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Abstract

Locked nucleic acid (LNA) modified single-stranded oligodeoxy-
ribonucleotides (LMOs) can be used to genetically engineer mammalian 
cells with high precision at single nucleotide resolution. Based on LMO-
mediated gene modification, we developed a protocol to study variants 
of uncertain clinical significance related to Lynch syndrome, termed 
‘oligonucleotide-directed mutation screening’ (ODMS). In ODMS, selection 
for 6-thioguanine resistance is used to identify LMO-generated variants 
that disrupt MMR activity. Whereas we previously used mouse embryonic 
stem cells (mESCs) that were made hemizygous for DNA mismatch-
repair (MMR) genes, we now show that ODMS can also be applied in 
wild-type cells carrying two alleles of each MMR gene. This provides two 
possible outcomes: first, the mutation is present in only one allele, which 
is indicative for dominant-negative activity of the variant; second, both 
alleles contain the planned modification, which is indicative for a regular 
loss-of-function variant. Thus, ODMS in wild-type mESCs can discriminate 
fully disruptive and dominant-negative variants. The feasibility of biallelic 
targeting suggested that the efficiency of LMO-mediated gene targeting at a 
non-selectable locus may be strongly enriched in cells that had undergone 
a simultaneous selectable LMO targeting event. This turned out to be the 
case and provided a protocol to improve recovery of LMO-mediated gene 
modification events at non-selectable loci.

Introduction

With the advent of genome sequencing in clinical diagnostic settings, there is an 
increasing demand for efficient and validated methods that enable classification 
of variants of uncertain clinical significance (VUS) (1, 2). Especially for subtle 
mutations, like missense mutations or small in-frame insertions and deletions, it is 
hard to predict their effect on protein function. Although computational methods 
have been developed to predict the pathogenicity of VUS (3–6), functional tests are 
ultimately required to reliably assess their pathogenicity and guide clinical decision 
making (7–9). 
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The cancer predisposition Lynch syndrome (LS) is caused by single deleterious 
mutations in one of the DNA mismatch repair (MMR) genes MSH2, MSH6, MLH1 
or PSM2 (1, 10, 11). Somatic loss of the remaining wild-type allele results in MMR 
deficiency and a mutator phenotype that drives early-onset colorectal, endometrial, 
ovary and stomach cancer. Functional classification of MMR VUS is of high 
importance to diagnose LS and provide proper genetic counseling to families with 
mutation carriers.

Previously we have demonstrated that single-stranded oligodeoxyribonucleotide 
(ssODN)-directed gene modification in mouse embryonic stem cells (mESCs) can 
be used to study and classify LS-related VUS in Msh2 and Msh6 (12–14). Variants of 
interest were generated in cultured mESCs by transfection of short ssODNs that are 
identical to their target site except for one or a few central positions that comprise 
the desired modification. Gene modification results from ssODN incorporation into 
endogenous loci during DNA replication (15–18). Most recently we demonstrated 
that ssODNs are degraded during the targeting process and therefore only a small 
part of the original ssODN becomes physically integrated (Chapter 3). Replication-
coupled gene editing is subject to MMR surveillance, which can strongly suppress 
the recovery of mutant cells (19, 20). However, we have recently demonstrated that 
LNA-modified ssODNs (LMOs), in which the modifying nucleotide is a locked 
rather than a regular deoxyribonucleotide, escape from MMR in mESCs and in 
Escherichia coli (21). This finding allowed us to develop a novel way of screening 
MMR VUS for pathogenicity, termed “oligonucleotide-directed mutation screening” 
(ODMS). Since MMR-deficiency results in resistance to methylating agents, LMO-
mediated introduction of a deleterious MMR VUS in hemizygous mESCs permits 
colony outgrowth in the presence of 6-thioguanine (6TG), whereas introduction of 
an innocuous variant does not. ODMS enabled us to directly assess the pathogenicity 
of VUS in Msh2 and Msh6 (22, 23).

Although ssODN-directed gene modification at the replication fork has made 
spectacular progress towards multiplex automated gene editing in simple model 
organisms as E. coli and Saccharomyces cerevisiae (24, 25), efficiencies have been 
lagging behind in mammalian cell systems, limiting modification to single loci. 
Nevertheless, simultaneous gene editing at two loci has been observed in albino 
mouse melanocytes that were targeted for restoration of an inactive tyrosinase gene 
and a gain-of-function mutation in c-kit (26).

