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Abstract 

Mutations in the mismatch repair gene MSH2 underlie hereditary non-polyposis colorectal 

cancer (Lynch syndrome). While disruptive mutations are overtly pathogenic, the 

implications of missense mutations found in sporadic colorectal cancer patients or in 

suspected Lynch syndrome families are often unknown. Adequate genetic counseling of 

mutation carriers requires phenotypic characterization of the variant allele. We present a 

novel approach to functionally characterize MSH2 missense mutations. 

Our approach involves introduction of the mutation into the endogenous gene of murine 

embryonic stem cells (ESC) by oligonucleotide-directed gene modification, a technique we 

recently developed in our lab. Subsequently, the mismatch repair capacity of mutant ESC is 

determined using a set of validated functional assays. 

We have evaluated four clinically relevant MSH2 variants and found one to completely lack 

mismatch repair capacity while three behaved as wild-type MSH2 and can therefore be 

considered as polymorphisms. 

Our approach contributes to an adequate risk assessment of mismatch repair missense 

mutations. We have also shown that oligonucleotide-directed gene modification provides a 

straightforward approach to recreate allelic variants in the endogenous gene in murine 

embryonic stem cells.  This approach can be extended to other hereditary conditions. 

 

Keywords: DNA mismatch repair/Genetic counseling/Lynch syndrome/Oligonucleotide-

directed gene modification/Variants of uncertain significance 
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Introduction  

Hereditary non-polyposis colorectal cancer (HNPCC/Lynch syndrome) is characterized by 

early onset cancer of the gastrointestinal and genitourinary tract, in particular colorectal and 

endometrial cancer (Lynch and de la Chapelle, 1999). In rare cases, sebaceous gland tumors 

(Muir-Torre syndrome) and glioblastoma multiforme (Turcot’s syndrome) are seen (Lynch 

and de la Chapelle, 1999). HNPCC-related tumors typically show miscrosatellite instability 

(MSI) indicative for defective DNA mismatch repair (MMR). The MMR system has three 

functions that help sustaining genomic stability (Jiricny, 2006): (1) recognition and repair of 

mis- and unpaired bases that can spontaneously arise by erroneous DNA replication; (2) 

suppression of recombination between homologous but not identical DNA sequences 

(homeologous recombination); (3) induction of apoptosis in response to certain DNA 

damaging chemotherapeutics such as methylating agents, 6-thioguanine (6-TG) and cisplatin. 

MMR is initiated by MSH2/MSH6 or MSH2/MSH3 heterodimers. These complexes bind to 

mismatches, small loops of unpaired bases and to several DNA adducts. Subsequently, 

MLH1/PMS2 or MLH1/MLH3 are recruited to further enable the repair process. Inherited 

mutations in MSH2 and MLH1, and to a lesser extent in MSH6 and PMS2, have been found 

to underlie HNPCC/Lynch syndrome. Dependent on the type of mutation, the lifetime risk of 

developing these cancers is 70-80% and 40-60%, respectively, which is up to tenfold 

increased compared to the general population (Lindor, et al., 2006). 

While large deletions, premature stop codons and frameshifts completely abrogating 

gene function are obviously pathogenic, the effects of missense mutations affecting only a 

single amino acid are more difficult to interpret. Given their frequent occurrence in MMR 

genes in (suspected) HNPCC cases (but also in genes involved in other pathologies), a 

method to determine the functional implications of such mutations is urgently needed. A 

Page 3 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 4 

recent survey of MMR gene mutation databases has identified 136 MSH2 missense mutations 

of which 13 were deleterious, 8 neutral and 115 unclassified, i.e., with unknown pathological 

consequences (Chao, et al., 2008). Small family size and incomplete penetrance often 

preclude reliable assessment of co-segregation of the variant allele with disease. This 

complicates judgment of the pathological implications of these alleles, which are termed 

“variants of uncertain significance” (VUS) or “unclassified variants” (UV).  

To shed light on the pathogenicity of VUS, a number of approaches are being used. 

Computer algorithms have been developed to estimate the severity of an amino acid 

substitution based on evolutionary conservation and the physicochemical consequences of 

the substitution (Chan, et al., 2007; Chao, et al., 2008). However, this approach requires 

validation by functional studies. In most of the studies that have been carried out to date, 

variant and wild-type proteins are ectopically expressed and compared with respect to 

stability, localization, protein interactions, mismatch binding, ATPase activity or the capacity 

to sustain an in vitro MMR reaction. Also the ability of the ectopically expressed variant to 

rescue the mutator phenotype of a MMR deficient strain or cell line is sometimes studied 

(Ou, et al., 2007). A limitation of such assays is that altered MMR protein activity can be 

masked by unique features of the ectopic expression of the plasmid driven mutant cDNAs, 

such as overexpression, altered mRNA processing, or the absence of correct epigenetic 

regulation of transcription. Furthermore, predicting the effect of altered biochemical 

characteristics of a mutant protein on the functionality of the MMR system is not 

straightforward. Moreover, MMR functions such as anti-recombination and induction of the 

DNA damage response are usually not addressed. 

