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Objective

In this study, we systematically compared the microsatellite shift patterns detected by PCR-based microsatellite instability analysis (PCR-MSI) in mismatch repair (MMR)-deficient ECs and analyzed the clinicopathological features associated with minimal versus major shifts.





Method

We evaluated the microsatellite shift patterns using five NCI-recommended loci in 285 MMR-deficient ECs identified through immunohistochemistry (IHC). A minimal shift was defined as a one-to-three nucleotide repeat shift observed at least at one locus. Then, clinicopathological characteristics were analyzed for two distinct groups: the minimal shift group and the major shift group. Finally, further analysis of MMR/MSI discordant cases was performed through MLH1 promoter methylation detection and MMR gene germline mutation detection.





Result

Of the 285 MMR-deficiency ECs, 169 (59.3%) had combined loss of MLH1 and PMS2, 54 (18.9%) had combined loss of MSH2 and MSH6, 39 (13.7%) had isolated loss of MSH6 and 23 (8.1%) had isolated loss of PMS2 by IHC. The rate of inconsistency between MMR-IHC and PCR-MSI was 12.3% (35/285). However, based on the minimal shifting criteria, 13 cases with MSI-L were reassessed as MSI-H because of the occurrence of minimal microsatellite shifts, and the inconsistency rate between MMR-IHC and MSI-PCR decreased to 7.7% (22/285). Additionally, discordant cases showed a higher frequency (91%, 20/22 cases) of minimal shift involving the mononucleotide locus. Among the 7 MLH1/PMS2-deficient cases, 3 were successfully detected and showed MLH1 promoter methylation. A total of 13 of 22 patients were successfully completed MMR gene germline testing, 11 cases had germline mutations in MSH6 and 3 cases harbored frameshift deletions (p.F1088Lfs*). Overall, the frequency of minimal shift was 100% (39/39) at isolated loss of MSH6, 85.8% (145/169) at the loss of MLH1 and PMS2, 66.7% (36/54) at the loss of MSH2 and MSH6, and 47.9% (11/23) at the isolated loss of PMS2, respectively. There is no correlation between minimal shift group or major shift group and clinicopathological features.





Conclusion

MMR-deficient ECs exhibit a high frequency of minimal microsatellite shifts, particularly in cases with isolated loss of MSH6. The combination of MMR-IHC and MSI-PCR assays could enhance the accuracy of MSI detection, thereby facilitating more precise treatment strategies of ECs.
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Introduction

Microsatellite instability (MSI) refers to alterations in the length of short tandem repeats or microsatellites (MS) found throughout the genome. Insertion or deletion of repetitive units during DNA replication, as well as defects in the mismatch repair (MMR) system cause alterations in the length of microsatellite alleles, resulting in the associated molecular phenotype of MSI (1, 2). This replication error phenotype is thought to be a hallmark of hereditary cancer susceptibility syndromes that predispose patients to various types of cancer, particularly colorectal and endometrial cancer (EC) (3). Lynch syndrome (LS), also known as hereditary nonpolyposis colon cancer syndrome, is an autosomal-dominant inherited disorder caused by the pathogenic germline variant of MMR genes (including MLH1, PMS2, MSH2, MSH6 or EPCAM) (4). EC is the most prevalent extraintestinal tumor in women with Lynch syndrome (LS) and serves as a sentinel cancer for LS, with a lifetime risk of approximately 40-60% (5). MMR immunohistochemical (IHC) staining and MSI testing in EC were initially used for LS screening, which is identified in 3-5% of EC cases and is the most common hereditary cancer syndrome in EC (6). Regardless of the screening strategy, MLH1 promoter methylation triage is required to identify patients at highest risk for LS and explains the majority of defective MMR (dMMR) or MSI cases in EC (7).

Microsatellite instability-high (MSI-H) EC represents one of the four recognized molecular subtypes of EC and is associated with a relatively favorable prognosis (8). Consequently, testing for MMR or MSI is critical for molecular classification, prognostication of EC, screening for LS, and predicting responses to immunotherapy. Current guidelines from the College of American Pathologists (CAP) recommend that dMMR/MSI testing be conducted on all cases of ECs (9, 10). Although these assays exhibit a strong correlation, inconsistencies still exist in clinical practice (11). Compared to colorectal cancer (CRC), EC demonstrates a significantly higher frequency of minimal microsatellite shifts (1 to 3 nucleotide repeats at an affected locus) (12, 13). The objective of this study was to compare microsatellite shift patterns among deficiencies in MLH1, PMS2, MSH2, and MSH6 in ECs. Additionally, we aimed to analyze the correlation between the proportion of microsatellite shift patterns and clinicopathological characteristics, as well as the features of microsatellite patterns in discordant results.





