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Investigation of the Relationship Between DNA Mismatch Repair Genes
and Microsatellite Instability in Solid Tumors
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ABSTRACT

Aim: In this study, we aimed to detect the MSI status and somatic mutations in MMR genes (MSH2,
MSHé6, MLH1, PMS2) of a total of 55 solid tumors diagnosed with colorectal, endometrium and
ovarian cancer by NGS method and to reveal the relationship between them.

Material and Method: DNA isolation was performed by taking 10-micron sections from paraffin-
embedded fissue samples of 55 patients diagnosed with kolorektal, endometrium ve ovarian
solid tUmdrlerinin and Kapa NGS DNA extraction kit was used for sequence analysis. The purity
and concentration of the DNA obtained was measured by Qubit fluoremeter, and NadPrep
DNA Universal Library Preparation Kit was used for high quality library preparation. Bioinformatics
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analyses were performed on the Genomize Seq platform. The MSI value was analysed by Roche
Navify Mutation Caller software and percentage MSI values were determined using the MSlsensor2
pipeline for secondary analysis of NGS.

Results: All ovarian tumors were in the MSI-Stable category. The average MSI value was 2.01. One
sample had an MSI of zero. In addition, no mutations in the MSH2 and MLH1 genes were detected
in any of the ovarian tumors. 3 of 4 endometrial tumors were in the MSI-Stable category, and 1
tfumor was in the MSI-low (MSI value: 13.2) category. No variants were detected in the MSH2 and
PMS2 genes in endometrial fumors. 2 of the 41 colorectal tfumors (Case4, Casel6) were in the MSI-
High category. No variants were detected in the MMR genes in 19 tumors.

Conclusion: Although frame-shift and stop-gain mutations were detected in 23 tumors that would
cause protein deficiency in MMR genes, MSI-H was not detected, as expected, except for two
colorectal tumors. Therefore, the results of our study emphasise the need to define new predictive
biomarkers clinically within the framework of algorithms to predict response to immunotherapy and
determine prognosis.
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o1

Amag: Bu ¢alismada kolorektal, endometrium ve over kanseri tanisi almis foplam 55 solid tOmaérin
MSI durumunu ve MMR genlerindeki (MSH2, MSH6, MLH1, PMS2) somatik mutasyonlan NGS yéntemi
ile tespit etmeyi ve aralanndaki iliskiyi ortaya koymayr amagladik.

Gere¢ ve Yontem: Kolorektal, endometrium ve yumurtalik kanseri tanisi almis 55 solid tUmor
orneklerinden 10 mikronluk kesitler alinarak DNA izolasyonu gergeklestiriimis ve dizi analizi icin
Kapa NGS DNA ekstraksiyon kiti kullaniimistir. Elde edilen DNA'nin safigi ve konsantrasyonu Qubit
floremetre ile 6l¢UimUs, yUksek kalitede kUtUphane hazrlanmasi icin NadPrep DNA Universal Library
Preparation Kit kullaniimistir. Biyoinformatik analizier Genomize Seq platformunda gergeklestirilmistir.
MSI degeri Roche Navify Mutation Caller yazilimi ile analiz edilmis ve yUzde MSI degerleri NGS'nin
ikincil analizi icin MSlsensor2 boru hatti kullanilarak belilenmistir.

Bulgular: Tom yumurtalik tUmdrleri MSI-Stabil kategorisindeydi. Ortalama MSI degeri 2,01 idi. Bir
ornegin MSI degeri sifirdi. Ayrnca, yumurtalik tOmorlerinin hicbirinde MSH2 ve MLH1 genlerinde
mutasyon tespit ediimemistir. 4 endometriyal tUmérin 3'0 MSI-Stabil kategorisinde ve 1 tUmor
MSI-dUsUk (MSI degeri: 13,2) kategorisindeydi. Endometriyal tUmorlerde MSH2 ve PMS2 genlerinde
herhangi bir varyant tespit edilmemistir. 41 kolorektal tGmdrin 2'si (Vaka4, Vakalé) MSI-YUksek
kategorisindeydi. MMR genlerinde 19 tUmdrde herhangi bir varyant tespit edilmemistir.