To overcome these limitations, we present here a novel approach to analyze the 

functional implications of MSH2 VUS. Our system consists of three steps: (1) the codon 
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substitution is introduced into one allele of the endogenous Msh2 gene in mouse embryonic 

stem cells (ESCs) by oligonucleotide-directed gene modification (‘oligo targeting’) (Aarts, et 

al., 2006); (2) cells are made homozygous for the mutation; (3) the phenotype is studied by 

functional assays that address main MMR functions. The great advantage of this approach is 

that variant alleles are expressed from the endogenous locus. This is crucial as both higher 

and lower levels of MMR proteins are notorious for affecting MMR capacity (Claij and Te 

Riele, 2002; Zhang, et al., 1999). Furthermore, this approach allows us to study three MMR 

functions that are relevant for maintaining the integrity of the genome. Here we have studied 

four MSH2 VUS that have been found in (suspected) HNPCC families 

 

Materials and methods  

Generation of codon substitutions in Msh2 

The oligo targeting procedure was carried out in Msh2
+/+

 or Msh2
+/hyg

 ESCs, essentially as 

described (Aarts, et al., 2006). Briefly, we transfected ESCs with a single-stranded DNA 

oligonucleotide (35 to 40 residues, see Fig. 1A and Supplementary Figure 1A), after 

establishing transient down regulation of MSH2. Transfected cells were expanded and plated 

at 5000 cells/well on 96-well plates. Mutation specific PCR was used to identify pools 

containing mutated cells. First, an 800-1000 bp fragment containing the modified codon was 

amplified using genomic DNA isolated from 2.5 x 10
4
 ESCs, 1.25 U Taq polymerase, 1 x 

PCR buffer containing 1.6 mM MgCl2, 12.5 pmol of each primer and 0.2 mM dNTPs in a 

total volume 25 µl. After a denaturing step of 95°C for 5 min, amplification was conducted in 

30 cycles of 30 s at 95°C, 1 min at 60°C and 1.5 min at 72°C followed by a final elongation 

step of 10 min at 72°C. Next, 1 µl of this product was used in nested PCR with mutation 
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specific primers, resulting in 200-400 bp products. Other than a lower annealing temperature 

(56°C) and a shorter annealing time (1 min) the PCR program was identical. 

A positive pool was subcloned using limiting dilution in pools of 1000, 100 and 1 cell/well. 

Once a clonal cell line was established, we isolated RNA and made cDNA using an Msh2 

specific RT primer (5’-gagccggagcctttatcc-3’). We then amplified a cDNA fragment 

containing the modified codon using nested PCR. The resulting PCR product was cloned into 

the pGEM
®
-T Easy vector (promega) and sequenced using vector primers T7 and SP6. 

Primer sequences are available upon request. 

 

Duplication of the targeted allele 

We targeted the heterozygous mutant cell lines with a Pim1-neo targeting construct (te Riele, 

et al., 1990). For each cell line, six Pim1
+/neo

 clones were selected and plated on a 6-well 

plate each, at a density of 1 x 10
5
 cells/well. The next day we added G418 at final 

concentrations of 5, 6, 7, 8, 9 and 10 mg/ml. Medium was refreshed every 3-4 days for 2-3 

weeks after which colonies were picked and expanded. These colonies were screened for 

duplication of the Pim1
neo

 allele by Southern blot analysis (te Riele, et al., 1990) or by PCR 

using primer pairs Pim1-F 5’-atcaactccctggcccacct-3’ and Pim1-R 5’-ggcctggctcaccatcaaag-

3’.  

We subsequently screened resulting Pim1
neo/neo

 colonies for duplication of the mutated Msh2 

allele. For the Msh2
G322D/G322D

 cell line, we used mutation specific restriction enzyme 

analysis. RNA was isolated from Msh2
+/+

, Msh2
G322D/+

, and the Pim1
neo/neo

 cell lines. cDNA 

was made using the Msh2 specific RT primer and used to amplify a cDNA fragment 

containing the modified codon. 400 ng of purified PCR product was digested with 4 units of 

Btg1 restriction enzyme (NEB) for 2 hours at 37°C. 
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In case of the Msh2
P622L/P622L

 cell line, the loss of the Msh2
hyg

 allele was confirmed using 

Southern blot analysis (de Wind, et al., 1995). As neither southern blot or mutation specific 

restriction enzyme analysis was possible for the Msh2
Y103C/Y103C 

and the Msh2
M688I/M688I

 cell 

lines, we used sequencing to verify duplication of the Msh2 mutation. We amplified the 

genomic DNA of the wild-type, heterozygous and homozygous mutant cell lines and 

performed a sequencing reaction on the purified PCR product. Primer sequences are 

available upon request. 

