  
Immunoblot analysis of Msh3 protein expression in Msh35KR clones 7,8,9,10,1,5 and 
6 with actin as a loading control.  Their respective Msh3 level is noted under the blot. 
Msh3+/+ and Msh3-/- cells Msh3 protein levels were measured in parallel.  
 

Initial immunoblot analysis identified several clones that exhibited near-wild type 

Msh3 protein expression levels. Msh35KR clones 1,7 and 9 were chosen for further 

immunoblot analysis (Figure 5.6) as they showed near wild type level protein 

expression. Msh2 and Msh6 protein expression was also measured in this screen.  
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Figure 5.6 Second immunoblot screen for Msh35KR cell line  
Immunoblot analysis of Msh3, Msh2 and Msh6 protein expression in Msh35KR clones 
1,7 and 9with actin as a loading control. Their respective Msh3 level is noted under 
the blot. Msh3+/+ and Msh3-/- cells Msh3 protein levels were measured in parallel. 
See Table 2.2 for antibodies used.  
 
Msh35KR clone 9 was chosen for further characterisation as it showed an average 

Msh3 protein expression of 1.5 times wild type expression (n=2). This cell line will 

be referred to as Msh35KR hereafter.  

 

5.4.3 Characterisation of Msh35KR cell line  

 

Immunoblot analysis of Msh3, Msh2 and Msh6 expression was performed routinely 

in parallel to all functional analysis of the Msh35KR cell line (Figure 5.6 A). The 

Msh35KR cell line was found to express Msh3 at 1.33 times wild type (n=4). Msh2 

and Msh6 were both found to be over expressed significantly in comparison to wild 

type Msh3+/+ cells, Msh2 at 2 times that of wild type (n=4, P= 0.01) and Msh6 at 3 

times that of wild type (n=4, P = 0.005) (Figure 5.7 B). I would suggest that it is 

probable that increase in Msh2 and Msh6 is seen because the Msh3-/- cell line that 

was used to make the Msh35KR had undergone several cell passages. During this 
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passaging, it is possible that Msh2 and Msh6 protein expression levels increased to 

compensate for the decreased Msh3 protein expression.  

 

 
Figure 5.7 Analysis of protein abundance in Msh35KR and Msh3+/+ cells, 
immunoblot analysis  
(A) Representative immunoblot showing Msh3, Msh2 and Msh6 protein abundance 
in Msh3+/+ and Msh35KR cell lines with actin as loading control. (B) Quantitative 
analysis of Msh protein abundance, normalised for actin loading control and relative 
to wild type Msh3+/+cells. Msh35KR expresses Msh3 at 1.33 times wild type, Msh2 is 
overexpressed to 2 times that of wild type and Msh6 is over expressed at 3 times that 
of wild type. For all measurements n=4, *P= 0.01, **P= 0.005 compared to Msh3+/+. 
Error bars denote ±SEM.  
 

To investigate any possible effect of the acetylation mutation on cell growth, growth 

analysis was performed on Msh35KR cells with Msh3+/+ cells measured in parallel 

(Figure 5.8). No significant difference in cell growth was observed.  
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Figure 5.8 Growth curve analysis of Msh3+/+ and Msh35KR cell lines  
Growth curve analysis of Msh3+/+ and Msh35KR cell lines. No significant difference 
in cell growth observed=0.4, n=3, error bars denote ±SEM.  
 

Preliminary co-IP experiments were performed to confirm MutSb complex 

formation in Msh35KR cells (Figure 5.9). These blots (n=2) provide preliminary 

evidence that MutSb is being formed efficiently in the cells as both Msh3 and Msh2 

are present in the IP samples for both cell lines. However, as the capture efficiency 

was not very high in this experiment, Msh2 levels look low in this instance. These 

experiments would need to be repeated to confidently determine the level of MutSb 

complex formation in the Msh35KR cells and to compare to wild type levels in 

Msh3+/+ cells.  

 

 

 

 

 

 

0.0E+00

5.0E+05

1.0E+06

1.5E+06

2.0E+06

0hr 24hr 48 hr 72 hr 

C
el

l c
ou

nt
 

Msh3 +/+ Msh3 5KR Msh3+/+ Msh35KR



Chapter 5 
 

	141 

 
 

Figure 5.9 Preliminary Co-IP of Msh35KR and Msh3+/+ cell lines 
Representative immunoblot of co-IP’d Msh3 and Msh2 from Msh3+/+ and Msh35KR 

cell lines, indicating efficient MutSb complex formation in both cell lines. Msh3 
bands detected using BD anti-Msh3 antibody, Msh2 was detected using Calbiochem 
anti-Msh2 antibody. See Table 2.2 for further information. 
 

5.4.4 Analysis of CTG•CAG repeat expansions in Msh35KR cell line  

 

HDAC3 is proposed to act directly on MutSb to control its driving action of 

expansions (Figure 5.1). Based on this model, HDAC3 deacetylates MutSb and this 

results in expansions, The Msh35KR cell line encodes Msh3-5KR, which is intended 

to mimic the deacetylated protein product after HDAC3 action. To be useful as a tool 

to test the model, Msh3-5KR would be about as active as wild type protein in driving 

expansions. When assayed for expansions (Figure 5.10) the Msh35KR cell line 

exhibited a similar activity to that of the wild type Msh3+/+ cell lines (P=0.3). While 

this preliminary result (n=2) is encouraging, further repetitions of the assay are 

required to more firmly establish the expansion activity of Msh3-5KR. additionally, 

there are only a small number of confirmed events (Table 5.2) so more repeats are 

needed to confirm this finding. Nevertheless, the cell line appears to be functional for 

CTG•CAG repeat expansions.  
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Figure 5.10 Analysis of CTG•CAG repeat expansions in Msh35KR cells 
Expansion frequencies for Msh35KR cell line assayed in parallel to Msh3+/+. n=3 for 
Msh3+/+ and n=2 for Msh35KR. Error bars denote ±SEM. 