Sonug: MMR genlerinde protein eksikligine neden olabilecek cergceve kaymasl ve stop-gain
mutasyonlarn 23 tUmdrde tespit ediimesine ragmen, iki kolorektal tUmor disinda beklendigi gibi
MSI-H tespit edilmemistir. Bu nedenle, calismamizin sonuclar, immUnoterapiye yaniti Sngérmek ve
prognozu belirrlemek icin algoritmalar ¢ergevesinde klinik olarak yeni dngoricy biyobelirtecglerin
tanimlanmasi gerektigini vurgulamaktadir.

Anahtar Kelimeler: Kolorektal kanser, Endometrium kanseri, Yumurtalik kanseri, MMR, MSI

Introduction

Approximately 20,000 mutations occur in each cell mainly due to the accumulation of somatic mutations in
every day and these are regularly repaired by DNA the DNA of the cells. In humans, the acquired immune
repair mechanisms (1,2). In cases where cells are system plays an important role in the immune response
threatened by the failure of repair mechanisms, against cancercells due toits ability to specifically target
apoptosis or programmed cell death occurs to nonspecific antigens (2-5). Based on this understanding,
prevent cell proliferation. Cancer cells are genomically various immunotherapies have been developed,
unstable cells that have gained the ability to proliferate including cancer vaccines, monoclonal antibodies

(3,4). This neoplastic transformation of cancer cells is and immune checkpoint inhibitors. In recent years,
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immunotherapy has become an important pillar of
cancer tfreatment along with chemotherapy, surgery,
radiafion and targeted therapies. In this confext, in
2013, Science magazine declared immunotherapy for
cancer freatment as the “Breakthrough of the Year”
(6).

A recent US National Comprehensive Cancer Network
(NCCN) guideline recommends that tumors should
have microsatellite instability (MSI), mismatch repair
genes (MMR) and tumor mutation burden (TMB)
detected for the use of the FDA-approved drugs
pembrolizumab, nivolumab and ipilimumab in the
freatment of many types of cancer. Microsatellite
instability is a state of hypermutability caused by
genetic or epigenetic inactivation of DNA mismatch
repair genes. The presence of MSI therefore represents
phenotypic evidence that MMR genes are nof
functioning normally. Cells with abnormally functioning
MMR are unable to correct errors that occur during
DNA replication and consequently accumulate
errors. The US National Cancer Institute (NCI) has
identified 5 microsatellite regions as markers for the
presence and categorization of MSI. These regions
are BAT25, BAT26 contfaining two mononucleotide
repeats and D2S123, D5S346 and D175250 containing
3 dinucleotide repeats. The tumor is classified as MSI-
High (MSI-H) if 2 or more of these regions are unstable,
MSI-Low (MSI-L) if less than 2, and MSI-Stable (MSS) if
none of the repeat regions are unstable (7). Variations
in MMR genes (MLH1, MSH2, MSHé and PMS2), which
play an important role in the integrity and protection
of DNA, contribute to the development of carcinoma
in individuals. Immunohistochemical staining of
MMR genes on tumor samples reveals the risk status
according to the presence or absence of deficiency
at the protfein level. Variations in MMR genes can
be inherited or somatfic as in Lynch Syndrome (8).
When tumor-specific variations in MMR genes are
considered, MLH1 variants are more associated with
high colorectal cancers, while MSH2 variants are
more associated with non-colon neoplasms. However,
the carcinogenesis process in individuals with MSHé
variants progresses more slowly than in MSH2 and
MLH1 variant carriers. The tumor association of variants
in the PMS2 gene is weaker than the others (2,10).

