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Received: 1 June 2018 . Mismatched base pairs, produced by nucleotide misincorporation by DNA polymerase, are repaired by
Accepted: 6 August 2018 . the mismatch repair (MMR) pathway to maintain genetic integrity. We have developed a method for the
Published online: 15 August 2018 . fluorescence detection of the cellular MMR ability. A mismatch, which would generate a stop codon in
 the mRNA transcript unless it was repaired, was introduced into the gene encoding the enhanced green
. fluorescent protein (EGFP) in an expression plasmid. When MMR-proficient HeLa cells were transformed
- with this plasmid, the production of active EGFP was observed by fluorescence microscopy. It was
. assumed that the nick required to initiate the MMR pathway was produced non-specifically in the cells.
In contrast, fluorescence was not detected for three types of MMR-deficient cells, LoVo, HCT116, and
DLD-1, transformed with the same plasmid. In addition, the expression of a red fluorescent protein
gene was utilized to avoid false-negative results. This simple fluorescence method may improve the
detection of repair defects, as a biomarker for cancer diagnosis and therapy.

DNA must be replicated prior to cell division. In eukaryotic cells, three DNA polymerases, o, §, and €, are pri-
marily involved in the replication’. DNA polymerase « initiates the replication with its primase activity, and
DNA polymerases 0 and € synthesize the lagging and leading strands, respectively, by nucleotide polymerization
in the 5’ to 3/ direction, depending on the base-pair formation with the template strand. This process must be
: accurate because the misincorporation of a nucleotide, to form a mismatch, would induce a genetic mutation,
. which results in carcinogenesis or cell death. Although DNA polymerases § and € have proofreading activities
* that remove the wrong nucleotide and reincorporate a nucleotide, they still produce one mismatch per about 10°
. nucleotides®.
The mismatched base pairs are repaired by the mismatch repair (MMR) pathway®=>. In prokaryotic cells, the
dimeric MutS protein recognizes the mismatch by clamping and kinking the DNA with its two monomers®. MutL
. isrecruited to the MutS-DNA complex, and the MutS—-MutL complex moves along the DNA and activates the
: MutH endonuclease. At the mismatch site, both of the bases in the two strands are normal, unlike the damaged
. bases induced by ultraviolet light, oxidative stress, and so on, and the nucleotide in the newly-synthesized strand
: must be removed. MutH recognizes the N°-methyadenine in the GATC sequence, produced by DNA adenine
. methyltransferase, to identify the template strand in the replication, and cleaves the unmethylated strand on
. either the 5’ or 3’ side of the mismatch. From this incision site, DNA helicase II, encoded by the uvrD gene,
unwinds the DNA, and four single-strand nucleases, Rec], Exol, ExoVII, and ExoX, digest the cleaved strand.
Finally, the single-stranded region is filled in by DNA polymerase III, and the gap is sealed by DNA ligase. In
eukaryotes, MutSa, a heterodimer of two MutS homologs (MSH2 and MSH6), recognizes the mismatch in a
similar manner to the prokaryotic MutS’. Another important factor that functions in eukaryotic MMR is MutLa,
. aheterodimer of the MutL homolog 1 (MLH1) and postmeiotic segregation increased 2 (PMS2) proteins, which
: binds to MutSo.. MutSa moves along the DNA in an ATP-dependent manner, and MutLa has endonuclease activ-
: ity that is activated by proliferating cell nuclear antigen (PCNA) binding, to cleave the DNA strand containing an
initial nick®. Regardless of the 5’ and 3 locations of the initial nick, the PCNA-bound MutSa-MutLa complex
makes incisions on both the 5’ and 3 sides of the mismatch’. The terminus of the Okazaki fragment may be the
initial nick required for the strand discrimination'’, and another possibility is the ribonuclease H2-mediated
cleavage at ribonucleotides misincorporated into DNA!"!2. From the incision on the 5’ side of the mismatch, Exol
degrades the strand in the 3’ direction past the mismatch site, and then repair synthesis by DNA polymerase 0
occurs. Even in the absence of Exol, the strand displacement by DNA polymerase § can complete MMR®.
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Figure 1. Fluorescence detection of DNA repair in cells. (a) Detection of base excision repair developed in our
previous study®?. The probe contained an oxidatively damaged base in the center and a fluorophore-quencher
pair at the end, and the phosphodiester linkages were changed to nuclease-resistant phosphorothioate analogs
in the regions that were not required for enzyme binding. Fluorescence was detected when the probe was
cleaved by NTH1 in human cells. (b) Detection of nucleotide excision repair developed in our previous study®.
A plasmid was used as a scaffold, and the fluorophore and the quencher were attached to the base moieties near
a UV-induced lesion. Fluorescence was detected when the dual-incision product was degraded in cells. (c)
Detection of MMR in this study. Cells are transformed with a plasmid containing a mismatch (shown in red) in
the EGFP gene, which is expressed under the control of the CMV promoter. In the absence of MMR, the mRNA
transcript contains a stop codon, UAG. However, when the cells are MMR-proficient, the repair of the bottom
strand results in the generation of the original EGFP gene, and fluorescence is detected in the cells. We expected
that the initial nick required for MMR would be produced in the cells in a random manner. There is a possibility
that the top strand is repaired, but the full-length EGFP is not produced in this case.

