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Chapter 5 
The MSH2 C-terminal 60 amino acids are 

essential for interaction with MSH6 and 

effective DNA mismatch repair 

 

Eva Wielders, Elly Delzenne-Goette, Rob Dekker, Martin 

van der Valk and Hein te Riele 
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Introduction 

Lynch syndrome (LS) is 

characterized by a strong predis-

position to tumor development in the 

gastrointestinal and genitourinary 

tracts 1. Cancer predisposition is caused 

by inherited defects in the DNA 

mismatch repair (MMR) system that 

counteracts erroneous incorporation of 

nucleotides during DNA replication 2,3. 

Besides the correction of replication 

errors, MMR has two other functions. 

MMR activity mediates the toxicity of 

certain types of DNA damaging agents, 

in particular methylating compounds4,5, 

and it prevents recombination between 

sequences that are homologous but not 

fully identical 6,7. Thus, the absence of 

MMR is characterized by increased 

spontaneous and DNA damage induced 

mutagenesis, tolerance to methylating 

agents and increased recombination 

between homologous but not identical 

DNA sequences 6. Each of these may 

contribute to early onset tumor 

development     in     LS   patients.    Such  

 

 

tumors are characterized by 

microsatellite instability, i.e., the 

expansion or contraction of repetitive 

sequences like (A)n or (CA)n (n is an 

integer, generally between 5-50), as 

DNA polymerase slippage errors that 

are frequently made at microsatellites 

are no longer recognized and repaired 

by MMR 2,3. 

The first step in MMR is the 

recognition of the mismatch by a 

heterodimeric protein complex 

composed of the central MMR protein 

MSH2 and either MSH6 or MSH3 8. 

While MSH2/MSH6 (MutSα) pre-

dominantly recognizes base-base 

mismatches and unpaired single- or 

dinucleotides, MSH2/MSH3 (MutSβ) 

targets loops of 2-5 nucleotides 9,10. 

Subsequent recruitment of another 

protein dimer, MLH1/PMS2, is required 

to elicit downstream events including 

the activation of an exonuclease, EXO1, 

to remove the error-containing strand. 

Error-free resynthesis and religation of 

Missense variants of DNA mismatch repair (MMR) genes pose a problem in 

clinical genetics as long as they cannot unambiguously be assigned as the cause 

of Lynch syndrome (LS). To study such variants of uncertain clinical 

significance, we have developed a functional assay based on direct 

measurement of MMR activity in mouse embryonic stem cells expressing 

mutant protein from the endogenous alleles. We have applied this protocol to a 

specific truncation mutant of MSH2 that removes 60 C-terminal amino acids and 

has been found in suspected LS families. We show that the stability of MSH2-

MSH6 heterodimer is severely perturbed, causing attenuated MMR in in vitro 

assays and cancer predisposition in mice. This mutation can therefore 

unambiguously be considered as deleterious and causative for LS. 
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a new, error-free strand completes the 

MMR reaction. 

The majority of MMR gene 

mutations in LS families affects MSH2 

or MLH1 and comprises defects that are 

obviously deleterious for gene function, 

such as deletions and frame-shifts. 

However, missense mutations that only 

affect a single amino acid have also 

been detected in the human population. 

In the absence of functional 

information about the phenotypic 

consequences, it is often difficult to 

determine whether a missense 

mutation really impacts MMR activity 

and is the underlying cause of cancer. 

To study such Variants of Uncertain 

clinical Significance (VUS; also termed 

unclassified variants, UV), we have 

developed a functional assay in which 

the variant allele is introduced into the 

endogenous MMR gene of mouse 

embryonic stem cells (ESCs). Mutant 

cells are then subjected to a number of 

functional assays, allowing the 

unambiguous assessment of the 

cellular consequences of a MMR gene 

variant 11. 