 

Western blot analysis 

Cells were lysed in a buffer containing 150 mM NaCl, 50 mM Hepes pH 7.5, 5 mM EDTA, 

0.1% NP-40, 5 mM NaF, 0.5 mM vanadate, 20 mM β-glycerolphosphate and 1 tablet 

complete protease inhibitor cocktail (Roche) per 50 ml. Protein extracts from 1.5 · 10
5
 ES 

cells were separated by 3-8% Tris-Acetate gels (NuPAGE
®

) using the NuPAGE
®

 

electrophoresis system and transferred to nitrocellulose membrane. We used rabbit 

polyclonal antibodies as primary antibodies to detect MSH2 (de Wind, et al., 1998) (1:500), 

MSH6 (de Wind, et al., 1999) (1:500) and MLH1 (sc-581, Santa Cruz Biotechnology) 

(1:500) and mouse monoclonal antibodies to detect MSH3 (1:50) (I. Holt and G. Morris, 

submitted for publication) and γ-Tubilin (GTU-88, Sigma-Aldrich). Peroxidase-conjugated 

goat anti-rabbit IgG and goat anti-mouse IgG (BioSource International) were used as a 

secondary antibody. Signals were visualized with enhanced chemiluminescence. 

 

Immunoprecipitations 

 

1·10
7
 cells of the four mutant cell lines, Msh2

Y103C/Y103C
, Msh2

G322D/G322D
, Msh2

P622L/P622L
, 

Msh2
M688I/M688I

, and the control cell lines Msh2
+/+

, Msh2
hyg/hyg

, Msh2
low/hyg

 were lysed in 1 ml 

ELB (50 mM HEPES pH 7.5, 150 mM NaCl, 6 % glycerol, 0.5 % NP-40 and Complete 
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EDTA-free protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN)) for 30 min 

at 4 ºC. Lysates were cleared by centrifugation (20,800 x g, 10 min, 4º C). 

Immunoprecipitations were performed by incubating 700 µl cleared lysate with 2.2 µg 

MSH2 antibody (ab70270, Abcam, Cambridge, UK) for 4 h at 4 ºC under continuous 

rotation. Subsequently, 70 µl of protein G Sepharose (GE Healthcare, Piscataway, NJ) was 

added and incubation was continued for 16 h at 4 ºC. The beads were washed six times with 

1 ml ELB at 4 ºC and resuspended in 20 µl 1 x NuPAGE LDS sample buffer (Invitrogen, 

Carlsbad, CA) for Western blot analysis. Lysates of wild-type ES cells incubated with 

protein G but without MSH2 antibody served as controls. 

 

Hprt mutation assay and microsatellite instability assay 

Single cells of the four mutant cell lines, Msh2
Y103C/Y103C

, Msh2
G322D/G322D

, Msh2
P622L/P622L

, 

Msh2
M688I/M688I

, and the control cell lines Msh2
+/+

, Msh2
hyg/hyg

, Msh2
low/hyg

, were expanded to 

10
9
 cells. Each expanded clone was plated on three 150mm gelatin coated tissue culture 

plates at 1.5 x 10
6
 cells/plate. The next day, 6-TG was added at a final concentration of 10 

µg/ml. After 10 days, the resistant colonies were counted. 

In addition, of each of the expanded cultures we generated about 60 subclones and isolated 

genomic DNA. The length of three different microsatellite markers (D18Mit19, D7Mit17, 

D14Mit15) was analyzed by PCR analysis. 

 

Homologous recombination assay 

We used targeting constructs 129Rb-pur and Balb/cRb-pur that differ about 0.6% at the 

nucleotide level (Claij and Te Riele, 2002). The targeting and subsequent analysis was 

performed in the Msh2
Y103C/Y103C

, Msh2
G322D/G322D

, Msh2
P622L/P622L

, Msh2
M688I/M688I

 and 

Msh2
low/hyg

 cell lines as described (te Riele, et al., 1992). 

Page 8 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 9 

 

Sensitivity to MNNG and 6-TG 

The four mutant cell lines, Msh2
Y103C/Y103C

, Msh2
G322D/G322D

, Msh2
P622L/P622L

, Msh2
M688I/M688I

, 

and the control cell lines, Msh2
+/+

, Msh2
hyg/hyg

, Msh2
low/hyg

, were plated onto irradiated mouse 

embryonic fibroblast feeder layers at a density of 500 cells/1.8 cm
2
. The next day we treated 

the cells for 1h with 0-40 µM MNNG or 6-TG and after 4 days we counted the number of 

surviving colonies. In the case of MNNG exposure, cells were cultured in the presence of 40 

µM O
6
-benzylguanine, starting from 1 hour prior to MNNG exposure until counting of 

colonies. O
6
-benzylguanine inhibits the removal of methyl groups from the O

6
 position of 

guanine by endogenous O
6
-methylguanine-methyltransferase activity. 