Laboratory analyses have shown that tumors
characterized by MSI-H undergo hypermutation as a
result of accumulation of somatic mutations and exhibit
a number of molecular and biological alterations, with
high numbers of ftumor-infiltrating lymphocytes (tumor
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infilirative) abundantly expressing peptides that act
as neoantfigens to elicit an immune response (11-
22). At the same fime, researchers have shown that
tumors with the MSI-H profile also tend to express high
levels of checkpoint proteins, including PD-1 and PD-
L1, and reported that tumors with this profile respond
better to PD-L1/PD-1 blocking drugs (21,22). These
studies have led fo the hypothesis that MSI-H may be
a pan-cancer biomarker that predicts response to
immunotherapy independent of fumor histology and
entirely dependent on the genefic composition of the
fumor (22,23).

In a study on colorectal cancers, it was shown that
despite poor histological differentiation, fumors with
MSI-H profile have less aggressive biological behavior
than CNS fumors (24). MSI is a predictive biomarker
for chemotherapy and immunotherapy in cancers.
Therefore, identification of the MSI profile and MSI-
related molecular and biological changes in tumors
is of clinical importance (25). The MSI-IVD kit was the
first fumor agnostic diagnostic method to detect MSI
status using a PCR-based method of 5 microsatellite
regions recommended by the NCI to determine the
MSI profile. However, in recent years, next-generation
sequencing (NGS) methods have been used to detect
the MSI-H profile, which increase sensitivity by analyzing
many more microsatellite regions (26). Researchers
have also emphasized that NGS is a suitable method
for determining the MSI profile as well as discovering
new diagnostic biomarkers and therapeutic targets
and for risk assessment (26-28).

In gastrointestinal and gynecologic cancers such
as colorectal carcinoma, gastric adenocarcinoma,
duodenal adenocarcinoma, small bowel
adenocarcinoma, carcinoma of the uterus and
ovary, and endometrial carcinoma, MSI-H and high
TMB almost always coexisted, whereas in melanoma,
squamous cell carcinoma, and lung carcinoma, high
TMB was observed quite frequently, whereas MSI-H
was very rare. These data suggest that the MSI-H
pathway appears to be a common phenomenon in
gastrointestinal and gynecologic carcinogenesis, but
somehow less involved in other cancers (18).

In this study, we investigated the MSI status and
somatic mutations in MMR genes of colorectal,
endometrial and ovarian solid tumors by NGS method
and investigated the relationship between them.

Material and Methods

DNA isolation, Sequencing analyses and MSI value
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DNA isolation from 10-micron sections of paraffin-
embedded fissues whose diagnosis was confirmed
by pathological examination was performed using
the Kapa NGS DNA extraction kit (Roche molecular
systems, Inc., Germany). The purity and concentration
of the DNA obtained were measured using a
Qubit fluoremeter (ThermoFisher Scientific, USA). To
generate a high-quality library from double stranded
DNA (dsDNA), we used the NadPrep DNA Universal
Library Preparation Kit (Nanodigmbio (Nanjing)
Biotechnology Co., Ltd, China), which includes the
Library Prep Module and Adapter Primer Module.
NAD panels within 5' biotinylated probes, optimised
for targeted capture applications in NGS, were used
for libraries prepared using the NadPrep DNA Universal
Library Preparation Kit (for MGI). In this study, 500 ng
of DNA from each library was used for hybrid capture.
After this step, the KAPA HyperPETE Pan Cancer Panel
(Roche, USA, 2021) kit was used. With this process, 190
MSI loci related to somatic variation of MMR genes
and somatic oncology applications were analysed.
The MSI value was analysed by Roche Navify Mutation
Caller software (Roche, USA, 2021) and percentage
MSI values were deftermined using the MSisensor2
pipeline for secondary analysis of NGS data. The
algorithm categorises MSI values between 0-10 as MSI-
stable, between 10-20 as MSI-Low and between 20-

100 as MSI-High.

