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Short synthetic single-stranded oligodeoxyribonucleotides (ssODNs) can be used to 
introduce subtle modifications into the genome of mouse embryonic stem cells. We 
have previously shown that the DNA mismatch repair (MMR) system imposes a strong 
barrier to effective application of ssODN-mediated gene targeting. Transient down-
regulation of the mismatch recognition protein MSH2 to ten percent of the normal 
level allowed substitution of 3 or 4 nucleotides, while 1 or 2 nucleotide substitutions 
were still suppressed. Here, we demonstrate that single- or dinucleotide substitution 
can be achieved by transient down-regulation of the downstream MMR protein MLH1. 
Although MLH1 knockdown increased the level of spontaneous mutagenesis, modified 
alleles could be introduced into the germ line of mice. Thus, transient MLH1 suppres-
sion provides a valuable extension of the MSH2 knockdown strategy, allowing ssODN-
directed substitution of single nucleotides.

INTRODUCTION

Gene targeting by single-stranded oligo-
deoxyribonucleotides (ssODNs) is an alter-
native technique for the introduction of site-
specific sequence alterations into the mouse 
genome. The procedure only requires short 
synthetic ssODNs that are homologous to 
the target locus, except for a single or a few 
centrally located bases that comprise the 
desired genetic alteration [1,2]. Incorpora-
tion of the ssODN during DNA replication 
appears to be the predominant mechanism 
underlying ssODN-mediated gene targeting 
[3-6]. According to this model, the ssODN 
anneals to its complementary genomic tar-
get sequence, when this is present as a region 
of single-stranded DNA near the replication 
fork. Then, the ssODN serves as a primer for 
DNA synthesis to become extended by the 
endogenous replication machinery, result-
ing in physical incorporation of the ssODN 
into the newly synthesized DNA strand [7]. 
Following annealing, DNA mismatches are 
formed between the ssODN and its chromo-
somal complement. These mismatches are 
recognized and removed by the DNA mis-
match repair (MMR) system, thereby pre-
venting introduction of the desired genetic 
alteration. Thus, MMR raises a strong bar-
rier to ssODN-directed gene modification as 

has been demonstrated in mouse embryo-
nic stem (ES) cells [8] and in E. coli [9-11]. 

In eukaryotes, DNA mismatches are recog-
nized by either one of two heterodimeric 
protein complexes: MSH2/MSH6 (MutSα) 
and MSH2/MSH3 (MutSβ) that have 
specific and partially redundant mismatch 
recognition capacities (reviewed in [12]). 
The MSH2/MSH6 heterodimer mainly 
recognizes single base-base mismatches and 
small loops of one or two nucleotides, while 
the MSH2/MSH3 complex has more affin-
ity for larger loops of two to five unpaired 
nucleotides. Upon mismatch binding, the 
MSH2/MSH3 and MSH2/MSH6 complexes 
activate the MLH1/PMS2 (MutLα) com-
plex, which triggers a downstream repair 
cascade, resulting in removal of the DNA 
strand carrying the erroneous nucleotide(s). 
One manifestation of defects in the MMR 
machinery is microsatellite instability (MSI), 
i.e., alterations in the length of simple repet-
itive DNA tracts such as (A)n or (CA)n. In the 
absence of MMR, misalignment of the nas-
cent and template DNA strands due to DNA 
polymerase slippage errors remains unno-
ticed and this leads to expansion or contrac-
tion of the repetitive tract. Mutations in the 
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Msh2, Msh6, Mlh1 and Pms2 genes caused 
elevated spontaneous mutation rates and 
MSI in S. cerevisiae [13-18] and led to MSI 
and cancer predisposition in mice [19-25]. 
Moreover, inherited defects in these MMR 
genes underlie the cancer syndrome heredi-
tary nonpolyposis colorectal cancer (HNPCC 
or Lynch syndrome) in humans, which is 
characterized by development of MSI tumors 
at early age [26-30]. Mutations in the Msh3 
gene did not induce tumorigenesis in mice 
[31,32], and only moderate MSI in S. cerevi
siae [33,34], whereas Msh6-deficient mice 
developed tumors with low level MSI [23]. 
These data suggest that the MSH2/MSH3 
and MSH2/MSH6 complexes have overlap-
ping roles in maintaining genetic stability at 
simple sequence repeats.

We have previously shown that the recog-
nition specificities of the MSH2/MSH6 and 
MSH2/MSH3 protein complexes could be 
exploited to allow the introduction of speci-
fic types of sequence alterations by ssODNs. 
Ablation of Msh6 allowed effective introduc-
tion of 1-, 2-, 3- and 4-nt substitutions, while 
nucleotide insertions were still suppressed 
by residual MSH2/MSH3 activity [35]. On 
the other hand, Msh3-deficient ES cells 
were permissive for nucleotide insertions 
[36], whereas nucleotide substitutions were 
still suppressed by the remaining MSH2/
MSH6 complexes [35]. Accordingly, Msh2
deficient ES cells were permissive for all 
types of nucleotide substitutions and inser-
tions [36]. Although MMR deficiency strongly 
improved the efficacy of ssODN-mediated 
gene targeting, general application is ham-
pered by the mutator phenotype associated 
with constitutive MMR deficiency (reviewed 
in [37]). This problem may be circumvented 
by transient rather than constitutive sup-
pression of MMR. Indeed, we found that 
temporary down-regulation of Msh2 by RNA 
interference generated a time window that 
allowed gene modification by ssODNs [35]. 

However, effective gene modification was 
restricted to substitutions of four, some-
times three, adjacent nucleotides that could 
be introduced with frequencies comparable 
to those in constitutive Msh2-deficient cells 
[36]. In contrast, simple nucleotide sub-
stitutions and 1- and 4-nt insertions were 
still suppressed by the residual level of 
MSH2, which was 10 percent of the normal 
level. Here, we have investigated whether 
transient knockdown of the downstream 
MMR gene Mlh1 rendered cells permis-
sive for ssODN-mediated gene targeting. 
Furthermore, the occurrence of frameshift 
mutations at simple sequence repeats was 
assessed to compare the level of spontane-
ous mutagenesis resulting from transient 
and constitutive MMR suppression. 