Here we have used this protocol to 

study a truncation mutant of mouse 

MSH2 that causes deletion of the 60 

terminal amino acids downstream of 

codon 876. This variant is of interest 

for two reasons. First, in several 

suspected LS families a 2 base-pair 

deletion has been detected in the 

sequence AGAGAG that comprises 

codons 877 and 878 12-17. The reading 

frame shift causes a premature stop 

codon at codon 880 deleting the 57 C-

terminal amino acids (Figure 1A). 

These families generally showed co-

segregation of the mutation with 

disease and a high incidence of early 

onset MSI tumors that often showed 

loss of MSH2 staining. Second, the 

biochemical function and significance 

of the MSH2 C-terminus is unclear. In 

the 3-D structure of MutSα, the C-

termini of MSH2 and MSH6 appeared 

disordered and therefore their 

contribution to the MSH2/MSH6 

interaction could not be determined 18. 

However, the MutSβ crystal structure 

did reveal the C-termini of MSH2 and 

MSH3 19. These regions formed α-

helices, three in MSH2 and two in 

MSH3, which contributed to dimer 

stabilization by hydrophobic inter-

actions and salt bridges (Supple-

mentary Figure S1). Besides these 

interactions, each of these dimerization 

domains (DMD) also interacts with the 

ATPase domain of the opposite subunit, 

which is thought to influence ATP 

binding 19. To solve the structure of the 

853 amino-acids-containing MutS 

protein of Escherichia coli, it was 

necessary to truncate the protein at 

codon 800 to obtain crystals 20. The 53 

C-terminal amino acids of MutS were 

found to promote tetramer formation 

that negatively interfered with protein 

crystallization. The truncated protein 

MutS-ΔC800 formed only dimers that 

showed normal ATPase activity, 

recognized DNA mismatches as 

effectively as wild-type protein, and 

could efficiently restore mismatch 

repair activity in a MutS-deficient E. coli 

strain 20. However, others did report a 

mild mutator phenotype in MutS-



 

107 

 5 

ΔC800 expressing E. coli, in particular 

reduced capacity to prevent 

recombination between homologous 

but not-identical DNA sequences 21,22. A 

structure of the MutS C-terminus has 

been solved 22 and showed two α-

helices that can roughly be 

superimposed on the MSH3 C-terminal 

α-helices (despite poor sequence 

conservation) and may thus form 

similar interactions to stabilize the full-

length protein dimer 19.  

We show here that deletion of the 

MSH2 C-terminus severely affected the 

stability of the MSH2/MSH6 hetero-

dimer and consequently strongly 

attenuated DNA MMR. The C-terminal 

truncation MSH2 mutant predisposed 

mice to tumor formation albeit slightly 

less severely than when MSH2 was fully 

abrogated. Mutations deleting the 

MSH2 C-terminus can therefore 

unambiguously be considered as 

pathogenic and as a cause of LS. 

 

Figure 1. Generation of a C-terminal truncation of MSH2. (A) C-terminal sequences of E. 

coli MutS, and human and mouse MSH2. Deleted amino acids in E. coli, found in LS patients, 

and generated in mouse ESCs are indicated in red. Asterisks indicate identity between human 

and mouse MSH2 (red) or all three proteins (black). (B) Oligonucleotide (ssODN) used to insert 

TAAA (left panel) and sequence of the E877X insertion allele (right panel). (C) Oligonucleotide 

(ssODN) used to substitute GAA for TGA. An additional silent A->C substitution was added to 

increase the targeting efficiency (left panel). Sequence of the E877X substitution allele is shown 

on the right. 
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Results 

Generation of MSH2 truncation 

mutants 

To study the consequences of an 

MSH2 truncation mutant resembling 

those found in LS families (Figure 1A), 

we introduced a stop codon in Msh2 at 

codon position 877 in murine 

embryonic stem cells (ESCs). This was 

done in two ways. Initially, we inserted 

a TAAA sequence just behind leucine 

876 by oligonucleotide-directed gene 

modification as described before 23. 