 

5.4.5 Characterisation of the HDAC3 inhibitor RGFP966  

 

The results in Figure 5.10 suggest that expansion activity is similar in the Msh35KR 

and wild type Msh3+/+ cell lines. This finding, if substantiated with additional data, 

fulfils one of the requirements for the HDAC bypass experiment of Figure 5.1. The 

next part of the model utilises a small molecule inhibitor of HDAC3, similar to 

inhibitor 4b, which caused a significant decrease in expansions in wild type cells 

(Gannon et al., 2012). I chose to test a different HDAC3 inhibitor, RGFP966, kindly 

provided by BioMarin Pharmaceuticals. RGFP966 is a selective HDAC3 inhibitor 

with a 30-200-fold specificity for HDAC3. It has reported IC50 values of 64-80 nM 

(Jia et al., 2016, Malvaez et al., 2013), permeates the blood-brain barrier and as 

discussed earlier has been tested in a variety of HD mouse models (Bieszczad et al., 

2015, Suelves et al., 2017, Jia et al., 2016). Recently, it was shown in Huntington’s 

disease mice that early intervention with RGFP966 suppressed somatic CAG repeat 

expansions in the Htt gene (Suelves et al., 2017). Thus, RGFP966 has a proven effect 

on somatic expansions in vivo. 
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Before testing for expansion or contraction frequency in RGFP966 cells, I wanted to 

characterise the effects of the inhibitor on the cells. First, I tested cell viability of 

Msh3+/+ following 48-hour treatment for a range of dose concentrations (10 µM, 20 

µM and 50 µM) along with an untreated sample (UT) and a DMSO-only control 

(Figure 5.11).  

  

 
 

Figure 5.11 Cell viability (%) in Msh3+/+ cells following RGFP966 treatment  
Graph showing cell viability (%) in Msh3+/+ cells following 48-hour treatment with 
RGFP966. *P=0.03, **P=0.01, ***P=0.04, n=4, error bars denote ±SEM.  
 

A significant defect in cell viability after RGFP966 treatment was observed, even at 

the low dose of 10µM. This is likely due to increased apoptosis in the cells due to 

increased transcriptional stress, a similar effect was seen in cancer cells following 

HDAC inhibition (Butler et al., 2000, Wells et al., 2013). An apoptosis assay such as 

an Annexin V assay would have to be performed to confirm this.  

 

Next, I wanted to check was there any adverse effect of RGFP966 treatment on cell 

growth in Msh3+/+ cells. Cell growth was measured following 48-hour treatment 

with RGFP966 for a range of dose concentrations (10 µM, 20 µM and 50 µM) in 

parallel to an untreated sample (UT) and a DMSO control (50 µM) (Figure 5.12). All 

cell growth values reported are relative to the DMSO control.  

 

0

20

40

60

80

100

UT DMSO 10μM 20μM 50μM 

%
 c

el
ls

 v
ia

bi
lit

y 

* ** ***



Chapter 5 
 

	144 

 
 
Figure 5.12 Relative cell growth in Msh3+/+ cells following RGFP966 treatment 
Graph showing relative cell growth in Msh3+/+ cells following 48-hour treatment. 
Cell growth is relative to DMSO control. n=3, *P= 3x10-4, **P= 7x10-3, ***P= 
7x10-4. Error bars denote ±SEM.  
 

A significant defect in cell growth is observed following treatment with RGFP966, 

even at the lower dose of 10µM. This inhibition of cell growth agrees with the cell 

viability results and as stated is likely due to an increase in replication stress, similar 

results have previously been reported in cancer cell lines (Butler et al., 2000, Wells 

et al., 2013).  

 

To test the efficacy of HDAC3 inhibition, I looked at acetylated histone H4 (AcH4) 

levels in treated and untreated cells. HDAC3 works to remove acetyl groups from 

Histone H4 (Pelzel et al., 2010), therefore effective inhibition of HDAC3 should 

cause a significant increase in AcH4 levels. Immunoblot analysis of AcH4 levels in 

RGFP966 treated Msh3+/+ and Msh35KR cells showed a significant increase (2-fold 

change) in AcH4 levels following 48-hour treatment with a 20µM dose of the drug 

(Figure 5.13). These data agree with previous work performed in the Lahue lab 

(Katherine Turner-research master’s thesis), where treatment of SVG-A astrocytes 

with 20 µM of RGFP966 caused a significant increase in AcH4 levels (1.71-fold 

change).  
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Figure 5.13 AcH4 levels in RGFP966 Msh3+/+ and Msh35KR cells 
Graph showing AcH4 levels in Msh3+/+ and Msh35KR cells following 48-hour 
treatment with RGFP966. AcH4 levels are normalised to total H4 levels and are 
relative to DMSO control. n=4, *P=0. 019. Error bars denote ±SEM.  
 

Treatment with 20 µM RGFP966 was sufficient to cause a significant increase in 

AcH4 levels in the Msh3+/+ cells thereby indicating effective inhibition of HDAC3 

activity. This initial study focused on doses in the 10-50 µM range, it is noteworthy 

however that further study should use lower doses (0.5-10µM) to better represent 

physiological ranges and to be more confident of no off-target inhibition of other 

HDACs.  

5.4.6 Analysis of CTG•CAG repeat expansions in RGFP966 treated Msh3+/+ and 

Msh35KR cell lines  

 
As discussed earlier, the predicted effect of HDAC3 inhibition on expansion 

frequency in Msh3+/+ cells is decreased expansion frequency, based on previous 

studies using small molecule inhibitors (Gannon et al., 2012, Debacker et al., 2012)	

and siRNA knockdown (Gannon et al., 2012). The proposed model for HDAC3 

inhibition of Msh35KR cells is no change in expansions if HDAC3 is acting directly on 

Msh3 to control its activity at expansions. Analysis of CTG•CAG repeat expansions 

was performed on both Msh3+/+ and Msh35KR cell lines with and without RGFP966 

treatment (Figure 5.14). Unfortunately, only observed expansion frequencies are 
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reported due to technical issues with the TNR PCR confirmation of the genetic 

events. There was a problem identifying real events and unfortunately this could not 

be overcome. These results have not been PCR confirmed.  