RESULTS

Reporter systems
We have previously developed two selecta-
ble reporter systems consisting of mutant 
neomycin (neo) resistance genes to monitor 
the efficacy of ssODN-mediated gene modi-
fication [8]. The neo cassette was mutated 
by either a single base substitution (ATG to 
AAG) in the start codon (Target 2, Figure 
1A), or a 2 base pair insertion (extra GT) im-
mediately after the start codon, causing a 
frameshift mutation (Target 1, Figure 2A). A 
single copy of these mutant neo genes was 
stably integrated into the Rosa26 locus of 
wild-type mouse ES cells. ssODNs were de-
signed to correct the mutant neo sequence 
by introducing an in-frame ATG start codon 
(Figure 1B) or by introducing extra base 
pairs (+1 or +4 nt) to restore the neo open 
reading frame (Figure 2B) resulting in G418 
resistance. MMR activity imposes a strong 
barrier to ssODN-mediated gene targeting 
in mouse ES cells [8,36]. Previously, we 
have demonstrated that transient down-
regulation of the central MMR gene Msh2 
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Figure 1 ssODN-mediated nucleotide substitutions.
(A) A single copy of a defective neomycin gene (neo) in which the start codon (ATG) is replaced for 
AAG (*) (Target 2) was inserted into the Rosa26 locus of wild-type ES cells. (B) Activity of the neo 
gene can be restored by single-stranded oligodeoxyribonucleotides (ssODNs) that substitute one to 
four nucleotides (indicated in red) to create a new ATG start codon (underlined). (C) Correction of the 
neo reporter by the substitution ssODNs in wild-type ES cells transfected with pS-MSH2 (black bars) 
or pS-MLH1 (grey bars). The targeting efficiency is the number of G418-resistant colonies per 105 cells 
that were plated after ssODN exposure. Data of pS-MSH2 transfected wild-type ES cells (black bars) 
are taken from Ref. [35] and shown as controls. Error bars represent the standard deviation (s.d.) of at 
least four independent experiments.
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by RNA interference was sufficient to allow 
effective substitution of 3 to 4 adjacent nu-
cleotides in wild-type ES cells [35]. However, 
simple nucleotide substitutions (1-2 nt) and 
nucleotide insertions were still suppressed 
by the activity of residual MMR complexes.
 
ssODN-mediated gene targeting in MLH1 
knockdown ES cells
We investigated whether transient down-
regulation of MLH1 could also render cells 
permissive for ssODN-mediated gene target-
ing. Wild-type ES cells containing the mutant 

neo reporter gene were transfected with a 
pSUPER vector expressing a short RNA hair-
pin directed against Mlh1 (pS-MLH1), fol-
lowed by puromycin selection for 2 days to 
eliminate untransfected cells. Western blot 
analysis revealed that the MLH1 protein 
levels were >10-fold reduced in pS-MLH1 
transfected ES cells (Figure 3), while the 
Mlh1 mRNA levels were reduced to 28% (± 
4) of the wild-type levels as determined by 
quantitative RT-PCR (data not shown). MLH1 
protein levels remained strongly reduced 
for 3 days and then gradually increased to 

*
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Figure 2 ssODN-mediated nucleotide insertions.
(A) A single copy of a defective neomycin gene (neo) carrying a GT insertion (*, indicated in red) after 
the ATG start codon (Target 1) was inserted into the Rosa26 locus of wild-type ES cells. (B) Activity of 
the neo gene can be restored by single-stranded oligodeoxyribonucleotides (ssODNs) inserting either 
one (+1) or four (+4) nucleotides (underlined) to regenerate the open reading frame. (C) Correction of 
the neo reporter by the insertion ssODNs in wild-type ES cells transfected with pS-MSH2 (black bars) 
or pS-MLH1 (grey bars). The targeting efficiency is the number of G418-resistant colonies per 105 cells 
that were plated after ssODN exposure. Data of pS-MSH2 transfected wild-type ES cells (black bars) are 
taken from Ref. [35] and shown as controls. Error bars represent the s.d. of at least four independent 
experiments.
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Effects of transient MLH1 suppression
To obtain an indication of the level of accu-
mulation of spontaneous mutations as 
a result of transient MLH1 suppression, 
we assessed the occurrence of frameshift 
mutations at simple sequence repeats. For 
this purpose, we have used two slippage 
reporter constructs consisting of a neo gene 
in which the open reading frame was dis-
rupted by either a (G)10 or a (CA)15C repeat. 
Polymerase slippage errors that remain 
unrepaired in the absence of MMR activity 
may lead to e.g. deletion of a single G or 
addition of a CA restoring the open reading 
frame and resulting in G418 resistance. 
At the (G)10 repeat, pS-MLH1 transfected 
wild-type cells showed a slippage frequency 
that was ~1400-fold higher than in control 
wild-type cells (Table 1). However, at the 
(CA)15C repeat, transient MLH1 suppression 
resulted in only a 6-fold increase in slippage 
frequency compared to wild-type control 
cells. After transient MLH1 knockdown, 
the slippage frequencies at both the (G)10 
repeat and (CA)15C repeat were approxi-
mately 3-fold higher than after transient 
MSH2 knockdown [35], but still 4- to 11-fold 
lower than in constitutive Msh2-deficient ES 
cells (Table 1).

days post puromycin selection

0 4321

MLH1

LC

W
T

neg

Figure 3 Protein levels after MLH1 suppression.
Western blot analysis of wild-type mouse ES cells 
transfected with pS-MLH1 followed by puromycin 
selection for two days. Whole-cell extracts were 
analyzed for MLH1 expression for five consecutive 
days. WT, wild-type ES cells not treated with pS-
MLH1; neg, Mlh1-deficient human HCT116 cells; 
LC, non-specific band as loading control.

approximately 50% of the wild-type levels 
on day 4 after puromycin selection. During 
the brief period of MLH1 knockdown (day 0 
or 1; Figure 3), cells were transfected with 
different substitution ssODNs to correct the 
AAG-neo reporter gene (Target 2, Figure 1). 
In contrast to transient down-regulation of 
MSH2, transient down-regulation of MLH1 
allowed effective introduction of all tested 
nucleotide substitutions, regardless of the 
number of mismatches that were gener-
ated by the ssODNs (Figure 1C; data of 
pS-MSH2 transfected wild-type cells were 
taken from Ref. [35]). In particular, simple 
nucleotide substitutions (ssODNs 1m, mxm, 
2M, 3n and 3M) could now efficiently be 
introduced, reaching frequencies of ~2.3 x 
10-5, which was 3- to 44-fold higher than in 
MSH2 knockdown cells and 50-100% of the 
frequencies obtained in Msh2–/– cells [36]. 
The targeting efficiencies of ssODNs gener-
ating more complex mismatches (ssODNs 
3N, 4n, 4M, and 4N) were not significantly 
altered in MLH1 knockdown cells compared 
to MSH2 knockdown cells. 