This mutant was made in Msh3-/- ESCs, 

as this effectively allowed 4-nucleotide 

insertions, and designated MSH2-

E877Xi (i indicates insertion but 

effectively codon 877 was replaced for 

a TAA stop codon; Figure 1B). However, 

since the absence of MSH3 may affect 

the phenotype of the MSH2 truncation, 

we also made a similar mutation in 

wild-type ESCs by substituting the 

E877 codon for a TGA stop codon, 

generating E877Xs (s indicates 

substitution, Figure 1C). Both 

mutations were rendered homozygous 

as described in the Methods section. 

Furthermore, in MSH2-E877Xs cells, 

Msh6 was inactivated using 

conventional gene targeting 24. We 

subsequently studied the phenotype of 

the truncated MSH2 protein in three 

different ESC lines: Msh2EXs/EXs, 

Msh2EXs/EXs;Msh6-/- and Msh2EXi/EXi;  

Msh3-/- (E877X is abbreviated as EX). 

MSH2 truncation affects MSH6 and 

MSH3 binding 

Deleting 60 C-terminal amino acids 

from MSH2 generated a shorter protein 

that was present at lower levels than 

wild-type MSH2 protein (Figure 2A). 

The insertion and the substitution 

mutants showed the same protein size 

and level and therefore the indications i 

and s are omitted hereafter. In both 

Msh2EX/EX and Msh2EX/EX;Msh3-/- mutant 

cells, MSH6 levels were strongly 

reduced albeit slightly elevated above 

the MSH6 level seen in Msh2-/- cells. 

This indicates that the truncation 

severely destabilized MSH2/MSH6 

interaction. MSH3 levels were also 

reduced in Msh2EX/EX and 

Msh2EX/EX;Msh6-/- ESCs, but approxi-

mately to the same extent as the 

mutant MSH2 proteins, suggesting 

truncated MSH2 was still capable of 

binding and stabilizing MSH3 (Figure 

2A). However, whereas wild-type 

MSH2 stabilized MSH3 more effectively 

in Msh6-/- cells than in Msh6+/+ cells 

(which is indicative for competition 

between MSH3 and MSH6 for MSH2 

binding), this was not seen for the 

MSH2-E877X variant: disruption of 

Msh6 in Msh2EX/EX cells did not increase 

the level of MSH3 protein (Figure 2A). 

Also MSH6 levels were not increased in 

Msh2EX/EX;Msh3-/- cells.  

These observations indicate that 

MSH2-E877X protein had reduced 

affinity for its binding partners. Its 

interaction with MSH6 was more 

affected than the interaction with 

MSH3. The latter was supported by an 

immunoprecipitation experiment 

showing that the truncation affected 

MSH6 binding more than MSH3 binding 

(Figure 2B). 
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Figure 2. MSH heterodimer formation in 

mutant ESCs. (A) Western blot showing 

MSH2, truncated MSH2, MSH3 and MSH6 

protein levels in mutant ESCs. γ-Tubulin was 

used as loading control. (B) Western blot 

showing MSH3 and MSH6 protein levels co-

precipitated with His-tagged MSH2-WT or 

MSH2-E877X expressed in Msh2-/- or Msh2-/-

;Msh3-/- ESCs (upper panel). His-tagged ARP 

and no expression vector (-) were used as 

controls. Expression of MSH2-WT and MSH2-

E877X in total cell lysates are shown in the 

lower panel. 

 

Functional consequences of MSH2 

truncation 

The capacity of MSH2-E877X 

protein to support mismatch repair 

was assessed using four functional 

assays.  

Microsatellite instability (MSI) 

An estimate of the level of MSI was 

obtained by measuring the length of 

three dinucleotide-repeat markers in 

30 individual cell clones obtained from 

109 cells that were derived from a 

single cell of each genotype. Figure 3A 

shows strongly increased MSI in 

Msh2EX/EX cells compared to wild-type 

cells, although the level remained 

3-fold lower compared to Msh2-/- cells, 

indicating some residual MMR capacity 

of MSH2-E877X protein. Furthermore, 

in the absence of either MSH6 or MSH3, 

MSI increased, but remained lower 

than in Msh2-/- cells. This indicates that 

residual MSH2-E877X/MSH6 and 

MSH2-E877X/MSH3 complexes exist, 

which both have retained a modest 

capacity to restore dinucleotide 

slippage errors.  

