
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Faculty of Science and Bio-engineering Sciences 

Vrije Universiteit Brussel 

Pleinlaan 2 

1050 Elsene 

 

 

 

 

Proef ingediend met het oog op het behalen  

van de graad van Master in the Biology: Molecular and cellular life sciences 

IS MSH2 A MAJOR CONTRIBUTOR TO 
THE TRINUCLEOTIDE REPEAT 

INSTABILITY IN MYOTONIC 
DYSTROPHY TYPE I? 

 

Fien Vanroye 
 

3RD OF JULY 2017 

ACADEMIC YEAR 2016-2017 

 

 

Promotor: Prof. Karen Sermon 

Mentor: Silvie Franck & Lise Barbé 

 

 

 

 

 

Reproduction and Genetics (REGE) 

Vrije Universiteit Brussel 

Faculty of Medicine and Pharmacy 

Laarbeeklaan 103 

1090 Brussel 



2 
 

Is MSH2 a major contributor to the trinucleotide instability in myotonic 

dystrophy type I?  
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Abstract 

Myotonic dystrophy type 1 (DM1) is a neuromuscular disease that is 

characterized by muscle weakness and myotonia. This disease is caused by an 

expanded CTG repeat in the 3’ untranslated region (UTR) of the dystrophia 

myotonica-protein kinase (DMPK) gene. A possible contributor of these unstable 

repeats in DM1 is MSH2, a key member of the mismatch repair pathway (MMR). 

To unravel the role of MSH2 in this instability behavior, a MSH2 knock-out human 

induced pluripotent stem cell model (hiPSC) was created by means of 

CRISPR/Cas9 and CRISPR/Cas9nickases. A total of 21 single cell lines (wild types 

and MSH2 mutants) from three different human iPSC cell lines were characterized 

based on three different levels: (1) possible mutations in the MSH2 gene were 

analysed by Sanger sequencing, (2) the absence of MSH2 mRNA expression by 

RT-qPCR and (3) absence of the MSH2 protein by respectively 

immunocytochemistry and Western Blot. All characterized MSH2 knock-out single 

cell lines were then subjected to PacBio sequencing in order to determine the 

repeat size. Our results suggest that in a MSH2 knock-out hiPSC the repeat 

stabilizes, whereas in WT lines the repeat stays unstable. If these results are 

reoccurring in our other well-characterized hiPSCs we could conclude that MSH2 

is the major driver of CTG repeat instability and could be also the major repeat 

modifier in other trinucleotide repeat diseases. 

Introduction 

Myotonic dystrophy type 1 (DM1) is a neuromuscular disease with a global incidence of 1 

in 8000 (Schara and Schoser 2006, Udd and Krahe 2012). The disease is generally 

characterized by muscle weakness and myotonia but affects also other systems such as 

the gastro-intestinal and endocrine system (De Antonio et al. 2016, Jiang et al. 2004, Udd 

and Krahe 2012). Currently, the DM1 classification is divided in two clinical forms; the 

congenital and classical form. The congenital form (CDM1), the most severe DM1 

presentation, occurs already in the prenatal stage of the pregnancy and is recognized by 

reduced fetal movement, polyhydramnios and preterm delivery. Those congenitally 

affected children have the DM1 disease from birth on, and experience respiratory distress, 

neonatal symptoms such as hypotonia, skeletal deformities during the first month of birth, 
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mental retardation and facial weakness symptoms. The classical onset of the disease can 

be subdivided into infantile, juvenile, adult and late onset (De Antonio et al. 2016). Infantile 

DM1 patients are diagnosed between 1-10 years old and show reduced muscle strength, 

respiratory difficulties, mental retardation and problems with cognitive and adaptive skills. 

Juvenile DM1 are diagnosed between 10 and 20 years old and have overlapping symptoms 

with infantile DM1 as well as adult DM1. Adult onset DM1 patients are diagnosed between 

20 and 40 years old and show muscle weakness, gastrointestinal symptoms such as 

dysphagia, deficiency in respiratory system due to weakness of the diaphragm as well as 

cataract. Lastly, late-onset DM1 is identified by mild symptoms such as cataract and late 

muscle weakness, generally occurring after the age of 40 (Ho, Cardamone and Farrar 2015, 

De Antonio et al. 2016, Schara and Schoser 2006, Udd and Krahe 2012). 

DM1 is caused by an expanded CTG repeat in the 3’ untranslated region (UTR) of the 

dystrophia myotonica-protein kinase (DMPK) gene on chromosome 19q (Frisch et al. 

2001). These expanded trinucleotide repeats (TNR) are the genetic cause of more than 40 

TNR diseases, among which also fragile X syndrome and Huntington’s disease are included 

(McMurray 2010, Schmidt and Pearson 2016). Healthy individuals carry 5 to 49 CTG 

repeats, however repeats ranging from 37 to 49 are termed premutations, which are 

genetically stable, but these individuals have a higher chance of transmitting DM1 to their 

offspring compared to non-DM1 individuals with lower repeat lengths (Michel, Huguet-

Lachon and Gourdon 2015). Patients with mild DM1 have expansions between 50 and 100 

repeats (Jiang et al. 2004) and in the most severe forms, more than thousand repeats 

have been observed. In addition, DM1 is characterized by a clinical phenomenon, called 

anticipation, whereby the symptoms are more severe in the next generation and appear 

at an earlier age (Harper et al. 1992, Howeler et al. 1989). Disease severity seems to 

increase with larger repeat lengths, although this correlation is not absolute (Barbe et al. 

2017, De Antonio et al. 2016, Tsilfidis et al. 1992). Repeat size and instability vary in 

different tissues over time and is called somatic instability. Severely affected tissues, such 

as brain, skeletal muscle and heart cells have more unstable expansions compared to non-

affected tissues (Thornton, Johnson and Moxley 1994).  

A possible cause of these unstable repeats in DM1 is the incorrect repair of CTG loops by 

the mismatch repair (MMR) machinery in which MSH2 plays a major role (Iyer et al. 2015). 

The MMR proteins are fundamental for repairing incorrect nucleotides or short loops in 

DNA. MSH2 can form a complex with MSH3 (MutSβ) or MSH6 (MutSα) to recognize the 

mismatched base pairs (Owen et al. 2005, Pearson et al. 1997, Schmidt and Pearson 

2016). MutSβ repairs larger insertion/deletion mismatches while MutSα repairs single base 

pair mismatches (Acharya et al. 1996). Owen et al. (2005) showed that the binding 

between the MSH2-MSH3 complex and the CAG hairpin DNA plays a role in the expansion 
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of the repeats. Apparently, the binding of the complex with the hairpin inhibits the ATPase 

activity of the repair initiation complex (MutSβ), resulting in an altered downstream 

signaling, which results in an incorrect repair (Owen et al. 2005). 

