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A pilot study on the detection of microsatellite instability
using long mononucleotide repeats in solid tumors
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Abstract. Microsatellite instability (MSI) status is a prog-
nostic biomarker for immunotherapy in certain types of
cancers, such as colorectal cancers (CRCs) and endometrial
cancers (ECs). Tumors that are categorized as having high
MSI (MSI-H) express high levels of neoantigens for immune
recognition. The typical MSI test measures the length of short
mononucleotide repeats (SMR) poly(A) 21-27; however, a
limitation of this test is the difficulty in determining the shift
size, particularly in endometrial cancer. To investigate an MSI
detection assay with improved performance, the present study
analyzed the use of poly(A) 40-44 mononucleotide repeats to
detect the MSI status of 100 patients with either CRC (n=50)
or EC (n=50). Capillary electrophoresis was used to evaluate
five long mononucleotide repeat (LMR) markers, including
poly(A) 40-A,40-B, 40-C, 40-D and 44. The concordance rate
of the LMR-MSI assay compared with an immunohistochem-
istry MSI detection assay was 96.0 and 95.1% for CRCs and
ECs respectively, with the detection limit of the LMR-MSI
assay demonstrated to be 2.5% MSI-H in HCT116 colorectal
carcinoma cell lines. The LMR-MSI assay yielded a 95.1%
concordance rate in ECs compared with that in the SMR-MSI
test (87.8%). The LMR-MSI test identified a significantly
higher mean shift size (13 bp) in MSI-H tumors compared with
the SMR-MSI test (10 bp), in both EC and CRC tissue samples.
Together, the present study suggested that the LMR-MSI test
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could potentially be a sensitive and practical technology for
molecular laboratory testing, particularly in the use of immu-
notherapy for patients with CRCs and ECs.

Introduction

Microsatellites are short tandem repeats, formed of a set of 1-6
nucleotides, which repeat 3-60 times on DNA sequences (1).
DNA slippage, repetitive elements prone to mutations during
DNA replication (2),often occurs at short tandem repeats during
replication, which leads to sequence insertion or deletion; this
phenomenon is termed microsatellite instability (MSI) (3-5).
The human DNA mismatch repair (MMR) system functions
to repair replication errors. Specifically, the mutS homolog
(MSH) 2-MSH6 heterodimer recognizes a DNA mismatch
and the mutL homolog (MLH) I-postmeiotic segregation
increased 2 (PMS2) heterodimer repairs the DNA mismatch
using proficient MMR (pMMR) systems (6). Deficient MMR
(dMMR) leads to increased tumor mutational burden, with a
heightened risk of neoplasia (7,8). Certain types of cancer are
characterized by MSI-high/hypermutated (MSI-H), including
30% of primary endometrial cancer (EC) cases and 25% of
colorectal cancer (CRC) cases (9-14).

Treatment options for patients with cancer typically
include surgery, chemotherapy and immunotherapy, and
the appropriate treatment is chosen based on tumor stage
and characteristics (15,16). In the CheckMate 142 study
including patients with metastatic CRC (mCRC) treated with
nivolumab and low-dose ipilimumab, an overall survival rate
of 65% and a disease control rate of 81% at 12 months were
observed. In MSI-H or dMMR advanced EC, the response
rates for the PD-1 inhibitors, dostarlimab and pembrolizumab,
were 49 and 57%, respectively, while the PD-L1 inhibitors,
avelumab and durvalumab, demonstrated response rates of
27 and 43%, respectively (17,18). In 2017, the U.S. Food and
Drug Administration (FDA) approved pembrolizumab for
the treatment of MSI-H or dAMMR tumors, regardless of the
location in the body the cancer originated. In July 2018, the
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FDA approved the combination of nivolumab and low-dose
ipilimumab in the treatment of patients with MSI-H/dAMMR
mCRC who have been previously treated with standard
chemotherapy drugs (19). In March 2022, the FDA approved
pembrolizumab as a single agent for patients with advanced
endometrial carcinoma, that is patients with MSI-H or dMMR
who have disease progression following prior systemic therapy
in any setting and who are not candidates for curative surgery
or radiation (20). Immunotherapy is an appropriate treatment
option for patients with MSI-H/dAMMR tumors, which are
characterised by an increasing number of mutations and a
higher number of neoantigens. CD8* T cells recognize these
neoantigens, resulting in immune cell infiltration into tumors
higher than microsatellite-stable (MSS) or pMMR tumors (21).
However, patients with MSI-H/dMMR CRC tumors are
reported to have a favorable prognosis and no benefit using
5-fluorouracil (5-FU), a first-line chemotherapy treatment
for CRC (22). In tumor cells with pMMR, the MSH2-MSH6
heterodimers recognize 5-FU-induced DNA breaks and the
excessive accumulation of DNA breaks induces cell apop-
tosis (23,24). In dAMMR cells, the MSH2-MSH6 heterodimer
loses the ability to recognize DNA errors, which leads to the
evasion of cell apoptosis (25).

