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Abstract. The molecular‑based detection of microsatellite 
instability (MSI) in endometrial cancer is complex, due to 
the low sensitivity of PCR and a lack of standardization in 
next‑generation sequencing (NGS) methods. In the present 
study, sequenced data were obtained from an NGS panel 
following the addition of five commonly used microsatel‑
lite loci. Subsequently, a novel algorithm, namely MSIPeak, 
was developed for data analysis. Results of the present study 
demonstrated that MSI data obtained using MSIPeak were 
presented in a peak, using a threshold of 1.10 to distinguish 
stable and unstable loci. MSIPeak was further validated using 
synthetic DNA samples and endometrial cancer tissue and 
the results were compared with the immunohistochemical 
analysis‑determined mismatch repair status. The PCR results 
demonstrated a 3‑base‑pair (bp) deletion in synthetic DNA 
samples, compared with 1‑ and 2‑bp deletion controls. Results 
obtained using MSIPeak demonstrated notable differences in 
peak profiles and positive scores in synthetic DNA samples 
with 1‑, 2‑ and 3‑bp deletions, compared with controls. Thus, 
the results of the present study demonstrated that NGS‑based 
MSI detection exhibited a higher sensitivity compared with 

PCR. In addition, NGS‑based MSI detection exhibited higher 
levels of repeatability and applicability compared with other 
MSI‑NGS‑based methods, such as MSISensor2 and MANTIS. 
Collectively, the results of the present study highlighted that 
the combination of MSIPeak and NGS exhibits potential in the 
detection of cancer.

Introduction

Microsatellites are short tandem repetitive DNA sequences 
with repeating units of 1 to 6 bases that are spread throughout 
the human genome. Notably, replication errors commonly 
occur in microsatellites during cell division  (1,2). For the 
maintenance of homeostasis, the majority of replication 
errors are recognized and repaired by the DNA mismatch 
repair (MMR) system, which includes the mutL homolog 
1 (MLH1), mutS Homolog 2 (MSH2), MSH6 and PMS1 
homolog 2, mismatch repair system component (PMS2) 
proteins. A deficiency in MMR (dMMR) leads to an increase 
in microsatellite instability (MSI) (3). In such a state, MMR 
protein expression levels reflect the status of MSI. Notably, 
MSI promotes carcinogenesis and serves a major role in 
mechanisms underlying malignant transformation (4), which 
is a sensitive indicator of genetic instability in various types 
of cancer, including endometrial and colorectal cancer (5‑7).

At present, MSI is detected in clinical practice using 
immunohistochemical (IHC) analysis of the impaired DNA 
MMR proteins, and PCR is used for the analysis of microsatel‑
lite sites (8). Notably, PCR‑based microsatellite analysis is the 
gold standard for MSI detection, involving the examination of 
PCR product length in a limited set of informative microsatel‑
lite sites (9). The Promega Corporation MSI analysis system 
is one of the most widely used commercial PCR assays, 
consisting of 5 mononucleotide markers for MSI detection, 
namely BAT‑25, BAT‑26, NR‑21, NR‑24 and MONO‑27 (10). 
Although MSI‑PCR is widely used in colorectal cancer and 
other gastrointestinal tumors, MMR‑IHC is recommended 
in endometrial cancer due to the relatively low sensitivity of 
MSI‑PCR (11,12). Tumors with dMMR often exhibit high 
MSI (MSI‑H) that is detected using DNA‑based testing (13); 
however, results of a previous study reported a 1‑10% discrep‑
ancy between MMR protein and MSI status in numerous types 
of cancer (11). In addition, previous studies reported high levels 
of discrepancy between these factors  (6,14). Samples with 

A novel algorithm for the detection of microsatellite instability 
in endometrial cancer using next‑generation sequencing data
BING ZHOU1*,  YU WANG1*,  LU DING2,  XIAOLEI TIAN1,  WU SUN1,  WEI ZHANG1  and  YIN‑HUA LIU1

