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Single-stranded DNA oligonucleotides can achieve targeted base-pair
substitution with modest efficiency but high precision. We show that
"oligo targeting” can be used effectively to study missense muta-
tions in DNA mismatch repair (MMR) genes. Inherited inactivating
mutations in DNA MMR genes are causative for the cancer predispo-
sition Lynch syndrome (LS). Although overtly deleterious mutations
in MMR genes can clearly be ascribed as the cause of LS, the func-
tional implications of missense mutations are often unclear. We de-
veloped a genetic screen to determine the pathogenicity of these
variants of uncertain significance (VUS), focusing on mutator S ho-
molog 2 (MSH2). VUS were introduced into the endogenous Msh2
gene of mouse embryonic stem cells by oligo targeting. Subsequent
selection for MMR-deficient cells using the guanine analog 6-thio-
guanine allowed the detection of MIMIR-abrogating VUS. The screen
was able to distinguish weak and strong pathogenic variants from
polymorphisms and was used to investigate 59 Msh2 VUS. Nineteen
of the 59 VUS were identified as pathogenic. Functional assays
revealed that 14 of the 19 detected variants fully abrogated MMR
activity and that five of the detected variants attenuated MMR ac-
tivity. Implementation of the screen in clinical practice allows proper
counseling of mutation carriers and treatment of their tumors.

Lynch syndrome | DNA mismatch repair | MSH2 | variants of uncertain
significance | site-directed mutagenesis

he DNA mismatch repair (MMR) system is essential for genome
fidelity: It corrects mismatches that may arise during erroneous
DNA replication and induces apoptosis if adducts caused by certain
DNA-damaging agents cannot be repaired. Newly replicated DNA is
scanned for base-base mispairings and loops of unpaired bases by
heterodimers composed of MMR proteins mutator S homolog 2 and
6 (MSH2/MSH6) or mutator S homolog 2 and 3 (MSH2/MSH3),
respectively. Upon encountering a mismatch, the MSH heterodimers
recruit another heterodimer composed of mutator L homolog 1 and
postmeiotic segregation increased 2 (MLH1/PMS2) to coordinate
downstream repair events (1, 2). Exposure to certain DNA-damag-
ing agents, such as methylating agents and the nucleotide analog
6-thioguanine (6TG), creates lesions in the genome that give rise to
mismatches when replicated (3, 4). The DNA MMR system recog-
nizes these mismatches and induces cell death to remove them.
Several models propose how DNA MMR activates cell death. One
model suggests that DNA MMR recognizes the mismatch and re-
petitively removes the incorporated nucleotide rather than the lesion
itself, creating a cycle of futile repair which ultimately leads to DNA
breakage and cell death (3). Another possibility is that MSH2/MSH6
and MLH1/PMS2 bind at the site of the damaged base and act as
molecular scaffolds that activate downstream DNA damage-response
pathways that result in apoptosis (5, 6). In the absence of a functional
DNA MMR system, cells have an increased rate of spontaneous
mutagenesis and elevated resistance to DNA-methylating agents.
A dysfunctional DNA MMR system is the underlying cause of
Lynch syndrome (LS). LS is an autosomal-dominant cancer
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predisposition that is characterized by the early onset of colorectal
cancer and cancers at extracolonic sites such as the endometrium,
ovaries, and stomach. It is caused by mutations in MSH2, MLH1,
MSH6, or PMS2 DNA MMR genes that destroy gene function.
Patients usually have a heterozygous germline mutation in one of
the DNA MMR genes. Upon somatic loss of the wild-type allele,
MMR-deficient cells arise, and a general mutator phenotype de-
velops that increases the chance of mutations arising in oncogenes
and tumor-suppressor genes and hence the development of ma-
lignancies (7).

Germline mutations in MSH2 account for about 40% of LS cases.
In addition to nonsense and frameshift mutations that truncate the
protein and clearly abrogate MMR function, a significant portion of
LS-associated MSH2 sequence variants is composed of missense
mutations that affect only a single amino acid (8). Missense muta-
tions in MMR genes also are seen frequently in cancer cases that
cannot be ascribed unambiguously to LS. Without reliable segre-
gation data or functional information, whether such sequence var-
iants contribute to cancer risk remains uncertain. To help clinicians
diagnose LS and offer appropriate counseling and treatment, a
method of examining the functional implications of these MSH2
variants of uncertain significance (VUS) is needed (9).