Materials and methods




Specimens and patient data acquisition

Our retrospective study cohort included 285 endometrial cancer cases with mismatch repair protein deficiency, selected from the pathological system (PACS) at the Pathology Department of West China Second University Hospital. These cases consecutively underwent microsatellite instability PCR capillary electrophoresis testing between October 2020 and May 2024. Hematoxylin and eosin (H&E)-stained sections and mismatch repair protein immunohistochemical stains were reviewed by experienced gynecologic pathologists. Among the 285 dMMR ECs, the most common abnormal MMR-IHC result was the combined loss of MLH1 and PMS2 (169 cases, 59.3%), followed by the combined loss of MSH2 and MSH6 (54 cases, 18.9%), isolated loss of MSH6 (39 cases, 13.7%), and isolated loss of PMS2 (23 cases, 8.1%) (Figure 1). Clinicopathological features were extracted from electronic medical records and pathologic reports. PCR capillary electrophoresis (PCR-CE) data for microsatellite instability were reanalyzed for each case. This study was approved by the institutional review board of West China Second University Hospital [No. 2024 (181)]. All patient-identifying information was anonymized, and the study was conducted in accordance with the Declaration of Helsinki.

[image: Flowchart detailing the MSI assay analysis for endometrial cancer cases with MMR deficiency, from October 2020 to May 2024, involving 285 cases. IHC analysis shows combined loss of MLH1 and PMS2 in 169 cases (59.3%) and MSH2 and MSH6 in 54 cases (18.9%), with isolated loss of MSH6 in 39 cases (13.7%) and PMS2 in 23 cases (8.1%). PCR-CE involves quantitative analysis of microsatellite nucleotide changes. Discordant cases (n=22) underwent further analysis, including MLH1 methylation testing, germline status of MMR genes, and family history records.]
Figure 1 | Flowchart of the study involving 285 eligible endometrial cancer.





MMR protein expression by immunohistochemistry

IHC staining was performed using BOND Polymer Refine Detection on Leica BOND-III (Leica Biosystems, Germany) according to the following major procedures:ER2 (PH8.4) antigen repair solution heat-induced epitope retrieval for 20 min; Peroxide Block incubation for 5 min, primary antibody incubation for 15 min, Post-Primary incubation for 8 min, Polymer incubation for 8 min, and mixed DAB incubation for 6 min; followed by hematoxylin counterstaining for 5 min. The primary antibodies, including MLH1 (1:100; clone ES05), PMS2 (1:100; clone EP51), MSH2 (1:1000; clone MX061), and MSH6 (1:1400; clone MX056), all sourced from Fuzhou Maixin Technology Co., Ltd., in Fuzhou, China. The staining outcomes were interpreted as follows: in the presence of clear internal (lymphocytes near tumor cells, fibroblasts cells or normal epithelial cells with nuclear staining) and external (appendix) positive controls, live tumor cells with clear nuclear staining were interpreted as having intact protein expression, whereas live tumor cells with clear absence of nuclear staining or focal weak nuclear staining were interpreted as having absent protein expression.





MSI testing by PCR capillary electrophoresis

All endometrial carcinoma cases had PCR-MSI performed on the same tumor block analyzed by MMR-IHC. Hematoxylin & eosin staining slices were assessed for tumor cellularity and tumor cells (up to at least 30%) were enriched for DNA extraction. All tumor area and paired normal tissues were scraped using disposable surgical blade and put into 2mL-EP tube for digestion with protease K, UPure FFPE Tissue DNA Kit (Biokeyston, China) was used for DNA extraction according to instructions. MSI multiplex PCR assay contains fluorescently labeled primers like 2B/3D panel markers, BAT26/BAT25/D5S346/D17S250/D2S123/Penta C (Tongshu, China), the detail process as previous describe. Then, ABI 3500dx automated Genetic Analyzer was used for analyzing MSI status with GeneMapper IDX v.1.6 software. Tumor samples present nucleotide change in Allele peak (oriented left or right), compared to normal samples. MSI status was defined as MSI-high (MSI-H), which presented equal or more than to two instability loci; MSI-low (MSI-L) indicated only one locus, and microsatellite stability (MSS) showed no unstable loci.





Quantitative analysis of microsatellite nucleotide number changes

PCR capillary electrophoresis results were reviewed from 285 ECs by two molecular geneticists (C.W. and DN.L.). Compare the electropherogram of the tumor and normal samples from each patient, marking the leftmost or rightmost valid peak (valid peak height: <5% of the highest peak) in 2B/3D marker loci. Record the difference in the size of the leftmost or rightmost peak between the tumor and paired samples, which is defined as an absolute nucleotide shift representing the length of the nucleotide repeat of the tumor sample. According to the kit definition (Figure 2A), single nucleotide loci were judged to be unstable when it showed ≥2 nucleotide or base changes (≥4 for dinucleotide loci). When compared between the tumor and its paired normal tissue, MSI-H was defined by the presence of microsatellite instability at ≥2 loci, MSI-L indicated only one locus, and MSS showed no unstable loci. In addition, we further reviewed the minimal microsatellite shift (Figure 2B), and reinterpreted nucleotide loci as unstable when they showed ≥1 nucleotide or base change, either mono- or dinucleotide. Minimal microsatellite shift (Figure 3C) referred to 1 to 3 nucleotide changes at an involved locus, and major shift (Figure 3F) was defined by ≥3 nucleotide or base change.