In Msh3-/- cells, we could make use 

of an alternative strategy to measure 

MSI, as we had previously introduced 

into these cells a reporter gene 

consisting of a (CA)15C sequence 

disrupting the reading frame of a 

neomycin resistance gene (neo) 9. The 

appearance G418-resistant colonies 

due to the addition of CA or deletion of 

(CA)2 restoring neo activity served as 

readout for MMR activity. The slippage 

rate in Msh2EX/EX;Msh3-/- mutant cells 

was increased four-fold with respect to 
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Figure 3. Mutator phenotype of mutant ESCs. (A) Frequencies of replication errors in 

mutant ESCs. Black bars indicate the percentage of microsatellites with altered length (left Y-

axis). Grey bars show the frequency of 6-TG-resistant colonies indicative for Hprt mutations 

(right Y-axis). (B) Suppression of recombination between homologous but non-identical DNA 

sequences. Black bars indicate targeting efficiencies of a 100% identical gene-targeting vector; 

white bars indicate the efficiencies of the non-isogenic vector differing from the target 

sequence at 0.6% of its base pairs. Targeting efficiencies in Msh3-/-, Msh2-/- and Msh6-/- cells 

were taken from De Wind et al. 1995 6 and De Wind et al. 1999 24 and shown as controls.        

(C) Clonogenic survival of wild-type and mutant ESCs upon exposure to increasing 

concentrations of MNNG. (D) Clonogenic survival of wild-type and mutant ESCs upon exposure 

to increasing concentrations of 6-TG. (E) Slippage rate at a (CA)15C microsatellite sequence 

activating a neomycin reporter gene in Msh3-/-, Msh3-/-;Msh2EX/EX and Msh3-/-;Msh6-/- ESCs. 
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Msh3-/- cells but was five-fold lower 

than in fully MMR-deficient 

Msh6-/-;Msh3-/- cells (Figure 3E). This 

experiment confirms retention of some 

MMR capacity of residual MSH2-

E877X/MSH6 protein. 

Mutagenesis at the Hprt gene 

Inactivation of the X-linked Hprt gene 

confers resistance to the nucleotide 

analogue 6-thioguanine (6-TG). Hence, 

the appearance of 6-TG-resistant 

colonies serves as readout for the rate 

of spontaneous mutagenesis. MSH2-

E877X protein increased the mutation 

frequency at Hprt with respect to wild-

type MSH2 protein, but again to a level 

that was approximately 4-fold lower as 

seen in fully MSH2-deficient cells 

(Figure 3A). Concomitant inactivation 

of Msh6, but not Msh3, increased the 

mutation frequency back to the level 

seen in Msh2-/- cells. Thus, also in this 

assay, MSH2-E877X/MSH6 had 

retained some capacity to suppress 

spontaneous mutagenesis. 

MMR-dependent anti-recombination 

We have previously shown that MMR is 

capable of suppressing homologous 

recombination in a gene targeting 

experiment where the targeting vector 

differs ±0.6% from its chromosomal 

target sequence6. Thus, MMR sup-

pressed non-isogenic gene targeting 

35-fold, whereas in Msh2-/- or Msh6-/- 

cells, the non-isogenic vector 

performed as effectively as the perfect-

match vector (Figure 3B). No relieve of 

suppression was seen in Msh3-/- cells, 

demonstrating that MMR-dependent 

anti-recombination solely relied on 

MSH2/MSH6 activity. Strikingly, in 

both Msh2EX/EX and Msh2EX/EX;Msh3-/- 

ESCs, non-isogenic targeting was 

suppressed, albeit less effectively than 

in MSH2 wild-type cells. This result 

indicates some anti-recombination 

activity of residual MSH2-E877X/MSH6 

complex.  