Personalized treatments for patients with dMMR and
MSI-H should be considered. Traditionally, surgery remains
a crucial component of treatment, especially for localized
disease. Unresectable locally advanced or mCRC is treated
with 5-FU-based chemotherapy. However, although immuno-
therapy strategies have been established, there remains a need
to explore the choice between single-agent or dual checkpoint
inhibitor treatment, as well as primary or secondary resistance.

The European Society for Medical Oncology (ESMO)
and the National Comprehensive Cancer Network's Clinical
Practice Guidelines in Oncology recommended MMR and
MSI detection using immunohistochemistry (IHC) staining
or PCR tests, prior to the treatment of patients with CRC or
EC (26,27). IHC for MMR and MSI testing detects the level
of four MMR proteins: MLH1, MLH2, PMS2 and MSH6,
to evaluate the pMMR or dMMR status in the tumor (28).
Although there is a high degree of concordance between
MSI-PCR and MMR-IHC tests, discordances of 3-5%
between the two assays can occur via a number of mecha-
nisms (29-31). MMR protein dysfunction causes an increase in
missense mutations. However, in certain cases the epitope of
a monoclonal antibody may be maintained, which can lead to
intact MMR protein expression and false negative THC results.
Consequently, these MSI-PCR assays may yield MSI-H results.
Next generation sequencing (NGS) analysis of an IHC and
MSI-PCR inconclusive case revealed missense and frameshift
mutations in the PMS2 and MSH6 genes, respectively (32-34).
Therefore, the College of American Pathologists Guideline
recommended using both THC and PCR-based MSI tests for
the detection of MSI status (35). The Bethesda panel is a set
of markers used for MSI testing in patients with cancer. It was
initially recommended by the National Cancer Institute in the
United States. The panel includes two mononucleotide repeat
markers (BAT-25 and BAT-26) and three dinucleotide repeat
markers (D2S123, D5S346 and D17S250) (36). Dinucleotide
repeats are reported to have a lower sensitivity in the detec-
tion of MSI status compared with mononucleotide repeats and

therefore short mononucleotide repeats (SMRs) of 21-27 bp
are often used to detect MSI status in patients with colorectal
cancer (37). MSI status is determined using the number of
positive markers: MSI-H refers to detection of =30% unstable
microsatellite loci or =2 positive markers, low frequency of
MSI (MSI-L) refers to detection of a singular positive marker
and MSS refers to a lack of detected positive markers (38).
However, the use of SMRs is currently insufficient for MSI
analysis as equivocal (cases with ambiguous results or small
shifts) were detected, especially in EC (39).

In a previous study, a shift of 1 nucleotide was observed
in multiple markers in 76% of MSI-H EC cases, whereas only
12% of MSI-H CRC cases displayed a 1 nucleotide shift in
one of five markers (40). The equivocal results were subtle
(MSI-PCR with one or two nucleotides shifting) particularly
in endometrial cancer. In such cases, patients may not receive
an appropriate treatment regimen. A concurrent limitation is
that DNA extracted from formalin-fixed paraffin-embedded
(FFPE) tissue samples from patients is of low quality and
is easily fragmented, although a number of companies are
refining their products, such as the MSI Analysis System
(Promega Corporation), to overcome this limitation (41-43).
The present study suggested that long mononucleotide repeats
(LMRs) of >40 bp have longer shift sizes, which could improve
PCR-based MSI detection. LMR markers produce more
pronounced fragment length changes, and therefore could
improve the detection of MSI that may have otherwise gone
undetected with the use of SMR markers alone. The present
study aimed to investigate the LMR markers to improve
PCR-based MSI test for patients with CRC and EC.

Materials and methods

Sample preparation. Data from 100 patients with either
CRC or EC, who received surgical treatment or adjuvant
chemotherapy between September 2017 and July 2022 at the
National Cheng Kung University Hospital (NCKUH; Tainan,
Taiwan) were retrospectively analyzed in the present study.
All histopathological biopsies were independently graded
by two pathologists, using the American Joint Committee
on Cancer classification (44). Matched tumor (with at least
20% tumor content) and adjacent normal tissue samples were
selected, which included tissue samples from 50 patients with
CRC and 50 patients with EC. The protocols in the present
study were approved by the NCKUH Institutional Review
Board (approval nos. B-ER-109-15 and A-ER-108-311;
Tainan, Taiwan) and all identifiable patient data were anony-
mized prior to analysis.