1Department of Pathology, Yijishan Hospital, The First Affiliated Hospital of Wannan Medical College, Wuhu, Anhui 241001, P.R. China; 
2Department of Gynecology, Yijishan Hospital, The First Affiliated Hospital of Wannan Medical College, Wuhu, Anhui 241001, P.R. China

Received July 2, 2024;  Accepted November 5, 2024

DOI: 10.3892/ol.2024.14832

Correspondence to: Dr Yin‑Hua Liu or Dr Wei Zhang, Department 
of Pathology, Yijishan Hospital, The First Affiliated Hospital of 
Wannan Medical College, 2 ZheShanXi Road, Wuhu, Anhui 241001, 
P.R. China
E‑mail: zhangwei1981@wnmc.edu.cn
E‑mail: liuyinhua@yjsyy.com

*Contributed equally

Abbreviations: MSI‑H, high microsatellite instability; MSS, 
microsatellite stability; PCR, polymerase chain reaction; NGS, 
next‑generation sequencing; IHC, immunohistochemistry; MMR, 
mismatch repair; dMMR, mismatch repair deficiency; pMMR, 
MMR proficiency; FFPE, formalin‑fixed paraffin‑embedded; 
WES, whole‑exome sequencing; WGS, whole‑genome sequencing; 
Bp, base pair

Key words: microsatellite loci, microsatellite instability, algorithm, 
peak, endometrial cancer

https://www.spandidos-publications.com/10.3892/ol.2024.14832


ZHOU et al:  NGS-BASED ALGORITHM FOR MSI DETECTION OF ENDOMETRIAL CANCER2

MSI‑H may exhibit MMR proficiency (pMMR) as a result of 
MMR gene methylation (15) and MMR proteins may exhibit 
abnormal functions with an expected antigen structure (16). 
Notably, MMR may exert effects on factors other than the four 
common proteins, MLH1, MSH2, MSH6 and PMS2, detected 
using IHC analysis (17). A previous study reported that >20% 
of patients with endometrial cancer exhibit dMMR/MSI‑H 
status, and accurate identification of this type is crucial for 
treatment optimization and the assessment of prognosis. Thus, 
the use of IHC analysis alone in the detection of dMMR 
may lead to inaccurate diagnoses of pMMR in patients with 
MSI‑H (18). The development of a novel MSI detection method 
with high levels of sensitivity is required.

Next‑generation sequencing (NGS) is used for the 
comprehensive analysis of genomic profiles and MSI status, 
and simultaneous analysis may decrease the number of tissue 
samples required and increase the efficiency of examination. 
NGS‑based algorithms demonstrate a comparable accuracy 
to PCR‑based MSI detection (19,20). Notably, existing algo‑
rithms, such as MSIsensor (21) and MANTIS (22), measure 
MSI levels using the read‑count distribution of microsatellites 
with different repeat lengths. The aforementioned algorithms 
require the analysis of >10 (or even ≥40) loci for accurate 
MSI evaluation (22). NGS‑based microsatellite testing selects 
mononucleotide repeats with stable repeat lengths among 
samples with microsatellite stability (MSS) (9,23). At present, 
various loci and numerous methods of MSI detection are used 
in research, leading to low levels of reliability and a lack of 
consistency.

In the present study, a novel algorithm was developed for 
the detection of MSI status, using NGS for the analysis of five 
mononucleotide repeats, namely BAT‑25, BAT‑26, NR‑21, 
NR‑24 and MONO‑27. Notably, the aforementioned loci are 
often analyzed using MSI‑PCR in clinical settings, with the 
ability to represent the MSI status of a sample. NGS was inte‑
grated into the algorithm to improve the sensitivity of the MSI 
detection, which may lead to improved detection of pMMR in 
patients with endometrial cancer and MSI‑H.

Materials and methods

Patients. A total of 181 patients aged 37 to 86 years (median, 
56) with endometrial cancer were retrospectively enrolled 
from the First Affiliated Hospital of Wannan Medical College 
(Wuhu, China). Inclusion criteria were as: i) Female; patho‑
logically diagnosed as endometrial cancer in the past 3 years; 
no other malignant tumors nor serious chronic diseases; can 
be contacted and agree to participate in the project and sign an 
informed consent form. Exclusion criteria were set as: tissue 
sample retained in pathology department was too small; tumor 
cells in the sample was less than 10%; patients lost contact or 
were unwilling to participate in the research project.