Wild-type ES cells carrying the GT-neo 
reporter were used to investigate the effect 
of MLH1 knockdown on the efficacy of inser-
tion ssODNs (Target 1, Figure 2). Remarkably, 
transient down-regulation of MLH1 did not 
improve the efficacy of 4 nt insertion ssODNs, 
reaching frequencies of only ~0.4 x 10-5 (Fig-
ure 2C). Only insertion of a single nucleotide 
(ssODN +1) was 6-fold enhanced after MLH1 
knockdown compared to MSH2 knockdown. 
In sum, transient suppression of MLH1 activ-
ity rendered cells permissive for nucleotide 
substitutions ranging from 1- to 4-nt, while 
nucleotide insertions were still significantly 
suppressed. These results indicate that 
MLH1 knockdown leads to a more rigorous 
abrogation of MMR, as opposed to MSH2 
knockdown, which only allowed the intro-
duction of complex nucleotide substitutions 
[35].
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In addition, we have determined the 
mutation frequency at the Hprt locus, 
assayed by the appearance of 6-thiogua-
nine (6TG)-resistant cells. Upon transient 
down-regulation of MLH1, the number of 
6TG-resistant colonies per 106 cells varied 
between 1 and 6, whereas only a few Hprt 
mutants were found in untreated wild-type 
cells (Table 2). However, the number of 
Hprt mutants in the pS-MLH1 transfected 
wild-type cells was approximately 3-fold 
lower compared to Msh2–/– control ES cells. 
Transient MLH1 suppression resulted in 
approximately 2-fold higher levels of Hprt 
mutants than transient MSH2 suppression 
[35], again indicating that MLH1 knockdown 
more severely compromised MMR activity. 

Frameshift mutation rates in constitutive 
MMR-deficient ES cell lines
Remarkably, transient disabling of the MMR 
system differentially affected the occurrence 
of frameshift mutations at the two simple 
sequence repeats: the slippage frequency 
at the (G)10 repeat increased dramatically 
(>1000-fold), while the slippage frequency at 
the (CA)15C repeat was only mildly elevated 
(<10-fold). To gain more insight into the 
suitability of the (G)10 and (CA)15C reporters 
as indicators of a mutator phenotype, we 
studied their behaviour in ES cell lines with 
constitutive MMR gene defects. To this aim, 
single copies of the neo slippage reporter 
constructs were inserted into the Rosa26 
or Rb locus of wild-type, Msh3–/–, Msh6–/–, 

Table 2 Spontaneous mutation frequency at the Hprt locus.

Genotype Number of HPRT mutants / 106 cells

Exp. 1 Exp. 2 Exp. 3 Exp. 4

WT pS 0 1 1 1

WT pS-MLH1 2 2 1 6

Msh2–/– pS 6 6 ND 9

ND, not determined

Table 1 Frameshift mutations at simple sequence repeats.

Genotype G418-resistant colonies / 106 cells

(G)10 repeata (CA)15C repeatb

WT pS 0.75 (±0.74) 78 (±45)

WT pS-MLH1 1052 (±132) 496 (±128)

Msh2–/– pS 4120 (±562) 5433 (±1723)

a (G)10 repeat in Rb locus.
b (CA)15C repeat in Rosa26 locus.
Results (± s.d.) are shown from 4 independent experiments.
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Msh2–/– and Msh3–/–Msh6–/– ES cells [19,31]. 
As shown in Table 3, the (G)10 repeat was 
very stable in wild-type ES cells (3 x 10-7 
to 5 x 10-7 repeat alterations/cell division). 
However, the stability of this repeat was 
strongly affected by disruption of MMR 
genes: in Msh2–/– cells the mutation rates 
increased up to 4500-fold to 1.4 x 10-3 repeat 
alterations/cell division. Msh6-deficiency 
resulted in a 300- to 1400-fold increase, 
while Msh3-deficiency moderately affected 
the slippage rate at the (G)10 repeat (10- 
to 30-fold increase). Msh3–/–Msh6–/– cells 
showed the same level of instability as the 
Msh2–/– cell line. The occurrence of slippage 
errors appeared to be largely independent 
of the chromosomal location of the repeat 

(Rosa26 or Rb locus). 
The type of alterations at the (G)10 repeat 
was determined in a series of G418-
resistant colonies (Table 4). Msh2–/– colonies 
predominantly resulted from 1 bp deletions 
(35/37 = 95%) and occasionally from 4 bp 
deletions (2/37 = 5%). In wild-type and 
Msh3–/– colonies only 4 bp deletions were 
found, indicating that 1 bp deletions were 
efficiently suppressed by MSH2/MSH6 
activity. Remarkably, none of the investigated 
colonies showed 2 bp additions, suggesting 
that this type of replication error did not 
occur at the (G)10 repeat. 
Together, these results indicate that slippage 
errors at the (G)10 repeat are very efficiently 
repaired by the MMR system.

Table 3 Frameshift mutation rate at (G)10 repeat in MMR-deficient ES cell 
lines.

Genotype Mutation rate (x 10-5)a

Rosa26 locus Rb locus

WT 0.05 (±0.03) 0.03 (±0.01)

Msh3–/– 1.5 (±2.6) 0.3 (±0.03)

Msh6–/– 14 (±0.6) 42 (±11)

Msh2–/– 145 (±18) 137 (±20)

Msh3–/–Msh6–/– 108 (±48) ND

a Number of mutants per cell division.
Results (± s.d.) are shown from 2-8 independent subclones.

Table 4 Type of (G)10 repeat alterations. 

Genotype –4 bp –1 bp +2 bp Total

WT 10 10

Msh3–/– 22 22

Msh2–/– 2 35 37

Number of colonies with repeat alterations (deletion of 4 bp, deletion of 1 bp, 
addition of 2 bp) is indicated.
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Remarkably, the (CA)15C repeat was less 
stable in wild-type ES cells than the (G)10 
repeat, showing mutation rates of 9 x 10-6 
to 4 x 10-5 repeat alterations/cell division 
(Table 5). In Msh2–/– cells, the mutation rate 
increased 110-fold at the Rosa26 locus (9.9 
x 10-6 repeat alterations/cell division), but 
only 9-fold at the Rb locus (3.2 x 10-6 repeat 
alterations/cell division), indicating that 
the occurrence of replication errors and 
their repair were affected by differences in 
sequence context. The relatively high muta-
tion rate of the (CA)15C repeat in wild-type 
cells suggests that many dinucleotide slip-
page errors escaped detection by the MMR 

system and this was particularly the case 
when the (CA)15C repeat was inserted at the 
Rb locus. The mutation rate was not strong-
ly affected by Msh3-deficiency, indicating 
a dominant role for MSH2/MSH6-directed 
repair. Nevertheless, Msh6-deficiency ele-
vated the mutation rate only 3- to 6-fold, 
indicating that also MSH2/MSH3 activity 
was capable of suppressing dinucleotide 
slippage errors. 
At the (CA)15C repeat, restoration of the neo 
open reading frame can only be achieved by 
slippage errors leading to addition of 2 or 8 
bp or deletion of 4 or 10 bp. By analyzing the 
type of repeat alterations that were present 

Table 5 Frameshift mutation rate at (CA)15C repeat in MMR-deficient ES cell 
lines.