We therefore wondered whether ODMS could also be performed in wild-type mESCs, 
which would require simultaneous targeting of both alleles of a MMR gene to confer 
6TG resistance. By using LMOs designed to introduce a VUS in Msh2, Msh6 or Mlh1, 
we obtained two different outcomes: the mutation was present in only one allele, 
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which is indicative for dominant-negative activity of the variant, or the variant was 
present in both alleles, indicative for a straight loss-of-function variant. Based on the 
latter, we also provide proof of concept for the enhancement of the recovery rate of 
mutated mammalian cells by prior selection for a second marker mutation.

Methods

Cell culture and LMO-directed gene modification in mESCs

mESCs were routinely cultured in complete medium (CM) on a feeder layer of 
irradiated mouse embryonic fibroblasts (MEFs) (27). One day before targeting, 
7 x 105 cells were seeded onto gelatin coated 6-wells in 60% Buffalo Rat Liver (BRL) 
conditioned CM. For transfection we used 3 μg LMO complexed with 7.5 μL TransIT-
siQUEST (Mirus) in 250 μL serum-free medium for 15 min and added the transfection 
mix dropwise to cells in fresh medium (21). One day post transfection cell medium 
was refreshed with 60% BRL conditioned CM. Two days post transfection we counted 
the number of cells (CASY 1 cell counter, Schärfe System) and seeded in total 3 x 106 
cells to two gelatin coated 8.5 cm plates in 30% BRL conditioned CM. One day later 
we started 6TG selection at 250 nM and 300 nM and cultured cells for ~12 days; 6TG 
containing medium was refreshed every 3-4 days. We manually picked 6TGR clones 
and expanded them in 96-wells on irradiated MEFs; approximately 3 days thereafter 
we isolated genomic DNA through cell lysis and ethanol precipitation. PCR and 
Sanger sequencing was used to validate genome modification by LMOs. LMOs were 
obtained salt-free from Eurogentec and diluted in TE buffer at a concentration of 
1 μg/μL. LMO sequences and modifications are described in detail in supplemental 
table 1.

Enrichment for LMO-induced mutation through selection for neo expression

We made use of Msh2+/- mESCs which contained a neomycin reporter (neo) with a 
disrupted AAG start codon that was stably introduced in the Rosa26 locus (19). Cells 
were seeded as described above and transfected with two LMOs pre-mixed in 1:1 
ratio. Two days post transfection cells were counted and split over two conditions. 
For the first condition (without selection for neo expression) we seeded 3 x 106 
cells onto two 8.5 cm plates in 30% BRL-conditioned CM; one day thereafter cells 
were subjected to 250 nM and 300 nM 6TG selection. For the second condition 
(with selection for neo expression) we seeded cells to 3 or 4 plates at a density of 
1.5 x 106 cells per 8.5 cm plate in 30% BRL-conditioned CM. One day after seeding 
cells were subjected to 750 μg/μL G418 (Geneticin, Life Technologies). After one 
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week the resulting G418R colonies were pooled, trypsinized and re-seeded to two new 
8.5 cm plates at a density of 1-5 x 105 cells per plate. The next day cells were subjected 
to 250 nM and 300 nM 6TG selection. In both conditions we picked colonies ~12 
days after start of 6TG selection and isolated gDNA after expansion of mESCs on 
irradiated MEFs as described above.

Data analysis

Statistical significance of observed targeting efficiencies was determined with 
Graphpad Prism 7 (Graphpad Software, Inc) using a one-way ANOVA or using a two-
sided t-test assuming equal standard deviation, both corrected for multiple testing 
by Holm-Sidak method. To compare the distribution of biallelic and monoallelic 
modified clones for different variants we used the two-sided Fisher’s exact test 
and computed 95% confidence intervals (Wilson/Brown method) using the same 
software. Level of significance was indicated as follows: not significant, ns; P<0.05, *; 
P<0.01, **; P<0.001, ***; P<0.0001, ****.