These patients were diagnosed with endometrial cancer 
from April 2021 to November 2022 and tissues were collected. 
This was performed between November 2022 and June 2023. 
The present study was approved by the Ethics Committee 
of the First Affiliated Hospital of Wannan Medical College 
(approval no. 2022‑110) and each patient provided written 
informed consent for their clinical information as well as 
their genomics data (from PCR and NGS) to be reported in 

the journal. Tumor and matched adjacent non‑tumor tissues 
were collected from all patients and the MMR status was 
verified using IHC analysis of MSH2, MSH6, PMS2 and 
MLH1 protein expression levels. All IHC results were tested 
and reported by pathologists in the pathology department of 
the hospital. Antibodies including MLH1 (cat. no. ZM‑0154, 
ZSGB‑bio), MSH2 (clone FE11, cat. no. ZA‑0622, ZSGB‑bio, 
China), MSH6 (clone EP49, cat. no.  ZA‑0541, ZSGB‑bio, 
China), and PMS2 (clone EP51, cat. no. ZA‑0542, ZSGB‑bio, 
China), were stained using Dako's automated staining system 
(LINK48, Dako, CA, USA) with 1:1,000 dilutions. All staining 
procedures were performed according to the manufacturer's 
recommendations and previous study (24).

Surgically specimens were fixed in 10% neutral‑buffered 
formalin for 24‑72 h at room temperature and embedded in 
paraffin. DNA was extracted from 10‑µm‑thick sections 
of formalin‑fixed paraffin‑embedded (FFPE) tumor tissue 
blocks using the GeneRead DNA FFPE kit (Qiagen, GmbH), 
according to the manufacturer's instructions. Samples were 
analyzed using MSI‑PCR and NGS. After extraction, DNA 
quality was evaluated by 1% agarose gel electrophoresis and 
the concentration of all samples was quantifed using the Qubit 
dsDNA HS Assay kit (Termo Fisher Scientifc, Waltham, MA, 
USA) with a Qubit 3.0 Fluorometer.

Spike‑in samples with synthetic DNA. For each of the five 
microsatellite loci, namely BAT‑25, BAT‑26, NR‑21, NR‑24 and 
MONO‑27, four plasmids were synthesized by Sangon Biotech 
(China). These included a wild‑type fragment and deletions of 
the wild‑type, consisting of 1‑, 2‑ and 3‑bp deletions. Plasmids 
were utilized as spike‑in fragments and mixed into the DNA 
of noncancerous endometrial tissue at a ratio of 1:1.

MSI‑PCR analysis. MSI‑PCR analysis was performed using the 
MSI Analysis System (Promega Corporation) (25) as previously 
described (26,27). Briefly, the five microsatellite loci, namely 
BAT‑25, BAT‑26, NR‑21, NR‑24 and MONO‑27, and two penta‑
nucleotide repeats PENTAC and PENTAD, were amplified in 
a single multiplex 25 µl PCR reaction. PENTAC and PENTAD 
were used as reference genes to detect potential contamination. 
Fluorescently labeled primers used for MSI‑PCR analysis are 
supplied by Sangon Biotech and listed in Table SI. The following 
thermocycling conditions were used for the PCR: Initial dena‑
turation at 95˚C for 11 min and 96˚C for 1 min; 10 cycles of 94˚C 
for 30 sec, ramp 68 sec to 58˚C, hold for 30 sec, ramp 50 sec 
to 70˚C and hold for 1 min; 20 cycles at 90˚C for 30 sec, ramp 
60 sec to 58˚C, hold for 30 sec, ramp 50 sec to 70˚C and hold for 
1 min; 60˚C for 30 min; hold at 4˚C. PCR products were analyzed 
using a 3500 Genetic Analyzer (Thermo Fisher Scientific, Inc.). 
GeneMapper 6.0 (Thermo Fisher Scientific, Inc.) was used to 
determine the size differences between tumor samples and 
adjacent tissues. A tumor was defined as exhibiting MSI‑H if ≥2 
markers were unstable, and MSS was defined according to the 
presence of ≤1 unstable mononucleotide markers in the tumor 
sample. The term ‘unstable’ was used for markers with a shift 
of ≥2 bp, or if the shoulder pattern extended the range of the 
smallest peak by ≥2 bp in the tumor allele.