IHC. THC was used to detect MMR protein expression to
categorize tissue samples into either the dIMMR or pMMR
group. The thickness of the unstained sections was 5-ym
per sample and the sections were prepared from FFPE tissue
blocks. Deparaffinization and rehydration were performed
using xylene and ethanol, respectively. The endogenous
peroxidase was blocked using 3% hydrogen peroxide. Antigen
retrieval was conducted using the Ph 9.0 Target Retrieval
Solution (Dako; Agilent Technologies, Inc.). The sections were
then incubated with primary antibodies for MLH]1 (clone, M1;
cat.no.760-5091; diluted 1:1; Roche Tissue Diagnostics), PMS2
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(clone, A16-4; cat. no. 760-5094; diluted 1:1; Roche Tissue
Diagnostics), MSH2 (clone, G219-1129; cat. no. 760-5093;
diluted 1:1; Roche Tissue Diagnostics) and MSH6 (clone, SP93;
cat. no. 760-5092; diluted 1:1; Roche Tissue Diagnostics) at 4°C
overnight. Secondary antibodies were prepared for imme-
diate use and were applied for 30 min at room temperature
using EnVision+ System-HRP Labelled Polymer anti-rabbit
(cat. no. K4003) and anti-mouse (cat. no. K4001) (Dako;
Agilent Technologies, Inc.). Visualization of these proteins
was achieved using the Liquid DAB+ Substrate Chromogen
System (Dako; Agilent Technologies, Inc.). Sections were
counterstained with hematoxylin for 5 min at room tempera-
ture. Stained tissue slides were visualized by light microscopy
(OLYMPUS BX53) and analyzed using cellSens software
(OLYMPUS cellSens Entry 3.1; https://www.olympus-life-
science.com/en/software/cellsens/).The results were evaluated
by a pathologist who determined that the absence of nuclear
staining in tumor cells and the presence of positive staining in
surrounding stromal cells indicated a loss of signal. This was
defined as a loss of MMR proteins, which is characteristic of
dMMR tumors. Conversely, tumors that exhibited no loss of
MMR proteins were classified as pMMR. Partial patient data
(CRC nos. 47 and 50) were reviewed in our previous study (45)
(Fig. S1).

DNA extraction. To extract DNA from tissue samples, 3-5
sections of FFPE tissue samples from a single patient were
placed into a 1.5 ml tube and the QIAamp DNA FFPE Tissue
Kit (cat. no. 56404; Qiagen GmbH) was used according to
the manufacturer's instructions. DNA concentration was
quantified using a NanoDrop® 2000 (NanoDrop Technologies;
Thermo Fisher Scientific, Inc.). Samples containing =30 ng of
DNA were used in subsequent experiments.

MSlI detection by SMR-MSI and LMR-MSI tests.In accordance
with ESMO recommendations, five poly(A) SMRs (BAT-25,
BAT-26, NR-21, NR-24 and NR-27) were selected for the
SMR-MSI test based on data from our previous study (32,45).
The LMR test was performed using patent protected markers
for 40-A, 40-B, 40-C, 40-D and 44. The patent protected
markers were used in the detection kit for MSI in biological
samples. To select the LMR markers, the human reference
genome (GRCh38; accession no. GCF_000001405.26)
and the genome annotation from the National Centre for
Biotechnology Information (NCBI) RefSeq database (https://
www.ncbi.nlm.nih.gov/refseq/) was obtained (46). The refer-
ence genome was parsed to identify =40 consecutive bases of
adenines (or thymines) that represented LMRs. For each LMR,
the closest flanking genes (based on the RefSeq annotation)
were identified. The present study selected five LMRs that had
flanking genes (KIT, KIT proto-oncogene receptor tyrosine
kinase; RACI,Rac family small GTPase 1; KLF4, kriippel-like
factor 4; INFARI, IFN-a and P receptor 1; and FHIT, fragile
histidine triad diadenosine triphosphatase) involved in CRC
and EC. The selected LMR sequences, together with the
flanking sequences (80 bp), were used to design primers via
the NCBI Primer-Basic Local Alignment Search Tool (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) (47) and Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) with the
default parameters (Table SI).
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The DNA extracted from the patient tissue samples were
amplified using the Hot Start PCR Master Mix (Thermo Fisher
Scientific, Inc.) and 10 pmol/ul forward and reverse primers.
The following thermocycling conditions were used: Initial
denaturation at 95°C for 5 min; 40 cycles of 95°C for 30 sec,
54°C for 45 sec and 72°C for 1 min; and a final extension
at 72°C for 10 min, using a T100 Thermal Cycler (Bio-Rad
Laboratories, Inc.). Capillary electrophoresis analysis using
the PCR products was performed using a QIAxcel DNA
Screening Kit (Qiagen GmbH) according to the manufacturer's
instructions, using a QIAxcel Advanced Instrument (Qiagen
GmbH).

Tissue samples that presented MSI markers with either
band shifts or smears were considered to be positive for MSI.
For the SMR-MSI and LMR-MSI tests, classifications of
MSI-H, MSI-L and MSS described the detection of =2, 1 and
0 positive markers, respectively.