Defects in DNA repair pathways cause diseases, and in the case of MMR, Lynch syndrome'*'*, which was
previously referred to as hereditary non-polyposis colorectal cancer, is a typical example. It is the most common
inherited colorectal cancer syndrome, and is caused by germline mutations in one of the four MMR genes, MLH1,
MSH?2, MSH6, and PMS2. A somatic mutation of the wild-type allele results in the loss of the MMR function, and
leads to colorectal cancer, as well as endometrial cancer. Since Lynch syndrome is an autosomal dominant dis-
order, its diagnosis is important, and surveillance is required for family members of patients diagnosed with this
syndrome. To detect the MMR deficiency, the microsatellite instability (MSI) is analyzed'®'”. The alterations in
the lengths of simple repeat sequences, called microsatellites, correlate with the MMR function, and according to
the ratios of the length alterations found in the analyzed microsatellites, the results are classified into three catego-
ries, MSI-H (MSI-high), MSI-L (MSI-low), and MSS (microsatellite stable)'®. The MSI-H phenotype strongly sup-
ports the Lynch syndrome diagnosis. An alternative method for the screening of Lynch syndrome is the analysis
of the MMR proteins by immunohistochemistry (IHC). However, neither of these tests can definitively detect the
MMR deficiency"’. For example, the majority of tumors from MSH6-mutation carriers do not have MSI-H', and
the complex relationship between MMR defects and MSI patterns has also been noted®. In IHC, false-positive
results may be obtained for dysfunctional MMR gene products containing a single amino acid substitution, par-
ticularly outside the dimerization domains®’.

In this study, we developed a method to detect the cellular MMR ability by fluorescence. We previously
reported the fluorescence-mediated detection of the base excision repair (BER)?? and nucleotide excision repair
(NER)* of DNA lesions induced by oxidative stress and UV irradiation, respectively, in cultured human cells
(Fig. 1a,b). In both cases, a fluorophore-quencher pair, which was originally used in a molecular beacon?, was
incorporated into a hairpin-shaped oligonucleotide or a plasmid containing a damaged base. In the present study,
the expression of the gene encoding green fluorescent protein, containing a mismatch, was utilized to detect the
overall process of MMR (Fig. 1c).

Results

Preparation of the expression plasmid containing a mismatch. In this study, we intended to develop
a system in which a mismatch-containing gene encoding a full-length fluorescent protein is expressed in cells
only when it is repaired, to detect the cellular MMR ability. We constructed a plasmid (pBSII EGFP) to express
the gene encoding the enhanced green fluorescent protein (EGFP), which has the F64L and S65T substitutions
in the original green fluorescent protein®, and then introduced a C/A mismatch at the first position of the codon
for Q157 (CAG) of this protein (pBSII EGFP C/A, Fig. 1c). The T/G mismatch was avoided because it could be
recognized by other enzymes, such as the methyl-CpG domain protein and thymine DNA glycosylase®, and the
C/A mismatch is a good substrate for the MMR pathway?’. Since the template strand had the sequence 3’-ATC-5/,
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Figure 2. Fluorescence detection of MMR in human cells. (a) Fluorescence microscopy images of the cells
transformed with the plasmids containing the normal and mismatched EGFP genes. HeLa cells were used as

a positive control, and three types of MMR-deficient cells were tested. The cells were transformed with pBSII
EGFP C-G and pBSII EGFP C/A, which were designed to express the normal and mismatch-containing EGFP
genes, respectively, and observed with a fluorescence microscope after an incubation at 37 °C for 24 h. (b)
Comparison of the fluorescence observed for the cells transformed with pBSII EGFP C/A to that observed for
each positive control (pBSII EGFP C-G). The fluorescence intensities in panel a were quantified using the Image]
software, and the averages of the results obtained for each cell in three independent experiments are shown with
error bars, representing standard deviations.

the mRNA produced under the control of the cytomegalovirus (CMV) promoter in the cells transformed with
this plasmid would contain a stop codon, UAG, in the absence of the cellular MMR activity. In MMR-proficient
cells, we expected that two types of plasmids would be generated. One of them should contain the C-G pair at the
first position of this codon, produced by the removal of the A in the bottom strand to be used as the template in
transcription, as shown in Fig. 1c. Since the CAG sequence at this site in the mRNA produced from the repaired
plasmid is the codon for glutamine, the full-length EGFP would be produced. In other words, fluorescence would
be observed, depending on the cellular MMR ability. An expression plasmid containing the normal EGFP gene
without the mismatch (pBSII EGFP C-G) was also prepared in the same manner.