MSI detection using NGS. NGS was performed on a NextSeq 
500 or Novaseq 6000 (Illumina, Inc.) using a custom 
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amplicon‑based gene panel that comprised five microsatellite 
loci included in the Promega Corporation MSI kit. Initially, 
libraries were generated with the Hieff NGS™ OnePot Pro 
DNA Library Prep Kit (Shanghai Yeasen Biotechnology Co., 
Ltd.) according to the manufacturer's protocol. Briefly, 20 ng 
fragmented genomic DNA was used to amplify the target 
regions and amplified products were purified (Table SII). 
Subsequent rounds of PCR were carried out through the 
addition of sequencing adapters and barcodes to amplicons. 
Following the purification of the library, quantification of 
the DNA library was performed using Labchip GX Touch 
(PerkinElmer). The libraries with 1 pM concentration were 
then sequenced using the Novaseq 6000 NGS (Illumina, 
Inc.) platforms and NovaSeq 6000 SP reagent kit (100 cycles; 
cat. no. 2002746; Illumina Inc.), according to the manufac‑
turer's instructions using 2X150 bp paired‑end reads at an 
average depth of 5,000x for tissue.

A novel algorithm, MSIPeak, was developed in the present 
study to determine the MSI status of all samples using NGS 
read‑count distribution. MSIPeak program flow was divided 
into four main steps, as follows (Fig. 1).

Step I: The sequencing data of each tumor tissue and 
matched adjacent tissues were read in FastQ format files. For 
each MSI locus, reads coverage information, including reads 
count, was extracted from FastQ files.

Step II: Minimum‑maximum normalization was performed 
on the reads count of each microsatellite locus. Values were 
scaled to the range (0,1) for subsequent data processing.

Here, i represents a single microsatellite locus, xi repre‑
sents the reads count prior to normalization, xnew represents 
the reads count value following normalization, and xmin and 
xmax represent the minimum and maximum values of the reads 
count for each locus, respectively.

Reads count values were smoothed using the sliding 
window. Following normalization and smoothing, peak data of 
the microsatellite loci of tumor and matched adjacent tissues 
were analyzed. The local maximum values of each repeat were 
compared with the values of neighboring points.

Step III: For each peak determined in the tumor and adja‑
cent tissues, peak shift size, peak area difference and Shannon 
coefficient difference were calculated to score the MSI status 
of each locus (Fig. 2):

Here, i represents a single microsatellite locus, lx represents 
the peak value of the microsatellite locus in the tumor sample 
and ly represents the peak value of the microsatellite locus in 
the matched adjacent tissue.

Here, H_diff represents the area difference of each micro‑
satellite locus peak, x and y refer to the vectors of area values 
of MSI loci in tumor and adjacent tissues, respectively, i repre‑
sents a single microsatellite locus, and xi and yi represent the 
area values of the ith MSI locus in tumor and adjacent tissues, 
respectively.

Figure 1. Program flow of MSIPeak for each microsatellite locus in each sample. MSI, microsatellite instability.

https://www.spandidos-publications.com/10.3892/ol.2024.14832
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Here, H represents the Shannon coefficient difference 
between tumor and adjacent tissues. Hx represents the 
Shannon‑Wiener diversity index of the tumor sample, Hy 
represents the Shannon‑Wiener diversity index of the adjacent 
sample, i represents a single microsatellite locus, pi represents 
the relative abundance of the ith microsatellite locus in the 
tumor sample and p'i represents the relative abundance of the 
ith microsatellite locus in the adjacent sample.