Cell culture. The HCT116 human colon carcinoma cell line
was cultured in McCoy's 5A (Gibco; Thermo Fisher Scientific,
Inc.; cat. no. 16600) supplemented with 10% fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc.; cat. no. 26140079)
and 1% streptomycin (Gibco; Thermo Fisher Scientific, Inc.;
cat. no. 15140-122) and cultured at 37°C in a humidified
atmosphere of 5% CO,.

Limit of detection (LoD) of LMR assay. The genomic DNA
from MSI-H HCT116 cells, a CRC cell line harboring a
heterozygous MLHI1 ¢.755C>A mutation, was mixed with that
of normal FFPE DNA to contain a total of 30 ng of DNA in
each reaction. Genomic DNA was extracted from cells and
FFPE using the QlAamp DNA Micro Kit (cat. no. 56304;
Qiagen GmbH) and the QIAamp DNA FFPE Tissue Kit
(cat. no. 56404; Qiagen GmbH), respectively. The samples
contained final concentrations of 100.0, 50.0, 20.0, 10.0, 7.5,
5.0 and 2.5% HCT116 DNA for the LoD assay.

Concordance between SMR-MSI and LMR-MSI analyses.
The concordance rate was calculated as the number of IMMR
cases classed as MSI-H and pMMR cases classed as either
MSS or MSI-L cases using the SMR-MSI or LMR-MSI tests,
and the resulting number of cases was divided by the number
of total cases. Sensitivity, or positive percentage agreement,
was calculated as the number of MSI-H cases detected using
the SMR or LMR-MSI tests divided by the number of AIMMR
cases detected using MMR-IHC. Specificity, or negative
percentage agreement, was calculated as the number of MSI-L
and MSS cases detected using the SMR or LMR-MSI tests
divided by the number of pMMR cases detected using THC.

Target NGS of MMR pathway genes. The Human Colorectal
Cancer Focus Panel (cat. no. PHS-103Z; Qiagen GmbH) was
used to perform NGS (Table SII) of CRC case nos. 48 and 49,
which were classed as pMMR using the MMR-IHC assay but
were classed as MSI-L using the SMR-MSI test and as MSI-H
using the LMR-MSI test. The Human Breast Cancer Focus
Panel (cat. no. PHS-102Z; Qiagen GmbH) was also performed
on the EC case nos. 13 and 14, which were classed as MSI-H
using the SMR and LMR-MSI tests, but classed as pMMR
using the AIMMR-THC assay. The panel included the following
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MMR pathway related genes: MLHI, MLH3, MSH2, MSH3,
PMS2 and MSH6 (Table SII).

QIAamp DNA FFPE Kits (cat. no. 56404; Qiagen GmbH)
wereused for the purification of FFPE DNA for NGS sequencing.
A total of 250 ng FFPE DNA was used for library construc-
tion. Amplicons were dual barcoded for sample identification.
Construction of the DNA libraries was performed according
to the manufacturer's instructions. Library QC was performed
with QIAxcel DNA High Resolution Kit (cat. no. 929002;
Qiagen GmbH) to check the correct size distribution of the
library. The library was quantified using QIAseq Library
Quant Assay Kit (cat. no. 333314; Qiagen GmbH). The loading
concentration of the final library was 10 pM, measured using
a Qubit fluorometer. The sequencing run was performed using
the MiSeq Reagent Kit v2. (cat. no. MS-102-2002). Paired
ends libraries (2X 150 bp) were sequenced using the Illumina
MiSeq sequencer (Illumina, Inc.). Mean sequence depths of at
least 800X were achieved for the tumor tissue.

Data analysis and interpretation was performed using the
GeneGlobe Data Analysis Center (https://geneglobe.qiagen.
com/us/analyze). Data analysis was focused on the MMR
pathway and homologous recombination (HR)-related genes
(the MMR pathway genes: MLHI, MLH3, MSH2, MSH3,
PMS2 and MSH6; the HR genes: BRCAI, BRCA2, RADS5IB,
RADS5IC, RAD5ID and RADS54L) using the QIAGEN Clinical
Insights Interpret software (version 9.1.0.20230224; Qiagen
GmbH) as it offered flexible and automatable interpretation
workflows. The variants were classified as either pathogenic
or likely pathogenic using the ClinVar database (https:/www.
ncbi.nlm.nih.gov/clinvar/)

Statistical analysis. The sample size estimate was calculated
using an online calculator (https:/turkjemergmed.com/calcu-
lator) for statistical power calculations (48). The calculations
were performed at 95% CI and the minimum sample size was
calculated to be 97 cases for the present study. A two-tailed
unpaired Student's t-test and Fisher's exact were performed
using SPSS (version 17.0; IBM Corp.) to evaluate the shift sizes
between the PCR-based MSI analyses. P<0.05 was considered
to indicate a statistically significant difference.