In order to initiate the MMR pathway, not only a mismatch but also a nick is required in the DNA, as described
in the Introduction. At the beginning of this study, we planned to either incorporate a ribonucleotide!'? into the
mismatch-containing primer used for the preparation of the double-stranded plasmid from the single-stranded
DNA, or introduce a nick into the plasmid with a nicking endonuclease?®. However, we previously found that
the plasmids were degraded in the cells within several hours during the culture at 37 °C?. Therefore, we decided
to test the plasmids without the nick, and expected that a nick would be produced non-specifically in the cells.

Transformation of MMR-proficient and MMR-deficient cells. To begin with, HeLa and LoVo cells,
which are proficient and deficient in MMR, respectively, were transformed with pBSIT EGFP C-G containing the
normal EGFP gene, and the production of the fluorescent protein was confirmed by observing the cells with a flu-
orescence microscope. In these experiments, an overnight culture after the transformation was required to obtain
sufficient fluorescence intensities (Supplementary Fig. S1). Next, the cells were transformed with pBSII EGFP
C/A, which contained the C/A mismatch in the EGFP gene. As the MMR-deficient cells, we also used HCT116
and DLD-1, which are human colon cancer cell lines similar to the LoVo cells, but derived from different ori-
gins®. Fluorescence was detected in the HeLa cells transformed with this plasmid (Fig. 2a), and the quantitative
analysis of the micrographic images revealed that the fluorescence intensity was about one-half of that observed
for the same cells transformed with pBSII EGFP C-G (Fig. 2b). In contrast, fluorescence was hardly visible in all
of the MMR-deficient cell types (Fig. 2). The experiments were repeated at least three times, and the results were
quite reproducible.

Confirmation of transformation using the tdTomato gene expression. Since fluorescence is
detected only when the correct EGFP gene is expressed, there is no possibility of obtaining false-positive results in
this method. However, a failure in transformation results in false-negative observations, in which the fluorescence
from MMR-proficient cells is not detected. To avoid such errors, we tried to improve the method. A gene encod-
ing a red fluorescent protein, tdTomato®®, which is transcribed from the CMV promoter, was inserted into the
EGFP gene expression plasmid, as shown in Fig. 3a. In practice, pBSII EGFP-tdTomato was prepared by ligating
the PCR product containing the CMV promoter and the tdTomato gene with the large fragment of pBSII EGFP
(Fig. 4). Subsequently, the C/A mismatch was produced in the EGFP gene in the same manner as in pBSII EGFP
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Figure 3. Dual detection to prevent false-negative results. (a) The plasmid used in this study. The tdTomato
gene to be transcribed from the CMV promoter was inserted into pBSII EGFP, as shown in Fig. 4, and a C/A
mismatch was produced in the EGFP gene, in the same manner as in pBSII EGFP C/A. (b) Expected results
of the experiments using pBSII EGFP-tdTomato C/A. When the cells are transformed with this plasmid, the
tdTomato gene will be expressed, and the red fluorescence would be detected, regardless of the cellular MMR
ability. The observation of this red signal indicates the successful transformation, and can be used to prevent
false-negative results.

C/A. HeLa and LoVo cells were transformed with this plasmid (pBSII EGFP-tdTomato C/A, Fig. 3a) and the
counterpart without the mismatch (pBSII EGFP-tdTomato C-G), with the expectations that the red fluorescence
of tdTomato would be detected when the transformation is successful, while the green fluorescence of EGFP
would indicate the cellular MMR ability (Fig. 3b). After an incubation at 37 °C for 24 h, the transformed cells
were observed with a fluorescence microscope at two wavelengths (Fig. 5a). As expected, the red fluorescence was
detected regardless of the cellular MMR ability, and the expression of the repaired EGFP gene was observed only
in the MMR-proficient HeLa cells. Although there was an obvious difference in the green fluorescence between
the HeLa and LoVo cells transformed with pBSII EGFP-tdTomato C/A, the number of the green fluorescent HeLa
cells was considerably smaller than that observed for the positive control (pBSII EGFP-tdTomato C-G) (Fig. 5b).