Step IV: The final score for each MSI locus was calculated 
using the following equation:

When the score was ≥1.10, the MSI status of this locus was 
considered unstable. After the stability of all five markers had 
been determined, the MSI status of the patient was evaluated. 
Samples with two or more unstable markers were considered 
MSI‑H and samples with <2 unstable markers were considered 
MSS.

Comparison of MSIPeak with MSIsensor and MANTIS. 
Among previously published NGS‑based MSI studies, 
MSIsensor (21) and MANTIS (22) were widely used analytical 
methods (2,5,28,29). The calculation principles of these two 
algorithms are markedly different from MSIPeak (Table I). 
Therefore, MSIPeak was compared with the MSIsensor 

and MANTIS algorithms. MSISensor2  (30), an upgraded 
version of MSIsensor, and Mantis were run according to 
their manuscript, for the analysis of in‑house whole‑exome 
sequencing (WES) data from 25 endometrial cancer samples. 
The WES library was constructed using the commercial 
Hi‑Exon 35 Panel and supporting library construction kit (cat. 
no. P10016‑96, Shanghai HeYin Biotechnology Co., LTd.). 
A total of 50 ng fragmented genomic DNA was used for a 
capture‑based library  (Table SIII) according to the manu‑
facturer's protocol of the library construction kit. After the 
quantification of the DNA library by the Labchip GX Touch 
(PerkinElmer), WES library with 1 pM concentration was 
performed on the same Novaseq 6000 NGS (Illumina, Inc.) 
platforms and NovaSeq 6000 SP reagent kit (100 cycles; cat. 
no. 2002746; Illumina Inc.), according to the manufacturer's 
instructions using 2x150 bp paired‑end reads at an average 
depth of 150x. To obtain clean reads, FASTQ files from 
tumor tissue and white blood samples were done by fastp 
(https://github.com/OpenGene/fastp, version 0.19.3). Clean 
reads were mapped to the reference genome (hg38/GRCh38) by 
Burrows‑Wheeler aligner (BWA, https://github.com/lh3/bwa, 
version 0.7.12‑r1039) and perform alignment processing by 
SAMtools (https://github.com/samtools/samtools, version 
0.1.19‑96b5f2294a). The quality score was recalibrated 
using GATK (https://github.com/broadinstitute/gatk, version 
4.1.0.0) to generate the final binary SAM (BAM) files used 
for subsequent analyses. Lastly MSI status was detected 
using the MANTIS (version v1.0.5)  (22) and MSISensor2 
(Version 0.1) (30).

Statistical analysis. The chi‑square test was used to compare 
the frequencies of MSI‑H and MSS tumors identified through 
PCR and NGS, with the dMMR and pMMR status determined 

Figure 2. Schematic of microsatellite positioning point parameters calculation, including shift_size, H_diff and H.
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Table I. Comparison of MSIPeak with the published algorithms based on next‑generation sequencing data.

Parameters	 MSIPeak	 MSISensor	 MANTIS

No. of loci	 Five	 Tens to thousands	 Dozens to thousands
Origin of the loci	 Fixed	 Genome‑wide or target screening	 Genome wide or target
			   screening
Data preprocessing	 Obtainment of coverage	 Calculation of the coverage of	 Calculation of the
	 information of loci, and perform 	 each locus without mentioning 	 coverage of each locus 
	 normalization and data smoothing	 normalization and data smoothing 	 and data normalization.
	 processing.	 steps.	
Comparison	 Peak shift, Peak area difference	 Number of repetitions and allele	 The repeat length 
between tumor and 	 and Shannon coefficient.	 distribution for each locus.	 distribution and stability 
normal samples	 difference		  level of each locus.
Scoring criteria of	 The final score of each MSI locus	 Calculation of the proportion of	 The average L1 norm of
each locus	 is obtained by the peak shift, peak 	 unstable positioning points, 	 all loci is the MSI score 
	 area difference and Shannon 	 and if the proportion exceeds a 	 of the sample. If the score 
	 coefficient difference. Loci with a 	 threshold, it is rated as unstable. 	 exceeds the threshold, it 
	 score ≥1.10 are rated as unstable.	 The threshold is determined by 	 is rated as unstable.
		  the cumulative distribution of this 	
		  indicator on a set of samples.	
Criteria of MSI	 ≥2 of 5 loci are unstable	 Default 20%	 Default 0.4

MSI, microsatellite instability.