 

 
Figure 5.14 Observed expansion frequencies of RGFP966 treated Msh3+/+ and 
Msh35KR cells 
Observed expansion frequencies for Msh3+/+ and Msh35KR cells treated for 48 hours 
with DMSO control or 20µM RGFP966. These results are not PCR confirmed. n=4 
for Msh3+/+ samples and n=2 for Msh35KR samples. Error bars denote ±SEM.  
 

The observed expansion frequencies for Msh3+/+ and Msh35KR cells show no 

significant difference between DMSO control and cells treated with 20 µM 

RGFP966. As the results are not PCR confirmed, it is difficult to ascertain the true 

phenotype of the cells. Previous observations in the Lahue laboratory were that the 

observed expansion frequency can differ significantly from the confirmed expansion 

frequency calculated after TNR PCR confirmation. These preliminary results need to 

be followed up and PCR confirmed in a future study. As mentioned earlier, 

decreased cell growth and cell viability were observed in RGFP966- treated cells, as 

this model for expansions proposes that expansions are mediated through a DNA 

repair pathway rather than a replication pathway, reduced cell proliferation is not a 

concern when calculating expansion frequencies. Previous work in the Lahue 

laboratory has also observed this decrease in cell growth, this results in a poorer 

yield of recovered shuttle vector. To account for this, multiple dishes of the same 

cells, treated in the same manner are pooled to increase the plasmid yield. 
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5.4.7 Analysis of CTG•CAG repeat contractions in RGFP966 treated Msh3+/+ 

and Msh35KR cell line  

 

HDAC3 has not been proposed to influence CTG•CAG repeat contractions in human 

cells. However, utilising the novel Msh35KR cell line and the SVG-A contraction 

assay, I measured contraction frequency in Msh3+/+ and Msh35KR cells treated with a 

DMSO control or 20 µM RGFP966 (Figure 5.15). All events are PCR confirmed.  

 

 
 

Figure 5.15 Analysis of contraction frequencies of RGFP966 treated Msh3+/+ 
and Msh35KR cells 
Contraction frequencies for Msh3+/+ and Msh35KR cells treated for 48 hours with 
DMSO control or 20 µM RGFP966. n=6 for Msh3+/+ and Msh35KR DMSO samples, 
n=2 for Msh3+/+ 20µM samples and n=3 for Msh35KR 20µM samples. Error bars 
denote ±SEM.  
 

The results shown above indicate no significant difference in contraction frequencies 

for RGFP966 treated Msh3+/+ in comparison to DMSO control (P=0.12) or any 

significant difference in RGFP966 treated Msh35KR in comparison to DMSO control 

(P=0.34). This data agrees with previous work in the Lahue lab (Aisling Frizzell- 

PhD thesis) which used siRNA targeted against HDAC3 in SVG-A astrocytes and 

found no effect on contractions in comparison to scrambled siRNA control. 

However, there is a trend emerging that is like the trend expected for CTG•CAG 

expansions where treatment with RGFP966 would cause a decrease in instability in 
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Msh3+/+ cells and cause no effect in Msh35KR cells. Further experiments are needed to 

confirm this finding as there are an unequal n values and an unequal number of 

confirmed events (Table 5.2).  

5.4.8 Expansion and contraction sizes and frequencies  

 
Expansion and contraction sizes were estimated from the TNR PCR sequencing gels 

and are listed in Table 5.2 and Table 5.3. The frequency of each expansion and 

contraction is also listed as is the weighted size, total number, mean and median size 

of the expansions/contractions. For both the expansion assays and contraction assays 

performed in this chapter, there was no significant difference observed between cell 

lines in expansion/contraction size or frequency.   

.   
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Expansion	sizes	

	
Data	for	Figure	5.9	

		 expt	dates-	24/1/17,	7/2/17		
		 Msh3+/+	 weighted	 Msh3	5KR		 weighted	
+	4	 2	 8	 3	 12	
+	5	 3	 15	 1	 5	
+	6	 1	 6	 1	 6	
+	7	 0	 0	 2	 14	
+	8	 0	 0	 1	 8	
+	9	 0	 0	 0	 0	
+	10	 0	 0	 0	 0	
+	11	 0	 0	 0	 0	
+	12	 0	 0	 0	 0	
Total	 6	 29	 8	 45	
Smallest	 4	 		 4	 		
Largest	 6	 		 8	 		
Mean	 5	 4.83	 6	 5.63	
Median	 5	 4.8	 6	 5.6	

 

Table 5.2 Expansion sizes and frequencies for Figure 5.9  
Table showing expansion sizes and frequency of each size expansion for each cell line measured in the respective experiment. The weighted size 
of the contraction and mean and median of the total number of the contractions are shown. The expansions are of a similar size and occur at a 
similar frequency.  
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		 Data	for	Figure	5.14	
		 exp	dates	31/5/17,	2/6/17		
Contraction	sizes		 Msh3	+/+		 weighted	 Msh3	+/+	20uM		 weighted		 Msh3	5KR		 weighted		 Msh3	5KR	20	uM		 weighted		
-14	 0	 0	 0	 0	 0	 0	 0	 0	
-15	 5	 -75	 0	 0	 2	 -30	 0	 0	
-16	 5	 -80	 1	 -15	 6	 -96	 6	 -96	
-17	 12	 -204	 2	 -32	 5	 -85	 2	 -34	
-18	 10	 -180	 2	 -34	 3	 -54	 0	 0	
-19	 16	 -304	 2	 -36	 7	 -133	 3	 -57	
-20	 3	 -60	 1	 -19	 5	 -100	 1	 -20	
-21	 0	 0	 0	 0	 0	 0	 0	 0	
-22	 0	 0	 0	 0	 0	 0	 0	 0	
-23	 0	 0	 0	 0	 0	 0	 0	 0	
-24	 0	 0	 0	 0	 0	 0	 0	 0	
Total	 51	 -903	 8	 -136	 28	 -498	 12	 -207	
Smallest	 15	 		 16	 		 15	 		 16	 		
Largest	 20	 		 20	 		 20	 		 20	 		
Mean	 17.50	 -17.71	 18.00	 -17.00	 17.50	 -17.79	 18.00	 -17.25	
Median	 17.5	 -18	 18	 -17	 17.5	 -18	 18	 -17	