With this aim, a number of in silico algorithms as well as func-
tional assays have been developed. The in silico algorithms take into
account evolutionary conservation as well as physicochemical dif-
ferences between amino acids to predict the consequences of specific
mutations. Although such computer methods can identify patho-
genic MMR gene variants, validation often is required to diagnose
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LS patients (10-13). The functional studies generally investigate the
consequences of MMR VUS using assays based on ectopic ex-
pression of mutant MMR genes in MMR-deficient yeast, bac-
teria, or human cells or on in vitro-reconstituted MMR reactions
(14-23). A possible caveat regarding such studies is that they often
are performed in distantly related species, and the effect of the
mutations may be masked by the unstable genetic background of
MMR-deficient cells or over/under-representation of the ectopi-
cally expressed or in vitro-studied protein (9).

To study the phenotype of VUS expressed at physiological levels
within a normal cellular context, we have developed a site-directed
mutagenesis screen in mouse embryonic stem cells (mESCs) that
assesses the phenotype of endogenous variant Msh2 alleles. The
endogenous Msh2 gene is site-specifically mutated using the oligo-
nucleotide-directed gene modification (oligo-targeting) technique
we recently developed (24). This gene-modification technique is
capable of substituting a single base pair at any desired location in
the genome using 25- to 35-nt oligodeoxyribonucleotides (ssODN)
that are complementary to an endogenous target sequence except
for one or two centrally located nucleotides that comprise the de-
sired modification. Upon transfection, the ssODN anneals to its
chromosomal complement, creating a mismatch at the position of
the mutating nucleotide(s). Recognition of this mismatch by DNA
MMR leads to abortion of the gene-modification reaction (25).
However, we found that mismatch recognition can be avoided when
the mutating nucleotides in the ssODN are present as locked
nucleic acids yielding base-pair substitution frequencies of 10-10~*
in MMR-proficient cells (24). The efficiency of oligo targeting is
lower than the recently reported efficacies of nuclease-assisted (in
particular CRISPR/Cas9-assisted) gene modification. Nonetheless,
mutations that abrogate MMR activity can be identified effectively
because of the resistance of MMR-deficient cells to methylating
agents. Here we demonstrate that gene modification by short
ssODNs can be used efficiently to fulfill a specific clinical need: the
functional interrogation of variants of DNA MMR genes to es-
tablish whether they are causative for LS. We present the genetic
screen, demonstrate that it is capable of distinguishing pathogenic
MSH?2 variants from polymorphisms, and analyze the phenotype of
59 MSH2 VUS found in suspected LS patients.

Results

Genetic Screen to Identify Pathogenic MSH2 VUS. To assess the pheno-
type of MSH2 VUS found in suspected LS patients, we developed a
site-directed mutagenesis screen in mESCs. mESCs provide a good
study model because the murine MSH2 protein shares 93% homol-
ogy with its human counterpart and mouse models can be made from
these cells if VUS need to be studied in vivo. The genetic screen is

A o MSh2 +PUR/A
—A:A_\l Exposure to ssODNs
o MShZ +PUR/A
B - - Msh2 MUTANT PUR /A
} 6TG & Puromycin selection
C @ e Msh2 MUTANT PUR/a

J Resistant colonies () are sequenced to
confirm introduction of desired mutation

Fig. 1. Genetic screen for the identification of pathogenic MSH2 variants.
(A) Msh2*PURA mESCs were exposed to ssODNs that introduce the mutation of
interest into the one endogenous Msh2 allele with an efficiency of 107°-107%,
(B) The mESCs subsequently were exposed to 6TG. Cells that lost MMR activity
form 6TG-resistant colonies. To remove cells that became MMR-deficient be-
cause of the loss-of-heterozygosity events, puromycin selection was performed
simultaneously. (C) 6TG/puromycin-resistant colonies were selected and ex-
panded. Sequence analysis was used to confirm the presence of the introduced
mutation in the 6TG/puromycin-resistant cells.
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composed of three steps (Fig. 1): (4) site-directed mutagenesis to
introduce the specific mutation into mESCs; (B) selection for cells
that became MMR-deficient; and (C) sequencing to confirm that
selected MMR-deficient cells contain the mutation of interest.