To obtain more information, the cells were analyzed by flow cytometry (Fig. 6 and Supplementary Fig. S2).
When the HeLa cells were transformed with pBSII EGFP-tdTomato C-G, a significant correlation was observed
between the fluorescence intensities of EGFP and tdTomato because the two genes were designed to be coex-
pressed in each cell. However, in the experiment using pBSII EGFP-tdTomato C/A, about 30% of the cells did not
show the EGFP fluorescence, probably due to the mismatch remaining in the EGFP gene, and the fluorescence
intensity of EGFP was relatively low.

Discussion

In this study, we have developed a method for the fluorescence detection of the cellular MMR ability, using
the EGFP gene expression system. In the MMR-proficient cells, the normal EGFP gene is generated by
the repair of the mismatch, as shown in Fig. 1c, whereas the stop codon in the mRNA transcribed from the
mismatch-containing gene inhibits the production of the full-length EGFP, if MMR does not function in the cells.
There were two concerns at the beginning of this study. One was whether a plan to introduce a nick to initiate
the MMR pathway should be executed, and the other was whether replication, which would produce the normal
EGFP gene, would occur in the cultured cells. Judging by the results obtained in this study, neither of these two
points needed to be considered. It was assumed that the nick was produced by a cellular nuclease, as expected
from our previous study?’, and the replication was avoided by using the pBlueScript vector, which lacks the eukar-
yotic replication origin.
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Figure 4. Construction of pBSII EGFP-tdTomato. The tdTomamo gene was obtained by PCR using
wtTDP43tdTOMATOHA (Addgene), and blue arrows indicate the PCR primers. The details are described in
Methods.

This study is the first visualization of in vivo MMR, and it is important that the correlation of the fluorescence
detection with the mismatch correction was demonstrated experimentally. The method described here may be
applied to Lynch syndrome screening. The difference between this method and the MSI and THC tests, which
are currently used for Lynch syndrome screening, is that the entire process of MMR is monitored directly in this
method, and there is no possibility of obtaining false-positive results because fluorescence is detected only when
MMR is completed. False-negative results can be avoided by using the pBSII EGFP-tdTomato system (Fig. 3). In
the experiments using pBSII EGFP-tdTomato C/A, the ratio of the HeLa cells showing the green fluorescence was
lower (Fig. 5b) than that observed for the HeLa cells transformed with pBSIT EGFP C/A (Fig. 2b), and the repro-
ducibility of the results was confirmed by changing the experimenter. This may be because pBSII EGFP-tdTomato
C/A (6661bp) is longer than pBSII EGFP C/A (4414 bp). Since the plasmid is randomly nicked in the transformed
cells, the particular nick at a position appropriate for the initiation of MMR may be formed at a lower frequency
when the plasmid size is large. More information was obtained from the results of the flow cytometry analysis
(Fig. 6). In the case of the cells transformed with pBSII EGFP-tdTomato C/A, about 30% of the cells were found
in the EGFP-negative region (shown in red), and even in the EGFP-positive region, the fluorescence intensity
was lower than that observed for the cells transformed with pBSII EGFP-tdTomato C-G. Not only the unrepaired
plasmid but also this low intensity is thought to be the reason for the reduced fluorescence intensity in the quan-
tification of the microscopy images (Fig. 5b).

In addition to Lynch syndrome, there are several other aspects where MMR is important in cancer treatment.
Recently, immune checkpoint inhibitors have attracted attention in cancer immunotherapy. Activated T cells,
which induce apoptosis of the target cancer cells, have an immune checkpoint protein called programmed cell
death 1 (PD-1) on their surfaces, and the binding of one of the two ligands for this protein (PD-L1 and PD-L2)
expressed on the surfaces of the cancer cells to PD-1 inhibits the cytotoxic activity of the T cells®'. Therefore,
antibodies to PD-1 can maintain the anticancer immune response of the T cells®2. However, the clinical benefit
of an immune checkpoint blockade with pembrolizumab, a monoclonal antibody to PD-1, reportedly depends
on the MMR status, and MMR-deficient tumors are more responsive to the PD-1 blockade®*. Moreover, adjuvant
chemotherapy with fluorouracil also depends on the MMR activity. The treatment improved the overall survival
among the patients with MSS and MSI-L tumors, but there was no benefit in the MSI-H group.

As described above, the importance of analyzing the MMR status of cells is increasing. The simple fluores-
cence method developed in this study will contribute to many research fields ranging from biology to clinical
studies, and in particular may improve biomarker-driven personalized diagnosis and therapy for cancer patients.