 
Table 5.3 Contraction sizes and frequencies for Figure 5.14  
Table showing contraction sizes and frequency of each size contraction for each cell line measured in the respective experiment with or without 
RGFP966 treatment. The weighted size of the contraction and mean and median of the total number of the contractions are shown. There is no 
significant difference between contraction sizes or frequencies in this experiment. 
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5.5 Discussion  

 

This chapter initialises study of HDAC3 and MutSb and how they interact to 

promote TNR instability in human cells. This is an exciting area of TNR research 

and there are many avenues to explore in investigating these proteins and their 

potential roles that they play. In this preliminary study, I created a cell line that 

expresses an acetylation mutant of Msh3 at near wild type levels. Mutation of five 

known acetylation sites from lysine (K) to arginine (R) should mimic a deacetylated 

Msh3 and bypass the need for HDAC3. This cell line was found to have normal cell 

growth and initial tests suggest that MutSb forms correctly in the cells, there was an 

increased expression of both Msh2 and Msh6 observed, like other cell lines created. 

There is no clear explanation for this observed increase in protein expression.  

 

The proposed model for HDAC3 and MutSb and TNR instability is as follows 

(Figure 5.16).  
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Figure 5.16 Proposed model for HDAC3 and MutSb and TNR instability  
(A) Schematic showing proposed model of HDAC3 acting directly on MutSb to 
remove acetyl groups causing a shift from low expansion activity to high expansion 
activity. (B) Schematic showing MutSb acetylation mutant that contains Msh35KR. In 
this scenario, the cells exhibit a high expansion activity and are not acted upon by 
HDAC3, thereby bypassing the requirement for HDACs.  
 

Msh2 and Msh3 both contain acetylation sites (Table 5.4), therefore MutSb exists in 

an acetylated form (Figure 5.16. A) until acted upon by a HDAC such as HDAC3. It 

is proposed by this model that in its acetylated form MutSb does not promote 

expansions at its normal rate and a low expansion activity is observed. HDAC3 

removes the acetyl groups from MutSb and a high expansion activity is seen. This is 

based on previous work which showed that inhibition of HDAC3 resulted in a 

suppression of expansions, i.e. a low expansion activity (Gannon et al., 2012, 

Debacker et al., 2012). It is unknown which subunit of MutSb, Msh2 or Msh3 is 

being targeted by HDAC3. Other proteins could also be the target of the HDACs, 

such as Msh6 which complexes with Msh2 or other members of the MMR pathway 

such as the Mlh1 or PMS2 or there may be additional pathways also at play.  
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Acetylation site  Source genome  Reference  

Msh2-K73 Human  (Weinert et al., 2013, Beli et al., 2012) 

Msh2-K104 Human  (Possemato, A. 2007) 

Msh2-113 Human  (Weinert et al., 2013) 

Msh2-550 Human   (Cherry, J. 2007) 

Msh2-555 Human  (Choudhary et al., 2009) 

Msh2-635 Human  (Choudhary et al., 2009) 

Msh3-K64 

(hK98) 

Mouse (Li, Y. 2009) 

Msh3-K65 

(Hk99) 

Mouse  (Li, Y. 2009) 

Msh3-K103 Human  (Zhao et al., 2010) 

Msh3-K88 

(hK122) 

Mouse  (Li, Y. 2009) 

Msh3-K89 

(hK123) 

Mouse  (Li, Y. 2009) 

 
Table 5.4 Acetylation sites in Msh2 and Msh3  
Table showing positions of acetylation sites in Msh2 and Msh3, source genome and 
reference. All data was obtained on phosphosite.org. Where the source genome was 
mouse, the human equivalent acetylation site is stated under the mouse position in 
the format (hKxxx).  
 

To address the question of MutSb acetylation, I created a mutant of Msh3, Msh35KR, 

in which the five known acetylated lysine residues were change to arginine. I found 

that the Msh35KR cell line exhibited a similar expansion frequency to the wild type 

Msh3+/+ cells. This mimics the ‘high expansion activity’ in the proposed model 
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(Figure 5.15 B). My hypothesis was that treatment with a selective HDAC3 inhibitor 

RGFP966 would cause a decrease in expansions in the wild type Msh3+/+ cells and it 

would exhibit a ‘low expansion activity’ (Figure 5.15 A). I also predicted that if 

HDAC3 is acting directly on Msh3 then treatment of the Msh35KR cells with the 

HDAC3 inhibitor would not have any effect on expansion frequency as the 

requirement for HDAC would be bypassed and the cells would remain in a state of 

‘high expansion activity’ (Figure 5.15 B). If an increase in expansions is observed in 

the RGFP966 treated Msh35KR cells then it would suggest that Msh2 is the target of 

HDAC3 or other proteins are also at play in the pathway.  

 

The preliminary results in this chapter characterised the RGFP966 inhibitor to have 

detrimental effects on both cell viability and cell growth in Msh3+/+ cells, this may 

be attributed to increased transcriptional stress and increased levels of apoptosis, 

untested in this study. I also showed that there was an increase in acetylated histone 

H4 (AcH4) levels in both Msh3+/+ and Msh35KR cells, this indicates that RGFP966 is 

inhibiting HDAC3 activity. The high doses of inhibitor used in these preliminary 

studies were for initial characterisation only, for future studies I would recommend 

much lower doses in the range of 0.5-10 µM as this would likely be better tolerated 

by the cells and help to prevent any off-target inhibition of additional HDACs. 