Results

Biallelic targeting of MMR genes with LMOs in wild-type mESCs

We have previously presented a novel procedure to classify MMR missense variants 
of MSH2 and MSH6, termed “oligonucleotide-directed mutation screening” 
(ODMS) (22, 23). Briefly, ODMS involves LMO-directed gene modification to create 
the variant allele in a subset of cells in a culture of mESCs, which is subsequently 
exposed to 6TG. Colonies arise in case the variant is deleterious for MMR activity; 
the absence of colonies indicates the variant does not affect MMR activity. However, 
as also background colonies appear, sequencing of 6TGR colonies is mandatory to 
confirm the presence of the mutant allele.

In order to readily obtain mutant cells exclusively expressing the variant allele, we 
thus far used mESCs carrying a single copy of the MMR gene under study. E.g., for 
Msh2, we generated Msh2+pur/∆ mESCs in which one Msh2 allele was completely 
deleted while the wild-type allele was labeled with a puromycin resistance gene to 
counter-select spontaneous loss of heterozygosity events (22). To investigate whether 
ODMS is also feasible when two alleles are present, we transfected LMOs encoding 
proven deleterious MMR variants into wild-type mESCs (Fig. S1; Supplemental table 
1). An LMO designed to generate the pathogenic amino acid substitution MSH2-
P622L (note we use the amino acid numbering of mouse MMR proteins) by C to 
T substitution yielded 6TGR clones significantly above background in Msh2+pur/∆ 
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ESCs but hardly in wild-type ESCs (Fig. 1A). We previously showed that targeting 
efficiencies were increased when LMOs were modified at the 5’-terminus by 
6-chloro-2-methoxyacridine (5’-acr-LMOs) (21, 28). When a 5’-acr-LMO was used, 
the frequency of 6TGR colonies was also significantly increased in wild-type cells 
(Fig. 1A). Sequencing revealed that the great majority of these colonies (82%) only 
contained the modified allele, which may be indicative for biallelic targeting (Fig. 
1B). Only 1 out of 40 colonies (2,5%) was modified on one allele and retained the 
wild-type allele (Fig. S2A).

Next, we targeted Msh6, Msh2 and Mlh1 in wild-type ESCs with 5’-acr-LMOs to create 
pathogenic variant H366Y (Chapter 5) (29) and the moderately pathogenic variants 
V63E (22) and V180G (Houlleberghs, personal communication), respectively. For all 
three variants we detected 6TGR clones that appeared to be modified on both alleles 
(Fig. 1C-E). Only for V63E we detected a single clone (9%) that was modified by the 
LMO on one allele only (Fig. S2B). As a negative control we attempted to generate 
the Msh2 neutral variant M688I. In line with previously published data that classified 
M688I as a benign polymorphism (12, 22, 30), we did not detect any 6TGR clone 
with this mutation (Fig. S2C). These observations indicate, although not prove, that 
LMO-directed gene modification allows simultaneous targeting of two alleles in a 
single mESC.

Besides biallelic targeting, an alternative explanation for the recovery of only the 
mutant sequence is loss of the wild-type allele. To provide evidence for true biallelic 
targeting, we transfected cells with a mixture of two 5’-acr-LMOs, one instructing 
MSH2 variant L173R, the other L173P (Fig. 2A). Both variants were previously shown 
to disrupt MMR function leading to 6TG resistance and microsatellite instability 
(22). When we transfected wild-type mESCs with a single LMO instructing either 
L173R or L173P, we found that 89-92% of 6TGR clones showed mutation towards the 
intended substitution without retention of the wild-type allele (Fig. S3A-C). When 
both LMOs were simultaneously introduced into cells, a similar percentage of 6TGR 
clones (87.8%) showed both the intended substitutions without retention of the wild-
type allele. However, now 46% of 115 analyzed 6TGR clones showed simultaneous 
creation of L173R and L173P alleles (Fig. 2B, C). The majority of the remaining 
clones contained either the L173R allele (29.6%) or the L173P allele (12.2%). Only 
2.6% of clones were found to be modified on one allele while retaining the wild-
type allele and in 9.6% of clones we couldn’t identify a LMO-induced modification. 
The ratio of single versus concurrent L173R and L173P modification (29.6:12.2:46) 
approaches the theoretical ratio expected for biallelic targeting (1:1:2), demonstrating 
the feasibility of biallelic targeting in wild-type mESCs.
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Figure 1. LMO-directed targeting of Msh2 and Mlh1 in wild-type mESCs. (A) Efficiency of 
obtaining 6TGR colonies following targeting for MSH2 P622L in hemizygous (Msh2+pur/Δ) and 
wild-type (Msh2+/+) mESCs using antisense LMOs with and without 5’-acr modification. Data 
are from at least three independent experiments and statistical significance was determined 
using a corrected one-way ANOVA. (B-E) Representative Sanger sequencing data and 
distribution of genotypes after targeting for pathogenic variants MSH2 P622L (B) and MSH6 
H366Y (C) and moderately pathogenic variants MSH2 V63E (D) and MLH1 V180G (E). Data 
was collected in three (B), two (C) or one (D, E) independent experiment(s) using antisense 
5’-acr-LMOs. Sequencing data with codon translation is shown in sense orientation with the 
targeted codon highlighted in bold and the base of interest for modification encircled.
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Figure 2. Evidence for biallelic LMO-directed gene modification in wild-type mESCs. (A) 
Target site in Msh2 exon 3 and sequences of antisense 5’-acr-LMO for L173R and L173P. 
Sequencing data is shown in antisense orientation. Leucine (anti)codon 173 is highlighted 
in bold. (B) Representative Sanger sequencing data from 6TGR colonies after targeting with 
a mix of L173R and L173P LMOs with targeted (anti)codon 173 highlighted in bold and 
base of interest for modification encircled. (C) Distribution of genotypes from 115 6TGR 
colonies after targeting with a mix of L173R and L173P LMOs. Data was collected in three 
independent experiments.
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Identification of dominant-negative MMR variants by ODMS in wild-type mESCs