For this screen we generated an Msh2™"V** mESC line in which
one of the endogenous Msh2 alleles was completely deleted (A) and
a puromycin-resistance gene was introduced adjacent to the
remaining Msh2 allele that retained wild-type activity (+PUR) (Fig.
S1). Hence, introduction of a mutation into the single endogenous
Msh2 allele in Msh2™"®* mESCs ensured exclusive expression of
the variant allele and immediate disclosure of its effect on MMR
activity. Msh2 was site-specifically mutated using our oligo-targeting
technique (24). Upon exposure of Msh2™”®* mESCs to a specific
ssODN (which can have either sense or antisense polarity), the
desired mutation was introduced into 1 in every 1,000-10,000 cells.
To determine whether MMR was abrogated in this small subset,
cells were exposed to 6TG that is toxic only when DNA MMR is
active (4). The appearance of 6TG-resistant colonies indicates that
MMR-deficient cells were generated in the ssODN-exposed mESC
culture. Should the mutation not affect MMR, no colonies are
expected to appear. However, 6TG-resistant colonies also may arise
from cells that lost the Msh2 wild-type allele by loss of heterozy-
gosity. To select against events resulting in loss of heterozygosity,
puromycin selection was performed simultaneously. Furthermore,
the presence of the planned mutation in the 6TG/puromycin-
resistant colonies had to be confirmed by sequence analysis because
we did encounter some Msh2 YR mESCs that managed to survive
the selection despite wild-type MSH2 activity.

Distinguishing Pathogenic from Nonpathogenic Variants. To dem-
onstrate the efficacy of this approach to distinguish pathogenic from
nonpathogenic MSH2 missense mutations, we tested 10 proven
pathogenic MSH2 variants and 10 proven MSH2 polymorphisms.
The variants were chosen based on clinical and in vitro data (Tables
S1 and S2). Thirty-five-nucleotide ssODNs were used to introduce
the pathogenic and nonpathogenic sequence alterations. In both
cases, colonies appeared upon 6TG selection; however, the colonies
of nonpathogenic ssODNs usually were smaller and fewer in
number. Sequencing revealed all 10 pathogenic mutations were
present in several of the 6TG-resistant colonies, whereas not one of
the polymorphisms was detected (Fig. 2.4 and B and Fig. S2). This
result demonstrates that the readout of our screen, i.e., the com-
bination of 6TG selection and sequencing of colonies, can distin-
guish pathogenic from nonpathogenic Msh2 variants.

In addition to the 10 overtly pathogenic variants, we also tested
two partially pathogenic mutations: MSH2-Y165D and MSH2-
Q690E. mESCs expressing these variants had been generated pre-
viously and had been shown to be only partially resistant to 6TG
(26). Under the selection conditions applied thus far (termed
“method 17), our screen did not detect the two variants. Therefore
we sought to create a second, more sensitive screening method to
distinguish partially pathogenic from nonpathogenic Msh2 variants.
The oligo-targeting efficiency was recently improved to 10~ using
25-nt ssODNs and a different transfection reagent. Combining this
protocol with a selection scheme in which the concentration of 6TG
was lowered and the exposure time extended (termed “method 2”),
allowed the recognition of the partially pathogenic MSH2-Y165D
and MSH2-Q690E while true polymorphisms remained undetect-
able (Fig. 24 and Fig. S2). Thus, sequencing of the 6TG-resistant
colonies using screening method 2 can identify both fully and par-
tially pathogenic Msh2 VUS.