Genotype Mutation rate (x 10-5)a

Rosa26 locus Rb locus

WT 0.9 (±0.2) 3.7 (±1.8)

Msh3–/– 1.3 (±0.7) 1.0 (±0.4)

Msh6–/– 5.0 (±0.5) 10 (±2.0)

Msh2–/– 99 (±20) 32 (±14)

Msh3–/–Msh6–/– 73 (±34) ND

a Number of mutants per cell division.
Results (± s.d.) are shown from 2-14 independent subclones.

Table 6 Type of (CA)15C repeat alterations. 

Genotype –10 bp –4 bp +2 bp Total

WT 51 51

Msh3–/– 6 13 37 56

Msh6–/– 68 68

Msh2–/– 1 18 77 96

Msh3–/–Msh6–/– 9 60 69

Number of colonies with repeat alterations (deletion of 10 bp, deletion of 4 bp, 
addition of 2 bp) is indicated.
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in the G418-resistant colonies, we found in 
wild-type and Msh6–/– colonies only 2 bp 
additions (Table 6), indicating that larger ad-
ditions (8 bp) or deletions (4 or 10 bp) were 
strongly suppressed by MSH2/MSH3 activ-
ity. Two-base pair additions were also the 
main type of slippage errors in the Msh2–/– 
and Msh3–/–Msh6–/– colonies, although 4 bp 
deletions were observed in 13-19% of the 
colonies (18/96 and 9/69, respectively). A 
substantial percentage (6/56 = 11%) of the 
Msh3–/– colonies showed 10 bp deletions, 
confirming strong MSH2/MSH3 activity to-
wards large slippage errors.

In summary, these results show that MSH2/
MSH6 was the main suppressor of single 
nucleotide deletions and MSH2/MSH3 
predominantly suppressed large inser-
tions or deletions, which is consistent with 
previous reports [12]. More strikingly, our 
results show that 1-nt slippage at the (G)10 
repeat is far more efficiently repaired than 
2-nt slippage at the (CA)15C repeat. Some-
what counter-intuitively, transient disabling 
of the MMR system by MLH1 knockdown 
increased the slippage frequency at the (G)10 
mononucleotide repeat to roughly the same 
level as that of the (CA)15C dinucleotide 
repeat. Moreover, the slippage frequencies 
in the MLH1 knockdown cells were most 
similar to the mutation rates obtained in the 
constitutive Msh6-deficient cell line, sug-
gesting that MLH1 suppression may have 
mainly abrogated MMR activity initiated by 
the MSH2/MSH6 complex. This notion was 
supported by the increased targeting effi-
ciencies of the substitution ssODNs in the 
MLH1 knockdown cells (Figure 1C), whereas 
the insertion ssODNs were still suppressed 
most likely by MSH2/MSH3-directed repair 
(Figure 2C). 

DISCUSSION

Previously, we have established a generally 
applicable procedure for the generation of 
subtle gene modifications in mouse ES cells 
using ssODN-mediated gene targeting in 
combination with a temporary knockdown 
of the Msh2 gene [35]. This procedure 
allowed effective substitution of 4 nt, but 
the introduction of simple nucleotide (1-, 
2- and some 3-nt) substitutions was still sup-
pressed by the activity of residual mismatch 
recognition complexes. Here, we demon-
strate that transient down-regulation of 
the downstream MMR gene Mlh1 rendered 
cells permissive for all tested nucleotide 
substitutions, ranging from 1- to 4-nt (Fig-
ure 1C). Since MLH1 functions downstream 
in MMR, its suppression should leave the 
recognition of all types of mismatches by 
MSH2/MSH3 and MSH2/MSH6 intact. Thus, 
in MLH1 knockdown cells, activation of the 
downstream MMR response, including deg-
radation and resynthesis of the DNA strand 
carrying the mismatch, has become the 
rate-limiting step in the MMR reaction irre-
spective of the type of substitution. 

Surprisingly, nucleotide insertions were 
not effective in the MLH1 knockdown cells 
(Figure 2C): targeting efficiencies remained 
at only 5-14% of the levels found in Msh2–/– 
ES cells [36], which was comparable to the 
levels in the MSH2 knockdown cells [35]. 
Perhaps the suppression of nucleotide 
insertions required only very little MMR 
activity. Alternatively, nucleotide insertions 
might be suppressed via an MLH1-
independent mechanism, requiring only 
the activity of the MSH2/MSH3 complex for 
their removal [36]. Testing the efficacy of 
the insertion ssODNs in Mlh1-deficient ES 
cells may solve this question.
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To obtain an indication for the accumulation 
of undesired mutations due to transient 
suppression of MLH1 activity, we used the 
mutation frequency at two simple sequence 
repeats disrupting the open reading frame 
of a neo reporter gene as readout (Table 
1). As expected, transient MLH1 suppres-
sion increased the mutation frequency at 
both the mononucleotide and dinucleotide 
repeat. Strikingly, the slippage frequency at 
the (G)10 repeat was more than 1000-fold 
increased, while the slippage frequency at 
the (CA)15C repeat was only 6-fold increased 
upon transient MLH1 knockdown. 
To assess the suitability of the simple 
sequence repeat reporters as a readout for 
MMR activity, we determined the muta-
tion rates at both repeats in constitutively 
MMR-deficient ES cell lines. From the muta-
tion frequencies at the Rosa26 locus given 
in Tables 3 and 5 and the types of sequence 
alterations shown in Tables 4 and 6, we esti-
mated the repair capacities of MSH2/MSH6 
and MSH2/MSH3. As shown in Table 7, 
MSH2/MSH6 was nearly 100% effective in 
repairing -1 bp slippage errors at the (G)10 
repeat since the G418-resistant colonies 
appearing in Msh3-deficient ES cells were 
all the result of -4 bp slippage errors (Table 
4). In turn, MSH2/MSH3 was very effective 
in repairing large slippage errors as deduced 
from the absence of 10 and 4 bp deletions 
at the (CA)15C repeat in Msh6-deficient cells 