Previous work has demonstrated that some MMR variants act dominant-negatively, 
i.e., already confer a MMR defect in the presence of a wild-type allele. Characterization 
of dominant-negative MSH6 variants in S. cerevisiae showed that mutant MSH2-
MSH6 complexes could bind mispaired DNA but were defective in ATP-induced 
sliding clamp formation (31–33). Several dominant-negative variants in MSH2 and 
MSH6 have also been identified and characterized in mammalian cells (30, 32, 34, 35). 
Such variants may predispose patients to a different tumor spectrum than patients 
who carry a regular loss-of-function MMR variant (36). Correct classification of 
pathogenic variants is thus of utmost importance for effective personalized cancer 
screening.

We therefore tested whether we could identify dominant-negative variants by ODMS. 
We transfected wild-type mESCs with sense or antisense 5’-acr-LMOs encoding the 
possibly dominant-negative MSH2 variants N671I and M688R and analyzed single 
6TGR colonies by Sanger sequencing. In contrast to the results obtained for regular 
loss-of-function variants, we found that 57-100% of the 6TGR clones were modified 
on only one allele, while the other allele remained wild-type (Fig. 3A, B). The 
remainder of clones had not incorporated the intended mutation and thus represented 
spontaneous 6TGR background clones. In addition we used LMOs to generate the 
MSH2 dominant-negative variants N671I, –K and –Y. As in this experiment the 
LMOs did not contain 5’-acridine, the number of 6TGR clones was reduced, but again 
we only identified monoallelic modifications with concomitant retention of the wild-
type allele in all clones (Fig. S4A-C). The different levels of retention of the wild-type 
allele between straight knockout mutants and dominant-negative mutants is highly 
significant (Fig. 3C, S4D), indicating that we can use ODMS in wild-type mESCs to 
distinguish dominant-negative from loss-of-function pathogenic variants.

The recovery of LMO-modified mammalian cells can be enhanced by prior selection 
for a second marker mutation