Results

Study population and samples. To evaluate the LMR test for
patients with CRC or EC, tissue sections were collected and
independently validated by two board-certified pathologists.
Patients with CRC had an age range of 36-89 years and a mean
age of 64 years (Table I). Patients with EC had an age range
of 29-89 years and a mean age of 57 years. Of the patients
with CRC, 64% were male (32/50) and 36% were female
(18/50). The mean percentage of tumor cells in CRC and EC
tissue samples were 52.7% (range, 20-80%) and 54.4% (range,
10-90%), respectively.

Comparison of MMR-IHC, SMR-MSI and LMR-MSI assays.
To examine LMR marker availability in patients with CRC
or EC, DNA extracted from FFPE tissues were analyzed
using MMR-IHC, SMR-MSI and LMR-MSI, the latter of
which used LMR markers 40-A, 40-B, 40-C, 40-D and 44.
Differences between tumor and normal allelic size of =3 bp

Table I. Clinicopathologic features of CRC and EC cases in
the present study.

CRC EC

Clinicopathologic features (total, n=50) (total, n=50)

Mean age at diagnosis, years + SD  63.6+x13.2  56.6+12.9
Sex, n (%)

Male 32 (64) 0 (0)

Female 18 (36) 50 (100)
Histologic type, n (%)

Adenocarcinoma 44 (88) 45 (90)

Mucinous adenocarcinoma 6(12) 5 (10)
Histological features

Well differentiated 7(14) 11 (22)

Moderately differentiated 35 (70) 20 (40)

Poorly differentiated 8 (16) 19 (38)
TNM stage, n (%)

0-1 3 (6) 10 (20)

I 15 (30) 17 (34)

I 28 (56) 19 (38)

v 4 (8) 4 (8)
T stage, n (%)

1 1(2) 18 (36)

2 2 (4) 14 (28)

3 33 (66) 18 (36)

4 14 (28) 0 (0)
N stage, n (%)

0 18 (36) 25 (50)

1 17 (34) 21 (42)

2 15 (30) 4(8)
M stage, n (%)

0 31 (62) 28 (56)

1 19 (38) 22 (44)

CRC, colorectal cancer; EC, endometrial cancers; TNM, tumor, node,
metastasis.

were considered to represent a band shift; the presence of a
number of newly generated bands in tumor tissues in compar-
ison to normal tissues was considered to be indicative of band
smears (Figs. 1 and S2). The LMR-MSI test LoD was evalu-
ated by the detection of increasing ratios of MSI-positive DNA
from HCT116 cells with patient DNA. The LoD was 2.5% for
LMR markers 40-A, 40-B, 40-C, 40-D and 44 when using the
QIAxcel high-resolution screening gel (Fig. S3).

In CRC cases, the concordance rates of the SMR and
LMR-MSI assays were both 96.0% when compared with
MMR-IHC (Table II). A large proportion of CRC cases
showed high concordance across the MMR-ITHC, SMR and
LMR-MSI tests. Case nos. 1-26 were classed as AMMR with
MSI-H using both SMR and LMR-MSI test results, while
case nos. 27-46 were classed as pMMR with MSS using both
SMR and LMR-MSI test results (Table IIT). Out of the present
50 CRC cases, only 4 cases had discrepancies across the MSI
tests. This indicated that there was no overt tendency of false



d2| SPANDIDOS .
5§ PUBLICATIONS ONCOLOGY LETTERS 28: 445, 2024 5

A 40-A 40-B 40-C 40-D 44
Expected size (bp) 181 160 153 151 172

250 —

200 —

150 —

100 —

Size (bp) 178 192 136 141 134 153 126/110 127 159 156

Interpretation P + + + +

B 40-A 40-B 40-C 40-D 44
1.100-

1.000-
0.900-
0.800-
0.700-

> 0.600- &
Tumor | &  500-

%

0.400- R
0.300-
0.200- P Jﬂ

0.100- ft T

0.000- A Ll by FL

— B
[ i 1 i / T 1 i i 1 T T T T T

100150200250300 100150200250300 100150 200250300 100150200250 300 100150200250 300
1.100 - KR

1.000 - *
0.900 -
0.800 -
0.700 - &
>0.600 - 0«0‘2
T 0.500 -
0.400 - R g
0.300 - JN %qu 3T
0.200 - P
0.100 - T -

0.000 = AJ_IK 0 J.\ - :k, A’; T T |M}J|_\\ i | | '#\:A’—%“i | JI I\ i ﬂ\l; AT‘
100150200250 300 100150200250 300 100150200250 300 100150200250 300 100150200250300
Peak size (bp)

%
%

%

Al
i

Normal

Figure 1. Representative shift peaks of LMR markers from CRC case no. 8. (A) Shift bands in the capillary electropherogram, produced using QIAxcel
Advanced System (Qiagen GmbH). Red arrows indicate band shifts. (B) Shift peaks of tumor tissue and normal tissue were matched after analysis of capillary
electrophoresis results. Red crosses indicate band shifts. RFU refers to the peak intensity in data. RFU, Relative Fluorescence Units; LMR, long mononucleo-
tide repeats; T, tumor; N, normal; +, positive.