The role of MSH2 in repeat instability has been studied in MSH2 knock-out mouse models 

transgenic for DM1. Savouret et al. (2013) and Tomé et al. (2009) showed repeat 

contractions and stabilization rather than expansions of the CTG repeat in the absence of 

MSH2 (Savouret et al. 2003, Tome et al. 2009). Similarly, a knock down of MSH3 and 

MSH6 was tested and also resulted in reduced repeat instability (Foiry et al. 2006, van den 

Broek et al. 2002). Nakatani et al. (2015) could confirm this observation in a human cell 

model with 800 CTG/CAG repeats. Knock down of MSH2 in human fibrosarcoma cells 

resulted in reduced repeat contractions and reduced repeat instability (Nakatani et al. 

2015). Du et al. (2013) investigated the influence of MSH2 knock down in DM1 human 

induced pluripotent stem cells (hiPSCs) using lentiviral short hairpin RNA (shRNA). This 

MSH2 downregulation showed CTG repeat stabilization in DM1 hiPSCs and demonstrates 

the importance of repair molecules, especially MSH2 in creating repeat instability. In 

addition, a MSH2 knock down has no effect on MSH3 and MSH6 mRNA levels (Du et al. 

2013).  

A MSH2 knock-out in human models has never been performed. Therefore, this study aims 

to investigate the role of MSH2 in CTG repeat instability in DM1 hiPSCs by means of the 

CRISPR/Cas9 technology. By using the CRISPR/Cas9 and CRISPR/Cas9nickases 

(CRISPR/Cas9n) MSH2 will be knocked out. In this paper we investigate whether MSH2 is 

the major contributor to trinucleotide repeat instability in DM1 hiPSCs.  

Results 

To determine the role of MSH2 in the repeat instability in DM1, MSH2 knock-out human 

iPSC models were created, by means of the CRISPR/Cas9 and CRISPR/Cas9n technology, 

and subsequently characterised for MSH2 protein expression and MSH2 mRNA expression 

levels. Subsequently, off-targets for each single cell line, that had undergone 

CRISPR/Cas9, were determined. These off-targets arise due to the CRISPR/Cas9 

technology because of the single guide RNA. However CRISPR/Cas9n has two sgRNAs and 

is used as a control for CRISPR/Cas9. Guide RNAs for both CRISPR/Cas9 and CRISPR/Cas9n 

technology are given in figure 1. Eight different off-targets for CRISPR/Cas9 were analysed 

for each single cell line by Sanger sequencing. No additional mutations in the eight 

computational proposed genes were observed. 
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To check whether exon 3 of the MSH2 gene was edited by the CRISPR/Cas9 or 

CRISPR/Cas9n technology, the 21 MSH2 knock-out single cell lines were sequenced by 

Sanger sequencing to analyse mutations in both alleles.  

 

Figure 1: MSH2 sequence as well as the target sequences of the CRISPR/Cas9 (bold) 

sgRNA and the CRISPR/Cas9n sgRNAs (italic): Nick Forward and Nick Reverse. The sgRNAs 

were cloned in a vector that contains respectively a Cas9 and Cas9n enzyme, described in material 

and methods. 

 

Characterisation of a MSH2 knock-out in human induced pluripotent stem cell 

lines 

The characterisation of a MSH2 knock-out was performed on 21 single cell lines, which 

were derived from three different human induced pluripotent stem cell lines: two that carry 

DM1 (VUBi005-E_DM1 and VUBi003-D_DM1) and one non-DM1 hiPSC line (VUBi004-B). 

First, Sanger sequencing was performed to detect MSH2 gene mutations in both alleles of 

every single cell line. Secondly, these MSH2 knock-out single cell lines were further 

characterised at the RNA level by Real-time qPCR. Lastly, the MSH2 protein presence was 

analysed by immunocytochemistry and Western Blot. After selection of well-characterised 

single cell lines, a repeat instability analysis was established by either PacBio sequencing 

in case of DM1 hiPSCs or fragment analysis in case of the non-DM1 hiPSC line.  

MSH2 mutations detected by Sanger sequencing 

To check whether exon 3 of the MSH2 gene was edited by the CRISPR/Cas9 or 

CRISPR/Cas9n technology, all PCR products of all single cell lines were Sanger sequenced. 

Subsequently, Sanger sequences were analysed for mutations, by comparing them to a 

non-mutated reference sequence. Only the mutated single cell colonies were used for 

further characterisation experiments. Of the many grown single cell lines, 40% were 

mutated and finally 12 single cell lines were mutated and negative for immunostaining. 
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The wild type single cell lines were not subjected to any CRISPR/Cas9 technology and 

consequently did not have the MSH2 knock-out. 

The specific mutations of both alleles are presented in table 1. Mutations were random in 

all cell lines and resulted in different insertions or deletions. Even an insertion of 268bp 

was observed in VUBi004-B SC1 Cas and was with its length the largest observed mutation. 

In addition, for some of the single cell lines, only one mutated allele was found. This has 

two possible reasons: (1) the allele contained a very large deletion so that specific primer 

sequences could not bind anymore, resulting in no amplification of exon 3 of the MSH2 

gene or (2) both alleles have the same mutation. The mutated sequences are shown in 

supplementary table 6. 

Table 1: Mutations in exon 3 of MSH2 for allele A and B in three hiPSC cell lines (VUBi004-B, 

VUBi005-E_DM1 & VUBi003-D_DM1) for both the CRISPR/Cas9 and CRISPR/Cas9n system. 

 

 

mRNA expression levels in MSH2 knock-out hiPSC lines 

mRNA expression levels of MSH2 were determined, using real-time qPCR and was 

performed on each single cell colony individually. As shown in figure 2, a reduction in the 

mRNA expression of MSH2 was observed in almost all the different single cell colonies 

compared to the wild type. However, VUBi003-D_DM1 SC2 Nick shows a higher MSH2 

expression than the wild type. Although Western Blot and immunocytochemistry 

experiments showed a MSH2 proteins absence.  