Although the efficiency of simultaneous targeting of two alleles in mESCs was 
relatively low, it seemed higher than the product of the efficiencies of two mono-allelic 
targeting events. This suggests that the two targeting events required for biallelic 
targeting are not completely independent from each other. Hence, we assessed if 
selection for one targeted substitution event could increase the recovery rate of a 
second targeted substitution elsewhere in the genome. To test this hypothesis in 
mammalian cells, we used Msh2+/- mESCs that contain a stably integrated neomycin 
(neo) reporter with a mutated start codon (AAG). We transfected these cells with a 
mixture of two 5’-acr-LMOs: one that corrects the neo reporter (AAG>ATG) and 
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Figure 3. Introduction of dominant-negative Msh2 and Msh6 variants in wild-type mESCs. 
(A, B) Representative Sanger sequencing data and distribution of genotypes from 6TGR 
colonies after targeting for dominant-negative variants MSH2 N671I (A) and MSH6 M688R 
(B) using 5’-acr-LMOs in sense or antisense orientation. (C) Fraction of clones modified on 
one (green) or two (blue) alleles for regular loss-of-function variants MSH2 P622L, V63E 
and MLH1 V180G and dominant-negative variants MSH2 N671I and MSH6 M688R. Data 
from sense and antisense 5’-acr-LMOs were combined. Significance was determined using 
Fisher’s exact test, error bars represent 95% confidence interval. Sequencing data with codon 
translation is shown in sense orientation with targeted codon highlighted in bold and the base 
of interest for modification encircled. Data was collected from one (N671I) or two (M688R) 
independent targeting experiments.
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another that introduces the pathogenic L173R variant in Msh2 exon 3 (Fig. 4A). An 
unrelated LMO was used as negative control to correct the targeting efficiency for the 
spontaneous loss of the Msh2 wild-type allele during 6TG selection. By comparing 
the efficiency of generating L173R with and without prior selection for neo expression 
we found that prior selection for neo increased the L173R targeting efficiency ~6-fold 
(Fig. 4B). Similar results were obtained for generating P622L in Msh2 exon 12. These 
results demonstrate that selection for a LMO-mediated base-pair substitution leads 
to an enrichment for targeting a second site, establishing that co-selection is a useful 
strategy to increase LMO targeting efficiencies in mammalian cells.

Discussion

Although the efficiency of LMO-directed gene modification is relatively low, its high 
precision enabled the development of ODMS to directly assess the phenotype of 
subtle MMR gene variants (22, 23). This protocol makes use of mESCs hemizygous 
for the MMR gene under study in order to achieve immediate expression of the 
variant allele upon a single gene modification event. We now demonstrate that 
LMO-directed gene modification can be used to generate both mono- and biallelic 
subtle substitutions in wild-type mESCs. Using 6TG selection we were able to 
isolate clones that contained pathogenic variants in Msh2, Msh6 and Mlh1 on both 
alleles simultaneously, demonstrating that improvements in ssODN-directed gene 
modification in mammalian cells enabled us to proceed from single site targeting to 
biallelic targeting. The feasibility of biallelic targeting allows us to perform ODMS 
in wild-type mESCs, and we show this makes it possible to readily discriminate 
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of obtaining 6TGR colonies following LMO-directed gene modification for Msh2 L173R and 
P622L with and without prior selection for neo. Statistical significance was determined using 
a corrected multiple t-test. Data was collected in two independent experiments.
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dominant-negative MMR variants from regular pathogenic loss-of-function 
variants. Dominant-negative variants already conferred 6TG resistance upon mono-
allelic modification whereas loss of function variants were characterized by biallelic 
modification of the target site in the great majority of 6TGR colonies.

In particular MSH2 and MSH6 variants located near the walker A and B (ATP-
binding) motifs in the ATPase domain could impede MMR function in the presence 
of a wild-type allele. E.g., MSH2 variants M688R and N671I/K/Y (30, 35), were 
proposed to have retained mismatch binding activity but to lack ATPase activity, 
which may prevent continuation of the MMR pathway, even in the presence of wild-
type protein. Somewhat surprisingly, the recovery of 6TGR clones obtained after 
targeting for dominant-negative Msh2 variants appeared to be lower in wild-type 
mESCs than in hemizygous mESCs (data not shown), even though in both cases 
only a single allele needs to be targeted. One possible explanation is that dominant-
negative variants only partially conceal the activity of the wild-type protein. In this 
context it would be intriguing if the reduced recovery of dominant-negative variants 
in wild-type mESCs correlates to their clinical penetrance or age of cancer onset. For 
example, families with MSH2 M688R presented, in addition to classical LS tumors, a 
relatively high incidence of central nervous system tumors of which some developed 
before age 30 (30, 36). Thus, inheritance of a dominant-negative MMR variant 
may confer phenotypes similar to constitutional MMR deficiency (CMMR-D) 
(37), albeit possibly less severe. Detailed characterization of pathogenic variants is 
highly relevant for Lynch syndrome patients since dominant-negative variants could 
predispose carriers to a different cancer spectrum. To establish such a correlation 
more dominant-negative variants need to be identified and carefully evaluated, and 
ODMS in wild-type mESCs may be a helpful tool.