 

In relation to the model, the results that I obtained from the analysis of CTG•CAG 

repeat expansion assay were only observed expansion frequencies, due to technical 

issues. Therefore, better tests of the model will require further repetitions of the 

assay, along with PCR confirmation of expansions, in cells treated with RGFP966. 

However, the work presented and the creation of the acetylation mutant cell line 

provides a framework for further study of this model.  

 

There has been little study of HDAC3 and MutSb and how they interact in relation to 

CTG•CAG repeat contractions. My preliminary results show a potential emerging 

trend that RGFP966 inhibition of HDAC3 in Msh3+/+ cells appeared to show a 

decrease in contractions, and there was no difference observed in RGFP966 treated 

Msh35KR cells. As discussed previously, the assay requires further repeats to increase 

n value for the treated cells and to increase the number of confirmed events 
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investigated. Nevertheless, the emerging trend is one of interest in relation to 

HDAC3, MutSb and their role in TNR instability.  

 

Future directions for this work is presented and discussed in full in chapter 6, 

conclusions and future perspectives.  
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6.1 Conclusions  

 

This thesis investigates the proteins that promote CTG•CAG repeat instability at 

threshold length in a human astrocytic cell line. The main protein of interest is Msh3, 

a subunit of the MutSb complex, which is known to have a promoting role in CTG• 

CAG repeat expansions and has a proposed role in promoting CTG•CAG repeat 

contractions. The work summarised in this thesis tests difference aspects of Msh3 

action at TNR repeats, including protein abundance, ATPase function, naturally 

occurring polymorphisms and acetylation status. Figure 6.1 below summarises the 

major findings of this work. 

 

 
 

Figure 6.1 Summary of findings from investigation of MutSb and TNR 
instability.  
(A) Summary of work presented in chapter 3 and 4, Msh3 protein abundance and 
ATP hydrolysis were found to have promoting roles for CTG•CAG repeat 
expansions with no effect found for Msh3 gene polymorphisms. (B) Msh3 protein 
abundance, ATP hydrolysis and Msh3 polymorphisms were all tested for an effect on 
CTG•CAG repeat contractions, with no significant effect observed.  
  

Objective 1 of this thesis was to create an Msh3-/- astrocytic cell line and add-back 

system. Using CRISPR/Cas9 genome editing I created a Msh3-/- SVG-A astrocytic 

cell line that has a residual ~2% Msh3 protein expression (chapter 3). I demonstrated 
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that the cell line was selectively deficient in MutSb and was severely defective for 

CTG•CAG repeat expansions (~75% reduction) with no significant effect on 

CTG•CAG repeat contractions. This indicates that Msh3 abundance and 

subsequently MutSb abundance is limiting for expansions. A small fraction of 

expansions remained in the Msh3-/- cell line, I propose that this is caused by other 

expansion pathways. These would include a recent study where germline expansions 

in Fragile X Msh3-/- mice were found to be caused by MutSa. (Zhao et al., 2015, 

Zhao et al., 2016). siRNA knockdown or CRISPR/Cas9 manipulation of these 

candidate proteins in the Msh3-/- cell line and analysis of expansion frequency could 

distinguish which additional proteins are responsible for the remaining expansions. 

However, as the expansion levels are already quite low, it may be difficult to 

measure the resulting expansion frequencies.  

 

As mentioned earlier, loss of Msh3 did not cause any significant effect on 

CTG•CAG repeat contractions. My data agree with some mouse studies which show 

a stabilisation of the repeat upon loss of Msh3 with no contraction bias (van den 

Broek et al., 2002, Owen et al., 2005, Dragileva et al., 2009). As discussed 

previously, there are also some mouse studies which show a contraction bias when 

MutSb is ablated (Foiry et al., 2006) and there are biochemical studies which 

propose a protection role for MutSb against contractions which also observes a 

contraction bias when MutSb is deficient (Slean et al., 2016). I examined 

contractions in an Msh3-/- background, two cell lines that over-express Msh3 (chapter 

3) and a cell line that expresses an ATPase mutant of Msh3 (chapter 4) and I 

observed no significant difference in contraction frequency in comparison to wild 

type Msh3+/+ cells. This leads me to conclude that in our system MutSb is not 

controlling CTG•CAG threshold length repeat contractions. It should be noted, 

however that the range of detection in our SVG-A shuttle vector assay is -6 to -33 

CTG repeats which is smaller than the size of contractions observed in the mouse 

studies, therefore it is possible that MutSb helps drive larger contractions which are 

undetectable in our system.  

 

Using the Msh3-/-  cell line, I developed a novel cell system that allowed add back of 

plasmids encoding wild type Msh3 or Msh3 variants and selection of stable cell lines 
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that expressed the protein at near wild type or over-expressed protein levels. I 

showed that over expression of Msh3 (chapter 3) in a cell line to 1.7 times wild type, 

Msh31.7x, caused a rescue of expansion phenotype in the Msh3-/- cells and generated 

an apparent increase in expansion frequency in proportion with Msh3 protein 

expression. This finding is in line with work from Halabi et al (Halabi et al., 2012) 

which showed that ectopic expression of MutSb i.e. over-expression caused induced 

GAA•TTC repeat expansion in the FXN gene in primary fibroblasts that previously 

exhibited no expansions in culture (Halabi et al., 2012). I also showed that increased 

Msh3 expression in the Msh32.9x cell line leads to increased MutSb complex 

formation, again in proportion to Msh3 expression. I also used this co-IP approach to 

estimate the ratio of MutSb: MutSa in SVG-A astrocytes (26%: 74%). As seen in the 

results from the Msh3-/- cells, there was no effect on contraction frequency in either 

the Msh31.7x and Msh32.9x cell lines. These findings together with the Msh3-/- findings 

clearly indicate that Msh3 protein abundance is limiting expansions in human cells 

and suggests that MutSb is an important driver of CTG•CAG repeat expansions but 

not contractions.  