Methods

Preparation of pBSIl EGFP. The DNA fragment containing the CMV promoter, the EGFP gene, and the
SV40 polyadenylation (poly(A)) signal was amplified by PCR, using PrimeSTAR Max DNA polymerase (Takara
Bio), the pEGFP-C1 vector (Takara Bio USA), and two primers with the sequences of 5'-d(GGGGCGCGCG-
GACAAACCACAACTAGAATG)-3" and 5'-d(CCCGCGCGCTAGTTATTAATAGTAATCAAT)-3/, in which
the underlines indicate the BssHII sites. After purification by 1% agarose gel electrophoresis (Supplementary
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540 nm to detect tdTomato. HeLa and LoVo cells were used as MMR-proficient and deficient cells, respectively.
(b) Comparison of the EGFP fluorescence normalized by tdTomato. The fluorescence intensities were quantified
using the BZII-analyzer software, and the EGFP/tdTomato ratios were compared between the C-G- and C/A-
containing plasmids.
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Fig. S3a), the product was treated with BssHII (New England Biolabs, 5 units) in buffer (10 pl) containing 20 mM
Tris-acetate (pH 7.9), 50 mM potassium acetate, 10 mM magnesium acetate, and 100 ug/ml BSA at 50 °C for 1h.
pBlueScript IT SK (—) (Agilent Technologies, 2.8 ug) was treated with BssHII (5 units) and Antarctic phosphatase
(New England Biolabs, 5 units) in the above buffer (30 ul) at 50 °C for 1 h. The BssHII-treated plasmid and the
PCR product were precipitated with ethanol, and dissolved in water (25pl and 10 pl, respectively). Aliquots of
these solutions (1 pl and 3 ul, respectively) were mixed, and after the addition of DNA ligation mix (Takara Bio,
4pl), the mixture was incubated at room temperature for 30 min. Escherichia coli DH5o competent cells (Takara
Bio, 50 ul) were mixed with the ligation mixture (4 ul) on ice, and cultured on Luria-Bertani (LB) agar plates with
ampicillin overnight. Single colonies were isolated and cultured in LB medium with 50 pg/ml ampicillin (LB
Amp) (1 ml) for 6h. The DNA in each colony was purified with the QIAprep Spin Miniprep Kit (Qiagen) and
analyzed by gel electrophoresis after BssHII treatment (Supplementary Fig. S3b). The correct insertion of the PCR
product into the plasmid was confirmed by the sequence analysis.

Preparation of pBSI| EGFP-tdTomato. The DNA fragment containing the tdTomato gene was amplified
by PCR, using PrimeSTAR Max DNA polymerase (Takara Bio), the wtTDP43tdTOMATOHA (Addgene, plasmid
#28205), and two primers with the sequences of 5'-d(CCCCTCGAGCCACCATGGTGAGCAAGGGAG)-3" and
5-d(GGGGGATCCTACTTGTACAGCTCGTCCATG)-3/, in which the underlines indicate the Xhol and BamHI
sites, respectively. After purification by 1% agarose gel electrophoresis, the product was treated with BarnHI and
Xhol (New England Biolabs, 10 units) in buffer (10 ul), containing 50 mM Tris-HCI (pH 7.9), 100 mM NaCl,
10 mM MgCl,, and 1 mM DTT, at 37°C for 1 h. The pEGFP-N1 vector (Takara Bio USA) was also treated with
BamHI and Xhol (10 units) in the above buffer at 37 °C for 1h. Aliquots of these solutions were mixed, and
then incubated with Ligation high (Toyobo). The constructed plasmid, pPEGFP-N1-tdTomato, was amplified by
PCR, using PrimeSTAR Max DNA polymerase (Takara Bio) and two primers with the sequences of 5-d(GGG-
GGATCCTACTTGTACAGCTCGTCCATG)-3’ and 5'-d(CCCGGATCCGACTCTAGATCATAATCAGCC)-3/,
in which the underlines indicate the BamHI sites. The product was treated with BamHI (New England Biolabs),
and then incubated with Ligation high (Toyobo), to remove the EGFP gene. This plasmid, pCMV-tdTomato,
contained the tdTomato gene between the CMV promoter and the SV40 poly(A) signal, which were the same
as those used in pBSIT EGFP. The tdTomato expression fragment containing the CMV promoter, the tdTomato
gene, and the SV40 poly(A) signal was amplified by PCR, using PrimeSTAR Max DNA polymerase (Takara
Bio), the pCMV-tdTomato, and two primers with the sequences of 5'-d(AAAGAACATATCGATGCGTTA-
CATAACTTA)-3" and 5/-d(TTTGCTCACGATATCTAAGATACATTGATG)-3’ (Supplementary Fig. S4a). In
parallel, the pBSII EGFP fragment containing the CMV promoter, the EGFP gene, and the SV40 poly(A) signal
in pBlueScript II SK (—) was amplified by PCR, using PrimeSTAR Max DNA polymerase (Takara Bio), the pBSII
EGFP, and two primers with the sequences of 5'-d(CCCGATATCGTGAGCAAAAGGCCAGCAAAA)-3" and
5’-d(CCCATCGATATGTTCTTTCCTGCGTTATCC)-3’ (Supplementary Fig. S4b). The two DNA fragments
were then purified using the QIAquick Gel Extraction Kit (Qiagen), and ligated using the In-Fusion HD Cloning
Kit (Takara Bio). This newly constructed plasmid, pBSII EGFP-tdTomato, was confirmed by Clal and EcoRV
digestion (Supplementary Fig. S5) and the sequence analysis.