 

Quantitative real time PCR 

ES cells of the four mutant cell lines, Msh2
Y103C/Y103C

, Msh2
G322D/G322D

, Msh2
P622L/P622L

, 

Msh2
M688I/M688I

, and the control cell lines, Msh2
+/+

, Msh2
hyg/hyg

, Msh2
low/hyg

 were grown to 

semi-confluency and total RNA was isolated using the RNeasy minikit (Qiagen). 1 µg of 

RNA was used for first strand cDNA synthesis using random primers and SuperScript II 

Reverse Transcriptase (Invitrogen). The standard amplification program of an ABI Prism 

7000 sequence detection System (Applied Biosystems, Nieuwerker a/d IJssel, The 

Netherlands) was used for quantitative real-time PCR. The amplification was performed with 

15-30 ng cDNA, 0.4 µM of forward primer MSH2-2109F (AATCGGGTGTTTTGTGCCC) 

and reverse primer MSH2-2171R (CGAGCAAGGATGCAATCCA), and 12.5 µl of 2x 

SYBR Green PCR Master Mix (Applied Biosystems) in a total volume of 25 µl. The final 

mouse Msh2 mRNA levels were normalized to mouse β-actin mRNA levels which were 

measured as described above using forward primer ACTINB-31F 
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(GCTTCTTTGCAGCTCCTTCGT) and reverse primer ACTINB-94R 

(ATATCGTCATCCATGGCGAAC).  

 

Results 

We have selected four VUS of clinical relevance, MSH2-Y103C, MSH2-G322D, MSH2-

P622L and MSH2-M688I. The MSH2-Y103C mutation was identified by Myriad Genetics, 

Inc. and is listed in the InSiGHT database. Its yeast equivalent was studied in an ectopic 

expression system where it conferred an increased resistance to cisplatin without a mutator 

phenotype (Clodfelter, et al., 2005). The MSH2-G322D mutation has been found in 

suspected HNPCC families, but also in the control population. The latter is indicative for a 

polymorphism, however, a patient homozygous for this mutation developed colorectal cancer 

(CRC) at the age of 19 (Froggatt, et al., 1996). Yeast studies using ectopic expression of the 

equivalent MSH2 mutation indicated protein functionality to depend on expression levels, 

labeling it as an “efficiency polymorphism” (Drotschmann, et al., 1999; Ellison, et al., 2001). 

The third mutation, MSH2-P622L, showed perfect co-segregation with disease in a large 

HNPCC family (Leach, et al., 1993). Yeast studies have suggested this mutant protein to be 

defective in the repair of mismatches but capable of inducing a DNA damage response upon 

cisplatin exposure (Clodfelter, et al., 2005). MSH2-P622L may therefore represent an MSH2 

‘separation of function’ mutant. Finally, MSH2-M688I has been found in families with 

suspected HNPCC in several Asian studies (Banno, et al., 2003; Nomura, et al., 2000; Yuan, 

et al., 1998) but also in healthy Japanese individuals, suggesting this is a polymorphism 

(Banno, et al., 2004). Studies of the yeast equivalent MSH2-M707I revealed a mild mutator 
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phenotype and a loss of binding to MLH1, PMS1, EXOI and POL30 in a yeast-two-hybrid 

system, whereas binding to MSH6 and MSH3 was found to be intact (Gammie, et al., 2007).  

Oligo targeting was used to introduce the mutations into the endogenous Msh2 gene 

of murine ESCs following the procedure described by Aarts et al. (2006). For the P622L 

mutation, we targeted the mutation into Msh2
+/hyg

 ESCs (Fig. 1A and D), carrying a 

hygromycin-resistance gene (hyg) inserted into one Msh2 allele (de Wind, et al., 1995). Since 

the hyg insertion is close to Proline 622 in exon 12, we could easily select a clone carrying 

the P622L substitution in the wild-type allele by mutation-specific PCR (see Supplementary 

Fig. 1A for the structure of the wild-type and Msh2
hyg

 alleles). However, in general, it is less 

straightforward to ascertain modification of the Msh2
+
 rather than the Msh2

hyg
 allele and 

therefore, the other three mutations were introduced in Msh2
+/+

 cells (Fig. 1A, B, C and E). 

This approach necessitated a second step, which is rendering cells homozygous for the 

mutant allele. To this aim, we made use of a previously described method to duplicate a neo-

labeled chromosome by selecting for cells resistant to high concentrations of G418 

(Mortensen, et al., 1992). First, a highly efficient targeting vector was used to insert neo into 

the Pim1 gene, located centromeric of Msh2 on chromosome 17 (te Riele, et al., 1990). 