Response to DNA methylating agents 

We previously showed that cell death 

in response to the methylating agents 

N-methyl-N’-nitro-N-nitrosoguanidine 

(MNNG) and 6-TG relied on 

MSH2/MSH6 but not MSH2/MSH3 

activity 24. Indeed, we found high 

sensitivity of ESCs expressing wild-type 

MSH2 protein, with modest 

haploinsufficiency. In contrast, Msh2-/- 

cells were highly tolerant to MNNG and 

6-TG as were all cell types expressing 

MSH2-E877X protein (Figure 3C and 

3D). Apparently, the level and/or 

activity of MSH2-E877X/MSH6 was not 

sufficient to mediate cell death in 

response to methylating agents. 

Msh2E877X/+ cells behaved identical to 

Msh2+/- cells, indicating that MSH2-

E877X did not act dominant negatively.  

Tumor development in MSH2-E877X 

mice 

The Msh2E877Xi allele was introduced 

into the germ line of mice and cohorts 

of Msh2EX/EX, Msh2EX/-, Msh2EX/+, Msh2+/- 

and Msh2-/- mice were generated and 

compared for spontaneous tumor 

development. Msh2EX/EX and Msh2EX/- 

mice were strongly predisposed to 

development of thymic lymphoma, 

although the incidence appeared 

somewhat lower than in Msh2-/- 

animals: 60 and 72% in Msh2EX/EX and 
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Msh2EX/- mice, respectively, and 87% in 

Msh2-/- mice (Table 1).  

The latency of tumor development 

in MSH2-EX mice was somewhat longer 

than in Msh2-/- mice (Figure 4). Also the 

incidence of intestinal tumors appeared 

lower: 0, 8 and 17% in Msh2EX/EX, 

Msh2EX/- and Msh2-/- mice, respectively. 

Taken together, the Msh2EX allele 

strongly predisposed to tumor 

development although some residual 

MMR activity may retard tumorigenesis 

and suppress intestinal tumor 

development, in particular when two 

copies of the Msh2EX allele were 

present.

 

Table 1. Tumor incidence in Msh2-mutant-mice 
Genotype Number of 

mice 

Number of animals with tumor 

thymus intestine skin Other 

Msh2-/- 30 26 5 1 1 

Msh2EX/- 25 18 2 2 3 

Msh2EX/EX 25 15 0 1 2 

Msh2EX/+ 25 0 1 1 5 

Msh2+/- 23 0 1 2 10 

 

 

 
 

Figure 4. MSH2-E877X predisposes to tumorigenesis. 

Kaplan-Meier curves of cohorts of Msh2+/- (n=23), Msh2-/- (n=30), Msh2EX/+ (n=25), Msh2EX/EX 

(n=25) and Msh2EX/- (n= 25). Animals were sacrificed upon signs of illness and examined for 

tumor development.  
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Discussion 

Our results clearly demonstrate that 

the 60 C-terminal amino acids of MSH2 

are critical for heterodimer formation, 

in particular with MSH6. Since the 

stability of MSH6 and MSH3 relies on 

their interaction with MSH2, the 

strongly reduced level of MSH6 in 

MSH2-E877X expressing cells on 

Western blots is indicative for poor 

interaction. The interaction with MSH3 

appeared less affected by MSH2 

truncation. While in the MSH2/MSH6 

crystal structure the C-termini of both 

proteins were not visible, and hence 

their contribution to dimer formation 

could not be determined 18, the 

MSH2/MSH3 structure revealed the C-

termini of both proteins to be involved 

in dimerization via interacting α-

helices19. Based on secondary structure 

predictions, it is likely that also in 

MutSα the C-termini of MSH2 and 

MSH6 contribute to dimer formation. 

Our results indicate that these 

interactions are more critical in MutSα  

than in MutSβ. 

Two of our assays, those measuring 

tolerance to methylating DNA 

damaging agents and homologous 

recombination between slightly 

diverged DNA sequences, solely 

measured the activity of MSH2/MSH6 

but not of MSH2/MSH3, as the latter 

complex does not play a role in these 

two MMR functions. We previously 

showed that Msh6-/- cells were tolerant 

to methylating agents and permissive 

for non-isogenic gene targeting, 

whereas Msh3-/- cells behaved as wild-

type 24. Therefore, in Msh2EX/EX cells, 

these two assays reflect the activity of 

the MSH2-E877X/MSH6 heterodimer. 