negative or positive results using the novel LMR-MSI test.  using the MMR-IHC, MSI-L using the SMR-MSI test, but
Case nos. 47 and 50 were classed as AIMMR with MSS and  MSI-H using the LMR-MSI test, which represented a poten-
MSI-L using the SMR-MSI test, which represented potential  tial false positive using the LMR-MSI test. Tissue samples
false negatives, as the LMR-MSI test indicated the cases from the last two CRC cases, nos. 48 and 49, were used for
were MSI-H. Case nos. 48 and 49 were classed as pMMR  NGS analysis.
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Table II. Concordance rate of SMR-MSI and LMR-MSI assays
compared with MMR-IHC in CRC and EC cases.

CRC EC

Variable SMR LMR SMR LMR

Concordance rate, % 96.0 96.0 87.8 95.1

CRC, colorectal cancer; EC, endometrial cancer; SMR, short
mononucleotide repeats; LMR, long mononucleotide repeats; IHC,
immunohistochemistry; MMR, mismatch repair.

Inthe EC cases, 7 cases were excluded as MMR-IHC results
were unavailable. The concordance rates of the SMR-MSI and
LMR-MSI tests were 87.8 and 95.1% respectively, compared
with MMR-THC (Table II). For the EC cases with MMR-IHC
results, a large proportion of cases demonstrated a high
concordance across MMR-IHC, SMR-MSI and LMR-MSI
tests. Case nos. 1-10 were classed as dAMMR with MSI-H using
both SMR-MSI and LMR-MSI tests, while case nos. 15-40
were classified as pMMR with MSS using both SMR-MSI and
LMR-MSI tests (Table IV). In 41 EC cases with IHC results,
5 cases showed discrepancies between the three analyses.
Case nos. 48-50 were classed as dAMMR with MSS or MSI-L
using the SMR-MSI test which represented a potential false
negative, while the novel LMR-MSI tests indicated MSI-H
for these cases. Case nos. 13 and 14 were classed as pMMR
with MSI-H using both SMR-MSI and LMR-MSI tests. MMR
proteins may be dysfunctional but retained structures recog-
nized by antibodies, resulting in pMMR classification when
using MMR-IHC detection (49). Tissue samples from EC case
nos. 13 and 14 were used for NGS analysis.

LMR tests demonstrated larger shift sizes. The SMR-MSI
test detected a small number of MSI-L cases, 3 CRC cases
and 1 EC case (Fig. 2). The LMR-MSI test did not detect
any MSI-L cases in the present patient cohorts. The cases
detected as MSI-L by the SMR-MSI test were changed to an
MSI-H classification following application of the LMR-MSI
test (Tables III and IV). Of the 4 cases, 2 were classified as
dMMR, while the other 2 cases were classified as pMMR.
The LMR markers exhibited significantly larger shift sizes
and a significantly higher mean shift size (13 bp) in MSI-H
tumors compared with the SMR-MSI test (10 bp). The average
shift sizes of LMR markers were 1.3-fold higher in both CRC
(P<0.0001) and EC (P=0.003) (Fig. 3).

NGS. The 4 discrepant cases (CRC, case nos. 48 and 49; EC,
case nos. 13 and 14) that were initially classed as pMMR but
LMR-MSI tests indicated were MSI-H, were submitted for
NGS. Of these, 3 of the cases did not demonstrate any patho-
logical variations using the NGS panel. Only 1 EC case, no. 13,
presented as MSI-H but with no loss of protein in the MMR-IHC,
which represented pMMR. The NGS results demonstrated
that the tumor sample of EC case no. 13 harbored one major
somatic mutation: 1.25% alleles with a MSH3 c.4091-2A>T
mutation (accession no. NM_001040108.2), which occurs in
the splice acceptor region, clinical significance was according

B SMR-MSI M LMR-MSI
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Figure 2. Number of cases in each MSI status group using the SMR and
LMR-MSI tests. MSI status classification was based on the number of
detected positive markers in both SMR and LMR tests. Each cancer group
had 50 cases. The statistical analysis utilized a Fisher's exact test. MSI,
microsatellite instability; MSI-H, microsatellite instability-high; MSI-L,
microsatellite instability-low; MSS, microsatellite stability; CRC, colorectal
cancer; EC, endometrial cancer; SMR, short mononucleotide repeats; LMR,
long mononucleotide repeats.

to the ClinVar database (50). It was proposed that the MSH3
¢.4091-2A>T mutation could lead to premature translation
termination and result in aberrant protein production of
MSH3. This could potentially disrupt the normal function of
the MMR and lead to MSI-H.