 

 

 

hiPSC cell line 

mutations 

CRISPR/Cas9 

mutations 

CRISPR/Cas9n 

 Single cell allele A allele B Single cell allele A allele B 

VUBi004-B SC1 (+)268bp (+)1bp SC1 (-)47bp (-)19bp 

VUBi005-

E_DM1 

SC1 

SC2 

SC3 

(-)18bp 

(+)2bp 

(+)1bp 

 

(-)10bp 

(-)10bp 

SC1 

SC2 

SC3 

(-)14bp 

(-)14bp 

(-)36bp 

(-)4bp 

(-)37bp 

(-)19bp 

VUBi003-

D_DM1 
SC1 (+)1bp (-)19bp 

SC1 

SC2 

SC3 

(-) 33bp 

(+)48bp 

(-)19bp 

(-)20bp 

(-)15bp 

(-)35bp 
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Figure 2: MSH2 expression in knock-out human iPSCs: VUBi004-B, VUBi003-D_DM1 and 

VUBi005-E_DM1. Bars represent triplicates for every mutated hiPSC line separately. For the WT 

bar, individual WT single cell lines per hiPSC line were pooled and fold changes were calculated using 

this WT as reference which was set to 1. In most of the single cell lines, the MSH2 expression was 

reduced compared to the wild type reference.  

 

The MSH2 protein analysis 

MSH2 protein analysis was performed using immunocytochemistry (figure 3a) and Western 

Blot (figure 3b). All the mutated single cell lines showed an absence of the MSH2 protein 

compared to the wild type that is used as a positive control. Furthermore, these results 

were confirmed by the Western Blot analysis, no bands were seen for all the MSH2 knock-

out single cell lines when comparing to the wild type. Actin was used as a housekeeping 

gene (figure 3b).  
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Figure 3: MSH2 protein absence in MSH2 knock-out human iPSCs. Immunocytochemistry (a) 

for MSH2 (green), phase contrast (grey) and DAPI staining (blue). Western Blot (b) shows an absence 

of the MSH2 protein after knock-out with both CRISPR/Cas9 or CRISPR/Cas9n in comparison to the 

wild type (WT).  
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Analysis of repeat instability by Fragment Analysis 

Fragment Analysis was performed to determine changes in the CTG repeat length in the 

MSH2 knock-out non-DM1 line (VUBi004-B). Fragment sizes for each single cell line are 

compared to a standardized sample, with known repeat length. The reference sample 

showed two normal alleles with five repeats each. The five single cell lines of VUBi004-B 

(3 WT, 1 Cas9 and 1 Cas9n) showed one allele with 5 repeats (allele A), the same as seen 

in the reference sample and one allele with 33 repeats (allele B). Because of the stability 

of these mutant single cell lines before MSH2 knock-out, the same stability of the DNA 

fragments was expected after MSH2 knock-out.   

Analysis of the repeat instability by PacBio sequencing 

PacBio sequencing is an important technique to determine the repeat size and subsequently 

analyses the repeat instability in the three DM1 hiPSC lines. It is assumed that high repeat 

instability leads to a high degree of repeat size variation. This is expected for MSH2 WT 

cell lines, while stabilization of the repeat is expected in MSH2 knock-out hiPSCs.  

In parallel to the experiments performed with hiPSCs, the same analysis was performed 

for human embryonic stem cells (hESCs). Unfortunately, the hiPSCs are not PacBio 

sequenced yet, therefore, a few PacBio results of the hESCs are shown in figure 4. The 

only available data includes: hESC line VUB03_DM1 WT SC1 and WT SC2 and one MSH2 

mutated line: SC1 Nick. For each of these single cell lines, 20 LongAmp PCRs, spanning 

the expansion, for each single cell line were performed. The different dots, shown in figure 

4, indicate the repeat size median in each single cell line. A large variation of repeat sizes 

was found in both wild type single cell lines. This variation ranges between 560 and 750 

repeats. After MSH2 knock-out, the VUB03_DM1 SC1 Nick single cell line showed less 

repeat instability, the repeat sizes are clustered together around 600 repeats. This is the 

first data obtained after PacBio sequencing for hESC lines. However, more results still need 

to come in order to have a clear view on repeat instability after a MSH2 knock-out. 

Nonetheless, a more stable repeat is also expected for those hiPSC single cell lines. 
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Figure 4: First preliminary results of PacBio sequencing (repeat size median) for VUB03_DM1 

WT hESC single cell lines (WT SC1 and WT SC2) compared to VUB03_DM1 MSH2 knock-out hESC 

single cell line (SC1 Nick). Repeat stabilisation occurs after a MSH2 knock-out. The y-axis indicates 

the repeat size median and each point represents one of the 20 LongAmp PCR products per single 

cell line. The variation within VUB03_DM1 WT SC1 and WT SC2 ranges between 560 and 750 repeats, 

however the variation within VUB03_DM1 SC1 Nick clusters around 600 repeats.  

MSH3 and MSH6 expression analysis in MSH2 knock-out single cell lines 
 

In this study, the effect of a MSH2 knock-out on MSH3 and MSH6 expression was also 

determined. It is known that MSH2 forms a complex with either MSH3 (MutSβ) or MSH6 

(MutSα). However, it has been suggested that MSH2 stabilizes the MSH3 or MSH6 protein 

while forming the complex or it might be that MSH3 or MSH6 takes over the role of MSH2. 

In order to gain more insight, RT-qPCR was performed to investigate the MSH3 and MSH6 

expression.  

In this section, the expression was measured for WT and MSH2 mutated cell lines 

separately, but were pooled for the final analysis in two groups per gene: WT, containing 

all WT’s and mutant, containing all MSH2 mutated lines. In total 9 single cell lines were 

pooled together for wild type plot and 12 single cell lines were pooled for mutant plot. 

Subsequently, an Unpaired t-test was performed to determine if a significant difference is 

present between expression levels of WT and mutant for the MSH3 gene and WT and 

mutant for MSH6 gene separately. The RT-qPCR data for MSH3 and MSH6, as shown in 
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figure 5, show no significant difference in expression levels (P(MSH3) = 0.941; P(MSH6) 

= 0.2729), when comparing mutant and wild type. The statistical parameters can be found 

in supplementary table 5. 

 

Figure 5: MSH3 and MSH6 expression in MSH2 knock-out human iPSCs. No significant 

difference was found between the expression of MSH3 and MSH6 in the different single cell lines 

when comparing mutant and wild type. Unpaired t-test was performed obtaining the following P-

values: P(MSH3) = 0.941; P(MSH6) = 0.2729. All wild type single cell lines (9 in total) were pooled 

together, and mutants includes all the 12 mutant single cell lines for the three different hiPSC lines 

(VUBi004-B; VUBi003-D_DM1 and VUBi005-E_DM1). 

Discussion 

DM1 is caused by an expanded CTG repeat, which is unstable above a certain threshold. It 

is suggested that MSH2 plays a major role in this instability behavior. This has been 

observed in MSH2 knock down human iPSC models (Nakatani et al. 2015, Du et al. 2013) 

and knock-out mouse models (Savouret et al. 2003). However, in human models, only a 

MSH2 knock down was performed, meaning that there are still remaining MSH2 proteins. 