(Table 6). Although not directly tested, it is 
likely that MSH2/MSH3 also strongly sup-
pressed 4 bp deletions at the (G)10 repeat. 
Thus, the high activity of MSH2/MSH6 
towards -1 bp slippage errors and of MSH2/
MSH3 towards -4 bp slippage errors explains 
the very low mutation frequency at the (G)10 
repeat in wild-type cells. It is of note that 
restoration of the neo open reading frame 
by 2 bp insertion did not occur at the (G)10 
repeat. This is somewhat puzzling as 2 bp 
insertions at the (CA)15C repeat were fre-
quently observed in Msh2-deficient cells 
(Tables 5 and 6). Perhaps an extrahelical GG 
is structurally less-well tolerated than an 
extrahelical CA. Of the +2 bp slippage errors 
at the (CA)15C repeat, MSH2/MSH6 could 
only repair ±99% and MSH2/MSH3 ±95%. 
We conclude from this analysis that MMR 
is more effective at -1 bp errors than at +2 
bp errors. These observations are in agree-
ment with the high slippage rates of poly(G) 
tracts in msh2 mutants in S. cerevisiae [16-
18], whereas the slippage rates at (GT)14G 
and (GT)16G dinucleotide repeats increased 
only several 100-fold in msh2 mutants 
[13,15,16,34]. Moreover, the mutation 
rates at dinucleotide repeats were on aver-
age several 100- to 1000-fold higher than at 
mononucleotide repeats in wild-type yeast 
strains supporting our observation that 
dinucleotide slippage errors were less effi-
ciently repaired by the MMR system. 

Table 7 Repair capacities of MSH2/MSH6 and MSH2/MSH3.

Slippage error MSH2/6 MSH2/3

–1 bp (in G repeat) ±100% 90%

+2 bp (in CA repeat) 99% 95%

–4 bp (in G or CA repeat) 98% ±100%

The repair efficiencies are estimated from the slippage frequencies at the Rosa26 
locus in Tables 3 and 5 and the type of repeat alterations in Tables 4 and 6.
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eliminating oxidized purine nucleoside tri-
phosphates (such as 8-oxo-dGTP) from the 
dNTP pool [41]. Overexpression of hMTH1 
resulted in a 20-fold decrease in the Hprt 
mutation rate in Msh2-deficient MEFs [40], 
whereas the occurrence of frameshift muta-
tions within mononucleotide repeats was 
decreased in some, but not all, MMR-defec-
tive human cancer cell lines [42]. We have 
investigated whether hMTH1 overexpres-
sion could diminish the mutator phenotype 
observed in the MLH1 knockdown cells, 
however this was not the case (data not 
shown). Nevertheless, oxidative damage 
may still contribute to the mutator pheno-
type in the MLH1 knockdown cells, since 
preliminary data suggest that culturing ES 
cells under low oxygen tension (~3% instead 
of ~20%) decreased the rate of spontane-
ous mutagenesis (data not shown). We are 
currently testing the feasibility of ssODN-
directed gene modification under this 
condition. 

Although the (G)10 repeat was much better 
stabilized by MMR than the (CA)15C repeat, 
both generated roughly the same level of 
G418-resistant colonies upon reduction of 
MMR protein levels. This shows that the 
very effective repair at the (G)10 repeat 
was highly dependent on wild-type MMR 
protein levels. Moreover, at both repeats, 
MLH1 knockdown generated about 3-fold 
more G418-resistant colonies than MSH2 
knockdown. Strikingly, the efficacy of ssODN-
directed +1 or +4 nt insertion was still 6- to 
120-fold suppressed in MLH1 and MSH2 
knockdown cells, compared to Msh2–/– ES 
cells (Figure 2C). This observation suggested 
to us that small spontaneously occurring  
slippage errors may still effectively be re-
paired by reduced levels of MMR activity. 
This view is now challenged by the high 
mutation frequencies at the (G)10 and (CA)15C 
repeats upon transient MMR protein knock-
down. Apparently, frameshift mutagenesis 
at microsatellite sequences is more sensi-
tive to reduction of MMR protein levels than 
ssODN-directed frameshift mutagenesis. 
Also the direct sequence context may play 
a role as in S. cerevisiae, it has been report-
ed that besides the length and the primary 
sequence of the repeat, also the sequences 
flanking the repeat have a strong impact on 
the mutation rate [14,17,18,38]. 

MLH1 knockdown cells also showed an in-
creased spontaneous mutation frequency at 
the Hprt locus (Table 2). A possible source of 
these spontaneous mutations could be the 
incorporation of oxidized bases, such as 8-
oxo-7,8-dihydroguanine (8-oxoG) that may 
lead to the formation of 8-oxoG:A mispairs 
[39]. Colussi et al. [40] demonstrated that the 
DNA of Msh2-deficient mouse embryonic 
fibroblasts (MEFs) contained more 8-oxoGs 
than wild-type MEFs, indicating that the 
MMR system is involved in excising incor-
porated 8-oxo-dGMP from the DNA. MTH1 
provides a supplementary line of defence by 

In conclusion, transient down-regulation of 
MLH1 made wild-type ES cells permissive for 
the introduction of all types of nucleotide 
substitutions by ssODNs. This significantly 
improves the previously reported ssODN-
mediated gene targeting procedure using 
transient MSH2 knockdown, by abolishing 
the suppression of simple substitutions of 
1 and 2 nt. Nevertheless, transient knock- 
down of MSH2 or MLH1 strongly induced 
frameshift mutagenesis at two microsatel-
lite repeat sequences. Although the level 
of frameshift mutagenesis in MSH2/MLH1 
knockdown cells remained substantially 
below that in constitutatively MMR-defec-
tive cells, transient MSH2/MLH1 knockdown 
may not be harmless to cells. Full insight into 
the mutation load arising from transient 
MMR protein suppression may be obtained 
from whole genome sequencing of individ-
ual cell clones. This will also reveal whether 
the suppression of simple nucleotide sub-
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stitutions in MSH2 knockdown cells can be 
taken as evidence for a low level of spon-
taneously occurring base-pair substitutions. 
However, more important is the question 
whether transiently low MMR protein levels 
lead to alterations that could interfere 
with subsequent phenotypic analyses of 
mutant cells or mice. In a previously gener-
ated Msh2low/– ES cell line that constitutively 
expressed 10% of wild-type MSH2 protein 
level, 2% of the tested dinucleotide micro-
satellites were instable as opposed to 32% 
in Msh2–/– ES cells and <1% in wild-type cells 
[43]. Msh2low/– cells were also fully capable 
of suppressing recombination between 
homologous but not identical DNA sequenc-
es, in contrast to Msh2–/– cells. Furthermore, 
although the mismatch correction capacity 
was somewhat compromised, the reduced 
MSH2 protein level was sufficient to prevent 
lymphomagenesis and development of intes-
tinal tumors in Msh2low/– mice (unpublished 
observation). Thus, the level of spontane-
ously occurring mutations in Msh2low/– mice 
was not sufficient to induce development 
of tumor types that frequently arose in 
fully Msh2-deficient mice. The spontane-
ous frameshift mutation frequency in MLH1 
knockdown cells was somewhat higher than 
in MSH2 knockdown cells, but we do not 
know yet how this would translate to tumor 
development in mice. However, we do know 
that in contrast to full ablation of MSH2, 
transient MLH1 knockdown and subsequent 
ssODN-mediated gene targeting allowed ES 
cell contribution to the germ line of chimer-
ic mice and establishment of mutant mouse 
models. Whether or not transient suppres-
sion of MMR proteins is a serious concern 
may become clear from careful phenotypic 
assessment of such mouse lines.
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MATERIALS & METHODS