Subsequently, several targeted clones were exposed to 5-10 mg/ml G418 and resistant 

colonies were screened for concomitant duplication of the neo marker and the Msh2 mutant 

allele. Southern blot analysis or PCR was used to assess the Pim1 status (not shown) and 

mutation specific restriction enzyme analysis or sequencing was used for Msh2 (Fig. 2A, B 

and C). The same method was applied to generate a cell line expressing MSH2-P622L from 

both chromosomes. Here duplication of the mutated allele was verified by Southern blot 

analysis (loss of Msh2
hyg

 allele) (Fig. 2D). This procedure allowed us to rapidly obtain 

homozygous mutant cell lines that were subsequently used for functional analysis.  
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While the M688I and the G322D allele produced normal protein levels, the levels of 

the Y103C and the P622L mutant protein were markedly decreased (Fig. 3), the latter in 

agreement with data obtained in yeast (Gammie, et al., 2007) and with immunohistochemical 

stainings for MSH2 on tumor material of patients carrying the P622L mutation (Southey, et 

al., 2005; Ward, et al., 2002). In none of the mutant cell lines decreased mRNA levels were 

detected using quantitative-PCR (Supplementary Fig. 2). Sequencing of the Msh2
P622L

 

transcript revealed no additional mutations or splicing aberrancies (not shown). To exclude 

the possibility that low protein level was the result of poor codon usage, we reconstructed the 

most severely affected mutant, P622L, with a more prevalent leucine codon (CTG), having a 

codon usage of 40.0 versus 13.3 for the first mutant (TTG) (www.kazusa.or.jp/codon) 

(Supplementary Fig. 1A and B). Western blot analysis showed a similar reduction in the 

MSH2 protein levels for both Msh2
P622L/hyg

 cell lines, ruling out an influence of codon usage 

(Supplementary Fig. 1C).  

We next assessed the levels of the MSH2 binding partners MSH3 and MSH6. In the 

two mutant lines with normal MSH2 level, we detected normal MSH3 and MSH6 protein 

levels (Fig. 3). Since the level of MSH3 and MSH6 depends on their interaction with MSH2, 

this indicates normal binding of mutant MSH2 to these proteins. Somewhat remarkably 

MSH6 level was also near to normal in the MSH2-Y103C cell line despite lower levels of 

mutant MSH2. However, MSH3 level appeared to be twofold reduced. In homozygous 

Msh2
P622L/P622L

 cells, the MSH6 level was reproducibly somewhat higher than in Msh2
hyg/hyg

 

cells, indicating that also for this mutant the MSH2/MSH6 interaction was intact, consistent 

with previous findings (Guerrette, et al., 1998). To verify these observations, we performed 

an MSH2 immunoprecipitation experiment (Supplementary Fig. 3). This confirmed normal 

binding of MSH2-Y103C, MSH2-G322D and MSH2-M688I to MSH3 and MSH6. 

Furthermore, we found the residual MSH2-P622L protein to co-precipitate MSH6 
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(Supplementary Fig. 3). However, binding of this mutant MSH2 protein to MSH3 seemed to 

be abolished. 

MMR protein levels can greatly influence mismatch repair functions. For example, 

we found that tenfold-reduced wild-type MSH2 protein level in Msh2
low/hyg

 cells we 

previously generated, resulted in a defective DNA damage response while repair of 

mismatches and prevention of homeologous recombination were intact (Claij and Te Riele, 

2002). Since the MSH2/MSH6 protein levels in Msh2
low/hyg

 ESCs were similar to those in 

homozygous Msh2
P622L/P622L

 cells, we used this cell line for comparison to identify possible 

additional effects caused by this mutation.  

To examine the mutator phenotype of mutant cells, single ESCs were expanded to 10
9 

cells. Subsequently, the frequency of unrepaired slippage errors at three different 

dinucleotide repeats (MSI) was measured in 60 individual cell clones. Additionally, the 

expanded cell cultures were exposed to 6-thioguanine (6-TG) to measure the frequency of 

mutational inactivation of the Hprt gene. When we tested Msh2
Y103C/Y103C

, Msh2
G322D/G322D

 

and Msh2
M688I/M688I

 cells in the MSI and Hprt assays, none or very few mutations were 

detected (Fig. 4). In contrast, both assays showed a strong mutator phenotype for the 

Msh2
P622L/P622L

 mutant cells, similar to Msh2
hyg/hyg

 cells (Fig. 4). Because Msh2
low/hyg

 cells did 

not reveal a strong mutator phenotype, this effect was apparently not caused by the reduction 

in protein levels, indicating that the P622L substitution abolished repair of mismatches.  

To assess a second function of MMR, suppression of homeologous recombination, 

we compared the targeting efficiency of two Rb targeting vectors containing a puromycin 

resistance cassette in wild-type and Msh2 mutant cells (Claij and Te Riele, 2002). One vector 

was derived from the 129 mouse strain, being 100% homologous to our ES cells. The other 

was derived from the Balb/c genomic sequence and 99.4% homologous. Targeting by the 
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latter was strongly impaired in MMR proficient cells, while Msh2
hyg/hyg

 cells allowed 

targeting of both vectors with equal efficiency (de Wind, et al., 1995). As shown in Figure 5, 

the MSH2-Y103C, MSH2-G322D and MSH2-M688I proteins suppressed incorporation of 

the non-identical construct as effectively as wild-type MSH2, in contrast to the MSH2-P622L 

protein, which allowed effective recombination of both constructs.  