In order to have a more conclusive observation, a MSH2 knock-out hiPSC model is needed. 

Therefore, we created a MSH2 knock-out human iPSC model by means of the CRISPR/Cas9 

technology. A well-characterized MSH2 knock-out cell model showed an absence for the 

MSH2 protein and was subsequently included in the repeat instability analysis after PacBio 

analysis. According to mice models, which lack MSH2, instability of the CTG repeats will be 

reduced or even biased towards contractions.  

MSH2 plays a major role in the mismatch repair pathway and was shown to have a role in 

TNR instability. This is already well established in mouse models (Savouret et al. 2003) 

and was determined by knocking out MSH2 as described by Savouret et al. (2013). This 

paper showed repeat contractions and stabilization rather than expansions of the CTG 
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repeat in the absence of MSH2 (Savouret et al. 2003, Tome et al. 2009). Additionally, 

knock down of MSH2 in human iPSCs was described by Du et al. (2013), and Nakatani et 

al. (2015) used human fibrosarcoma cells having a knock down of MSH2. The results of 

both papers show reduced repeat contractions and expansions and thus reduced repeat 

instability (Nakatani et al. 2015, Du et al. 2013). Du et al. (2013) investigated the influence 

of MSH2 knock down in DM1 human induced pluripotent stem cells (hiPSCs) using lentiviral 

short hairpin RNA (shRNA). This MSH2 downregulation showed CTG repeat stabilization in 

DM1 hiPSCs and demonstrates the importance of repair molecules, especially MSH2 in 

creating repeat instability (Du et al. 2013). However, these models were not complete for 

human iPSCs since remaining MSH2 proteins were observed and thus more research was 

needed. Therefore, a MSH2 knock-out model for hiPSC DM1 cell lines, by means of the 

CRISPR/Cas9 and CRISPR/Cas9nickase technology, was obtained. 

The CRISPR/Cas9 technology is a very efficient methodology to knock-out MSH2 in hiPSC 

single cell lines. Not only CRISPR/Cas9 knock-out lines were obtained, also 

CRISPR/Cas9nickases (CRISPR/Cas9n) knock-out lines were created for each iPSC line 

according to the protocol described in Ran et al. (2013) (Ran et al. 2013). With 

CRISPR/Cas9, double strand breaks were induced, while CRISPR/Cas9n uses two single 

guide RNA sequences and induces a single strand break. This has the advantage of reducing 

the off-target effects by binding of the sgRNAs closer together. Eight different off-targets 

for CRISPR/Cas9 were tested for each single cell line and none of these showed any 

mutation. No differences in efficiency were found between CRISPR/Cas9 and 

CRISPR/Cas9n technology, the different hiPSC lines were equally well mutated on both 

alleles.  

Normally, the CTG repeat forms hairpins and will subsequently be incorporated into the 

genome when MSH2 is present. It is believed that MSH2 is trapped in the CTG hairpin and 

can subsequently not regulate the downstream pathway. This mechanism causes CTG loop 

incorporations rather than loop repair and finally leads to repeat expansion and inhibition 

of the normal functionality of the MMR pathway (McMurray 2010). However, according to 

Tian et al. (2009), the MutSβ complex does not inhibit the CTG hairpin removal in mouse 

models. This paper concludes that the binding to the CTG hairpins does not alter the MMR 

activity (Tian et al. 2009). The exact mechanisms of MSH2 in this instability process 

remains to be unraveled.  

As mentioned before, MSH2 forms a complex with MSH3 (MutSβ), that repairs larger 

insertion/deletion mismatches, and it forms a complex with MSH6 (MutSα) that repairs 

single base pair mismatches (Acharya et al. 1996). Acharya et al. (1996) determined the 

role of MSH3 and MSH6 in the MSH2-dependent mismatch repair pathway by mutating 

these genes. MSH3 mutations lead to defects in the repair of these multiple nucleotide 
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mismatches. MSH6 mutations show a strong defect in repairing the single nucleotide 

mismatches. This indicated that MSH3 and MSH6 have different but also overlapping 

functions, compared to MSH2 in the mismatch repair pathway (Acharya et al. 1996). 

Changes in the behavior of MSH3 and MSH6 after MSH2 knock-out would be expected.  

Du et al. (2013) did not find differences in mRNA expression levels of MSH3 and MSH6 

after MSH2 knock down in hiPSCs. (Du et al. 2013) These findings were also confirmed in 

this paper by unpaired t-test analysis whereby no significant differences were found 

between the mutants and wild type for MSH3 and MSH6 in hiPSC single cell lines. However, 

protein levels were not determined and could give another result since it is assumed that 

MSH2 stabilizes the MSH3 and MSH6 proteins. A protein analysis would be a good follow 

up study. 

Repeat instability is the major phenomenon that occurs in patients with DM1. In this study, 

a repeat size analysis for each of the different single cell lines was performed by PacBio 

sequencing. In hESCs, CTG expansions seem to be stabilized after a MSH2 knock-out, 

when comparing to the wild type single cell lines. Cautiously, it can be concluded that 

MSH2 is an important factor in repeat instability. However, these are preliminary results 

and only one MSH2 knock-out hESC single cell line was compared to two wild type single 

cell lines. Other sequencing data are not yet analysed and will yield more conclusive 

results. However, the obtained results are promising for the other hESCs and hiPSCs single 

cell lines.  

To get a further insight in the role of MSH2 in the repeat instability mechanism, several 

additional experiments can be further performed: (1) MSH3 and MSH6 protein expression 

can be studied to gain more knowledge about the relation between MSH2 and its complex 

partners MSH3 and MSH6. (2) a double knock-out of MSH2 together with MSH3 or MSH6 

can be performed in order to determine their influence together on the CTG repeat 

instability, only when the MSH3 and MSH6 proteins are still present. (3) differentiation 

towards skeletal muscle cells, cardiomyocytes or neurons to determine the role of MSH2 

in these tissue types separately.  

When a MSH2 knock-out has no effect on the instability of the CTG repeats, Guo et al. 

(2016) suggested that DNA replication may be responsible for these trinucleotide 

expansions. MutSβ mismatch recognition protein interacts with polymerase β (polβ) and 

stimulates a CTG retention. MutSβ and Polβ co-localize with these CTG repeat expansions 

during the S-phase. This suggest that MutSβ has an influence on the repeat expansion 

during the DNA synthesis. Through this mechanism, hairpin structures will be incorporated 

and causes CTG repeat expansion (Guo et al. 2016).  
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Investigating the role of MSH2 has positive consequences, not only for patients with DM1 

but also for other TNR diseases such as Huntington. If MSH2 plays an important role in the 

repeat instability, MSH2 can be targeted in DM1 patients to reduce the repeat instability 

which can reduce the development of severe symptoms such as muscle weakness and 

myotonia. In addition, reducing the repeat instability can lead to a later disease onset.  