Cell lines and culture conditions 
We developed two selectable targeting reporter systems consisting of mutant neomycin (neo) genes. 
The neo cassette was mutated by either a single base substitution (ATG > AAG) in the start codon (Target 
2, Figure 1A), or a 2 bp insertion (extra GT) immediately after the start codon, causing a frameshift 
mutation (Target 1, Figure 2A). A single copy of these mutant neo genes was stably integrated into the 
Rosa26 locus of wild-type ES cells as described previously [8]. 129/Ola-derived E14-IB10 ES cells [44] 
were cultured on MEF feeders in Glasgow minimal essential medium (GMEM) supplemented with 10% 
fetal calf serum (FCS), 1mM sodium pyruvate, 1x non-essential amino acids, 1 mM 2-mercaptoethanol 
and 1000 U per ml of leukemia inhibitory factor. For transfections and antibiotic selections, ES cells 
were cultured onto gelatin-coated plates in BRL (Buffalo rat liver cells)-conditioned medium [44]. 

Transfection
ssODNs and pSUPER plasmids were transfected following the TransFast-mediated transfection method 
described earlier [35]. Briefly, 7 x 105 ES cells were seeded onto a gelatin-coated 6-well in BRL-con-
ditioned medium the day before transfection. For one well, 3 µg of pS-MLH1 and 27 µl of TransFast 
transfection agent (Promega) were diluted in 1.4 ml serum-free medium and incubated for 15 min at 
room temperature. After 75 min of exposure to the transfection mixture at 37 °C, 4 ml of BRL-con-
ditioned medium with serum was added to the cells. The next day, puromycin selection (20 µg/ml; 
Sigma-Aldrich) was started for 2 days, after which cells were reseeded at a density of 7 x 105 cells per 
well for ssODN transfection as described above. The day after ssODN transfection, cells were counted 
and replated onto three gelatin-coated 100 mm dishes. G418 selection (750 µg/ml for Target 2 and 
550 µg/ml for Target 1; GIBCO-Invitrogen) was started 48 hrs after transfection. After 10 days, G418-
resistant colonies were stained with Leishman’s eosin methylene blue solution (Merck) and counted. 
Transfection efficiencies were calculated by dividing the number of G418-resistant colonies by the 
number of cells that were plated 24 hrs after ssODN transfection.
ssODNs of 35-38 nt were designed to correct the mutant neo reporter genes by introducing an in-
frame ATG start codon (Figure 1B) or by introducing extra base pairs (+1 or +4 nt) to restore the neo 
open reading frame (Figure 2B). Unmodified ssODNs, deprotected and desalted, were purchased from 
Sigma-Aldrich, Inc.

RNA interference
We used the pSUPER vector containing a puromycin resistance gene for expression of shRNAs in murine 
ES cells [45]. A 19 nt sequence corresponding to nucleotides 944-962 of the Mlh1 gene (GenBank ac-
cession no. NM_026810.1), separated from the reverse complement of the same 19 nt sequence by 
a 9 nt non-complementary spacer (TTCAAGAGA), was inserted into the pSUPER vector (pS-MLH1). An 
empty vector with no gene-specific 19 nt sequence served as a non-silencing control (pS).

Western blot analysis
Western blot analysis was performed according to standard procedures. Protein extracts from 2 x 
105 ES cells were separated by 7.5% SDS-PAGE and transferred to a nitrocellulose membrane. Rabbit 
polyclonal IgGs against MLH1 (1:1000; sc-581, Santa Cruz Biotechnology, Inc.) were used as primary 
antibodies and horseradish peroxidase-conjugated goat anti-rabbit IgG (Dako) was used as a second-
ary antibody. Signals were visualized using enhanced chemiluminescence (ECL).

Frameshift mutations at simple sequence repeats
We constructed two reporter cell lines consisting of a neo gene containing either a (G)10 or a (CA)15C 
repeat disrupting the open reading frame. The neo gene was derived from plasmid pMC1neo [46] in 
which the sequence between the first and the fifth codon was replaced by either a (G)10 or a (CA)15C 
repeat. The resulting neo slippage reporter genes were inserted into the Rosa26-His targeting vector 
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[8] and into the 129Rb-his targeting vector which is based on 129Rb-hyg [47]. Single copies of the 
(CA)15C and (G)10 neo reporters were stably integrated into either the Rosa26 or Rb locus of Msh2–/–, 
Msh3–/–, Msh6–/–, Msh3–/–Msh6–/–, and wild-type ES cell lines as described previously [19,31,47]. Single 
copy integration was confirmed by Southern blot analysis. 
To calculate the frameshift mutation rate, single cells were expanded to approximately 8 x 106 cells 
(Msh2–/– and Msh3–/–Msh6–/–) or to approximately 2.0 x 108 cells (wild-type, Msh3–/– and Msh6–/–). 
Then, 2 x 105 cells (Msh2–/– and Msh3–/–Msh6–/–) or 4 x 106 cells (wild-type, Msh3–/– and Msh6–/–) were 
plated onto two 100 mm dishes in selective medium containing 400 µg/ml G418. Mutation rates were 
calculated according to the Luria and Delbrück method [48]: 0.6 x G418total = N x p x log (N x p), in 
which G418total is the total number of G418-resistant cells in a culture expanded to N cells, and p is the 
number of mutations per cell division. To determine the type of repeat alteration, DNA was isolated 
from G418-resistant colonies and the region encompassing the (G)10 or (CA)15C repeat was amplified 
by PCR using forward primer 2pmc15’ (GCATATTAAGGTGACGCGTGTGG) end-labelled with [γ-32P]ATP 
and reverse primer 2neo (AAGCGGCCGGAGAACCTGCG). Amplified PCR products were separated on a 
denaturing polyacrylamide gel and autoradiographed.
To determine the slippage frequency after MLH1 down-regulation, wild-type ES cells containing the 
selectable slippage reporters were transfected with 3 µg of pS or pS-MLH1 followed by selection with 
puromycin for 2 days. After 7 days of cell culture, 4 x 106 cells were plated onto two 100 mm dishes 
in selective medium containing 600 µg/ml G418. As a control, 105 pS-transfected Msh2–/– cells were 
included in the experiment. After 10 days, G418-resistant colonies were stained and counted.