Screening VUS. Having proven the genetic screen can identify
pathogenic and partially pathogenic Msh2 variants, we went on to
screen 59 MSH2 VUS. All 59 VUS have been found in suspected LS
patients and were brought to our attention through contact with the
clinic or by inspection of the International Society for Gastrointes-
tinal Hereditary Tumors (InSiGHT) database. Of the 59 VUS, 19
were detected in 6TG-resistant colonies by sequence analysis and
therefore were identified as pathogenic (Fig. 2C and Fig. S3). We
initially used screening method 1, which identified 14 of these 19
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Fig. 2. Identification of pathogenic Msh2 variants by sequencing 6TG-resistant
colonies. (A) Proven pathogenic mutations in the proof-of-principle study.
(B) Proven nonpathogenic variants in the proof-of-principle study. (C) Newly
identified pathogenic mutations among 59 tested VUS. The “Variant” and “Nu-
cleotide change” columns display the amino acid change as well as the location
and the one- or two-base change introduced by either sense (upper bars) or an-
tisense (lower bars) ssODNs. The bars in the “Sequenced colonies carrying muta-
tion” column illustrate the number of 6TG/puromycin-resistant colonies sequenced
per sense or antisense ssODN tested. We always aimed to sequence 12 colonies
unless fewer survived the 6TG/puromycin selection. Each box in the bars represents
one sequenced colony. Gray boxes represent colonies carrying the mutation of
interest; white boxes represent colonies in which the wild-type Msh2 sequence
was maintained. NA indicates the targeting was not performed.

mutations. After rescreening the remaining 45 VUS using screening
method 2, which was optimized for the detection of partially dele-
terious variants, five additional variants were found: V63E, G162R,
D603N, G674A, and G759E. These five variants may have an
intermediate pathogenic phenotype. To determine the extent
of the MMR-attenuating effect of the deleterious Msh2 mis-
sense mutations identified, we performed Western blot analyses
and functional assays assessing response to DNA-damaging agents
and microsatellite instability (MSI).

Phenotypic Assessment of Identified Pathogenic Msh2 Variants. To

confirm the pathogenic variants were identified because of their
reduced sensitivity to methylating agents, we determined clonogenic
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survival of variant cell lines in response to the DNA methylating
agents 6TG (Fig. 3) and N’-methyl-N'"-nitro-N'-nitrosoguanidine
(MNNG) (Fig. S4). Msh2*PUR mESCs clearly showed reduced
colony formation upon exposure to increasing doses of 6TG and
MNNG. Fourteen of the 19 variant cell lines behaved like the 6TG-
and MNNG-resistant mESCs expressing MSH2-P622L that pre-
viously had been proven to be pathogenic (27). Variants V63E,
G162R, D603N, G674A, and G759R conferred partial sensitivity to
6TG. This partial sensitivity explains why they could be detected
only by using screening method 2.

The abundance of variant MSH2 Ugrotein was quantified with re-
spect to Msh2™* mESCs. Msh2""Y®* mESCs contained 60% of
the MSH2 seen in Msh2™* cells (Fig. S5). MSH2 levels dropped to
1-4% in 15 of the variant cell lines, comparable to the amount of
protein in Msh2"0??1/4 cells. MSH6 levels mirrored the decrease
in MSH2 in all variant cell lines because MSHG0 is less stable
without its heterodimer partner. Cell lines Msh2"3E/A | Msh2PO03NA
Msh2657#44  and Msh2>7F* had relatively high MSH2 levels of
33%, 25%, 33%, and 21%, respectively (Fig. 4).