After these procedures, asingle-stranded circular DNA
library was prepared using the MGIEasy Circularisation
Kit (MGl Tech Co., Ltd, China). Single-stranded circular
DNAs were converted into nanoballs (DNBs) by rolling
circle amplification using the DNB SEQ-G50RS high-
throughput sequencing kit (MGl Tech Co., Ltd, China).
The sequencing cartridge was then prepared, and the
DNBs were placed in the DNB fube and inserfed into
the instrument. Samples were passed through the flow
cell in the instrument and sequencing was performed
on the DNBSEQ-GS50RS instrument (MGI Tech Co., Ltd,
China). Bioinformatic analysis of the data obtained
from the study was performed on the Genomize Seq
(v8.0.4) platform. The bioinformatic analysis of the
data obtained from the study was carried out on the
Genomize Seq platform.

Results

Of the 55 solid tumors that constfituted the sample
group in the study, 41 were colorectal, 10 ovarian
and 4 endometrial. All of the ovarian tumors were
in the MSI-Stable category. The mean MSI value
was 2.01. One sample had an MSI value of zero. In
addition, none of the ovarian fumors had mutations
in the MSH2 and MLH1 genes. The highest number of
variants was detected in MSHé gene (7 unique) and 4

Table 1. MSI status of endometrial and ovarian tumors and mutations detected in MMR genes

Case number Tumor type MSI Value MSI Category
Casel Ovarian 2,80 MSS
Case?2 Ovarian 2,90 MSS
Case3 Ovarian 1,90 MSS
Case4 Ovarian 1,00 MSS
Casebs Ovarian 1,00 MSS
Caseb Ovarian 0,00 MSS
Case7 Ovarian 1,90 MSS
Case8 Ovarian 3.80 MSS
Case?9 Ovarian 2,90 MSS
Casel0 Ovarian 1,90 MSS
Casell Endometrium 4,50 MSS
Casel?2 Endometrium 2.8 MSS
Caosel3 Endometrium 2,10 MSS
Casel4 Endometrium 13,2 MSI-Low

@ Benign variant according fto ACMG Classification

© Likely Pathogenic variant according to ACMG classification
¢ Pathogenic variant according to ACMG classification

" stop gained mutation

fs: frame shift mutation
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MLH1 MSH6 PMS2
p.L1167fsP
b
0.T86fsc , p.F1088fsc e
p.R20Q°
p.R20Q°
p.D284fs°, p.W414*, p.R1005*c, P.Q342%,
p.F1088fsc,p.C1269% p.F173fs?
p.R20Q°
b
p'?ﬁ;‘:ﬁc'p' p.V509E?, p.L1167fs,
p.V267fse,p.E324%
p.Q328* p.E1120%
p.R265C¢ P.Q160fs?,p.F1088fs,p.Q1155fs°
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different variants were detected in PMS2 gene. Of the  (MSI value:13.2). The mean MSI of endometrial
four endometrial tumors, three were in the MSl-stable  tumors was 5.65. As in ovarian fumors, none of the
category and one tumor was in the MSI-low category endometrial tumors had variants in the MSH2 gene.

Table 2. MSI status of colorectal tumors and mutations detected in MMR genes

MSI

Case number Viallus MSI Category MLH1 MSH2 MSHé PMS2
Casel 3,20 MSS

Case2 0,00 MSS P.R810fs®, p.P440fs>
Case3 1,90 MSS

Case4 45,40 MSI-High p.F1088fsc

Caseb 0,00 MSS p.F1088fsc c.1145-1G>T°
Caseé 3,00 MSS

Case7 1,90 MSS

Case8 1,00 MSS

Case? 1,00 MSS p.Q10* p.15978°
Casel0 2,20 MSS p.T724fs° p.R20Q°
Casell 1,90 MsS C.7912ASTe p.F1088fs° D'Q7i]_§2'§éfs7b44fsb'
Casel? 1,20 MSS B LS.EZS;C*ZZ%%%;AC' p.Cl76%