[image: Flowcharts A and B show classification of 285 total ECs by marker deficiency percentage and microsatellite instability status. Both include MLH1-/PMS2-, MSH2-/MSH6-, MSH6-, and PMS2- groups with corresponding percentages and concordance rates.]
Figure 2 | Profile of MMR-IHC and PCR-MSI (NCI-recommended loci) results from 285 cases of endometrial cancer. (A) MSI analysis based on ≥2 nucleotide (nt) shift at single nucleotide loci and ≥4 nt at dinucleotide loci; (B) MSI analysis based on ≥1 nt shift at single nucleotide loci or at dinucleotide loci. MMR, mismatch repair; IHC, immunohistochemistory; PCR, polymerase chain reaction; MSI, microsatellite instability; MSI-L, microsatellite instability-low; MSI-H, microsatellite instability-high; NCI, National Cancer Institute.

[image: Histological and data analysis of tumor and normal samples. Image A and D show H&E and immunohistochemistry staining for MLH1, PMS2, MSH2, and MSH6. Image B and E display bar graphs comparing microsatellite instability (MSI) loci, with percentages indicated. Image C and F present electropherograms for microsatellite markers BAT26, BAT25, D5S346, D17S250, Penta C, and D2S123 in tumor and normal samples, highlighting differences in peak patterns.]
Figure 3 | Microsatellite instability profiles in isolated loss of PMS2 or MSH6 immunohistochemical expression. (A) Isolated loss of MSH6 immunohistochemical expression; (B) The frequency of minimal microsatellite shifts in mismatch repair deficiency; (C) Minimal microsatellite shift at mononucleotide locus in a representative result of isolated loss of MSH6 case (BAT26, 2bp; BAT25, 2bp); (D) Isolated loss of PMS2 immunohistochemical expression; (E) The frequency of microsatellite instability number in isolated loss of PMS2; (F) Major microsatellite shift at mononucleotide loci (BAT26, 5bp; BAT25, 5bp)and dinucleotide loci (D5S346, 4bp; D17S250, 6bp; D2S123, 8bp) in a representative result of isolated loss of PMS2 case.





Analysis of MMR/MSI discordant EC cases through MLH1 promoter methylation detection and MMR gene germline mutation detection

Next Generation Sequencing (NGS) was performed using the Geneplus platform: library construction, target capture, sequencing and bioinformatics analysis were performed as previous described (14). The multi-gene NGS panel was utilized, including MLH1, MSH2, MSH6, PMS2, EPCAM, etc. In brief, NGS panel detected single nucleotide variants (SNVs), insertions and deletions (InDels), and copy number alterations (CNVs) of the assessed genes. Additionally, tumors with MLH1-deficient cases on IHC underwent MLH1 promoter methylation testing using methylation-specific PCR. Genomic DNA was extracted from FFPE tumor tissue specimens (with at least 30% cellularity), followed by bisulfite treatment of tumor DNA for amplification via fluorescence real-time PCR detection, with a detailed procedure described in our previous studies (11).





Statistical analysis

The data were analyzed with Graphpad Prism version 9.0 software. We used the Chi-square test or Fisher’s exact test to compare the distribution of clinicopathological variables between proportion of minimal shift set (minimal shift No./instable loci No. >50%) and major shift set (minimal shift No./instable loci No. ≤50%). The data were shown as frequency descriptions and ratios. In the present study, P value <0.05 was identified as statistically significant.







Results




Clinicopathological features of ECs with MMR deficiency

A total of 1,088 patients were diagnosed with EC at West China Second University Hospital between October 2020 and May 2024. Among them, 285 patients (26.2%) with dMMR were included in this study. The study cohort consisted of 249 cases (87.4%) of endometrioid carcinoma, 19 cases (6.7%) of mixed carcinoma, 7 cases (2.5%) of undifferentiated and dedifferentiated endometrial carcinoma, 6 cases (2.1%) of carcinosarcoma, and 4 cases (1.4%) of clear cell carcinoma. The median age of the patients was 54 years (range: 32–82 years). A total of 83.5% of the patients were diagnosed at an early stage (FIGO I–II). There were 100 (35.1%) patients with lymph-vascular space invasion, and 34 patients (11.9%) developed lymphatic metastases. Of the 285 patients with dMMR, 169 (59.3%) showed loss of expression of MLH1 and PMS2, and 53 (18.9%) showed loss of expression of MSH2 and MSH6, and 39 (13.7%) and 23 (8.1%) patients showed the solely loss of expression of MSH6 and PMS2, respectively. Detailed patient characteristics are presented in Table 1.