Preparation of the mismatch-containing plasmids. E. coli DH5« cells carrying either pBSII EGFP
or pBSII EGFP-tdTomato were grown at 37 °C overnight in LB Amp (4 ml), and incubated with 1 x 10'! pfu/ml
M13KO?7 helper phage (New England Biolabs, 400 ul) at room temperature for 30 min. This mixture was incu-
bated in LB Amp (400 ml) containing 20 pg/ml kanamycin at 37 °C overnight, and after the E. coli cells were
pelleted by centrifugation at 9,000 rpm for 15 min, the supernatant was incubated with DNase I (Takara Bio, 50
units) and RNase A (Takara Bio, 0.4 mg) in the presence of 5mM MgCl,, at 37 °C for 1h. Polyethylene glycol
6000 (25 g) and NaCl (15 g) were dissolved in this solution, and this mixture was kept at 4 °C overnight. The
single-stranded DNA was collected by centrifugation at 15,000 rpm for 20 min, purified by phenol extraction, and
precipitated with ethanol. This DNA (50 ug) was mixed with 5'-d(TGCCGTTCTTCTACTTGTCGGCCAT)-3’
(for pBSII EGFP C/A and pBSII EGFP-tdTomato C/A) or 5'-d(TGCCGTTCTTCTGCTTGTCGGCCAT)-3’ (for
pBSII EGFP C-G and pBSII EGFP-tdTomato C-G) (0.6 nmol), and was 5’-phosphorylated with T4 polynucleo-
tide kinase (Takara Bio), in buffer (200 pl) containing 33 mM Tris-acetate (pH 7.9), 66 mM potassium acetate,
10 mM magnesium acetate, and 0.5mM DTT, and incubated at 70 °C for 5min, at 37 °C for 30 min, and then at
room temperature for 20 min. Each primer-hybridized DNA was incubated with T4 DNA polymerase (Takara
Bio, 100 units) and T4 DNA ligase (Takara Bio, 1,750 units) in the above buffer, in the presence of 0.5 mM dNTP,
0.5mM ATP, and 0.01% BSA, at 37 °C overnight. A 1.58 g/ml CsCl solution (1.35ml) and 10 mg/ml ethidium
bromide (0.15 ml) were added to the mixture, and the double-stranded DNA was isolated by ultracentrifugation
at 90,000 rpm for 25h (Supplementary Fig. S6). The ethidium bromide was removed by extraction with butanol,
and the CsCl was removed using an Amicon Ultra-4 centrifugal filter unit (Merck Millipore). The quantity and
the quality of the DNA were measured by using a NanoDrop One spectrophotometer (Thermo Fisher Scientific).

Transfection of the cells. The cells were grown overnight in DMEM (HeLa S3), Ham’s F-12 (LoVo),
McCoy’s 5A (HCT116), or RPMI-1640 (DLD-1) medium supplemented with 10% (HeLa, HCT116, and DLD-1
cells) or 20% (LoVo cells) fetal bovine serum (FBS), 100 x Penicillin-Streptomycin solution (Wako Pure Chemical
Industries), and Amphotericin B suspension (Wako Pure Chemical Industries), at 37 °C in a humidified 5% CO,
incubator. The cells were seeded into the wells of a TF1205M micro slide glass (Matsunami Glass Industries) or
into a 96-well plate, grown to approximately 90% confluence, and transfected with the plasmids (300 ng per well)
using Lipofectamine 2000 (Thermo Fisher Scientific, 0.5 ul per well), according to the manufacturer’s instructions.
After 24 h, the cells were analyzed with the Olympus IX71 fluorescence microscopy system (pBSII EGFP C-G and
C/A) or with the Keyence BZ-9000 microscope (pBSII EGFP-tdTomamo C-G and C/A), and the fluorescence
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intensities were quantified using the Image] 1.50i software (National Institutes of Health) or the BZII-analyzer
software (Keyence).