These research experiments showed that MSH2 is expected to play the major role in repeat 

instability in DM1 carrying hiPSCs. The obtained human iPSC models showed a reduction 

of CTG repeat instability. However, additional results still need to be analyses in order to 

strengthen this observation.  

Conclusion 

In this study 21 MSH2 knock-out single cell lines were created from three different hiPSCs 

(one non-DM1 cell line and two DM1 cell lines) by using the CRISPR/Cas9 technology. 

These MSH2 knock-out models will provide more inside in the role of MSH2 in CTG repeat 

instability. All these cell lines had an absence of the MSH2 protein and a reduced mRNA 

expression level. However, all the repeat instability results were not analysed yet by PacBio 

sequencing, but the first preliminary results suggest a repeat stabilization in MSH2 knock-

out models. However, the further analysis of other knock-out lines has to be done to make  

conclusions about reducing the instability of the CTG repeat expansions. In addition, more 

research is needed to unravel the role of MSH2 in complex formation with MSH3 or MSH6.  

Nevertheless, there can be suggested that MSH2 is a major contributor to the trinucleotide 

repeat instability in myotonic dystrophy type I and possibly also in  other TNR diseases. 

This has major consequences in terms of medicine for suppressing the CTG instability in 

the DM1 disease in a further future.  

Material and methods 

Human iPSC culture 

Human iPSC lines used in this paper were: VUBi003-D_DM1, VUBi005-E_DM1 and line 

VUBi004-B as normal control (Supplementary table 4). These cell lines were generated 

from fibroblasts by overexpressing KLF4, C-MYC, SOX2 and OCT4 by means of lentiviral 

transduction. Human iPSCs were cultured in xeno-free conditions using NutriStem® 

medium (Biological industries) supplemented with 10 U/mL penicillin/streptomycin 

(Pen/Strep; ThermoFisher) on 10 µg/mL recombinant laminin-521 (LN-521, Biolamina) as 

feeder-free support. Cell culture conditions were maintained at 37°C, 5% CO2 and 

atmospheric O2 and the medium was changed daily. Depending on the cell line, the cells 

were passaged every five to seven days when reaching confluency using 1x TryplETM 

Express (ThermoFisher) at a ratio between 1:10 to 1:50.  
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MSH2 knock out by CRISPR/Cas9 and CRISPR/Cas9nickases 

For each iPSC line, one subline was obtained with CRISPR/Cas9 and one with 

CRISPR/Cas9n. Cas9 enzyme induces double strand breaks in the DNA sequence and uses 

1 single guide RNA, while Cas9n enzyme ensures single strand breaks and uses forward 

and reverse single guide RNA (supplementary table 3). The double strand breaks are 

repaired by non-homologous end joining and subsequently insertions or deletions are 

created that can lead to a MSH2 knock-out. Cas9nickases have a lower off target activity 

and are associated with an increased specificity. The single guide RNA’s (sgRNA’s) 

(supplementary table 3) were cloned in vectors which contain the Cas9 or Cas9n enzyme, 

as well as a puromycine resistance gene for selection. Every cell line was subject to 

transfection with both systems. The day before transfection, cells were seeded so that they 

reached 50% confluency on the day of transfection. The day after cell plating, cells were 

transfected either with plasmid X containing one sgRNA pSpCas9(BB) (Addgene) or with 

plasmid Y containing either the forward or reverse sgRNA  pSpCas9(BB)-2A-Puro(PX459) 

(Addgene), using Lipofectamine® 3000 (Invitrogen) according to the manufacturer’s 

guidelines. Subsequently, 12 hours later, the transfected cells were subjected to a 1µg/ml 

puromycin selection (Sigma-Aldrich) for 24 hours. Non-transfected cells were used as 

controls for the puromycin selection.   

Single cell line generation and expansion 

After puromycin selection, cells were grown until a full colony was obtained and 

subsequently seeded at low density (50-100 cells/cm2) on a 24 well plate coated with 

10µg/ml LN-521 (Biolamina), supplemented with 1.5µg/ml E-Cadherin (R&D systems) to 

obtain single cell colonies. These single cell colonies were expanded for further downstream 

experiments.  

Immunocytochemistry 

Human iPSCs were fixed with ice-cold 100% methanol for 10 minutes at room temperature. 

The aspecific binding sites were first blocked using 2% BSA together with 5% goat 

antiserum for 1 hour at room temperature. Subsequently, cells were incubated with 

monoclonal mouse anti-human MSH2 primary antibody (1:500) (ab52266, Abcam) for 1 

hour at room temperature. Afterwards, cells were washed and stained with secondary goat 

anti-mouse Alexa 488 antibody (1:300, ThermoFisher) for 1 hour at room temperature in 

the dark. Lastly, cells were incubated for 15 minutes with Hoechst 33342 (1:2000, 

ThermoFisher). Subsequently, ProlongTM gold antifade reagent was applied (Life 

Technologies). The cells were analyzed by the Olympus IX2-UCB fluorescence microscope 

and CellF software (Olympus).  
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Sanger sequencing 

DNA was extracted using the DNeasy Micro kit (QIAGEN) for small pellets, according to the 

manufacturer’s instructions. DNA from large pellets was extracted with the DNeasy Blood 

& Tissue kit (QIAGEN) according to the manufacturer’s guidelines. DNA concentrations 

were measured with a nanodrop spectrophotometer ND-1000 or Qubit after preparing the 

samples with a dsDNA assay Kit (Thermo Fisher Scientific) according to the manufacturer’s 

guidelines. 

Polymerase chain reaction (PCR) was performed to amplify exon 3 of the MSH2 gene with 

the Expand High Fidelity PCR kit (Roche). MSH2 exon 3 forward and reverse primer 

sequences are given in supplementary table 1. The following conditions were applied: an 

initial denaturation temperature of 94°C for 2min, followed by 30 cycles with denaturation 

temperature of 94°C for 15s, annealing at 54°C for 30s and elongation at 72°C for 45s. 

Lastly, an extension step was performed at 72°C for 7min. The presence of a PCR product 

was checked on a 1.5% agarose gel. Subsequently, a BigDye reaction was performed using 

a 1:4 dilution of the PCR products with following conditions; initial denaturation at 96°C 

for 1min followed by 25 cycles of denaturation at 96°C for 10s, annealing at 50°C for 5s 

and elongation at 60°C for 4min. Upon Sanger sequencing, samples were purified, and 

subsequently run on the ABI 3130XL automatic sequencer (Applied Biosystems). Sequence 

scanner v1.0 software was used to analyse the mutated sequences (Applied Biosystems).  