Table 1 | The correlation of clinicopathological features with the proportion of minimal shift set (minimal shift No./instable loci No. >50%) and large shift set (minimal shift No./instable loci No. ≤50%) in endometrial cancers.
	Clinicopathological parameter
	Total
	Minimal shift set
	Large shift set
	P


	(n = 285)
	(n = 102)
	(n = 183)



	Age
	
	
	
	0.122


	 Median [Min, Max]
	54.0 [32.0, 82.0]
	54.4 [35.0, 71.0]
	53.7 [32.0, 82.0]
	 


	 <55
	164 (57.5%)
	52 (51.0%)
	112 (61.2%)
	 


	 ≥55
	121 (42.5%)
	50 (49.0%)
	71 (38.8%)
	 


	Histology
	
	
	
	0.193


	 Endometrioid carcinoma
	249 (87.4%)
	91 (89.2%)
	158 (86.3%)
	 


	 Mixed carcinoma
	19 (6.7%)
	9 (8.8%)
	10 (5.5%)
	 


	 Undifferentiated and dedifferentiated carcinoma
	7 (2.5%)
	1 (1.0%)
	6 (3.3%)
	 


	 Carcinosarcoma
	6 (2.1%)
	0 (0%)
	6 (3.3%)
	 


	 Clear cell carcinoma
	4 (1.4%)
	1 (1.0%)
	3 (1.6%)
	 


	Grade
	
	
	
	0.980


	 G1/2
	214 (75.1%)
	76 (74.5%)
	138 (75.4%)
	 


	 G3
	71 (24.9%)
	26 (25.5%)
	45 (24.6%)
	 


	FIGO
	
	
	
	0.576


	 I-II
	238 (83.5%)
	83 (81.4%)
	155 (84.7%)
	 


	 III-IV
	47 (16.5%)
	19 (18.6%)
	28 (15.3%)
	 


	LVSI
	
	
	
	1.000


	 No/Unknown
	185 (64.9%)
	66 (64.7%)
	119 (65.0%)
	 


	 Yes
	100 (35.1%)
	36 (35.3%)
	64 (35.0%)
	 


	Myometrial invasion
	
	
	
	1.000


	 Superficial
	226 (79.3%)
	81 (79.4%)
	145 (79.2%)
	 


	 Deep
	29 (20.7%)
	21 (20.6%)
	38 (20.8%)
	 


	Lymphatic metastasis
	
	
	
	0.799


	 No/Unknown
	251 (88.1%)
	91 (89.2%)
	160 (87.4%)
	 


	 Yes
	34 (11.9%)
	11 (10.8%)
	23 (12.6%)
	 


	MMR protein
	
	
	
	<0.001


	 MLH1-/PMS2-
	169 (59.3%)
	60 (58.8%)
	109 (59.6%)
	 


	 MSH2-/MSH6-
	53 (18.9%)
	11 (10.8%)
	43 (23.5%)
	 


	 MSH6-
	39 (13.7%)
	30 (29.4%)
	9 (4.9%)
	 


	 PMS2-
	23 (8.1%)
	1 (1.0%)
	22 (12.0%)
	 


	Consistency of MMR/MSI
	
	
	
	<0.001


	 Discordant (dMMR/MSI-L)
	22 (7.7%)
	20 (19.6%)
	2 (1.1%)
	 


	 Concordant (dMMR/MSI-H)
	263 (92.3%)
	82 (80.4%)
	181 (98.9%)
	 





LVSI, Lymph-vascular space invasion; MMR, Mismatch repair; dMMR, deficient MMR; MSI-L, Microsatellite instability low; MSI-H, Microsatellite instability high.







Microsatellite instability patterns associated with MMR-deficiency in ECs

PCR-MSI analysis, based on single nucleotide loci with shifts of ≥2 nucleotides and dinucleotide loci with shifts of ≥4 nucleotides, classified 87.7% (250/285) of cases as MSI-H, 4.6% (13/285) MSI-L, and 7.7% (22/285) MSS. The discordance rate between MMR-IHC and PCR-MSI was 12.3% (35/285) (Figure 2A). However, upon reevaluation using the minimal shift criterion, 13 MSI-L cases were reclassified as MSI-H due to the presence of minimal microsatellite shifts, thereby increasing the concordance rate between MMR-IHC and MSI-PCR from 87.7% to 92.3% (Figure 2B). Notably, the highest discordance rate between MMR-IHC and MSI-PCR was observed in cases with isolated loss of MSH6, remaining at 38.5% even after incorporating the minimal shift interpretation criteria.

PCR-MSI results revealed a significant reduction in the mean number of the microsatellite repeats across the five loci in the group with isolated MSH6 loss compared to the group with isolated PMS2 loss (p<0.001, Figures 4A–E). Among the combined loss groups, all exhibited more than three microsatellite repeats, except for the MLH1/PMS2 combined loss group, which demonstrated an average repeat count of fewer than three nucleotides at the BAT25 locus. Moreover, the mean number of microsatellite instability loci was significantly lower in the isolated MSH6 loss group (mean ± SD, 1.8 ± 0.9) compared to other groups (p<0.001, Figure 4F). Additionally, single nucleotide loci were more prone to minimal shifts compared to dinucleotide loci, with the following frequencies observed: BAT26 50.1%, BAT25 58.5%, D5S346 12.2%, D17S250 8.4%, and D2S23 7.0% (Supplementary Table 1).