 

Two of the models for MutSb action at TNRs proposed are the misrepair model 

(Gomes-Pereira et al., 2004) and the hi-jacking model (Owen et al., 2005) (Figure 

1.8). The misrepair model proposes that MutSb is active at the TNR and working 

with other MMR proteins (e.g. MutL complexes) and that there is incorrect 

processing of the TNR and during the misrepair, the TNR is incorporated into the 

DNA tract and expansions occur (Gomes-Pereira et al., 2004). The alternative model 

is the hi-jacking model which states that MutSb is recruited to the TNR repeat where 

it acts as an adaptor protein and recruits other non-MMR machinery. The MutSb 

complex is stuck at the hairpin and does not exhibit active MMR repair, the TNR is 

then mistakenly incorporated into the DNA, resulting in an expansion of the TNR 

(Owen et al., 2005).  

 

These models (Figure 1.8) make certain predictions for the ATPase function of 

MutSb, the misrepair model suggests that MutSb must have active MMR and so, 

ATP hydrolysis is required for expansions to occur. In the hi-jacking model, MutSb 

is not thought to have any active enzymatic role so ATP hydrolysis is not implicated 
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as essential, however ATP must still be bound by MutSb. As discussed earlier, the 

ATPase function of Msh2 and TNR repeats were investigated in a previous study by 

Tomé et al (Tomé et al., 2009). In this study, a mutation (G674A) in the Msh2 

ATPase domain of DM1 mice resulted in a lower expansion frequency, this mutation 

was found to significantly reduce ATP hydrolysis by Msh2. However, this mutation 

also resulted in poor binding of ATP by Msh2 and lower protein expression of Msh2. 

I aimed to investigate Msh3 ATPase function using the cell system that I developed, 

this work is summarised in chapter 4. By creating an E976A mutation in the Walker 

B motif of the Msh3 ATPase domain and expressing the protein at wild type levels, I 

observed a significant decrease in expansions, similar in magnitude to that seen in 

the Msh3-/- cells. As the E976A mutation is not predicted to affect ATP binding by 

Msh3 and our experiments show that there is decreased ATP hydrolysis (chapter 4), 

the decrease in expansions can be attributed to the loss of Msh3 ATP hydrolysis. 

This finding suggests that Msh3 ATP hydrolysis is essential for expansions and 

agrees with the misrepair model of expansions. Future experiments to further 

distinguish between the two proposed models could use siRNA knockdown or 

CRISPR/Cas9 knockout of the MutL proteins. The misrepair model predicts a clear 

role for MutL protein in driving expansions, whereas the hi-jacking model does not 

clearly implicate MutL proteins. Additionally, as the hi-jacking model also states that 

MutSb is stuck at the TNR tract, then performing chromatin immunoprecipitation 

(ChIP) and investigating the physical recruitment of Msh3 or an ATPase mutant of 

Msh3 to the TNR tract could also add some clarity to the models.  

 

I was also interested in looking at Msh3 gene polymorphisms and the effect that they 

have on TNR instability. Two Msh3 polymorphisms, mouse T321I and human 

T1045A were proposed to lower somatic instability in mouse and human regression 

studies respectively (Tomé et al., 2013, Morales et al., 2016). I created cell lines that 

expressed the polymorphic proteins of interest, Msh3T363I (human equivalent 

polymorphism) and Msh3T1045A at near wild type levels. I observed no significant 

difference in expansion frequency in comparison to wild type cells. I propose that the 

effect seen in previous studies is due to these polymorphic proteins being expressed 

at lower levels than wild type proteins and that the effect seen is due to protein 

abundance defect, not due to Msh3 gene polymorphisms. In the case of the T321I 
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(human equivalent T363I) polymorphism identified in the Tomé paper, I would also 

like to note that it was one of seven polymorphisms identified in the Msh3 gene so it 

is probable that the effect on somatic instability seen was due to a mixture of these 

polymorphism, rather than a singular effect.  

 

Future study of naturally occurring polymorphisms should include an approach that 

creates a cell line that express all seven of the polymorphisms found in the mice with 

a lower somatic instability and this should be investigated for expansion frequency. 

This could be done by site-directed mutagenesis of the Msh3 expression plasmid and 

add back to Msh3-/- cells like the system used in this thesis or CRISPR/Cas9 could be 

used to introduce the polymorphisms into the endogenous Msh3 by providing a 

repair template that contains all seven of the polymorphism, this approach would be 

more representative in recreating the genotype of the mice, however it would be 

much more labour intensive.   

 

The final results chapter in this thesis, (chapter 5) deals with histone deacetylase 3 

(HDAC3) and MutSb and how they interplay to promote CTG•CAG repeat 

expansions in human cells. The rationale for this chapter is based on the discovery 

that HDAC3 is promoting expansions in human cells (Debacker et al., 2012) and the 

proposal that it is acting in the same pathway as MutSb at TNR repeats (Gannon et 

al., 2012) (Figure 6.2). HDAC3 is a very promising therapeutic target with HDAC3 

inhibitors already showing positive results in mouse studies. Treatment of HD mice 

with a HDAC3 selective inhibitor led to improvements in motor behaviour, long 

term memory impairment and prevented motor learning defects (Jia et al., 2016, 

Suelves et al., 2017). If HDAC3 acts directly on MutSb to control its promoting role 

at TNR repeats then elucidating their molecular mechanism is crucial. In chapter 5, I 

begin by creating an Msh3 acetylation mutant cell line, Msh35KR, that expresses wild 

type levels of a mutant protein with five acetylation sites changed to arginine. I 

demonstrated that the cell line has normal cell growth and appears to form the MutSb 

complex correctly. Moreover, I have shown that the Msh35KR cell line is active for 

expansions and exhibits a ‘high expansion activity’ as predicted in the model 

(chapter 5-discussion).  
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I also characterised a selective HDAC3 inhibitor RGFP966, which was used in the 