In contrast to the recovery of dominant-negative variants, biallelic targeting of straight 
loss-of-function variants was more efficient than expected. Although the background-
corrected efficiency of simultaneous targeting of two alleles in wild-type mESCs 
was relatively low (~6.4x10-6 for MSH2-P622L using an antisense 5’-acr-LMO), it 
seemed 2 orders of magnitude higher than the product of two separate mono-allelic 
targeting events (2x10-4 x 2x10-4 = 4x10-8) (Fig. 1A). A possible explanation may be 
derived from our earlier observation that highest targeting efficiencies were found 
among cells that had taken up the largest amount of ssODN (18). Hence, cells that 
have successfully undergone a modification on one allele have often received high 
quantities of ssODNs, this likely increases the chance of a second gene editing event 
on the other allele.
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Based on the feasibility of biallelic targeting, we envisaged that preselection for 
modification of a marker gene may enhance the recovery of LMO-directed gene 
modification events at another target locus. Using the selectable neo marker and the 
target gene Msh2, which are located on different chromosomes, we indeed observed 
a ~6-fold efficiency increase for two Msh2 variants among cells preselected for 
activation of neo. Although promising, we realize that this result is not as spectacular 
as previously reported in albino mouse melanocytes where 2 out of 8 analyzed clones 
(25%) revealed the presence of a second targeted activating mutation in c-kit after 
selection for pigmented cells through restoration of tyrosinase activity by ssODN-
mediated gene modification (26). However, the c-kit receptor kinase is also involved 
in melanocyte proliferation (reviewed in (38)), which may have strongly promoted 
the isolation of c-kit-activated melanocytes.

In both E. coli and S. cerevisiae mutant enrichment proved to be most effective if the 
selectable marker was located at the same chromosome and was replicated in the 
same direction as the target site (25, 39). However, in S. cerevisiae mutant recovery 
rates dropped from ~40% to less than 5% when the marker distance from the target 
site was increased from 1.5 to 15 kb (25). While the direction of replication may 
not be critical, the replication-coupled model for ssODN-directed gene modification 
predicts that concomitant modification of the same nascent DNA strand ensures 
co-segregation of the integrated ssODNs, thereby improving the recovery rate for 
the mutation of interest. Therefore it would be interesting to assess the benefit of 
mutation enrichment in mammalian cells with a selectable marker in close proximity 
to the target site and using LMOs that modify the same strand at both sites. Such an 
approach would be especially interesting for specific applications of LMO-directed 
gene modification in which a specific gene needs to be targeted frequently, e.g., for 
the classification of VUS for which no convenient selection is available.

The possibility to generate multiple mutations simultaneously has led to major 
developments and novel applications in modern genome engineering in E. coli, 
including the optimization of biosynthesis pathways by accelerated evolution (24) 
and recoding of the genome to expand biological functions (40–42). Most recently, 
the feasibility of multiplex genome engineering was demonstrated in the simple 
eukaryote S. cerevisiae: the iterative transformation of a pool of ssODNs enabled 
the diversification of the b-carotene biosynthetic pathway (25). Although such 
applications seem currently farfetched for mammalian cells, future optimization of 
mutation enrichment through marker selection may provide new insights into the 
main determinants of efficient targeting and could drive the development of new 
applications for LMO-directed gene modification.
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Supplemental Information 