As summarized in Table 2, all cell types 

solely expressing MSH2-E877X were 

tolerant to 6-TG and MNNG. However, 

we previously reported the existence of 

a threshold level of wild-type MSH2 

that was required for mediating toxicity 

of methyl ting agents. This threshold 

has been found to lie above 10% of 

wild-type level 25 and the level of 

MSH2-E877X/MSH6 was clearly lower. 

Thus,  tolerance  to 6-TG/MNNG      may      

 

Table 2. Functional assessment of MSH2-E877X 
Genotype MSH dimer MSI MNNG Hprt Homologous recombinatio 

 2/3a 2/6a (%) /6-TGb (10-6) iso/non-iso Repression 

WT >>>> >>>> 1 S 0.5 35/1c 35 x 

Msh2-/- (3+/6+) 0 0 32 R 10 22/25c 0.9 x 

EXs (3+/6+) >> > 10 R 3 52/15 3.5 x 

EXs (3+/6-) >> 0 17 (nd) 9 (nd) (nd) 

EXi (3-/6+) 0 > 19 R 1.5 26/3 8.7 x 

Msh6-/- >>>> 0 6 R 0 18/18c 1.0 x 

Msh3-/- 0 >>>> 2 S 2 50/0c 50 x 

a > indicates level of 2/3 or 2/6 complex compared to wild-type (>>>>) 
b S, sensitive; R. resistant 
c taken from reference 24 
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be due to low MSH2-E877X/MSH6 

levels and does not exclude (residual) 

MMR activity. Evidence for residual 

MSH2-E877X/MSH6 activity came from 

the recombination experiment: recom-

bination with the non-isogenic targeting 

vector was still 3.5x repressed in 

Msh2EX/EX cells (as opposed to 0.9x in 

Msh2-/- cells). We expected that in  

Msh3-/- cells, the level of MSH2-

E877X/MSH6 dimer would increase, 

however, this was not confirmed by 

Western blotting. Nonetheless, in   

Msh3-/- cells, anti-recombination activity 

of MSH2-E877X/MSH6 dimer was 

increased (from 3.5x to 8.7x), 

suggesting that the formation of MSH2-

E877X/MSH6 dimers did benefit from 

the absence of MSH3. Why the 

increased anti-recombination activity of 

MSH2-E877X/MSH6 in Msh3-/- cells was 

not reflected by increased MSH6 

protein levels in Msh2EX/EX;Msh3-/- cells 

is unclear. Also in the immune-

precipitation experiment, MSH2-E877X 

protein did not bind more MSH6 in cells 

devoid of MSH3 (Figure 2B). Perhaps, 

stable MSH2-E877X/MSH6 dimers can 

only be formed in the presence of 

mismatched DNA, explaining their 

residual activity but precluding their 

detection by the methods we used.  

 Consistent with previous 

experiments10, dinucleotide slippage 

errors can be restored by MSH2/MSH6 

as well as MSH2/MSH3 (Table 2). 

Truncation of MSH2 increased the 

dinucleotide slippage frequency from 2 

to 19% in the absence of MSH3, and 

from 6 to 17% in the absence of MSH6. 

As full abrogation of MMR in Msh2-/- 

cells caused a slippage frequency of 

32%, both MSH2-E877X/MSH6 and 

MSH2-E877X/MSH3 had residual 

capacity to restore dinucleotide 

slippage errors; although the activity of 

these complexes was modest, the 

activity of MSH2-E877X/MSH3 

appeared somewhat higher than of 

MSH2-E877X/MSH6. Residual MMR 

activity of the MSH2-E877X/MSH6 

dimer was confirmed by measuring 

slippage rates at the (CA)15C-neo 

reporter in Msh3-/- cells. The Hprt 

mutagenesis assay also supports some 

mismatch repair capacity of MSH2-

E877X/MSH6, although the figures 

were too low to draw a firm conclusion.  