Figure 3. MSI detection using spike‑in DNA samples. (A) MSI‑PCR detection of spike‑in DNA samples with wild‑type fragments (control), 1‑, 2‑ and 3‑bp 
deletions, from top to bottom. The polymorphic pentanucleotide repeat markers PENTAC and PENTAD were used as quality controls for sample authentica‑
tion. (B) Fragment sizes of peaks for each microsatellite locus in spike‑in DNA samples. (C) MSI‑NGS detection of spike‑in DNA samples with 1‑, 2‑ and 
3‑bp deletions, displayed from top to bottom. The red line represents wild‑type samples and the blue line represents spike‑in samples with 1‑3‑bp deletions. 
Polymer, number of base repeats size of each microsatellite locus; normalized‑value, minimum‑maximum normalization value of each microsatellite locus at 
each polymer. (D) MSIPeak score of each microsatellite locus in spike‑in DNA samples. MSI, microsatellite instability; bp, base pair; NGS, next‑generation 
sequencing.

https://www.spandidos-publications.com/10.3892/ol.2024.14832
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by IHC. For chi‑square test analysis, P<0.001 was considered 
to indicate a statistically significant difference in PCR and 
NGS in ability to detect MSI‑H. Cohen's κ was calculated 
to evaluate the level of agreement between IHC‑based and 
molecular‑based methods, PCR and NGS. A Cohen's κ of 
P<0.001 was considered to indicate a statistically significant 
difference between methods. All data presented in figures and 
tables are reported as percentages for categorical comparisons. 
P<0.05 was considered to indicate a statistically significant 
difference. The statistical analyses were performed using 
R software (version 4.3.2; RStudio).

Results

MSI‑PCR and MSI‑NGS using synthetic DNA samples. The 
present study demonstrated that spike‑in DNA sample profiles 
with 3‑bp deletions displayed notable left‑shifts, which could be 
distinguished from those of the wild‑type fragments (Fig. 3A). 
Spike‑in DNA sample profiles with 2‑bp deletions exhibited 
ambiguous extensions on the left shoulder of BAT25 and NR24, 
compared with the wild‑type fragments. However, there were no 
notable shifts in BAT26, NR21 and MONO27 with 2‑bp dele‑
tions or in the five markers with 1‑bp deletions (Fig. 3A and B).

Results obtained using MSI‑NGS are presented as peaks, 
which were comparable with those obtained using MSI‑PCR 
(Fig.  3C). Peaks of the spike‑in DNA samples with 1‑bp 
deletions exhibited subtle shifts compared with those of the 
wild‑type fragments. However, the score was more than the 
threshold of 1.10 (Fig. 3D). Spike‑in DNA samples with 1‑ or 
2‑bp deletions exhibited shifts and scores that were indicative 
of MSI (Fig. 3C and D).

MMR/MSI detection in FFPE samples. A total of 39 endo‑
metrial cancer samples were identified as dMMR and the 
remaining 142 samples were identified as pMMR (Table II). 
Within the 39 dMMR samples, 16 were classified as MSI‑H 
using PCR testing and 36 were identified as MSI‑H using 
NGS (Table II). The concordance between IHC and NGS was 
significantly higher compared with that between IHC and 
PCR (Cohen's κ=0.492 vs. 0.872; P<0.001; Table II). All 16 
dMMR/MSI‑H samples confirmed using IHC and PCR were 
also defined as MSI‑H using NGS (Fig. 4; Tables SIV and 
SV). In addition, a further 20 MSI‑H samples were identified 
using NGS alone, with the profiles exhibiting minor shifts that 
did not meet the criteria for MSI‑H based on PCR analysis 
(data not shown).