 

A third function of MMR is related to the toxicity of certain DNA damaging 

compounds, typically methylating agents and 6-thioguanine (6-TG). In this assay, ESCs were 

plated at low density and exposed for one hour to various concentrations of either N-methyl-

N’-nitro-N-nitrosoguanidine (MNNG) or 6-TG. After four days, surviving colonies were 

counted. Msh2
Y103C/Y103C

, Msh2
G322D/G322D

 and Msh2
M688I/M688I

 cells displayed a strong 

sensitivity to both agents, similarly to wild-type cells (Fig. 6A and B). In contrast, 

Msh2
P622L/P622L

 cells were as resistant to MNNG as Msh2
hyg/hyg

 and Msh2
low/hyg 

cells. 

Msh2
P622L/P622L

 cells were also resistant to 6-TG, similar to Msh2
hyg/hyg

 cells (Fig. 6A and B). 

Since Msh2
low/hyg

 cells displayed an intermediate sensitivity to 6-TG, this result indicated that 

the MSH2-P622L mutant was intrinsically defective in mediating cell death in response to 

MNNG and 6-TG.  

 

Discussion 

Here we present a novel approach to evaluate the functional consequences of missense 

mutations in the MMR gene MSH2, which makes use of oligonucleotide-directed gene 

modification in mouse embryonic stem cells. Our results classify the P622L mutation as 

deleterious as it was defective in all functional assays conducted. This is in agreement with 

results from computational modeling (Chao, et al., 2008) and clinical observations such as 

early age of onset and perfect co-segregation of mutation and disease. Also, MSI and the 
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absence of MSH2/MSH6 staining using immunohistochemistry (IHC) in tumors is in 

accordance with our data (Chialina, et al., 2006; Jenkins, et al., 2002; Leach, et al., 1993; 

Southey, et al., 2005). Similar to studies in yeast expressing the equivalent mutant protein, 

yMSH2-P640L (Drotschmann, et al., 1999; Polaczek, et al., 1998), we observed a strong 

mutator phenotype in Msh2
P622L/P622L

 ESCs. However, with respect to the response to DNA 

damaging agents, our study and a study in yeast appeared contradictory. We found ESCs 

expressing MSH2-P622L mutant protein to be resistant to methylating agents, whereas yeast 

cells expressing yMSH2-P640L protein were sensitive to cisplatin (Clodfelter, et al., 2005). 

This discrepancy may be explained by differences in protein level as in yeast a high level of 

yMSH2-P640L mutant protein was obtained due to ectopic expression, whereas we observed 

that the level of MSH2-P622L mutant protein expressed from the endogenous locus was 

markedly reduced. We observed this reduction in two independent mutants, excluding an 

effect of codon usage. Since the level of mutant mRNA was not affected and no additional 

mutations were detected in the transcript, we envisage that the P622L substitution renders 

MSH2 unstable, likely due to steric hindrance of the leucin residue. The remaining MSH2-

P622L protein was able to stabilize MSH6, indicating normal complex formation, and this 

complex seemed to be capable of binding MLH1 (Supplementary Fig. 3). The phenotype of 

the residual MSH2-P622L/MSH6 complex was not merely caused by low protein level as 

Msh2
P622L/P622L

 cells were defective in all three functional assays whereas Msh2
low/hyg 

cells, 

producing wild-type protein at similarly low levels, were defective only in the DNA damage 

assay. One may argue that the MSH2-P622L mutant protein fails to elicit sensitivity to 

MNNG due to low protein level. However, this is unlikely as a similar low level of wild-type 

MSH2 did partially sensitize cells to 6-TG whereas the MSH2-P622L mutant protein did not. 

The intrinsic defect caused by the P622L substitution may also impede nuclear localization 
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of MSH2-P622L (Lutzen, et al., 2008), contributing to its inability to sustain mismatch 

repair. 

 Also MSH2-Y103C was present at reduced level, albeit higher than MSH2-P622L. 

As we found normal mRNA levels and no evidence for aberrant splicing (similar to the 

human equivalent (Lastella, et al., 2006)), the Y103C substitution likely affected protein 

stability. This may be due to loss of a hydrogen bond and the creation of a vacuum in a 

hydrophobic core. Apparently, this did not affect the affinity for MSH6 as we observed 

similar protein level as in wild-type cells. Most importantly, the MMR capacity of 

Msh2
Y103C/Y103C

 cells was virtually identical to that of Msh2
+/+

 cells in all assays in 

accordance with the absence of a mutator phenotype in yeast expressing the equivalent 

yMSH2-Y109C (Clodfelter, et al., 2005). A recent report also showed normal MMR capacity 

of yMSH2-Y109C/MSH6, although reduced MMR activity of the yMSH2-Y109C/MSH3 

was detected (Martinez and Kolodner, 2010). Interestingly, we did notice a slightly reduced 

level of MSH3, which may be indicative for reduced MSH2-Y103C/MSH3 activity. 