HD therapy experiments cited in the previous paragraph. I have shown that treatment 

with high concentrations of the inhibitor caused a significant decrease in both cell 

viability and cell growth. My initial findings also showed that treatment with the 

HDAC3 inhibitor caused an increase in acetylated histone H4 (AcH4) levels which 

indicates that RGFP966 is inhibiting HDAC3 action. I performed preliminary 

expansion assays on treated and untreated cells and measured observed expansion 

frequency, however as these events are not confirmed they do not offer any 

significant insight into the mechanism yet. I would predict that treatment of the 

Msh3+/+ cells with RGFP966 would cause a significant decrease in expansions, 

whereas treatment of the Msh35KR cell line would not cause any decrease in 

expansions if my hypothesis that HDAC3 is acting on Msh3 directly is correct. 

Lastly, I did show some preliminary results which show no significant change in 

contraction frequency in either cell line when treated with RGFP966, however an 

emerging trend in line with my hypothesis was observed and further investigation 

into this may yield some interesting results.  

 

6.2 Future studies  

6.2.1 MutSb acetylation and its effect on TNR instability  

 

It is clear from the overwhelming body of literature and the work presented in this 

thesis that MutSb drives CTG•CAG repeat expansions in human cells. An exciting 

possibility for future studies focuses on the regulation of MutSb by histone 

deacetylases (HDACs) such as HDAC3 (Figure 6.2). It is proposed that HDAC3 is 

acting directly upon MutSb to regulate its action at TNR repeats, it is unknown 

which subunit of MutSb (Msh2-Msh3) is the protein target of HDAC3.   
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Figure 6.2 Proposed model for HDAC3 and MutSb and TNR instability  
Schematic showing proposed model, HDAC3 acts to remove acetyl groups from 
MutSb, causing a shift from low expansion activity (A) to high expansion activity 
(B).  
 

I created an acetylation mutant of Msh3 in the SVG-A astrocyte cell line (Msh35KR), 

this cell line enables specific investigation of five known Msh3 acetylation sites and 

the effect of Msh3 acetylation and deacetylation on TNR instability. Initial tests 

show that the Msh35KR cell line exhibits a similar propensity for repeat expansions as 

wildtype cells. As discussed previously, treatment of this cell line with a HDAC3 

inhibitor and analysis of CTG repeat expansions will show if Msh3 is the target of 

HDAC3 this regulatory role.  

 

Another possibility is that Msh2 is the protein target of HDAC3. Mutation of the 

lysine residues 555 and 635 in Msh2 (Choudhary et al., 2009) or additional sites 

listed in Table 5.4, by CRISPR/Cas9 targeting or by a similar approach to the one 

described in this thesis would create an acetylation mutant of Msh2 which would 

mimic deacetylated Msh2. CTG•CAG repeat expansions could be measured in this 

cell line in comparison to wild type cells and with or without pharmacological 

intervention against HDAC3, the findings from this, in combination to the findings 

of the Msh3 acetylation mutant will determine if HDAC3 is acting directly on Msh2 

or Msh3.  
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In addition to measuring expansion frequency in these acetylation mutants, it would 

be extremely informative to perform chromatin immunoprecipitation (ChIP) 

experiments on both wild type cells and the MutSb acetylation mutant cell lines 

(Gannon et al., 2012). By measuring the occupancy of wild type and mutant MutSb  

subunits at the TNR tract, one could determine if control of MutSb acetylation by 

HDAC3 is affecting localisation of Msh2 or Msh3 to the repeat. Msh6, component of 

MutSa could be assayed in parallel as a control.  

6.2.2 Targeted investigation of the components of the SMRT/NCoR complex 

and its role in TNR instability  

 

I mainly focused on HDAC3 and its interaction with MutSb in this thesis, however 

there are additional HDACs such as HDAC5 which are proposed to be causal for 

CTG repeat expansions (Gannon et al., 2012). HDAC3 complexes with HDAC5 as 

part of a larger complex that contains the SMRT and NCoR proteins as well as other 

subunits (Guenther et al., 2001). SMRT acts as an activating cofactor for HDAC3 

activity, prior to complexing with HDAC5 and the SMRT/NCoR complex, HDAC3 

is found to be an inactive enzyme. Similarly, the related corepressor NCoR also 

contains a domain that is capable of binding and activating HDAC3. Targeting of the 

individual subunits of the HDAC3/5, SMRT/NCoR complex by siRNA or small 

molecule inhibitors would reveal a lot about these proteins and their role in TNR 

instability (Figure 6.3).  
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Figure 6.3 Model for studying HDAC3 and SMRT/NCoR complex and TNR 
instability 
Proposed experimental approach. siRNA knockdown of TBL1, SMRT/NCoR and 
small molecule inhibition of HDAC3 and HDAC5.  
 

The objective of the proposed project is to impede HDAC activity in the 

SMRT/NCoR complex and measure CTG•CAG repeat instability in human cells. As 

SMRT and NCoR are both required for activation of HDAC3 enzymatic activity, I 

would predict that siRNA mediated knockdown of either of these subunits would 

reduce HDAC3 activity and subsequently TNR expansions. I would also predict that 

inhibition of HDAC3 or HDAC5 would also cause a decrease in expansion 

frequency.  

6.2.3 Small molecule inhibition of HDAC3 and its effects on CTG•CAG repeat 

expansions and contractions. 

 

HDAC3 is proposed to act directly on MutSb to control its promotion of somatic 

CTG•CAG repeat expansions, as somatic expansions control disease progression, 

advancement in this area could lead to a potential treatment for HD and offers an 
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avenue to impede disease progression. Several studies in HD mice have shown that 

inhibition of HDAC3 with selective inhibitors can protect against and alleviate HD 

symptoms (Suelves et al., 2017, Jia et al., 2016, Jia et al., 2012), this offers a very 

promising therapeutic avenue for HD patients. Understanding the HDAC3 

mechanism of action and the relationship it has with other expansion promoting 

proteins is key to advancing this field even further. Previous studies in human 

astrocytes (Debacker et al., 2012) have shown that small molecule inhibition of 

HDAC3 caused a significant decrease in the level of CTG•CAG repeat expansions. 