[image: Six panels (A-F) showing scatter plots and bar graphs of microsatellite shifts across different loci: BAT26, BAT25, D5S346, D17S250, D2S123, and overall microsatellite instability loci. Each panel compares four genetic conditions: MLH1-/PMS2-, MSH2-/MSH6-, MSH6-, and PMS2-. Data points are plotted with error bars indicating mean ± standard deviation.]
Figure 4 | Difference in microsatellite shift between MLH1, PMS2, MSH2 and MSH6 deficiency. (A) Alterations in repeat length in BAT26 locus; (B) Alterations in repeat length in BAT25 locus; (C) Alterations in repeat length in D5S346 locus; (D) Alterations in repeat length in D17S250 locus; (E) Alterations in repeat length in D2S123 locus; (F) The number of microsatellite instability loci in MMR protein deficiency (mean ± SD).

Overall, 81.1% (231/285) of MSI cases associated with dMMR in ECs exhibited minimal microsatellite shifts. Specifically, the frequency of minimal shifts was observed as follows: 62.8% (145/231) in cases with combined loss of MLH1 and PMS2, 16.9% (39/231) in cases with isolated loss of MSH6, 15.6% (36/231) in cases with combined loss of MSH2 and MSH6, and 4.7% (11/231) in cases with isolated loss of PMS2 (Supplementary Table 2). Interestingly, all cases (100%, 39/39) of EC patients with MSH6-deficiency demonstrated minimal shifts, while less than half (47.9%, 11/23) of cases with PMS2-deficiency exhibited this characteristic (Figure 3B). Representative microsatellite profiles for these patterns are shown in Figures 3C, F, where cases with isolated loss of MSH6 (Figure 3A) or PMS2 (Figure 3D) present distinctly different shift patterns. Additionally, nearly 70% of cases with isolated loss of PMS2 exhibited instability at more than three loci (Figure 3E).


Table 2 | Different microsatellite shifts in endometrial caners of discordant cases (N = 22).
	Case code
	Age
	Family history
	MSI loci shift
	Minimal shift (%)
	MMR protein deficiency
	MLH1 methylation
	Germline variations



	1
	58
	No/Unknown
	BAT26, 1bp
	100%
	MLH1-/PMS2-
	Yes
	–


	2
	57
	No/Unknown
	BAT25, 1bp
	100%
	MSH6-
	–
	MSH6, p.S602Kfs*


	3
	58
	No/Unknown
	BAT25, 3bp
	100%
	MSH6-
	–
	MSH6, p.Q1048*


	4
	48
	MU, CRC; ES, EC; PU, LIC
	BAT26, 1bp
	100%
	MSH6-
	–
	MSH6, p.K218Kfs*


	5
	67
	No/Unknown
	BAT25, 2bp
	100%
	MSH6-
	–
	MSH6, p.F1088Lfs*


	6
	66
	No/Unknown
	BAT26, 2bp
	100%
	MLH1-/PMS2-
	NA
	–


	7
	51
	No/Unknown
	BAT26, 2bp
	100%
	MLH1-/PMS2-
	NA
	–


	8
	57
	No/Unknown
	BAT25, 2bp
	100%
	MSH6-
	–
	None


	9
	53
	M, BC
	BAT25, 1bp
	100%
	MLH1-/PMS2-
	Yes
	–


	10
	53
	No/Unknown
	BAT26, 2bp
	100%
	MSH6-
	–
	MSH6, p.K125*


	11
	45
	No/Unknown
	D2S123, 4bp
	0
	MLH1-/PMS2-
	NA
	–


	12
	49
	No/Unknown
	BAT26, 1bp
	100%
	MSH6-
	–
	–


	13
	55
	F, LUC
	BAT25, 2bp
	100%
	MSH6-
	–
	MSH6, R240*


	14
	46
	No/Unknown
	D2S123, 6bp
	0
	MLH1-/PMS2-
	Yes
	–


	15
	48
	ES, EC
	BAT25, 1bp
	100%
	MSH6-
	–
	MSH6, pE288*


	16
	56
	ES, EC
	BAT26, 1bp
	100%
	MSH6-
	–
	MSH6, c.3646 + 1del


	17
	48
	No/Unknown
	BAT25, 1bp
	100%
	MSH6-
	–
	MSH6, p.Q132Vfs*


	18
	56
	No/Unknown
	BAT25, 2bp
	100%
	MSH6-
	–
	MSH6, p.F1088Lfs*


	19
	46
	F, CRC and LYP
	BAT26, 2bp
	100%
	MSH6-
	–
	–


	20
	59
	F, LIC
	BAT25, 1bp
	100%
	MSH6-
	–
	None


	21
	57
	No/Unknown
	BAT26, 2bp
	100%
	MSH6-
	–
	MSH6, p.F1088Lfs*


	22
	58
	M, GC
	BAT25, 1bp
	100%
	MLH1-/PMS2-
	NA
	–





MMR, Mismatch repair; *Loci minimal shift %, minimal shift No./instable loci No.; M, mother; YB, younger brother; ES, elder sister; MU, maternal uncle; PU, paternal uncle; LIC, liver cancer; CRC, colorectal cancer; EC, endometrial cancer; LUC, lung cancer; BC, breast carcinoma; LYP, lymphoma; GC, gastric cancer.; NA, not available.