MSI is a hallmark of MMR deficiency. In the absence of MMR,
DNA polymerase slippage errors at highly repetitive sequences are
not corrected, causing microsatellites to vary drastically in size (7).
To obtain a quantitative readout for MSI in the 6TG-resistant Msh2
variant mESCs, we introduced a single copy of a slippage reporter
into the Rosa26 locus of MMR-proficient and mutant mESCs. The
slippage reporter was composed of a neomycin-resistance gene
(neo) that was rendered out of frame by the insertion of a (G)yo
repeat. For the neo gene to become in frame, DNA polymerase
slippage errors, such as the deletion of one G or the insertion of two
Gs, need to go unnoticed by the MMR system. Hence, the number
of cells that survived Geneticin selection because of neo-restoring
slippage events indicates the MMR capacity of the cells (28). The
slippage rate (i.e., the chance of a slippage event occurring during
one cell division) in the Msh2 variant mESCs ranged from 4.7 x 107
to 1.6 x 107>, This rate is 65-2,200 times higher than the slippage
rate of 7.3 x 1077 observed in Msh2t"URA mESCs (Fig. 5). The
majority of the variant mESCs showed slippage rates similar to
that of the MSH2-P622L pathogenic control (9.3 x 10~*). Variants
V63E, G162R, and D603N conferred lower slippage rates of 4.7 x
107, 1.5 x 107, and 1.6 x 107, respectively, more comparable to
that of the partially pathogenic control MSH2-Y165D. The other two
variants that could be detected only with screening method 2, G674A
and G759E, conferred slippage rates similar to those conferred by
several of the pathogenic variants revealed by screening method 1.
Although the slippage rates of the studied Msh2 VUS varied, the
data clearly show that they all increased mutagenesis. As summarized
in Table 1, all variants detected in 6TG-resistant colonies by se-
quence analysis showed abrogated or attenuated MMR capacity and
therefore can be classified unambiguously as pathogenic.

Discussion

We present a genetic screen that assesses the MMR-abrogating
effect of endogenously expressed Msh2 VUS in mESCs. Missense
mutations were site-specifically introduced into cultures of mESCs
that contained only one endogenous Msh?2 allele to obtain cells that
expressed only the mutant protein. The mutagenized cell cultures
subsequently were exposed to 6TG to investigate whether mutant
cells had lost MMR capacity, in which case 6TG-resistant colonies
appear. The presence of the planned mutation in the 6TG-resistant
cells was confirmed by sequence analysis. Resistance to 6TG has
been used previously to select for MMR deficiency in cell cultures
that were randomly mutagenized with ethylnitrosourea yielding a
catalog of deleterious codon substitutions (29). By using oligo
targeting, we can interrogate variants of interest directly.
To demonstrate that our approach was capable of distinguishing
pathogenic MSH2 missense mutations from polymorphisms, we
tested 12 proven pathogenic and 10 nonpathogenic MSH? variants.
All 12 pathogenic variants, but none of the polymorphisms, were
detected in 6TG-resistant colonies. The proof-of-principle study
manifested that the oligonucleotide-directed mutagenesis screen
was capable of identifying both fully and partially pathogenic Msh2
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VUS. However, despite this good performance and the high level of
amino acid conservation, possible functional differences in the hu-
man and mouse MSH2 proteins may be a limitation of the use
of mESCs.

We used the genetic screen to assess the pathogenicity of 59
MSH?2 VUS found in suspected LS patients. All mutated amino
acids were conserved between human and mouse MSH2 (Fig.
S6). Sequence analysis detected 19 mutations in 6TG-resistant
colonies. Their pathogenicity was confirmed by Western blot
analyses and functional assays demonstrating fully abolished or
attenuated MMR capacity.

The specificity of our screen can be defined as the chance that a
variant that is picked up as deleterious does indeed affect MMR. We
found an absolute concordance between the variants identified in our
screen and defective MMR: Not one of the 10 proven polymor-
phisms was detected, but all 12 confirmed deleterious variants were
identified, and all 19 VUS that were detected showed a defect in
MMR. Hence, the false-positive frequency was <1/41, giving a
specificity of >97.6%. We argue that the specificity of our screen may
approach 100% because resistance to 6TG is a hallmark of MMR
deficiency and hence, by definition, all Msh2 mutations detected in
6TG-resistant colonies by sequence analysis affect MMR activity.

We also can estimate the sensitivity of our screen. Sensitivity is a
measure of the chance that a deleterious variant was not picked up;
it can be defined as the ratio of true positives (deleterious mutations
picked up by our test) to all deleterious mutations (true positives
plus false negatives that were not picked up). All 12 variants that
were a priori selected for pathogenicity were picked up in our
screen. Hence, with the number of true positives being 12 and the
number of false negatives <1, the screen had a sensitivity of >92.3%.
However, we notice that one partially deleterious variant, Y165D,
yielded only one clone carrying the planned mutation. Therefore
the sensitivity may be lower for weak variants.