Comparison with MSISensor2 and MANTIS. Among the 
25 samples with available WES data, 8 dMMR and 17 
pMMR cases were identified using IHC analysis. MSIPeak, 
MSISensor2 and MANTIS consistently classified the 17 
pMMR samples as MSS (Fig. 5A). However, MSIPeak was the 
only algorithm to identify all 8 dMMR samples as MSI‑H, 
while MSISensor2 and MANTIS classified 2 and 3 dMMR 
samples as MSS, respectively (Fig. 5A and B; Table SVI).

Discussion

In endometrial cancer, MMR detection using IHC analysis has 
been recommended over MSI detection using PCR. Notably, 

results obtained using MSI and MMR exhibited low levels of 
concordance in gynecologic tumors compared with gastroin‑
testinal tumors (11). The subtle leftward shifts in endometrial 
cancer were 1‑3 bp, whereas those observed in colorectal cancer 
were >6 bp (31,32). The results of the present study obtained 
using MSI‑PCR showed that synthetic DNA fragments with 
1‑2 bp differences displayed ambiguous shifts that could not 
be distinguished from the matched adjacent tissue samples. 
In addition, results obtained using MSI‑PCR demonstrated 

Figure 4. Venn diagram of dMMR/MSI‑H samples defined using IHC 
analysis, MSI‑PCR and MSI‑NGS. dMMR, mismatch repair deficiency; MSI, 
microsatellite instability; MSI‑H, high MSI; IHC, immunohistochemical; 
NGS, next‑generation sequencing; MMR, mismatch repair; dMMR, MMR 
deficiency.

Table II. Concordance between MMR‑IHC and PCR‑ or 
NGS‑based methods.

A, Tumors with dMMR identified by IHC technology

Type	 PCR, n (%)	 NGS, n (%)	 Chi‑square P‑value

MSI‑H	 16 (8.84)	 36 (19.89)	 <0.001
MSS	 23 (12.71)	 3 (1.66)	   0.444

B, Tumors with pMMR identified by IHC technology

Type	 PCR, n (%)	 NGS, n (%)	 Chi‑square P‑value

MSI‑H	 2 (1.10)	 5 (2.76)	 <0.001
MSS	 140 (77.35)	 137 (75.69)	   0.251

MSI, microsatellite instability; MSI‑H, high MSI; MSS, microsatel‑
lite stability; MMR, mismatch repair; dMMR, MMR deficiency; 
IHC, immunohistochemical; NGS, next‑generation sequencing. 
The concordance between IHC and NGS was significantly higher 
compared with that between IHC and PCR (Cohen's κ=0.492 vs. 
0.872; P<0.001).
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that numerous samples could not be classified as MSI based 
on the shifts of their peaks. These ambiguous shifts imply 
that endometrial cancer samples with 1‑2 bp shifts cannot 
be differentiated from MSS samples, contributing to the low 
concordance between MSI and MMR in endometrial cancer.

Limitations of IHC analysis for the detection of 
MMR (15‑18,33) have led to the requirement for detecting 
specific microsatellite repeats. Thus, numerous NGS‑based 
MSI detection methods have been introduced  (20,34‑37), 
and these have detected a greater number of microsatellite 
markers compared with the 5 to 6 markers detected using 
PCR. Microsatellite markers analyzed using NGS technology 
have varied among studies and have only been demonstrated 
in specific cohorts or tumor types. However, the five markers 
in the Promega Corporation system (8) have been widely used 
in clinical practice for a number of tumor types (3‑7). Notably, 
these markers are used to represent the status of MMR 
proteins. In the present study, all samples defined as MSI‑H 
using MSI‑PCR were also defined as MSI‑H using MSI‑NGS. 
These results suggested that the novel algorithm developed in 
the present study exhibits the capability to identify relatively 
large shifts in endometrial cancer samples. Samples with IHC 
analysis‑verified dMMR and PCR‑verified MSS were further 
categorized into two groups according to shift using NGS 
combined with MSIPeak. These results suggest that the novel 
algorithm may exhibit potential in the identification of samples 
with sublet shifts.