If the Sanger sequencing on the full PCR product showed a heterozygous pattern indicating 

at least one mutation, an attempt was made to sequence the alleles separately. For each 

sample, if two alleles were present on the agarose gel, they were separated on a 2% low 

melting agarose gel. Subsequently, the two separate alleles were purified using the 

Wizard® SC gel and PCR clean-up system kit according to the manufacturer’s protocol 

(Promega). After band purification a BigDye reaction was performed for each allele 

individually as described above. In other cases, the two mutated alleles did not differ 

enough in length for agarose separation, and careful analysis of the Sanger sequencing on 

the original PCR was needed to identify the mutations in both alleles. 

mRNA expression analysis 

The RNeasy mini kit was used for the RNA extraction according to the manufacturer’s 

protocol (QIAGEN). The RNA concentration was measured by Nanodrop spectrophotometer 

ND-1000 (Nanodrop). cDNA was synthesized using the First-Strand cDNA synthesis kit, 

following the manufacturer’s protocol (GE Healthcare), diluted to 5 ng/µL and stored at -

20°C. Real time-PCR was performed to quantify the mRNA levels of MSH2, MSH3 and MSH6 

(respectively probe number Hs00179887_m1; Hs00989003_m1 and Hs00264721_m1, 

Applied Biosystems) for each single cell subline. A reaction mix of 20 µL with 10 µL Taqman 

Fast Advanced Master Mix (Applied Biosystems) and 8 µL cDNA was loaded on fast 96-well 
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plates (Thermo Fisher Scientific) together with either 1 μl of TaqMan gene expression assay 

GUSB and 1.8 μM primer mix (IDT) and 250 nM probes (Thermo Fisher Scientific) for home-

made assays UBC & GAPDH (supplementary table 2). Real time plates were run on the 

VIIA7 Real-time PCR system with cycling conditions: 95° for 20s followed by 40 cycles of 

95°C for 1s and 60°C for 20s (ThermoFisher Scientific) and analysed using the VIIA7 

software v1.2 software (ThermoFisher Scientific). 

Western Blot analysis 

Proteins were extracted from cell pellets using a lysis buffer containing freshly added 

cOmpleteTM Protease inhibitors (Sigma-Aldrich), 50mM Tris pHl, 1 mM EDTA, 150 mM NaCl 

and 1% NP-40. The samples were incubated on ice for 1 hour and centrifuged at 4°C for 

10 minutes at 21000 g. The supernatant, which contained the proteins, was collected and 

the concentration was measured using the Qubit protein assay kit (Thermo Fisher 

Scientific) and stored at -80°C. Ten µg of proteins was supplemented with SDS loading 

buffer and denatured at 95°C for 5 min. The samples were loaded on a 5% stacking gel 

and run through a 8% SDS polyacrylamide gel by electrophoresis for 3 hours at 100 V in 

a 1x running buffer with 25mM TrisHCl, 250mM glycine and 0.1% SDS. Afterwards, 

proteins were transferred to the PVDF membranes (Roche) by blotting for 50 min at 80 V 

in 4°C using 1x transfer buffer containing 25 mM TrisHCl, 192 mM glycine and 20% 

methanol. Subsequently, membranes were blocked by 5% w/v fat-free milk powder 

supplemented with 3% BSA for 1 h at room temperature. Afterwards the membranes were 

incubated overnight at 4°C with primary anti-MSH2 antibody (1:700, Calbiochem, #MA27) 

and primary anti-actin antibody (1:30000, BD pharmingen, #612657) dissolved in 5% W/V 

fat-free milk powder. The next morning, membranes were washed 3x in 1x TBST (Tris 

buffer saline Tween 20) buffer containing 20 mM TrisHCl, 137 mM NaCl and 0.2% Tween. 

As a secondary antibody, HRP-conjugated (horseradish peroxidase) sheep anti-mouse 

(1:5000, Jackson) was used and the membranes were incubated for 1 h at room 

temperature. Another three wash steps using 1x TBST buffer were performed. 

Chemoluminescent signals were generated using ClarityTM Western ECL Substrates 

(BIORAD) and captured by X-ray blue/MXB films (Carestream).  

Repeat instability analysis  
The full-length repeats were amplified using the LongAmp® Taq Polymerase (New England 

Bioloabs). Twenty pg DNA was amplified in a reaction mix that contained 2.5 units 

LongAmp® Taq DNA polymerase, 1x LongAmp buffer (New England Biolabs), 0.2mM dNTPs 

(Illustra DNA polymerisation mix, GE Healthcare), 0.4 µM of primers DM101 and DM102 

(Integrated DNA Technologies) (supplementary table 1) and 2.5% dimethyl sulphoxide 

(DMSO). For each sample, 20 PCR reactions with a low input were prepared with the 
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following conditions: 4min at 94°C, followed by 35 cycles of 30s at 94°C, 8min at 65°C for 

annealing and extension and finishing with 10min at 65°C. 

For PacBio sequencing analysis, we collaborated with the laboratory of Cytogenetics and 

Genome Research headed by Joris Vermeesch at the Katholieke Universiteit Leuven. The 

size of the PCR products was determined by long read sequencing developed by Pacific 

Biosciences. Prior to PacBio sequencing, genomic DNA was amplified using the Long-Amp 

Taq PCR kit (New England Biolabs) as described above. The amplicons were prepared for 

sequencing as described in PacBio’s guide for Preparing SMRTbellTM Libraries using PacBio® 

Barcoded Adapters for Multiplex SMRT® Sequencing. This protocol allows to pool 2 samples 

in one library which each consist of 20 PCR products with a different barcode. Before 

exonuclease treatment, 500 ng of PUC19 plasmid was added to avoid degradation of intact 

SMRTbells. Hereafter each library was sequenced completely on a single SMRT cell by a 

PacBio RS II using the DNA/Polymerase binding Kit P6 v2 (Pacific Biosciences) for a 360 

minutes movie. We used PacBio’s DNA Sequencing Reagent Kit 4.0 v2 for all runs. The long 

reads that were generated during sequencing crossed the polymerases several times. 

Therefore, demultiplexed circular consensus (CCS) reads were generated with the 

RS_ReadsOfInsert.1 protocol from PacBio’s SMRT portal (v2.3.0) with a minimum of 1 full 

pass, a minimum predicted accuracy of 90% and demultiplexing with symmetric barcodes. 