We argue that VUS picked up by our screen can be assigned
unambiguously as deleterious for MMR and hence be placed in
class 5 (proven pathogenic) of the five-tiered VUS classification
scheme adopted by InSiGHT (30). Inclusion of more variants
proven to be weakly pathogenic by independent criteria and assays
may increase the sensitivity of our screening protocol, allowing as-
signment of nondetected variants to class 2 (likely nonpathogenic)
or even class 1 (proven nonpathogenic).

The 59 studied VUS and the 22 variants used in the proof-of-
principle study were dispersed across almost all domains of
MSH2. The identified pathogenic mutations, however, clustered
predominantly in three areas: the connector domain from amino
acids 160-188, the lever domain between residues 332 and 350,
and the ATPase domain from amino acids 621-760 (Fig. S7). Of
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6TG concentrations result in small interexperiment
variances.

the 16 variants located in the mismatch-binding domain, only
V63E was found to be pathogenic. The other 15 variants do not
appear to influence MMR activity. However, studies have shown
that deletions and several missense mutations in this domain
affect MSH2/MSH3 activity (19, 31). We cannot exclude the
possibility that some of these 15 variants affect MSH2/MSH3
activity; such mutations cannot be detected in our screen because
the MSH2/MSH3 complex is not involved in the toxicity of 6TG.
Fourteen of the 19 pathogenic VUS were identified using
screening method 1. Western blot analysis and functional as-
says revealed that 13 behaved similarly to the MSH2-P622L
pathogenic control and likewise can be considered to abrogate
MMR function fully. Only mutation S723F behaved differently,
because the level of protein remained relatively high, suggesting
that substitution S723F did not debilitate protein folding to the
same extent as the other mutations. Functional assays showed
Msh257F2 mESCs had the highest slippage rate in the MSI assa
and were as resistant to DNA-methylating agents as Msh2"0221/
mESCs. The MMR-debilitating effect of this mutation most likely
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Fig. 4. Western blot analysis of detected Msh2 VUS. MSH2, MSH6, and CDK4
levels were analyzed in whole-cell lysates. CDK4 functioned as the loading
control. Relative MSH2 levels compared with Msh2™* mESCs are shown as
percentages. Msh2™'~ and Msh27%?2"2 cells were used as pathogenic controls.
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Fig. 5. MSI analysis of detected Msh2 mutant mESCs. A slippage reporter
composed of a neo gene that was rendered out of frame by a (G),, repeat,
was introduced into the Msh2 mutant mESCs. The relative slippage rates
could be calculated by the number of cells that became Geneticin-resistant
because of a slippage event bringing the neo gene in-frame. Slippage rates
were compared with the MMR-proficient Msh2*PUF4 cell line, the MMR-
deficient control P622L, and the partially pathogenic control Y165D. Sta-
tistical differences were calculated using an unpaired t test with Welch’s
correction. Asterisks indicate values significantly higher than those in the
MMR-proficient Msh2™PUR/2 control: *P < 0.05; **P < 0.01; ***P < 0.001;
***%p < 0.0001.

can be ascribed to its interference with ADP/ATP binding at the
ATPase domain of MSH6 (Fig. S8).