Flow cytometry. HeLa S3 cells were seeded into a 12-well plate, grown to approximately 80% confluence,
and transfected with plasmids (2.4 pg per well) using Lipofectamine 2000 (5 ul per well). After 24 h, cells were
harvested and resuspended into D-PBS (Nacalai Tesque) plus 2% FBS, and the suspension was passed through
a cell strainer. The obtained cell suspensions were analyzed by CytoFLEX S flow cytometer (Beckman Coulter),
in which green (excitation at 488 nm) and yellow (excitation at 561 nm) fluorescence channels were calibrated
with HeLa cells transformed with pBSII EGFP and pCMV-tdTomato plasmids, respectively. After gating for
debris exclusion and doublet discrimination, 10,000 single cells were analyzed. The data were processed with the
CytExpert software (Beckman Coulter).

Data Availability. The datasets generated during and/or analyzed during the current study are available from
the corresponding author on reasonable request.

References
1. Lujan, S. A., Williams, J. S. & Kunkel, T. A. Eukaryotic genome instability in light of asymmetric DNA replication. Crit. Rev. Biochem.
Mol. Biol. 51,43-52 (2016).
. Kunkel, T. A. Evolving views of DNA replication (in)fidelity. Cold Spring Harb. Sym. Quant. Biol. 74, 91-101 (2009).
. Modrich, P. Mechanisms in E. coli and human mismatch repair. Angew. Chem. Int. Ed. 55, 8490-8501 (2016).
. Kunkel, T. A. & Erie, D. A. Eukaryotic mismatch repair in relation to DNA replication. Annu. Rev. Genet. 49, 291-313 (2015).
. Fishel, R. Mismatch repair. J. Biol. Chem. 290, 26395-26403 (2015).
. Lamers, M. H. et al. The crystal structure of DNA mismatch repair protein MutS binding to a G-T mismatch. Nature 407, 711-717
(2000).
. Warren, J. . et al. Structure of the human MutSa DNA lesion recognition complex. Mol. Cell 26, 579-592 (2007).
8. Kadyrov, E. A, Dzantiev, L., Constantin, N. & Modrich, P. Endonucleolytic function of MutLa in human mismatch repair. Cell 126,
297-308 (2006).
9. Pena-Diaz, J. & Jiricny, J. PCNA and MutLou: Partners in crime in triplet repeat expansion? Proc. Natl. Acad. Sci. USA 107,
16409-16410 (2010).
10. Pavlov, Y. I., Mian, I. M. & Kunkel, T. A. Evidence for preferential mismatch repair of lagging strand DNA replication errors in yeast.
Curr. Biol. 13, 744-748 (2003).
11. Ghodgaonkar, M. M. et al. Ribonucleotides misincorporated into DNA act as strand-discrimination signals in eukaryotic mismatch
repair. Mol. Cell 50, 323-332 (2013).
12. Lujan, S. A., Williams, J. S., Clausen, A. R., Clark, A. B. & Kunkel, T. A. Ribonucleotides are signals for mismatch repair of leading-
strand replication errors. Mol. Cell 50, 437-443 (2013).
13. Kadyrov, E A. et al. A possible mechanism for exonuclease 1-independent eukaryotic mismatch repair. Proc. Natl. Acad. Sci. USA
106, 8495-8500 (2009).
14. Lynch, H. T., Snyder, C. L., Shaw, T. G., Heinen, C. D. & Hitchins, M. P. Milestones of Lynch syndrome: 1895-2015. Nat. Rev. Cancer
15, 181-194 (2015).
15. Yamamoto, H. & Imai, K. Microsatellite instability: an update. Arch. Toxicol. 89, 899-921 (2015).
16. Da Silva, E C., Wernhoff, P, Dominguez-Barrera, C. & Dominguez-Valentin, M. Update on hereditary colorectal cancer. Anticancer
Res. 36, 4399-4406 (2016).
17. Pefia-Diaz, J. & Rasmussen, L. ]. Approaches to diagnose DNA mismatch gene defects in cancer. DNA Repair 38, 147-154 (2016).
18. Boland, C. R. et al. A national cancer institute workshop on microsatellite instability for cancer detection and familial predisposition:
development of international criteria for the determination of microsatellite instability in colorectal cancer. Cancer Res. 58,
5248-5257 (1998).
19. Barnetson, R. A. et al. Identification and survival of carriers of mutations in DNA mismatch-repair genes in colon cancer. N. Engl. J.
Med. 354, 2751-2763 (2006).
20. Oda, S. et al. Two modes of microsatellite instability in human cancer: differential connection of defective DNA mismatch repair to
dinucleotide repeat instability. Nucleic Acids Res. 33, 1628-1636 (2005).
21. Raevaara, T. E. et al. Functional significance and clinical phenotype of nontruncating mismatch repair variants of MLH1.
Gastroenterology 129, 537-549 (2005).
22. Matsumoto, N. et al. Fluorescent probes for the analysis of DNA strand scission in base excision repair. Nucleic Acids Res. 38, €101
(2010).
23. Toga, T. et al. Fluorescence detection of cellular nucleotide excision repair of damaged DNA. Sci. Rep. 4, 5578 (2014).
24. Tyagi, S. & Kramer, F. R. Molecular beacons: probes that fluoresce upon hybridization. Nat. Biotechnol. 14, 303-308 (1996).
25. Cormack, B. P, Valdivia, R. H. & Falkow, S. FACS-optimized mutants of the green fluorescent protein (GFP). Gene 173, 33-38
(1996).
26. Sjolund, A. B, Senejani, A. G. & Sweasy, J. B. MBD4 and TDG: multifaceted DNA glycosylases with ever expanding biological roles.
Mutat Res. 743-744, 12-25 (2013).
27. Gradia, S., Acharya, S. & Fishel, R. The role of mismatched nucleotides in activating the hMSH2-hMSH6 molecular switch. J. Biol.
Chem. 275, 3922-3930 (2000).
28. Heiter, D. F, Lunnen, K. D. & Wilson, G. G. Site-specific DNA-nicking mutants of the heterodimeric restriction endonuclease
R.BbvCl. J. Mol. Biol. 348, 631-640 (2005).
29. Ahmed, D. et al. Epigenetic and genetic features of 24 colon cancer cell lines. Oncogenesis 2, €71 (2013).
30. Shaner, N. C. et al. Improved monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent
protein. Nat. Biotech. 22, 1567-1572 (2004).
31. Pardoll, D. M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 12, 252-264 (2012).
32. Li, Y. et al. A mini-review for cancer immunotherapy: molecular understanding of PD-1/PD-L1 pathway & translational blockade
of immune checkpoints. Int. J. Mol. Sci. 17,1151 (2016).
33. Le, D. T. et al. PD-1 blockade in tumors with mismatch-repair deficiency. N. Engl. . Med. 372, 2509-2520 (2015).
34. Ribic, C. M. et al. Tumor microsatellite-instability status as a predictor of benefit from fluorouracil-based adjuvant chemotherapy for
colon cancer. N. Engl. . Med. 349, 247-257 (2003).