Next, each PCR product was aligned to the DMPK CTG repeat using BWA-SW v0.7.10 (Li 

and Durbin 2009) against the human reference genome hg19 downloaded from UCSC 

(Karolchik et al. 2014), followed by conversion of SAM to BAM by Samtools v1.3.1 (Li et 

al. 2009). To finally convert to BED format and select the on-target CCS reads BEDtools 

v2.20.1 was used (Quinlan and Hall 2010). For each CCS read spanning the CTG repeat, 

the number of repeat units was determined by measuring the distance between two unique 

regions flanking the CTG repeat followed by calculating the mean repeat size for each PCR 

product. The repeat instability per sample was calculated based on the variability between 

the 20 PCR products per sample. 

Fragment analysis for the short wild type alleles was performed with the same products 

and PCR conditions as the LongAmp PCR. In this protocol the same primers were used, but 

DM101 was labelled with a fluorescent FAM label. Capillary electrophoreses was completed 

by 3130xl or 3730 Genetic Analyzer (Appplied Biosystems). The obtained fragment sizes 

were analysed with Gene Mapper 4.0 Software (Applied Biosystems). 

Off-target analysis 

Eight potential off-targets sites for the Cas9 were selected from an online tool 

(crispr.mit.edu) detected by the CRISPR design tool (crispr.mit.edu), on the basis of their 

presence inside a gene coding region. These genes were: LINC00882, F9, PGAP3, ACACA, 
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UTRN, SON, FAM63A and C5 and were amplified using 10 ng of DNA in a total reaction 

volume of 25µL. This reaction mix contained 1.25units AmpliTaq DNA Polymerase (Applied 

Biosystems), 25mM MgCl2 (Applied Biosystems), 1 x PCR buffer (Applied Biosystems), 

0.2mM dNTPs (Illustra DNA polymerization mix, GE Healthcare) and 0.4 µM primers 

(Integrated DNA technologies) (Supplementary table 5). Following PCR conditions were 

performed: initial denaturation at 95°C for 5 min, followed by denaturation at 95°C (30s), 

annealing at 60°C (30s), extension at 72°C (30s) and final extension at 72°C for 5min. 

Each off-target has its own annealing temperature and number of PCR cycles 

(supplementary table 4). PCR products were then Sanger sequenced as described above. 

Statistical analysis 

Statistical analysis was performed on the RT-qPCR results for MSH3 and MSH6 from MSH2 

knock-out hiPSC single cell lines . These data are biological replicates and can be pooled 

together, as well the wild type hiPSC single cell lines. Unpaired t-test was performed to 

verify the significance between the wildtypes and the mutants for MSH3 and MSH6 

separately.  
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Supplementary table 1: Forward and reverse primer of the target genes MSH2 exon 3 for 

PCR, followed by Sanger Sequencing and primers DM101/102 for LongAmp PCR followed by PacBio 

sequencing. 

 

Supplementary table 2: Sequences of forward and reverse primer of the housekeeping 

genes GAPDH and UBC 

 

Supplementary table 3: Sequences of single guide RNAs for Cas9 and Cas9 nickases  

 

Supplementary table 4: Forward, reverse primers and different PCR annealing conditions  

for the eight different off-targets 

Off-target 

name 

 

Forward primer 

 

Reverse primer 

PCR conditions 

(annealing) 

FAM63A 5’-TGAGGAGACGGTCTGAGGTA-3’ 5’TCACCTGAGTCATTCCCTGG-3’ 60°C, 30 cycles 

SON 5’-CAATGAATCTGTCACCAAGTTC-3’ 5’-TGGGTTCCTTATTGCCTTCTT-3’ 60°C, 30 cycles 

UTRN 5’-CAATGCCTACTTTGTTTCCACA-3’ 5’-ACTGTAAAGCAAAATCAAGGTTGG-3’ 60°C, 30 cycles 

ACACA 5’-CATGGCAACCTCTGGATTGG-3’ 5’-TTGCACTACCTTGGCTGGAT-3’ 60°C, 30 cycles 

LINC00882 5’-GCAGGAGGATCTATGGGTGA-3’ 5’-TGGAGAAAGGGTCAGGTCAA-3’ 62°C, 5%DMSO, 30 cycles 

F9 5’-CCGGGCATTCTAAGCAGTTT-3’ 5’-GAGGGAAACTTTGAACCATGAGT-3’ 60°C, 30 cycles 

PGAP3 5’-GATTCCCTCATCCTGCTCCA-3’ 5’-TGAGTGCATAGGTGACAGGG-3’ 62°C, 5%DMSO, 30 cycles 

C5 1st PCR: 

5’-CTCTACTTTCTGGCGCACAC-3’ 

2nd PCR: 

5’-AGGACTTTGTGCCCTGATGA-3’ 

1st PCR: 

5’-AATCCCAGCTACTCAGGAGG-3’ 

2nd PCR: 

5’-GGAGAATTGCTTGAATCCGGG-3’ 

1st PCR: 

62°C, 5%DMSO, 25 cycles 

2nd PCR: 

62°C, 5%DMSO, 18 cycles 

 

 

  

Target genes Forward primer Reverse primer 

MSH2 exon 3 5’-CAAAAAGGAAAAATCCAAACTCTATG-3’ 5’-CCTTTGGTCCAATCTGGATG-3’ 

DM101 (forward) 

/102 (reverse) 

5’-CTTCCCAGGCCTGCAGTTTGCCCATCCA-3’ 5’-GAACGGGGCTCGAAGGGTCCTTGT-3’ 

Home-

made 

assay 

 

Forward primer 

 

Reverse primer 

 

probe 

GAPDH 5’-ATGGAAATCCCATCACCATCTT-3’ 5’-CGCCCCACTTGATTTTGG-3’ 6-FAM-CAGCAGCGAGATCC-MGB 

UBC 5’-CGCAGCCGGGATTTG-3’ 5’-TCAAGTGACGATCACAGCGA-3’ 6-FAM-TCGCAGTTCTTGTTTGTG-MGB 

sgRNA Sequence top strand Sequence bottom strand 

sgRNACas9 5’-CACCGGTTAAAATGTCCGCAGTTGA-3’ 5’-AAACTCAACTGCGGACATTTTAACC-3’ 

Forward sgRNACas9n 5’-CACCGGGTATGTGGATTCCATACAG-3’ 5’-CACCGCTGTCTCTGGCCATCAACTG-3’ 

Reverse sgRNACas9n 5’-AAACCTGTATGGAATCCACATACCC-3’ 5’-AAACCAGTTGATGGCCAGAGACAGC-3’ 
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Supplementary table 5: Statistical analysis for MSH3 and MSH6 mRNA expression levels in 

MSH2 knock-out human iPSCs. Unpaired t-test was performed on real-time PCR data for wild type 

and mutant single cell lines for MSH3 and wild type and mutant single cell lines for MSH6 expression 

in wild type and MSH2 knock-out hiPSC single cell lines. The wild type did not significantly differ from 

the knock-out lines (P(MSH3)=0.941; P(MSH6)=0.2729. All wild type single cell lines (9 in total) 

were pooled together, and mutants includes all the 12 mutant single cell lines for the three different 

hiPSC lines (VUBi004-B; VUBi003-D_DM1 and VUBi005-E_DM1). 