MSH2 VUS V63E, G162R, D603N, G674A, and G759E (see
Fig. S8 for their position in the 3D structure) could be detected only
using screening method 2 that was optimized for the identification
of partially pathogenic variants. Hence one may expect these five
VUS to behave like the partially pathogenic variant MSH2-Y165D
we studied previously (26). Variants V63E, G162R, and D603N did
seem to meet this expectation. Msh2"03EA ~ Msh2G102RA - and
Msh2P%%3N4 mESCs experienced slippage events at rates similar to
that in the partially pathogenic control and were less resistant to 6TG
in the DNA damage-response assay than the fully pathogenic
Msh2P0%2EA control. Msh2"%35'4 and Msh2P%*N/A"mESCs  also
had higher MSH2 levels than the majority of fully pathogenic var-
iants described in this study. The MMR-attenuating effect of mu-
tation V63E, located at the interface with MSH6, may be ascribed
to interference with MSH6 function. Variant D603N resides in the
area of MSH2 that interacts with EXO1, MSH3, and MSHO6; hence
it may hinder these interactions. The G162R mutation decreased
MSH2 levels to 1% of that seen in Msh2*'* cells. Although this low
MSH2-G162R protein level was in line with tumor pathology data
showing no MSH2 staining (32), it is striking, given the partially
pathogenic phenotype seen for this variant in the functional assays.
Perhaps the G162R mutation has a destabilizing effect that reduces
the MSH2 protein level but not intrinsic MSH2 activity.

Although both the G674A and G759E variants were less resistant
to 6TG than the fully pathogenic Msh25??L'2 cell line, their path-
ogenic g)henotypes were stronger than the partially pathogenic
Msh2¥Y195P/4 control. Msh297°7E/A mESCs experienced slippage
events at rates similar to those of several of the fully pathogenic
variant cell lines detected in our study using screening method 1.
This mutation also decreased MSH2 levels to 1% of those seen in
Msh2** cells such as the G162R variant that showed reduced slip-
page rates. Hence, the pathogenic phenotype of G759E appears to
arise from an effect on both protein stability and protein function.
Consistent with previous data describing MSH2-G674A as a sepa-
ration-of-function mutation that was incapable of initiating MMR
but nevertheless was sensitive to the genotoxic effect of 6TG (33), we
found a high slippage rate in Msh2°7*4* mESCs. At variance
however, we demonstrate mutation G674A did reduce 6TG toxicity.
Our results indicate that for this mutant, also, the loss of MMR was
associated with reduced sensitivity to 6TG. MSH2-G674A protein
levels were relatively high, indicating that the pathogenicity of the
mutation was not caused by protein destabilization but rather by its
effects on protein function. The G674A mutation most likely in-
terferes with ADP/ATP binding to the MSH2 ATPase domain.

It should be noted that two variants that in a yeast assay were
found to cause a very weak MMR defect, T33P and D167H, were
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not detected in our assay (19). The weak mutator phenotype of
the yeast T33P variant was attributed to disruption of MSH?2/
MSH3, explaining why it remained undetected in our screen.

The oligonucleotide-directed mutagenesis screen presented
here is capable of distinguishing partially pathogenic from non-
pathogenic MSH2 variants. The proof-of-principle study dem-
onstrates that combining oligo targeting with 6TG selection and
sequence analysis allows parallel detection of many pathogenic
MSH? variants. Furthermore, we show that all detected Msh2
VUS indeed lead to MMR abrogation in the functional assays.
Importantly, the absence of false positives and the finding that
the deleterious variants we identified contained only the planned
mutation demonstrate that oligo targeting was highly accurate
and did not lead to inadvertent mutations that may have gen-
erated 6TG-resistant cells.

Screening method 2 allows the detection of both fully and
partially deleterious MSH2 variants and now is used routinely.
Its relative simplicity allows the screen to be implemented in
clinical genetics laboratories that are confronted with suspected
LS-associated mutations. In the future, the applicability of the
screen may be extended to characterize suspected LS-associated
variants in the other DNA MMR genes, and it may be developed
in human cells to investigate intronic variants or mutations at
residues that are not conserved between mice and men.

Materials and Methods

Genetic Screen for the Identification of Pathogenic MSH2 Mutations. Two
methods were used to identify pathogenic MSH2 mutations. In method 1
mutations were introduced into Msh2*PYRA mESCs (described in S/ Materials
and Methods) by oligo targeting using 35-nt ssODNs (Eurogentec) (24). For
each mutation, 7 x 10° Msh2+t"UR4 mESCs were seeded on six wells and on
the following day were transfected with 3 pg ssODNs plus 27 L TransFast
transfection agent (Promega) in 1.4 mL serum-free medium. After 1 h, 4 mL

Table 1. Overview of results from functional assays performed
with detected pathogenic variants