MSIPeak uses the same markers as PCR, but levels of 
sensitivity are improved compared with PCR. Potential reasons 
include that, first, the interpretation of PCR results relies on 
the analysis of capillary electrophoresis patterns, which has 
a certain degree of subjectivity. Independent investigators 
may interpret electrophoresis patterns differently, potentially 
resulting in poor reproducibility of the results. In cases where 
endometrial MSI is offset by 1‑3 bp, errors may occur (32). 
By contrast, MSIPeak performs minimum‑maximum normal‑
ization and data smoothing during the data preprocessing, 
which may reduce the impact of sequencing depth and data 

fluctuations on MSI detection. Furthermore, MSIPeak analyzes 
the differences in peak values between tumor samples and 
matched adjacent tissues from multiple dimensions, including 
the peak shift, peak area difference and Shannon coefficient 
difference (38,39). Thus, the MSI status was comprehensively 
evaluated to provide more accurate detection results.

MSIPeak sorts loci from small to large based on the 
distribution of different ploymer repetitions at each locus. 
Subsequently, the peak of each locus is identified, and shift 
size, area difference and Shannon‑Wiener diversity index 
are evaluated in tumor and adjacent tissues (38,39). Results 
of the present study demonstrated that MSIPeak exhibited 
higher levels of accuracy compared with alternate NGS‑based 
algorithms, such as MSISensor2 and MANTIS. However, 
further analyses using a larger number of samples are required 
to verify the results. Notably, MSISensor2 and MANTIS are 
designed to be performed using microsatellite loci across the 
entire genome or exon ranges (21,22,30). Loci derived from 
different batches may vary, which may affect the results. In 
addition, MSISensor2 and MANTIS have been extensively 
applied in the context of colorectal cancer (2,5,28,29); however, 
these algorithms are not widely used in endometrial cancer. 
Certain parameters and/or thresholds of these algorithms 
may require further refinement for effective MSI detection in 
endometrial cancer.

MSIPeak demonstrated high levels of reproducibility 
and adaptability for MSI detection in endometrial cancer. 
The five common loci detected using MSIPeak are small in 
size, and these can be integrated into other NGS sequencing 
panels, using associated amplicons for amplicon‑based panels 
or associated probes for capture‑based panels. Notably, this 
integration does not require specifically designed sequencing 
panels, and is inexpensive compared with WES or whole 
genome sequencing. Thus, NGS‑based MSI detection exhibits 
potential in patient diagnosis, with high levels of flexibility and 
cost effectiveness.

In conclusion, a novel algorithm was developed for the 
detection of MSI in the present study, namely MSIPeak. This 

Figure 5. Accuracy of MSIPeak was compared with that of MSISensor2 and MANTIS. (A) Bar chart presenting cases where MMR and MSI status were 
detected using different methods. (B) Venn diagram presenting the consistency between the different detection methods in all samples. The accuracy of 
the three algorithms was assessed and compared based on results obtained from MMR‑IHC. MMR, mismatch repair; MSI, microsatellite instability; IHC, 
immunohistochemical.

https://www.spandidos-publications.com/10.3892/ol.2024.14832
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algorithm was designed to detect only five commonly used 
microsatellite loci, allowing it to be easily integrated into 
existing NGS panels, which could thereby lead to potential 
reductions in experimental costs. Results obtained using 
MSIPeak are presented in peak form for intuitive and conve‑
nient identification, which is comparable with MSI‑PCR. 
However, MSIPeak demonstrated higher levels of accuracy 
and objectivity compared with PCR. In addition, MSIPeak 
may exhibit potential in detecting MSI in endometrial cancer. 
Further investigations with increased sample sizes are required 
to validate the present results and to explore the utility of this 
algorithm in other types of cancer, such as colorectal cancer. 
Future investigations should focus on refining and developing 
a widely applicable NGS‑based MSI detection algorithm that 
could be effectively used across various types of cancer.
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