However, since MSH2-Y103C-expressing cells showed normal MMR activity and sensitivity 

to methylating agents, and MSH3 deficiency did not predispose to tumorigenesis in mice (de 

Wind, et al., 1999), we believe that this mutation is unlikely to cause cancer predisposition. 

We classify the G322D mutation as a polymorphism as it retained functionality in all 

assays. Although this mutation is generally regarded as a polymorphism, clinical, 

computational and functional analyses have shown contradictory results. The mutation has 

been found both in CRC patients and in healthy controls with an allele frequency of 0.012 

(http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4987188). Statistical analysis of 3,785 

CRC cases and matched controls has not revealed an association between the MSH2-G322D 

mutation and an increased CRC risk (Chao, et al., 2008). However, besides microsatellite-

stable also microsatellite-unstable tumors have been found in MSH2
G322D

 carriers, indicative 
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of a MMR defect (Lucci-Cordisco, et al., 2006). In some cases IHC failed to detect MSH2, 

although in the majority of tumors in which only the G322D mutation was found, MSH2 

protein levels were normal (Lucci-Cordisco, et al., 2006). In yeast, the functionality of the 

equivalent yMSH2-G317D mutant protein appeared to depend on high ectopic expression 

levels (Drotschmann, et al., 1999; Ellison, et al., 2001). It should be noted however that 

Drotschmann et al. judged the alignments insufficient to establish unequivocally that Gly317 

in yMSH2 is the functional equivalent of Gly322 in hMSH2 (Drotschmann, et al., 1999). In 

mouse MSH2, Gly322 is in the middle of a stretch of 30 amino acids that is 100% identical 

to the human sequence. We demonstrate here that the MSH2-G322D protein expressed from 

its endogenous locus behaved like wild-type MSH2. We therefore envisage that MSI and 

negative MSH2 IHC occasionally observed in tumors from MSH2
G322D

 carriers was due to 

another MMR defect.  

Finally, our approach also classifies the MSH2-M688I mutation as a polymorphism 

as MSH2-M688I showed normal interaction with MSH3, MSH6 and MLH1 and 

Msh2
M688I/M688I

 cells were MMR proficient in all assays conducted. This was also concluded 

by Banno et al. who detected the mutation in 3 out of 179 healthy individuals (Banno, et al., 

2004). The mutation has been found in suspected HNPCC families, however, no co-

segregation data has been published (Banno, et al., 2003; Nomura, et al., 2000; Yuan, et al., 

1998). Our observations did not confirm computational modeling using MAPP-MMR, which 

scored this mutation as pathogenic (Chao, et al., 2008). In yeast, the equivalent MSH2-

M707I caused an intermediate mutator phenotype, which was tenfold lower than in Msh2-

deficient cells. The interaction between yMSH2-M707I and MSH3 and MSH6 appeared 

normal, however, interaction with MLH1, PMS1, EXOI and POL30 could not be detected in 

a yeast-2-hybrid assay (Gammie, et al., 2007). Thus, substitutions of evolutionary-conserved 
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amino acids in distantly-related species may not necessarily have identical phenotypic 

consequences. 

With the advance of massive sequencing of the human genome, there is an increasing 

need for the phenotypic characterization of allelic variants of disease-causing genes. The 

procedure we present here is the first that makes use of oligo targeting, a novel and effective 

technique to directly mutate endogenous genes in ESCs. Our study demonstrates that oligo 

targeting can be efficiently used to study the effects of missense mutations in genes involved 

in familial disease. A prominent feature of our approach is that we recreate the human 

situation by mutating the endogenous gene, thereby ensuring normal regulation of 

expression. Notably, this allows us to study the phenotypic consequences of the mutation at 

the cellular level using three functional assays each assessing a different MMR function. 

Furthermore, in cases where the functional implications are less clear, or when a mutation 

only partially affects MMR capacity, mice can be generated from mutant ESCs to investigate 

whether attenuated MMR activity promotes tumorigenesis in vivo. Our approach will directly 

contribute to the correct risk assessment of MMR missense mutations found in (suspected) 

HNPCC families. This will facilitate proper counseling and treatment, especially in cases 

where altered drug response is observed. Our procedure can be adapted to provide similar 

insights into the effects of missense mutations found in other genes involved in genetic 

disease. 
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Figure legends 
 

Figure 1. Generation of Msh2 mutant ESC lines by oligo targeting. 

(A) Msh2 targeting oligonucleotides (upper case) hybridized to their complementary genomic 

sequence (lower case); mismatching bases in the oligonucleotides are shown in red. (B) 

Sequence analysis of Msh2
Y103C/+

cDNA, (C) Msh2
G322D/+ 

cDNA, (D) Msh2
P622L/hyg

 cDNA and 

(E) Msh2
M688I/+ 

cDNA. 