QN U W N

~

SCIENTIFICREPORTS| (2018) 8:12181 | DOI:10.1038/s41598-018-30733-x 8



www.nature.com/scientificreports/

Acknowledgements

This work was partly supported by Uehara Memorial Foundation. We are grateful to Drs. Shinya Oda and Seijiro
Shioi (Clinical Research Institute, National Kyushu Cancer Center, Fukuoka, Japan) for sequence analysis and
valuable advice. We also thank Dr. Keiichiro Suzuki (Osaka University) for help in cell culture and flow cytometry,
and Dr. Shinji Sakai (Osaka University) for lending his fluorescence microscope.

Author Contributions

S.Tto., M.S., K.T,, R.T. and ].Y. prepared the plasmids, transformed the cells, observed the cells with fluorescence
microscopes, and analyzed the cells by flow cytometry. I.K. supervised the experiments and analyzed the data.
S. Iwai. initiated and supervised the project, and wrote the manuscript with LK. and M.S. All authors discussed
the results and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30733-x.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:12181 | DOI:10.1038/s41598-018-30733-x 9


http://dx.doi.org/10.1038/s41598-018-30733-x
http://creativecommons.org/licenses/by/4.0/

	Fluorescence detection of DNA mismatch repair in human cells

	Results

	Preparation of the expression plasmid containing a mismatch. 
	Transformation of MMR-proficient and MMR-deficient cells. 
	Confirmation of transformation using the tdTomato gene expression. 

	Discussion

	Methods

	Preparation of pBSII EGFP. 
	Preparation of pBSII EGFP-tdTomato. 
	Preparation of the mismatch-containing plasmids. 
	Transfection of the cells. 
	Flow cytometry. 

	Acknowledgements

	Figure 1 Fluorescence detection of DNA repair in cells.
	Figure 2 Fluorescence detection of MMR in human cells.
	Figure 3 Dual detection to prevent false-negative results.
	Figure 4 Construction of pBSII EGFP-tdTomato.
	Figure 5 (a) Fluorescence microscopy images of the cells transformed with the plasmids containing the tdTomato gene.
	Figure 6 Analysis of the fluorescent HeLa cells by flow cytometry.