Correlation between clinicopathological features and minimal microsatellite instability

In this study, 81.1% (231 of 285 cases) of MMR-deficient ECs exhibited minimal microsatellite shifts. We further compared the clinicopathological characteristics between the minimal shift group (minimal shift/major shift >50%) and the large shift group (minimal shift/major shift ≤50%). No significant differences were observed in age, histology, grade, FIGO stage, lymphovascular invasion, or lymph node metastasis (p >0.05; Table 1). However, the expression patterns of MMR proteins differed significantly between the two groups. Specifically, the large shift group demonstrated a higher proportion of isolated PMS2 loss (12% vs. 1%, p <0.001) and a lower proportion of isolated MSH6 loss (4.9% vs. 29.4%, p <0.001) compared to the minimal shift group. As expected, the large shift group showed higher concordance with MMR deficiency (80.4% vs. 98.9% in the minimal shift >50% and minimal shift ≤50% groups, respectively; p <0.001). Conversely, the minimal shift group exhibited a significantly higher rate of discordant cases compared to the large shift group (19.9% vs. 1.1%, p <0.001).





The characteristics of microsatellite patterns in discordant cases

In discordant cases, 8 of the 22 (36.4%) patients had a family history, including CRC, EC, liver cancer, lung cancer, breast carcinoma, lymphoma and gastric cancer. Among these, three-quarters of cases (75%) were presented the isolated loss of MSH6, while the combined loss of MLH1 and PMS2 accounted for 25% (2 out of 8 cases) (Table 2). MLH1 promoter methylation testing was performed on MLH1-deficient cases. Among the 7 cases, 3 were successfully detected and showed MLH1 promoter methylation. A total of 13 of 22 patients were successfully completed further MMR gene germline testing. Among the 13 patients, 11 cases had germline mutations in MSH6, three cases exhibited the same mutation site (MSH6, p.F1088Lfs*). Although both minimal and major microsatellite shifts were observed in a certain proportion of cases with abnormal MMR proteins, discordant cases exhibited a significantly higher frequency (91%, 20 out of 22 cases) of minimal shifts involving mononucleotide loci. Notably, only two cases demonstrated combined loss of MLH1 and PMS2 with large minimal shifts (>3 nucleotides) (Table 2).






Discussion

Here, we evaluated the minimal microsatellite shift in the NCI-recommended microsatellite instability assay for its application in endometrial cancer using PCR-capillary electrophoresis. This evaluation was based on a retrospective analysis of 285 MMR-deficient ECs. Our findings indicate that MMR-deficient ECs exhibit a high frequency of minimal microsatellite shifts. Additionally, distinct patterns of microsatellite shifts were observed among the four MMR protein expressions, with notably different results for isolated losses of MSH6 compared to PMS2.

Detecting MSI status is critical for the management of cancer patients, as it serves as a predictor for Lynch syndrome irrespective of the primary tumor type and also predicts the response to immune checkpoint inhibitors. This is particularly relevant in identifying molecular subtypes of endometrial cancer (2). While current literature has explored the concordance between MMR-IHC and PCR-MSI, many studies suffer from limitations such as small sample sizes and a lack of large population-based analyses for specific cancers (15, 16). A study analyzing 50 MSI-H cases of endometrial carcinoma identified microsatellite shift patterns, revealing that 52% of MSI-H cases exhibited minimal microsatellite shifts, defined as one-to-three nucleotide repeat shifts at the involved loci (13). As the largest gynecological oncology center in Southwest China, we have collected 285 endometrial cancer cases with dMMR and reanalyzed their microsatellite shift patterns using a standardized approach conducted by two molecular pathologists. Our findings confirm that minimal shifts are a prevalent phenomenon, with their frequency correlating with the expression patterns of MMR proteins. In our study, 81.1% of MMR-deficient ECs exhibited minimal microsatellite shifts. Specifically, the frequency of minimal shifts was 62.8% in cases with combined loss of MLH1 and PMS2, 16.9% in cases with isolated loss of MSH6, 15.6% in cases with combined loss of MSH2 and MSH6, and 4.7% in cases with isolated loss of PMS2. These findings are consistent with those reported by Wu et al., who also observed the highest frequency of combined loss of PMS2 and MLH1 (13). However, there were significant variations in the proportions of minimal microsatellite shifts among the four MMR-deficient patterns. Notably, all cases (100%) with isolated loss of MSH6 demonstrated minimal shifts, whereas only 47.9% of cases with isolated loss of PMS2 exhibited this characteristic. Therefore, these results indicate that neglecting minimal shifts may lead to misinterpretation of microsatellite instability in clinical diagnostics.