The functional assays identified the 

MSH2 truncation mutant as severely 

affecting, but not completely abolishing 

DNA MMR activity. Experiments in mice 

were consistent with this conclusion. 

MSH2-E877X-expressing mice were 

strongly predisposed to lymphoid 

tumor development, but the incidence 

of tumor development was lower and 

the time of onset somewhat later than 

in Msh2-/- animals. In this respect, 

Msh2EX/EX mice resembled Msh6-/- 

mice24: in both genotypes the incidence 

of intestinal tumors was reduced, 

indicative for MutSβ activity and 

consistent with our findings that MSH2-

E877X/MSH6 activity was more 

affected than MSH2-E877X/MSH3 

activity. In conclusion, the C-terminal 

truncation of MSH2 severely affects 

DNA MMR capacity and corresponding 

mutations in humans can therefore be 

classified as pathogenic, causing highly 

penetrant LS in mutation carriers. 
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The protocol we have used here and 

in previous reports, i.e., introducing a 

MMR mutation at the endogenous gene 

in mouse ESCs followed by functional 

assays that interrogate cellular MMR 

functions, provides unambiguous 

information about the pathogenicity of 

MMR VUS. This approach will be much 

facilitated and accelerated by novel 

gene modification technology making 

use of template-directed repair of site-

specific DNA double-strand breaks 

induced by CRISPR/Cas9 nuclease.  
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Materials and Methods 

Generation of mutant embryonic stem cells 

Mouse MSH2 protein was truncated just before the glutamic acid at position 877 by 

introduction of TAAA, thereby deleting the 60 C-terminal amino acids from the protein. This 

mutant allele, Msh2EXi, was made in Msh3-/- embryonic stem cells (ESCs), as this effectively 

allowed insertions by oligonucleotide-directed gene modification 9. A homozygous cell line 

was subsequently obtained by labeling the targeted chromosome with a hygromycin (hyg) 

resistance marker using a Pim1-hyg targeting vector. This allowed for duplication of the 

targeted allele and concomitant loss of the wild-type allele by selecting cells at high 

concentrations of Hygromycin B, similarly as described before 11. 

In addition, we substituted glutamic acid 877 for a TGA stop codon in wild-type ESCs. The 

Msh2EXs allele was rendered homozygous by using the strategy as described above. In 

Msh2EXs/EXs cells, Msh6 was disrupted by conventional gene targeting 24 and rendered 

homozygous by labeling the targeted chromosome with a neomycin (neo) maker using a 

Pim1-neo targeting vector 11. 

Functional MMR assays 

Mutant ESCs were subjected to four functional assays as described in Wielders et al. 11. 

Slippage rates in Msh3-/-, Msh3-/-;Msh6-/- and Msh3-/-;Msh2EX/EX cells were measured using the 

single-copy (CA)15C-neo reporter gene integrated at the Rosa26 locus, as described in 

Dekker et al. 9. 

Immunoprecipitation 

His-tagged cDNAs of full length and truncated Msh2 were introduced into Msh2-/- and 

Msh2-/-;Msh3-/- ESCs (the latter a kind gift of dr. Allen Bradley). Proteins co-precipitating 

with an anti-His antibody were visualized by Western blotting as described 11. 

Mouse experiment 

Cohorts of Msh2 mutant mice were generated on an FVB genetic background and 

followed for spontaneous tumor development. Animals were screened weekly and 

sacrificed upon signs of tumor development or illness. All animals were sacrificed after two 

years. Animal experiments were approved by the local ethical review committee on animal 

experimentation and conducted conforming Dutch legislation. 
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Supplementary information 

 

Supplementary Figure 1. Three-dimensional structure of MSH2/MSH3 dimer. The image is based on 

Gupta et al. 19 and shows MSH2 on the right and MSH3 on the left. The brown and grey helices at the 

bottom form the dimerization domains at the C-termini of MSH2 and MSH3 that contribute to dimer 

stabilization by hydrophobic interactions and salt bridge. 



  

 

 