Discussion

The present study used LMR markers, including 40-A, 40-B,
40-C, 40-D and 44, to detect MSI status in patients with CRC
and EC, using PCR amplification and capillary electrophoresis
analysis. The LMR-MSI test showed high concordance rates
compared with MMR-ITHC analysis and traditional SMR-MSI
tests. The present pilot study involved 100 patient cases, 50 of
which were cases of patients with CRC and 50 were patients
with EC. In total, 7 cases were excluded as MMR-IHC results
were unavailable. Of the remaining 93 cases that had all
three test results available, 82 were consistent across all three
platforms. All 38 cases classed as AMMR/MSI-H cases using
MMR-THC/SMR-MSI assays were detected to be MSI-H cases
using the LMR-MSI test. All 46 cases classed as pMMR/MSS
cases using MMR-THC/SMR-MSI assays, were detected to be
MSS cases using the LMR-MSI test. The remaining 9 cases
were categorized into two groups: i) MSI-L cases detected
using SMR-MSI tests; and ii) cases with discrepancies between
MMR-THC and SMR-MSI tests.

LMR-MSI tests reduced the number of equivocal case
generated compared with SMR-MSI tests. Cases classed as
MSI-L using SMR-MSI tests were detected as MSI-H in 3
CRC cases and in 1 EC case, with use of the LMR-MSI assay.
MSI-L is often misclassified as MSS and in such cases, the
patients may potentially not receive the appropriate medica-
tion recommendations (51). In this study, 1 CRC case (no. 50)
and 1 EC case (no. 50) were classed as MSI-L using SMR-MSI
testing but were classed as dMMR using MMR-THC and as
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Figure 3. Shift sizes detected using the SMR and LMR markers. (A) Mean shift size detected by SMR and LMR tests. Error bars represent the standard devia-
tions of the mean. Data were analyzed using a two-tailed unpaired Student's t-test, “"P<0.005; ““P<0.0001. (B) SMR and LMR marker frequency in different
shift size categories in CRC and EC cases. CRC, colorectal cancer; EC, endometrial cancer; MSI, microsatellite instability; SMR, short mononucleotide

repeats; LMR, long mononucleotide repeats.

MSI-H using the LMR-MSI test. Using the MMR-IHC and
LMR-MSI results, these aforementioned cases were most likely
dMMR cases. At present, the patients with tumors classed as
dMMR cases used chemotherapy as the first-line therapy,
despite the potential for long-term survival. In these cases,
immune-checkpoint inhibitor (ICI) therapy could be consid-
ered as second-line therapy. In the case of CRC case no. 50, the
patient commenced chemotherapy in November 2017, with the
best treatment response recorded as ‘stable disease’ following
6 months of treatment. At the time-of-writing (May, 2024) the
patient continues to attend regular follow-up appointments. In
the case of EC case no. 50, the patient received chemotherapy
in July 2018, with the best treatment response recorded as
‘complete remission’ following 18 months of treatment. The
two aforementioned cases were treated with first-line chemo-
therapy, which resulted in long-term survival and a positive
response to treatment. Jaffrelot er al (52) reviewed the occur-
rence of MMR-IHC-only loss of PMS2 or MSH6, which was
present in 15% of dAMMR tumors examined for all MMR THC
markers. The subgroups were found to be highly associated
with MSI-H (81%), with 1 case detected to be MSI-L, similar
to CRC case no. 50 and EC case no. 50 reported in the present
study. The previous study further analyzed the NGS panel and
found that the tumor mutational burden (TMB) of 20 cases
(38%) was reported to be TMB-high or TMB-intermediate
cases. Of the cases examined, 2 cases showed a complete
response after immunotherapy.

The 2 MSI-L cases of the present study, CRC case nos.
48 and no. 49 were classed as pMMR using MMR-IHC but
classed as MSI-H using the LMR-MSI assay. NGS of the 2
aforementioned tumor samples did not reveal any pathological

mutations. The results suggested potential false positive
results of the LMR-MSI test in the aforementioned CRC cases.
However, although the NGS panel used was primarily designed
for CRC samples and included several MMR-related genes, it
may be far from fully comprehensive. Further investigation
is required to determine the nature of the 2 aforementioned
cases with pMMR, such as the methylation status of MLHI,
MSH2, PMS2 and MSH6 promoter regions. Unfortunately, the
2 samples were unavailable for further investigation.

The 2 pMMR cases detected using MMR-IHC in EC cases
of the present study were classed as MSI-H by both SMR and
LMR-MSI tests. PCR-based MSI tests detect microsatellites
at the DNA level and THC analyzes MMR systems at the
protein level using antibody specificity (4). Both methods have
limitations, such as a low level of tumor tissue percentage (for
example <10%), which can affect the tumor DNA concentra-
tion in the PCR-based MSI test, and the MMR-IHC test is
limited in the detection of tumors containing functionally
deleterious mutations but unaffected MMR protein expression
levels (53). The two methods may be used in combination to
provide patients with more comprehensive MSI test results. Of
the discordant cases reported in the present study, EC case no.
13 exhibited pMMR using MMR-THC, but was demonstrated
to have a missense mutation in the MSH3 gene using NGS.