In prior comparative analyses of MSI in endometrial and colorectal cancers, it was observed that the size of deletions/insertions differed between these two cancer types. Specifically, ECs exhibited microsatellites with shorter alterations or smaller nucleotide shifts compared to CRCs (17–19). Our findings further revealed that MSI-H ECs frequently demonstrated microsatellite sequences with minor shifts. Additionally, isolated loss of MSH6 was associated with a minimal shift pattern, which could potentially be misclassified as MSI-L or MSS tumors. These observations underscore distinct pathogenic mechanisms underlying MSI-H endometrial and colorectal cancers and highlight the critical importance of detecting minimal microsatellite shifts for accurate interpretation. According to the recommendations of the College of American Pathologists (CAP), immunohistochemistry for MMR protein testing is preferred over PCR-MSI or NGS methods for patients with EC being considered for immune checkpoint inhibitor therapy (20). This recommendation is based on the widespread availability of immunohistochemical analysis in most laboratories, its lower cost, and high concordance with molecular testing results. Similarly, the ASCO’s diagnostic guidelines for immunotherapy recommend MMR-IHC, MSI-PCR, and NGS testing for colorectal cancer; MMR-IHC and MSI-PCR testing for other gastrointestinal cancers (including colorectal, gastric, and esophageal cancers); and solely MMR-IHC testing for ECs (3, 15). Considering the differences in sample types (such as curettage or hysterectomy specimens), specimen pre-processing conditions (such as ischemia duration or fixation time), and IHC staining techniques (such as antigen retrieval methods or clone selection), MMR-deficient ECs typically exhibit different combinations of proportion, intensity, and MMR protein expression patterns. Particularly for EC patients with subclonal loss of MMR protein expression, there are still practical challenges in minimizing misjudgment or indeterminate results (21). Therefore, the combined application of MMR-IHC and MSI-PCR is the most sensitive and specific method for identifying dMMR tumors.

Previous studies have indicated ECs exhibiting minimal microsatellite shifts may involve complex underlying mechanisms, including differences in tumor cell biology, the MMR system, and varying stages of tumor progression. Early-stage tumors may undergo less DNA replication and consequently exhibit fewer microsatellite shifts compared to advanced-stage tumors (22). In cases of isolated MSH6 loss, the MSH3 protein can partially compensate for the repair function of MSH6, and the MSH2/MSH3 heterodimer retains a DNA repair capacity that prevents significant DNA accumulation, resulting in a non-MSI-H status. Furthermore, minimal microsatellite shifts were more likely to occur when the proportion of tumor cells in tested samples was less than 30%. PCR-CE using dinucleotide markers (D2S123, D17S250, D5S346) tended to produce more minimal shifts compared to single nucleotide markers (BAT-25, BAT-26, MONO-27) (21). In scenarios with low tumor cell ratios, laser microdissection can be employed to enhance the accuracy of analysis.

There is indeed inconsistency between MMR-IHC and PCR-CE MSI testing, with 1–3% of cases reported in the CRC literature and slightly higher proportions of 3–7% reported in the EC literature (7). MSI analysis has been shown to be more reliable in CRCs than in ECs due to the predominant occurrence of major microsatellite shifts in CRCs. Moreover, the MSI peak shifts depend on the specific MMR gene involved, with hereditary MSH6-deficient CRCs having shorter MSI peak lengths than other MMR-deficient CRCs (23). A previous study demonstrated a high concordance rate of 98.8% between MMR-IHC staining and MSI analysis; however, discordant cases in ECs predominantly exhibited MSH6 deficiency (11). Importantly, non-MSI-H pattern and loss of MSH6 is the most frequently observed discordancy (24). Tumors carrying MSH6 germline mutations are prone to exhibit inconsistent MSI and/or IHC phenotypes compared with other MMR genes, primarily due to partial redundancy of the function of MSH6 and MSH3. Wang et al. (14) found that carriers of germline pathogenic MSH6 variants are more likely to develop EC at an older age, and that the non-MSI-H phenotype with minimal microsatellite shifts was frequently observed only when MSH6 protein loss. Therefore, this atypical MSI pattern is often overlooked, potentially increasing the risk of LS misdiagnosis. In our study, among the discordant cases, isolated MSH6 loss accounted for 68.2% (15 of 22 cases), with an average absolute shift of one to two nucleotide repeats (minimal shift). Thirteen patients successfully completed further MMR gene germline mutation testing, with 11 cases showing germline mutations in the MSH6 gene, including 3 cases showing the same mutation site (MSH6, p.F1088Lfs*). Truncation mutations can introduce premature stop codons, resulting in a truncated C-terminal form of the protein. The complete or partial loss of this domain leads to the loss of ATPase activity, thereby impairing DNA binding and mismatch repair functions (3). Even so, PCR-MSI detection methods cannot truly identify the MSI pattern of MSH6 germline mutations, especially at the 2B/3D panel. So, the five loci recommended by the NCI may not provide the most sensitive amplicons for PCR-based MSI assays. Recent studies have advocated that the Pentaplex panel or Promega panel could enhance detection sensitivity in ECs using PCR-MSI assay (21, 25). Currently, assessing MSI pattern in EC may be more challenging because microsatellite shifts are more subtle. Therefore, Bethesda (2B/3D panel) and Promega (mononucleotide panel) testing results required professionally trained molecular geneticists to overcome interpretation complexities caused by minimal shifts in microsatellite repeat length.