The inhibitor used, 4b has also shown alleviation of disease symptoms in HD mouse 

models and reduction of transcriptional abnormalities (Thomas et al., 2008). More 

recently, there is a growing body of literature relating to the HDAC3 selective 

inhibitor RGFP966. RGFP966 is selective for HDAC3 and has reported IC50 values 

of 64-80 nM (Malvaez et al., 2013). RGFP966 has been tested in two recent  HD 

mouse studies and was found to not only alleviate disease symptoms (Jia et al., 2016) 

but it was also found to suppress striatal CAG repeat expansions (Suelves et al., 

2017).  

 

In my studies of HDAC3 inhibition, I characterised RGFP966 to be tolerated 

moderately in human cells, even at very high doses (50 µM). I did observe that cell 

viability and cell growth were severely decreased in treated cells. As mentioned 

earlier, this finding agrees with previous studies in cancer cell lines (Butler et al., 

2000, Wells et al., 2013). However, increased apoptosis of cells was also observed in 

those studies, I would suggest that an apoptosis assay such as an Annexin V assay be 

performed on RGFP966 treated cells to investigate any potential change to apoptosis 

in the cells.  

 

My results investigating the effect of HDAC3 inhibition on CTG•CAG repeat 

instability are unconfirmed and preliminary however, I would predict that inhibition 

of HDAC3 in human cells should cause a decrease in expansions and my preliminary 

results (chapter 5) also suggest that it may affect contractions. I suggest that the 

RGFP966 inhibitor should be used at much lower doses (0.5-10 µM) to mirror the 

mouse studies (Suelves et al., 2017) and also to prevent any potential off-target 

inhibition of additional HDACs. Additionally, it should be noted that the advantage 
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of studying HDAC3 inhibition in human cells as opposed to mouse studies is that the 

time frame for results is significantly shorter and the process is much less labour 

intensive.  

 

If a decrease in expansions is observed, this would agree with the previous studies 

and could also be expanded upon to investigate the acetylation mutant cell line 

Msh35KR or other Msh3 variant cell lines. Interestingly, if HDAC3 inhibition also 

influences CTG•CAG repeat contractions, this would offer an insight into another 

exciting potential avenue for therapeutic targeting of somatic TNR repeats and 

disease progression. Overall, small molecule inhibition of HDAC3 in human cells 

would offer significant insight into HDAC3 and its role in promoting TNR 

instability.  

 

6.2.4 MutL complexes as drivers of CTG•CAG repeat expansions  

 

As discussed in the introduction the MutL protein complexes MutLa (Mlh1-Pms2) 

and MutLg (Mlh1-Mlh3) are crucial members of the DNA mismatch repair pathway 

(Figure 1.6). Similar to MutSb, it is the presence of these proteins rather than their 

absence that is proposed to be driving expansions. Mlh1 has been shown to promote 

expansions in HD transgenic mice (Pinto et al., 2013) and Pms2 was also found to be 

required for a substantial amount of CTG•CAG expansions (~50%) in DM1 

transgenic mice (Gomes-Pereira et al., 2004). Likewise, Mlh3 is also proposed to 

have a role in promoting expansions as HD transgenic mice that were Mlh3-/- 

exhibited an almost complete elimination of somatic expansions to the same level as 

that observed for loss of Mlh1 (Pinto et al., 2013). As discussed in the Introduction 

the mechanism of MutL protein complex and their promoting role in TNR instability 

is undefined. Targeted study of the unique subunits Pms2 (MutLa) and Mlh3 

(MutLg) and their roles in TNR instability would distinguish which MutL complex is 

the relevant complex for promoting expansions. CRISPR/Cas9 genome editing could 

be used to create Pms2 and/or Mlh3 knockout cell lines and TNR instability could be 

measured to assess their effect on expansions and contractions. Similarly, it would be 

interesting to create double knockout cell lines of MutSb and MutL complexes. This 
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would provide insight into the importance of the interaction between MutSb and 

MutL protein complexes and TNR instability. As discussed earlier, the misrepair 

model of expansions clearly implicates a role for both MutSb and MutL complexes 

and the alternative hi-jacking model does not implicate MutL proteins, therefore 

CRISPR/Cas9 mediated knockout or siRNA mediated knockdown of MutL proteins 

and assessment of TNR instability could help distinguish between these two models.  

 

6.2.5 Developing a PCR approach to detecting TNR expansions and 

contractions, as an alternative method to the SVG-A shuttle vector assay     

 

The SVG-A shuttle vector assay measures both CTG•CAG repeat expansions and 

contractions in SVG-A astrocytes. The size range of detection of expansions is +4 to 

+12 repeats from the CTG22 starting tract (threshold length repeats) and the size 

range for contractions is -6 to -33 repeats from the CTG33 starting tract. The assay is 

well established and allows direct functional readout of TNR instability in a 

biologically relevant cell line, SVG-A astrocytes. However, the assay is not without 

a few caveats, the assay is labour intensive with one round of the assay taking 

approx. two weeks to complete and it is not amenable to high-throughput screening. 

Also, due to the intrinsic variability rooted in the use of yeast as a biosensor, it can 

be subject to several technical issues. Also, as the assay is based on a repeat 

containing plasmid, there is the issue of the artificial nature of the assay. A more 

informative assay would measure repeat expansions and contractions directly at the 

HD locus. Development of a PCR based assay to analyse TNR repeats, like a small-

pool PCR approach would be labour and time intensive but would allow the users to 

directly measure TNR instability in a quantitative, high-throughput approach.  
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