Sole MSH6 deficiency may cause discrepancies between
MMR-THC and traditional SMR-MSI tests. MSH6 forms a
heterodimer with MSH2 and is involved in DNA repair in
MMR systems (7). Loss of MSHG6 protein expression levels
detected through IHC alone may not confirm MSI-H in
patients. When the MSH6 protein is mutated the MSH2/
MSH3 heterodimer still operates and DNA mismatch errors
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are partially corrected. A number of patients with CRC no
longer exhibit MSH6 expression following neoadjuvant
therapy (54,55). Therefore, it would be necessary to use
further methods, in addition to MMR-IHC, in such cases. In
the present study, 4 cases exhibited MSHG6 loss (3 EC cases
and 1 CRC case), all without prior neoadjuvant therapy. The
LMR-MSI test detected MSI-H in all 4 cases, while the
SMR-MSI test indicated either MSS or MSI-L. Therefore,
LMR-MSI test may have the potential to verify MSI status
in cases with sole MSHG6 loss without neoadjuvant therapy,
particularly in patients with EC. CRC case no. 47 was classed
as dAMMR (PMS2 deficient alone) using the MMR-IHC
testing but was classed as MSS using the SMR-MSI test.
The LMR-MSI test indicated MSI-H in this case, which was
consistent with MMR-THC test results. The SMR-MSI test
was repeated and demonstrated the same result of MSS status
in the aforementioned CRC case. The reason that MSS was
detected in the aforementioned case using the SMR-MSI test
is currently unclear (56). However, a possible limitation is
that the Bethesda panel (dinucleotides repeat markers) is less
sensitive and specific than the LMR-MSI.

FFPE is beneficial for long-term tissue storage; however,
FFPE-extracted DNA is occasionally fragmented and of
low quality (41). The DNA extracted from FFPE tissue
was sufficient for the LMR-MSI assay in the present study.
The results of the present study have implications for the
improvement of personalized treatment in certain types
of cancer. Certain assay detection equipment, such as the
MSI Analysis System (Promega Corporation), uses fluo-
rescent signals for MSI analysis (57,58). A non-fluorescent
targeted LMR-MSI test was used in the present study. The
advantages of non-fluorescent systems are the low costs and
no risk of ineffective fluorescent reagents due to improper
storage or photobleaching (59). Idylla (Biocartis Group
NV) have launched a non-fluorescent system that uses fully
automated real-time PCR testing for MSI detection in FFPE
tissues (60,61). NGS is also considered an MSI detection
method; however, it is time-consuming with an operation
time of 2 weeks and is relatively expensive compared with
alternative MSI tests available (53). Each type of tumor
requires screening in a number of databases during NGS
data analysis (49,53).

The present study sought to evaluate the performance of
the LMR-MSI assay by analyzing LMR markers in tumor and
normal tissues using QIAxcel, a non-fluorescent system. The
results demonstrated that the sensitivity of the LMR-MSI test
was higher than that of the SMR-MSI test in both types of
cancer. Notably, the LMR-MSI assay did not detect any cases
of MSI-L in either the CRC or EC tissue samples. The present
study demonstrated a possible benefit in the use of LMR-MSI
testing compared with SMR-MSI tests for MSI analysis in
patients with EC. The method presented a time-saving and
non-fluorescent method for detecting MSI in FFPE tissues, as
it mitigated the effects of using only SMRs in the detection of
MSI status.

However, the present study had several limitations, such as
a small sample size. Additionally, the patient cohorts with CRC
or EC in the present study were selected based on 100 cases
with MMR status, determined by MMR-IHC and SMR-MSI
test results. Therefore, the present pilot study required a

larger patient cohort size to confirm findings. An advantage
in performance of the LMR-MSI assay is that microsatellites
with longer homopolymer regions increases the size shift for
the detection of dAMMR/MSI-H cases in CRC and EC. The
larger allele size shifts of the LMR markers compared with
SMR markers provide increased confidence in shift interpreta-
tion. The discrepancies between the three tests are unclear and
further evidence is needed to clarify these discrepancies.

The results of the present study were obtained by compar-
ison of tumor tissues with normal tissues. In the future, the
LMR-MSI test may be applied to a greater number of cases
and other types of cancer, in particular stomach adenocarci-
noma, which has a 22% detection rate of MSI-H according to
The Cancer Genome Atlas database (62). The present study
demonstrated a potential cost-effective and non-fluorescent
method for the detection of MSI using LMR markers, which
markedly reduced the number of equivocal MSI-L cases in
patients with CRC and EC.
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