Collectively, these findings indicate that MMR-IHC and PCR-MSI based techniques are not as equivalent as previously assumed. Even a relatively high concordance rate might not suffice for routine clinical diagnostics. Factors contributing to these discrepancies include technical and pre-analytical variables such as tissue ischemia-hypoxia time and inadequate fixation. Notably, current research highlights that tumors in MSH6 variant carriers exhibit a higher propensity for discordant MSI and/or MMR phenotypes compared to those associated with other MMR genes (26, 27). Pathologists and clinicians should be aware that germline MSH6 variant carriers often present with minimal shift patterns and recognize that discordant cases (isolated loss of MSH6 without MSI-H) represent an essential step in the genetic diagnosis of Lynch syndrome. Additionally, the MSS/MSI-L with MMR-deficient phenotype, potentially caused by hypermethylation of the MLH1 promoter or somatic MMR gene mutations (11), warrants attention. Interestingly, we performed MLH1 promoter methylation testing on discordant MSI and/or IHC phenotypes with MLH1 deficiency and successfully detected MLH1 promoter methylation in three cases. Conversely, isolated loss of PMS2 expression is considered a rare phenotype in colorectal cancers, accounting for approximately 4% of MSI-positive tumors in Western populations and 7.9% in southern China (28, 29). Further investigation into the clinical characteristics and underlying causes of this high proportion of isolated PMS2 loss would be valuable. Importantly, isolated loss of PMS2 staining is not exclusively indicative of germline PMS2 mutations; some patients with this phenotype harbor germline mutations or promoter hypermethylation in MLH1 rather than PMS2, as germline point mutation.

Remarkably, our findings indicate that isolated PMS2 loss is predominantly associated with large microsatellite shifts, where over 80% of unstable loci exhibit shifts greater than three, encompassing both mononucleotide and dinucleotide repeats. However, whether this microsatellite shift pattern can serve as a reliable indicator for isolated PMS2 loss or PMS2-associated Lynch syndrome requires further investigation. Minimal microsatellite shifts may be easily overlooked or misdiagnosed as false-negative microsatellite stability results using PCR capillary electrophoresis in EC patients. This issue can be effectively addressed through the integration of MMR-IHC and PCR-MSI testing strategies. Furthermore, in EC cases with MSI-H, no significant differences were observed in clinicopathological features between minimal and large shift patterns. Nevertheless, the shifting patterns could potentially reflect the subtype specificity of MMR-deficient, such as distinguishing MSH6 from PMS2. The correlation between microsatellite shift patterns and the tumor microenvironment or treatment response warrants further exploration in future studies by leveraging multi-omics data. In particular, the clinical and pathological characteristics of patients with microsatellite minimal shift tumors merit in-depth investigation, including whether their immune microenvironment is similar to that of major shift tumors, as well as differences in immunotherapy and prognosis. Additionally, to fully realize clinical potential, automated tools must be developed to calculate MSI peak shift lengths from PCR-based fragment length data, thereby eliminating subjective influences caused by variations in manual counting.





Conclusion

MMR-deficient ECs exhibit a higher frequency of minimal microsatellite shifts in cases of isolated loss of MSH6, which differs from the large microsatellite shifts associated with isolated loss of PMS2. Additionally, MMR-deficient ECs show a higher incidence of isolated loss of MSH6. Diagnostically, PCR-based MSI assays demonstrate reduced sensitivity in cases of isolated MSH6 loss, and minimal microsatellite shifts may represent a potential diagnostic pitfall in assessing microsatellite instability in ECs. Minimal shifts are also the primary cause of inconsistent results between MMR-IHC and MSI-PCR assays. Therefore, interpretation should account for minor microsatellite shifts, and complementary combined detection using both MMR-IHC and MSI-PCR represents the most sensitive and specific approach for identifying MMR-deficient tumors.
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Lymphatic metastasis 0.799
No/Unknown 251 (88.1%) 91 (89.2%) 160 (87.4%)
Yes 34 (11.9%) 11 (10.8%) 23 (12.6%)
MMR protein <0.001
MLH1-/PMS2- 169 (59.3%) 60 (58.8%) 109 (59.6%)
MSH2-/MSH6- 53 (18.9%) 11 (10.8%) 43 (23.5%)
MSH6- 39 (13.7%) 30 (29.4%) 9 (4.9%)
PMS2- 23 (8.1%) 1 (1.0%) 22 (12.0%)
Consistency of MMR/MSI ‘ <0.001
Discordant (dAMMR/MSI-L) 22 (7.7%) 20 (19.6%) 2 (11%)
Concordant (AMMR/MSI-H) 263 (92.3%) 82 (80.4%) 181 (98.9%)

LVSI, Lymph-vascular space invasion; MMR, Mismatch repair; dMMR, deficient MMR; MSI-L, Microsatellite instability low; MSI-H, Microsatellite instability high.