Casel3 2,90 MSS

Casel4 0,00 MSS p.Q76* p.R1334Q°

Casels 1,90 MSS

Caseléb 83,80 MSI-High p.F1088fsc

Casel7 3,20 MSS

Casel8 0,00 MSS

Casel?9 1,90 MSS C.790+1G>Ac

Case20 3,00 MSS

Case21 2,00 MSS p.R20Q°
Case22 5,740 MSS

Case23 0,00 MSS

Case24 1,90 MSS

Case25 2,00 MSS

Case26 0,90 MSS

Case27 1,00 MSS p.Q327% pﬁi‘;f;i’*_f;:;z*c p'KQ]stigg;388f5°' p. V397fs®
Case28 2,80 MSS

Case29 1,10 MSS p.G336fse,p.Y379fs®, p.M253fse

Case30 3,60 MSS

Case3l 1,00 MSS

Case32 0,90 MSS

Case33 0,90 MSS

Case34 3.80 MSS

Case35 3,10 MSS pP.Q593*

Case36 1,10 MSS p.H785fs® p.P781fse

Case37 4,30 MSS p.V384D°

Case38 0,00 MSS p.M622I°, p.R20Q°
Case3? 1,90 MSS p.K82*

Case40 3,30 MSS p.R406*¢

Case4l 0,00 MSS

@ Benign variant according to ACMG Classification

b Likely Pathogenic variant according to ACMG classification
¢ Pathogenic variant according to ACMG classification

" stop gained mutation

fs: frame shift mutation
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In addition, no variants were detected in PMS2 gene
in endometrial tumors Six variants were detected in
each of the MSH6 and MLH1 genes (Table 1). Of the
41 colorectal tumors in the study, 2 (Case4, Caselé)
were in the MSI-High category and the others were in
the MSI-Stable category. Case4 had an MSI of 45.40
and Caselé had an MSI of 83.80. The mean MSI value
of colorectal tumors was 4.89. In 19 tumors, no variants
in MMR genes were detected Interestingly, only the
pathogenic p.F1088fs variant in the MSHé6 gene was
detected in two tumors in the MSI-high category. The
same variant was also present in an endometrial fumor
(Casel4). In colorectal tumors, MSH2 (12 variants) was
the most common variant, while MSHé (5 variants)
was the least common (Table 2). In addition, the
pathogenicity status of the variants detected in MMR
genes was performed according to the American
College of Medical Genetfics and Genomics
(ACMG) classification. The most common mutation
types detected in MMR genes in both colorectal,
endometrial and ovarian tumors were frame-shift and
stop-gained mutations.

Discussion

The MMR system conisists of a family of enzymes (MLHT,
MSH2, MSHé and PMS2) that detect and correct errors
that occur spontaneously during DNA replication,
such as incorrect single base pairs or short duplications
and deletions (29-33). MMR proteins are expressed
in normal tissues and show positive nuclear staining
immunohistochemically. Tumors showing loss of a single
MMR protein as a result of inactivation of one or more
MMR genes are referred to as MMR deficiency (AMMR)
(34). Microsatellite instability is a state of hypermutability
caused by genetic or epigenetic inactivation of DNA
mismatch repair genes. The presence of MSI therefore
represents phenotypic evidence that MMR genes are
not functioning normally. In contrast, Chalmers et al.
showed that MSI-H was more closely associated with
gastrointestinal and gynecologic cancers and that
the majority of MSI-H samples (83%) had high TMB.
However, only 16% of the samples with high TMB were
shown to be MSI-H. The co-occurrence of these two
phenotypes was highly dependent on the type of
cancer.