Spontaneous mutation frequency at Hprt locus
Wild-type ES cells were transfected with 3 µg of pS or pS-MLH1 followed by selection with puromycin 
for 2 days. pS-transfected Msh2–/– cells served as controls. After 7 days of cell culture, 4 x 106 cells were 
plated onto two 150 mm dishes in selective medium containing 10 µg/ml 6-thioguanine (6TG; Sigma-
Aldrich). After 10 days, 6TG-resistant colonies were stained and counted.



3

Gene targeting by ssODNs in MLH1 knockdown cells 67

REFERENCES

1. Moerschell RP, Tsunasawa S, Sherman F. (1988) Transformation of yeast with synthetic oligonucleotides. 
Proc Natl Acad Sci U S A. 85, 524-8.

2. Campbell CR, Keown W, Lowe L, Kirschling D, Kucherlapati R. (1989) Homologous recombination in-
volving small single-stranded oligonucleotides in human cells. New Biol. 1, 223-7.

3. Ellis HM, Yu D, DiTizio T, Court DL. (2001) High efficiency mutagenesis, repair, and engineering of chro-
mosomal DNA using single-stranded oligonucleotides. Proc Natl Acad Sci U S A. 98, 6742-6.

4. Brachman EE, Kmiec EB. (2005) Gene repair in mammalian cells is stimulated by the elongation of S 
phase and transient stalling of replication forks. DNA Repair (Amst). 4, 445-57.

5. Olsen PA, Randol M, Krauss S. (2005) Implications of cell cycle progression on functional sequence cor-
rection by short single-stranded DNA oligonucleotides. Gene Ther. 12, 546-51.

6. Wu XS, Xin L, Yin WX, Shang XY, Lu L, Watt RM, Cheah KS, Huang JD, Liu DP, Liang CC. (2005) Increased 
efficiency of oligonucleotide-mediated gene repair through slowing replication fork progression. Proc 
Natl Acad Sci U S A. 102, 2508-13.

7. Radecke S, Radecke F, Peter I, Schwarz K. (2006) Physical incorporation of a single-stranded oligodeoxy-
nucleotide during targeted repair of a human chromosomal locus. J Gene Med. 8, 217-28.

8. Dekker M, Brouwers C, te Riele H. (2003) Targeted gene modification in mismatch-repair-deficient 
embryonic stem cells by single-stranded DNA oligonucleotides. Nucleic Acids Res. 31, e27.

9. Costantino N, Court DL. (2003) Enhanced levels of lambda Red-mediated recombinants in mismatch 
repair mutants. Proc Natl Acad Sci U S A. 100, 15748-53.

10. Huen MS, Li XT, Lu LY, Watt RM, Liu DP, Huang JD. (2006) The involvement of replication in single 
stranded oligonucleotide-mediated gene repair. Nucleic Acids Res. 34, 6183-94.

11. Li XT, Costantino N, Lu LY, Liu DP, Watt RM, Cheah KS, Court DL, Huang JD. (2003) Identification of fac-
tors influencing strand bias in oligonucleotide-mediated recombination in Escherichia coli. Nucleic Acids 
Res. 31, 6674-87.

12. Jiricny J. (2006) The multifaceted mismatch-repair system. Nat Rev Mol Cell Biol. 7, 335-46.
13. Strand M, Prolla TA, Liskay RM, Petes TD. (1993) Destabilization of tracts of simple repetitive DNA in 

yeast by mutations affecting DNA mismatch repair. Nature. 365, 274-6.
14. Marsischky GT, Filosi N, Kane MF, Kolodner R. (1996) Redundancy of Saccharomyces cerevisiae MSH3 

and MSH6 in MSH2-dependent mismatch repair. Genes Dev. 10, 407-20.
15. Johnson RE, Kovvali GK, Prakash L, Prakash S. (1996) Requirement of the yeast MSH3 and MSH6 genes 

for MSH2-dependent genomic stability. J Biol Chem. 271, 7285-8.
16. Sia EA, Kokoska RJ, Dominska M, Greenwell P, Petes TD. (1997) Microsatellite instability in yeast: de-

pendence on repeat unit size and DNA mismatch repair genes. Mol Cell Biol. 17, 2851-8.
17. Harfe BD, Jinks-Robertson S. (2000) Sequence composition and context effects on the generation and 

repair of frameshift intermediates in mononucleotide runs in Saccharomyces cerevisiae. Genetics. 156, 
571-8.

18. Gragg H, Harfe BD, Jinks-Robertson S. (2002) Base composition of mononucleotide runs affects DNA 
polymerase slippage and removal of frameshift intermediates by mismatch repair in Saccharomyces 
cerevisiae. Mol Cell Biol. 22, 8756-62.

19. de Wind N, Dekker M, Berns A, Radman M, te Riele H. (1995) Inactivation of the mouse Msh2 gene 
results in mismatch repair deficiency, methylation tolerance, hyperrecombination, and predisposition to 
cancer. Cell. 82, 321-30.

20. Reitmair AH, Schmits R, Ewel A, Bapat B, Redston M, Mitri A, Waterhouse P, Mittrucker HW, Wakeham 
A, Liu B, et al. (1995) MSH2 deficient mice are viable and susceptible to lymphoid tumours. Nat Genet. 
11, 64-70.

21. Edelmann W, Cohen PE, Kane M, Lau K, Morrow B, Bennett S, Umar A, Kunkel T, Cattoretti G, Chaganti 
R, et al. (1996) Meiotic pachytene arrest in MLH1-deficient mice. Cell. 85, 1125-34.

22. Baker SM, Plug AW, Prolla TA, Bronner CE, Harris AC, Yao X, Christie DM, Monell C, Arnheim N, Bradley 
A, et al. (1996) Involvement of mouse Mlh1 in DNA mismatch repair and meiotic crossing over. Nat 
Genet. 13, 336-42.

23. Edelmann W, Yang K, Umar A, Heyer J, Lau K, Fan K, Liedtke W, Cohen PE, Kane MF, Lipford JR, et al. 
(1997) Mutation in the mismatch repair gene Msh6 causes cancer susceptibility. Cell. 91, 467-77.

24. Prolla TA, Baker SM, Harris AC, Tsao JL, Yao X, Bronner CE, Zheng B, Gordon M, Reneker J, Arnheim N, 
et al. (1998) Tumour susceptibility and spontaneous mutation in mice deficient in Mlh1, Pms1 and Pms2 
DNA mismatch repair. Nat Genet. 18, 276-9.