 

 

 

 

 

 

 

 

 

  

Unpaired t-test 

 MSH3 MSH6 

n value wild type: 9 

mutant: 12 

wild type: 9 

mutant: 12 

P value 0.941 0.2729 

α level 0.95 0.95 

Significant 

different 

No No 

One or two-

tailed P value? 

Two-tailed Two-tailed 

t, df t=0.07509 df=18 t=1.131 df=18 
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Supplementary table 6: MSH2 Sanger Sequences were analysed for all the CRISPR/Cas9 

and CRISPR/Cas9n MSH2 knock-out hiPSC single cell lines. Deletions are shown by a double 

underscored line, insertions are shown by a dotted line. Guide RNA targets for CRISPR/Cas9 and 

CRISPR/Cas9n were indicated in bold and PAM sequences are underlined. All sequences were 

compared to the wild type sequence.  

Wild type 

CRISPR/Cas9: 

GGGTGTTAAAATGTCCGCAGTTGATGGCCAGAGACAGGTTGGAGTTGGGTATGTGGATTCCATACAGAGGAAACT 

CRISPR/Cas9n: 

TCCGCAGTTGATGGCCAGAGACAGGTTGGAGTTGGGTATGTGGATTCCATACAGAGGAAACT 

 

VUBi003-D_DM1 

SC1 Nick allele A: insertion +7bp 

TCCGCAGTTGATGGCCAGAGACAGGTTGGAGTTGGGTATGTGGATTCCATATTCCATACAGAGGAAACT 

SC1 Nick allele B: deletion -28bp 

GTGGGT_____________________________AGTTGGGTATGTGGATTCCATACAGAGGAAACT 

 

SC2 Nick allele A: insertion +48bp 

TCCGCAGTTGATGGCCAGAGACAGGTTGGAGTTGGGTATGTGGATTCCAGAGACAGGTTGGAGTTGGGTATGTGG

ATTCCAGAGACAGGTTGGACCATACAGAGGAAACT 

SC2 Nick allele B: deletion -15bp 

TCCGCAGTTGATGGCCAGAGACAGGTTGGA________________TCCATACAGAGGAAACT 

 

SC3 Nick allele A: deletion -19bp 

TCCGCAGTTGATGGCCAGAGACAGGTTGGA_______________________TACAACGAAACT 

SC3 Nick allele B: deletion -35bp 

TCCGCAGTTGATGGCCAGAGATAGGTT________________________________________ 

 

SC1 Cas allele A: insertion +1bp 

GGGTGTTAAAATGTCCGCAGTTTGATGGCCAGAGACAGGTTGGAGTTGGGTATGTGGATTCCATACAGAGGAAACT 

SC1 Cas allele B: deletion -19bp 

GGGTGTTAAAATG____________________GACAGGTTGGAGTTGGGTATGTGGATTCCATACAGAGGAAACT 

 

VUBi005-E_DM1 

SC1 Nick allele A: deletion -14bp 

TCCGCAGTTGATGGCCAGAGACAGGTTGGAG________________TTCGATACAGAGGAAACT 

SC1 Nick allele B: deletion -4bp 

TCCGCAGTTGATGGCCAGAGACAGGTTGGAGTT_____ATGTGGATTCCATACAGAGGAAACT 
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SC2 Nick allele A: deletion -10bp 

TCCGCACTTGATGGCCASAAACAGGTTGSAGTTGK____________TCCWTACAKTSGAAACT 

SC2 Nick allele B: deletion -37bp 

TCCGCASTTGATG_________________________________________ACARAGGAMACT 

 

SC3 Nick allele A: deletion -35bp 

TCCGCAGTTGATGGCCAGAGAC_____________________________________AAACT 

SC3 Nick allele B: deletion -18bp 

TCCGCAGTTGATGGCCCAGAG_______GAGTTGGG_______________TACAGAGGAAACT 

 

SC1 Cas: deletion -18bp 

GGGTGTTAAAATGTCCGCAGTTG__________________GAGTTGGGTATGTGGATTCCATACAGAGGAAACT 

 

SC2 Cas allele A: insertion +2bp 

GGGTGTTAAAATGWCCGCARAAATGATGGCCARAGACAGGTTGGAGTTGGGTATGTGGATTCCATACARAGGAAACT 

SC2 Cas allele B: deletion -10bp 

GGGTGTTAAAATG__________ATGGCCAGAGACAGGTTGGAGTTGGGTATGTGGATTCCATACAGAGGAAACT 

 

SC3 Cas allele A: insertion +1bp 

GGGTGTTAAAATGTCCGCAGTTTGATGGCCAGAGACAGGTTGGAGTTGGGTATGTGGATTCCATACAGAGGAAACT 

SC3 Cas allele B: deletion -10bp 

GGGTGTTAAAAT___________GATGGCCAGAGACAGGTTGGAGTTGGGTATGTGGATTCCATACAGAGGAAACT 

 

VUBi004-B 

SC1 Nick allele A: deletion -47bp 

TCCGCAGT_______________________________________________GGAAACT 

SC1 Nick allele B: deletion -19bp 

TCCGCAGTTGATGGCCAGAGACAGGTTG_______________________CATACAGAGGAAACT 
 

SC1 Cas allele A: insertion +268bp 

GGGTGTTAAAATGTCCGCAGTGACTCCCCATGCAAAGTATCAGCTCCGTCCCACAGCACCAGCATTCAGATTTGATAT

GCCAGCCTGCACCAAAGGGACCACTAAGACAGGCTCAAAGACAGAGCTCCTGGCCCCTATTTATTCACAAACACTTTGG

AGGTGCAAATCCAGCTGAGAGTCCTCCCATCCAGCTCCTGTGTGGGCTTCCTGCCCATCGTCGTGTCTGGGGCATCTAC

CAGTCTGGCATCCAGTGCCCACCAAATGCGGACACGTGAGAGACCAGCCTGACYGATGGCCAGAGACAGGTTGGAGTT

GGGTATGTGGATTCCATACAGAGGAAACT 

SC1 Cas allele B: insertion +1bp 

GGGTGTTAAAATGTCCGCAGTTTGATGSCMAGAGACAGGTTGGAGTTGGGTATGTGGMTTCCATACAGAGKTAACT 

 

 

 

 