monoallelic modification
biallelic modification

6TG selection

Sanger sequencing 
of 6TGR clones

wild-type mESC

Regular loss-of-function variant Dominant-negative variant

LMO transfection

/
/

maternal allele
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Figure S1. Schematic representation of oligonucleotide-directed gene modification in 
wild-type mESCs. ODMS comprises 3 steps: (1) wild-type mESCs are exposed to LMOs in 
order to introduce the mutation of interest in a subset of cells. (2) mESCs are exposed to 6TG 
to select for outgrowth of MMR-defective cell clones. (3) individual 6TGR clones are analyzed 
by Sanger sequencing to assess the presence of the planned modified and wild-type alleles. 
Pathogenic loss-of-function variants are expected to require biallelic modification, while 
dominant-negative variants would suffice monoallelic modification.
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Figure S2. Examples of monoallelic modified clones for variants MSH2 P622L and V63E 
and non-modified clones for negative control MSH2 M688I. (A-C) Sanger sequencing 
data with codon translation from LMO-mediated monoallelic modification for P622L (A) 
and V63E (B) and negative control MSH2 M688I (C). Sequencing data is shown in sense 
orientation with targeted codon highlighted in bold and base of interest for modification 
encircled.
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Figure S3. LMO-directed gene editing in wild-type mESCs for MSH2 L173R/-P. 
(A) Efficiency of obtaining 6TGR colonies following targeting for MSH2 L173R/-P in wild-
type mESCs using antisense 5’-acr-LMOs. Statistical significance was determined by a 
corrected one-way ANOVA. (B, C) Distribution of genotypes after targeting for L173R/-P 
with antisense 5’-acr-LMOs. Data was collected in three independent experiments.
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Figure S4. Targeting for dominant-negative variants MSH2 N671I/-K/-Y. (A-C) 
Representative Sanger sequencing data with codon translation and distribution of genotypes 
from 6TGR colonies after targeting for dominant-negative variants MSH2 N671I (A), N671K 
(B) and N671Y (C) using sense or antisense LMOs without 5’-acr modification. ND indicates 
no colonies detected. Sequencing data is shown in sense orientation with targeted codon 
highlighted in bold and base of interest for modification encircled. Data were obtained from 
two (N671I) or one (N671K/-Y) targeting experiment(s). (D) Fraction of clones for N671I/-
K/-Y that are modified on one (green) or two (blue) alleles in comparison to data obtained 
for L173R/-P from Fig. 1C. Data obtained from sense and antisense targeting LMOs was 
combined. Significance was determined using Fisher’s exact test, error bars represent 95% 
confidence interval.
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Supplemental table 1. Sequence of LMOs used in this study

ssODN Sequence 5’-3’ Orientation

Fig. 1  
negative control GAGCCGCCACCA{T}GGCCTATGCATC  
P622L TCCAAGATGACT{A}GTCGTACATAAG antisense
P622L  (5’-acr) Acr-TCCAAGATGACT{A}GTCGTACATAAG antisense
H366Y  (5’-acr) Acr-CTAAAGTTTCGT{A}ATACCAAACAGT antisense
V63E  (5’-acr) Acr-ATGTACTTGATC{T}CGCCCTGGGTCT antisense
V180G  (5’-acr) Acr-TGGTACCTGCCA{C}CAACTTCCAAAA antisense

Fig. 2  
L173R  (5’-acr) Acr-TCACACAAGCCT{C}GCTTCCTCTGGG antisense
L173P  (5’-acr) Acr-TCACACAAGCCT{G}GCTTCCTCTGGG antisense

Fig. 3  
N671I-s  (5’-acr) Acr-TTATAGGTCCCA{T}TATGGGAGGTAA sense
N671I-as  (5’-acr) Acr-TTACCTCCCATA{A}TGGGACCTATAA antisense
M688R-s  (5’-acr) Acr-TGATTGTACTCA{G}GGCCCAAATCGG sense
M688R-as  (5’-acr) Acr-CCGATTTGGGCC{C}TGAGTACAATCA antisense

Fig. 4  
negative control Acr-AATCCAAACTTA{C}AGTTTCCGCAGT  
neo-correcting Acr-GAGCCGCCACCA{T}GGCCTATGCATC sense
P622L Acr-TCCAAGATGACT{A}GTCGTACATAAG antisense
L173R Acr-TCACACAAGCCT{C}GCTTCCTCTGGG antisense

Fig. S2  
M688I-s Acr-GATTGTACTCAT{C}GCCCAAATCGGG sense
M688I-as Acr-CCCGATTTGGGC{G}ATGAGTACAATC antisense

Fig. S3  
negative control Acr-GAGCCGCCACCA{T}GGCCTATGCATC  
L173R Acr-TCACACAAGCCT{C}GCTTCCTCTGGG antisense
L173P Acr-TCACACAAGCCT{G}GCTTCCTCTGGG antisense

Fig. S4  
N671I-s TTATAGGTCCCA{T}TATGGGAGGTAA sense
N671I-as TTACCTCCCATA{A}TGGGACCTATAA antisense
N671K-s TATAGGTCCCAA{G}ATGGGAGGTAAA sense
N671K-as TTTACCTCCCAT{C}TTGGGACCTATA antisense
N671Y-s CTTATAGGTCCC{T}ATATGGGAGGTA sense
N671Y-as TACCTCCCATAT{A}GGGACCTATAAG antisense
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