 

Figure 2. Generation of homozygous Msh2 mutant ESC lines 

(A) Sequence analysis of Msh2
+/+

, Msh2
Y103C/+

 and Msh2
Y103C/Y103C

 genomic DNA. (B) 

Sequence analysis of Msh2
+/+

, Msh2
M688I/+

 and Msh2
M688I/M688I 

genomic DNA. (C) 

Restriction enzyme analysis of Msh2
G322D

 mutant cDNAs. Only the mutant sequence is cut 

by the Btg1 enzyme resulting in two bands of 374 and 248 bp. m indicates a 100 bp DNA 

marker. (D) Southern blot analysis of the Msh2
P622L/hyg 

(left lanes of each panel) and 

Msh2
P622L/P622L

 (right lanes of each panel) cell lines, showing duplication of the Pim1
neo

 allele 

in the left panel and loss of the Msh2
hyg 

allele
 
in the right panel, upon exposure to 9 mg/ml 

G418. The position of both genes on chromosome 17 is indicated.   

 

Figure 3. Western blot analysis of mutant cell lines and controls. Whole cell lysates were 

analyzed for MSH2, MSH3 and MSH6. γ-Tubulin was used as a loading control. Hyg and 

pur indicate knockout alleles.
 

 

Figure 4. Mutator phenotype in Msh2 mutant ESC lines. 

Black bars show the average percentage of unstable microsatellites (left Y-axis) as measured 

in 60 colonies for 3 different markers. The grey bars show the average number of 6-TG 
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resistant colonies per 10
6
 plated cells (right Y-axis). Error bars show standard errors, 

measured over 3-4 experiments per cell line. 

 

Figure 5. Prevention of homeologous recombination in Msh2 mutant ESC lines. 

Targeting efficiencies are shown in mutant and control cell lines for the 129 (black bars) and 

the Balb/c (white bars) derived Rb targeting constructs. Targeting efficiencies in Msh2
+/+

 and 

Msh2
hyg/hyg

 are taken from (de Wind, et al., 1995) and shown as controls.  

 

Figure 6. Toxicity of methylating agents in Msh2 mutant ESC lines. 

(A) Tolerance of mutant and control cell lines to MNNG (n=4-8). (B) Tolerance of mutant 

and control cell lines to 6-TG (n=3-5). Error bars show standard errors from independent 

experiments. 

 

Page 23 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

 

185x138mm (600 x 600 DPI)  

 
 

Page 24 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

 

185x138mm (600 x 600 DPI)  

 
 

Page 25 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

 

142x145mm (600 x 600 DPI)  

 
 

Page 26 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

 

142x145mm (600 x 600 DPI)  

 
 

Page 27 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

 

122x92mm (600 x 600 DPI)  

 
 

Page 28 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

 

182x94mm (600 x 600 DPI)  

 
 

Page 29 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

 

129x98mm (600 x 600 DPI)  

 
 

Page 30 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

 

112x167mm (600 x 600 DPI)  

 
 

Page 31 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

 

112x167mm (600 x 600 DPI)  

 
 

Page 32 of 35

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 

 

Supplementary Figure 1. Generation of a Msh2
P622L

 mutant with enhanced codon usage. 

(A) The P622L-2 oligonucleotide (upper case) hybridized to its complementary genomic sequence 

(lower case); mismatching bases in the oligonucleotide are shown in red. Due to the insertion of a 

hygromycin marker gene in exon 12 of the Msh2
hyg

 allele, the mutation specific PCR will only result 

in a product if the mutation, indicated by a white asterisk in exon 12, is on the Msh2
+
 allele. Black 

arrows indicate the position of the primers used for the first PCR whereas red arrows depict the 

primers for the nested PCR. (B) Sequence analysis of Msh2 cDNA shows replacement of the proline 

codon, at position 622, for leucine in the Msh2
P622L-2

 mutant. (C) Western blot analysis of the 

Msh2
P622L

 mutant cell lines, the Msh2
P622L-2/hyg

 cell line and controls. Whole cell lysates were analyzed 

for MSH2 and γ-Tubulin was used as a loading control. 
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Supplementary figure 2. Quantitative real time PCR analysis of mutant Msh2 mRNAs 

Relative mRNA levels of mutant and control Msh2 mRNA. Hyg indicates a knockout allele. Error bars 

show standard errors from 2 independent experiments. 
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Supplementary figure 3. MSH2 immunoprecipitations of mutant cell lines and controls 

Western blot analysis of total lysate and immunoprecipitated (IP) fractions of MSH2 

immunoprecipitations, blotted for MSH2, MSH3, MSH6 and MLH1. Hyg indicates a knockout allele. 

No Ab indicates the lysate of the wild type cells incubated with protein G but without the MSH2 

antibody. 
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