MSH2 VUS*  Sensitivity to 6TG'  MSH2 protein levels, %*  MSI®

Msh2+PURIA
P622L
V63E
V161D
G162R
L173P
L173R
C333Y
L341P
V342|
P349L
P349R
D603N
G674A
G674R
G692R
P696L
c697Y
S723F
G759E
E878D
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*The variants are annotated according to their amino acid number and change.
"The degree of 6TG tolerance of the mutant cell lines was classified as
sensitive (S), similar to Msh2*t"UR cells; resistant (R), similar to Msh2P224/4
mESCs; and intermediate (1) i.e., the mutant cell lines are less resistant than
Msh2P622L4 cells but not as sensitive as Msh2*PURA mESCs.

*The abundance of MSH2 in the variant cell lines was quantified (%) with
respect to the MSH2 levels in Msh2™* mESCs.

SThe results from the MSI assay were divided into three groups: H, high
slippage rate (> 3 x 107*); M, medium slippage rate (<3 x 10~ and >8 x 107);
and L, low slippage rate (<8 x 1077).
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of Buffalo rat liver (BRL)-conditioned medium (28) was added, and the cells
were incubated for 3 d. Subsequently, 1.5 x 10° ssODN-exposed cells were
seeded on 10-cm plates. 6TG (1.5 pM) (Sigma-Aldrich) and puromycin (1.8 pg/mL)
selection started 24 h later. 6TG exposure lasted for 3 d; puromycin
remained on the plates for 10 d; then the 12 largest 6TG/puromycin-resistant
colonies were selected and expanded. The presence of the planned muta-
tion was verified by sequence analysis.

Screening method 2 was optimized for the identification of partially
pathogenic variants by using a 10-fold more efficient oligo-targeting tech-
nique (24), a reduced 6TG concentration, and an extended exposure time.
Msh2+PURIA mESCs (7 x 10°) were seeded per six-well plate and were trans-
fected on the following day with 3 pg 25-nt ssODNs and 7.5 pL TransIT-
siQuest transfection agent (Mirus) in 250 pL of serum-free medium. After
3.d, 1.5 x 10° ssODN-exposed cells were seeded on 10-cm plates and sub-
jected to 6TG (250 nM) and puromycin (1.8 pg/mL) selection for 10 d. The 12
largest 6TG/puromycin-resistant colonies were processed for sequencing.

DNA Damage-Response Assay. 6TG and MNNG DNA damage-response assays
were performed as described in Wielders et al. (27).

Western Blot Analysis. Western blot analyses were executed as described in
Wielders et al. (26) using goat polyclonal antibody against CDK4 (1:2,000)
(SC-260-G; Santa Cruz Biotechnology) and rabbit polyclonal antibodies
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against MSH2 (1:500) (34) and MSH6 (1:500) (35). IRDye 800CW donkey anti-
goat IgG and IRDye 800CW goat anti-rabbit IgG antibodies (LI-COR) were
used as secondary antibodies, and signals were visualized on an Odyssey
imaging system (LI-COR), allowing quantification of the protein bands.

Microsatellite Instability Assay. mESCs were electroporated (36) with the
(G)10-neo Rosa26 targeting vector that encodes the pMC1-(G)io-neo gene
downstream of a promoterless histidinol-resistance gene and integrates into the
Rosa26 locus (28). Histidinol (3 mM; Sigma-Aldrich)-resistant clones were se-
lected, expanded to 107 cells, and subsequently seeded on 10-cm plates at a
density of 10° cells per plate for Geneticin selection (600 pg/mL). Successful in-
tegration of the (G);o-neo Rosa26 targeting vector was confirmed by Southern
blot analysis. After 10 d of Geneticin selection, resistant colonies were counted
and mutation rates were calculated using the formula: 0.6 x Geneticin'®® = N x
p x log (N x p), where Geneticin®®®? is the number of Geneticin-resistant colonies
in a culture expanded to N cells, and p is the number of mutations per cell di-
vision (37). Experiments were performed in quadruplicate, and statistical differ-
ences were calculated using an unpaired t test with Welch’s correction.
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