Chapter 368

25. Yao X, Buermeyer AB, Narayanan L, Tran D, Baker SM, Prolla TA, Glazer PM, Liskay RM, Arnheim N. 
(1999) Different mutator phenotypes in Mlh1- versus Pms2-deficient mice. Proc Natl Acad Sci U S A. 96, 
6850-5.

26. Leach FS, Nicolaides NC, Papadopoulos N, Liu B, Jen J, Parsons R, Peltomaki P, Sistonen P, Aaltonen 
LA, Nystrom-Lahti M, et al. (1993) Mutations of a mutS homolog in hereditary nonpolyposis colorectal 
cancer. Cell. 75, 1215-25.

27. Fishel R, Lescoe MK, Rao MR, Copeland NG, Jenkins NA, Garber J, Kane M, Kolodner R. (1993) The 
human mutator gene homolog MSH2 and its association with hereditary nonpolyposis colon cancer. 
Cell. 75, 1027-38.

28. Bronner CE, Baker SM, Morrison PT, Warren G, Smith LG, Lescoe MK, Kane M, Earabino C, Lipford J, 
Lindblom A, et al. (1994) Mutation in the DNA mismatch repair gene homologue hMLH1 is associated 
with hereditary non-polyposis colon cancer. Nature. 368, 258-61.

29. Nicolaides NC, Papadopoulos N, Liu B, Wei YF, Carter KC, Ruben SM, Rosen CA, Haseltine WA, 
Fleischmann RD, Fraser CM, et al. (1994) Mutations of two PMS homologues in hereditary nonpolyposis 
colon cancer. Nature. 371, 75-80.

30. Miyaki M, Konishi M, Tanaka K, Kikuchi-Yanoshita R, Muraoka M, Yasuno M, Igari T, Koike M, Chiba M, 
Mori T. (1997) Germline mutation of MSH6 as the cause of hereditary nonpolyposis colorectal cancer. 
Nat Genet. 17, 271-2.

31. de Wind N, Dekker M, Claij N, Jansen L, van Klink Y, Radman M, Riggins G, van der Valk M, van’t Wout 
K, te Riele H. (1999) HNPCC-like cancer predisposition in mice through simultaneous loss of Msh3 and 
Msh6 mismatch-repair protein functions. Nat Genet. 23, 359-62.

32. Edelmann W, Umar A, Yang K, Heyer J, Kucherlapati M, Lia M, Kneitz B, Avdievich E, Fan K, Wong E, et 
al. (2000) The DNA mismatch repair genes Msh3 and Msh6 cooperate in intestinal tumor suppression. 
Cancer Res. 60, 803-7.

33. New L, Liu K, Crouse GF. (1993) The yeast gene MSH3 defines a new class of eukaryotic MutS homo-
logues. Mol Gen Genet. 239, 97-108.

34. Strand M, Earley MC, Crouse GF, Petes TD. (1995) Mutations in the MSH3 gene preferentially lead to 
deletions within tracts of simple repetitive DNA in Saccharomyces cerevisiae. Proc Natl Acad Sci U S A. 
92, 10418-21.

35. Aarts M, Dekker M, de Vries S, van der Wal A, te Riele H. (2006) Generation of a mouse mutant by 
oligonucleotide-mediated gene modification in ES cells. Nucleic Acids Res. 34, e147.

36. Dekker M, Brouwers C, Aarts M, van der Torre J, de Vries S, van de Vrugt H, te Riele H. (2006) Effective 
oligonucleotide-mediated gene disruption in ES cells lacking the mismatch repair protein MSH3. Gene 
Ther. 13, 686-94.

37. Wei K, Kucherlapati R, Edelmann W. (2002) Mouse models for human DNA mismatch-repair gene 
defects. Trends Mol Med. 8, 346-53.

38. Tran HT, Keen JD, Kricker M, Resnick MA, Gordenin DA. (1997) Hypermutability of homonucleotide 
runs in mismatch repair and DNA polymerase proofreading yeast mutants. Mol Cell Biol. 17, 2859-65.

39. Nakabeppu Y, Sakumi K, Sakamoto K, Tsuchimoto D, Tsuzuki T, Nakatsu Y. (2006) Mutagenesis and 
carcinogenesis caused by the oxidation of nucleic acids. Biol Chem. 387, 373-9.

40. Colussi C, Parlanti E, Degan P, Aquilina G, Barnes D, Macpherson P, Karran P, Crescenzi M, Dogliotti E, 
Bignami M. (2002) The mammalian mismatch repair pathway removes DNA 8-oxodGMP incorporated 
from the oxidized dNTP pool. Curr Biol. 12, 912-8.

41. Tsuzuki T, Egashira A, Igarashi H, Iwakuma T, Nakatsuru Y, Tominaga Y, Kawate H, Nakao K, Nakamura 
K, Ide F, et al. (2001) Spontaneous tumorigenesis in mice defective in the MTH1 gene encoding 8-oxo-
dGTPase. Proc Natl Acad Sci U S A. 98, 11456-61.

42. Russo MT, Blasi MF, Chiera F, Fortini P, Degan P, Macpherson P, Furuichi M, Nakabeppu Y, Karran P, 
Aquilina G, et al. (2004) The oxidized deoxynucleoside triphosphate pool is a significant contributor to 
genetic instability in mismatch repair-deficient cells. Mol Cell Biol. 24, 465-74.

43. Claij N, te Riele H. (2002) Methylation tolerance in mismatch repair proficient cells with low MSH2 pro-
tein level. Oncogene. 21, 2873-9.

44. Hooper M, Hardy K, Handyside A, Hunter S, Monk M. (1987) HPRT-deficient (Lesch-Nyhan) mouse 
embryos derived from germline colonization by cultured cells. Nature. 326, 292-5.

45. Brummelkamp TR, Bernards R, Agami R. (2002) A system for stable expression of short interfering RNAs 
in mammalian cells. Science. 296, 550-3.

46. Thomas KR, Capecchi MR. (1987) Site-directed mutagenesis by gene targeting in mouse embryo-derived 
stem cells. Cell. 51, 503-12.



3

Gene targeting by ssODNs in MLH1 knockdown cells 69

47. te Riele H, Robanus Maandag E, Berns A. (1992) Highly efficient gene targeting in embryonic stem cells 
through homologous recombination with isogenic DNA constructs. Proc Natl Acad Sci U S A. 89, 5128-
32.

48. Luria SE, Delbruck M. (1943) Mutations of Bacteria from Virus Sensitivity to Virus Resistance. Genetics. 
28, 491-511.