Alterations in MSHé are found in many solid fumors,
including somatic mutations in colorectal and
endometrial cancer (35). Inactivating mutations in
MSHé cause MMR deficiency (AMMR) and microsatellite
instability (MSI). MSHé inactivating mutations cause loss
of function of the MSHé protein and are associated
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with mismatch repair deficiency (dMMR) and high
microsatellite instability (MSI-H) in solid fumors (35-37).
Pembrolizumab (FDA, Health Canada, TGA, TFDA,
NCCN), nivolumab (FDA, Swissmedic, TFDA, NCCN)
and nivolumab in  combination with ipilimumalb
(FDA, Swissmedic, TFDA, NCCN) are approved and
recommended for cerfain patients with colorectal
cancer with high microsatellite instability (MSI-H) or
mismatch repair deficiency (AMMR). In our study, the
R1005* variant of MSH6 gene was detected in ovarian
tfumors. According to the Catalogue of Somatic
Mutation in Cancer (COSMIC) database, this variant
has not been defined in ovarian tumors, but has
been found in endometrial fumors (38). In addition,
the c.3261delC (F1088fs) variant in the MSH6 gene
was detected in endometrial, ovarian and colorectal
tumor samples in our study, whereas this variant was
identified only in colorectal tumors in COSMIC. In
addition, 13 other MSHé variants that we identified in
different tumor types in our study were not available
in the COSMIC database. The ¢.3261delC variant is
predicted to cause a frameshift starting at codon 1088
that alters the amino acid sequence of the protfein
and leads to a premature stop codon at position 1089.
This change has subsequently been shown to result
in a fruncated or missing protein and loss of function.
In a study, heterogeneous MSHé6 IHC staining was
demonstrated in a colon adenocarcinoma tumor and
molecular analysis revealed the presence of two MSH6
frameshift variants (c.3261delC and ¢.3261dupC) in
areas of MSHé protein loss compared to areas where
MSHé6 was preserved. In addifion, it has also been
reported that the c¢.3261delC. variant is present in
tumors with gastric cancer and in four out of five cases
where the MMR protein was lost, MSI-H was found in
tfumors with the variant (39).

As with MSHé, mutations inactivating MSH2, PMS2 and
MLH1 are associated with MMR deficiency in somatic
context (dMMR) and microsatellite instability (MSI-H)
(35-37). In our study, variants in MSH2 gene were found
only in colorectal fumors and not in other fumors.
However, none of the 12 different variants we detected
in MSH2 gene in colorectal tumors were registered
in the COSMIC database. In our study, a ftotal of 13
different variants were detecfed in the PMS2 gene
in ovarian and colorectal tumors, of which the Mé22|
variant was available in COSMIC and was found in
colorectal tumors as in our samples. In addition, while
the R20Q variant was detfected in both ovarian and
colorectal tfumors in our samples, we observed that it
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was detected in ovarian tumors in COSMIC. The other
11 variants we detected in the PMS2 gene were not
presentin COSMIC. In our study, we found a total of 15
different variations in MLH1 gene in endometrial and
colorectal tumors of these, 6 were registered in the
COSMIC database. While R265C and Q327* variants
were detected in endometrial ftumors in our samples,
we observed that they were detected in colorectal
tumors in COSMIC database. In addition, Q328*,
V384D and ¢.790+1G>A variants that we detected in
colorectal tumors in our study were also detected in
colorectal tumors in the COSMIC database. We also
found that the Ré59* variant, which we detected in
colorectal tumors in our study, was present in both
endometrial and colorectal fumors in COSMIC. The
other 9 variants we detected in MLH1 gene were not
registered in COSMIC.

Although the NCCN guideline recommends that
TMB high and MSI-H biomarkers should be taken into
considerationforresponse toimmunotherapyincancer
patients, studies in the literature have emphasized
that tfumor agnostic cancer patients show variable
responses to immunotherapy and approximately half
(30-50%) exhibit resistance to freatment despite having
TMB high and MSI-H biomarkers (34). In addition, in our
study, although frame-shift and stop gained mutations
were detected in 23 tumors that would cause protein
deficiency in MMR genes, MSI-H was not defected in
21 tumors except two colorectal tumors as expected.
Therefore, the results of our study emphasise the need
to define new predictive biomarkers clinically within
the framework of algorithms to predict response to
immunotherapy and determine prognosis.
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