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Abstract: Background: Colorectal cancer (CRC) is one of the most common and life-threatening intestinal tumors 
throughout the world. Its incidence and mortality have been going up in recent decades, and more accurate and 
personalized treatment for CRC are also being developed continuously. Early screening, molecular typing, and risk 
grouping have become critical for improving patient survival by using sensitive and special biological markers. 
Methods: We analyzed the expression of four mismatch repair (MMR) genes, namely MutL homolog 1 (MLH1), MutS 
homolog 2 (MSH2), MutS homolog 6 (MSH6), and PMS1 homolog 2 (PMS2), in CRC and normal tissues using the 
Tumor, Normal and Metastatic (TNM plot) database. We used the Kaplan-Meier analysis for prognosis, and related 
pathways were annotated by the Kyoto Encyclopedia of Genes and Genomes. We conducted a retrospective study 
with 115 CRC patients, who were divided into microsatellite stable (MSS) and microsatellite instability (MSI) groups 
by immunohistochemistry (IHC). The diagnostic value of MMR markers was assessed through receiver operating 
characteristic (ROC) curve analysis. Results: Online data showed that MMR genes were more highly expressed 
in CRC than in the normal group (P<0.05). Low expression of these genes was linked to shorter recurrence free 
survival (RFS, P<0.05), and the related signaling pathways also exert an impact on cell cycle regulation. In clinical 
samples, loss of MLH1 expression was found in female patients, those aged ≥60 years and lymph node-negative 
cases (P<0.05). MSI-positive tumors were mostly located in the right-sided colon (P<0.05). The combined model of 
MSH6 and PMS2 had the highest area under the curve (AUC) of 0.981 (95% confidence interval (CI): 0.936-0.997, 
P<0.001). Conclusion: Combined detection of MSH6 and PMS2 serves as a reliable biomarker for determining the 
microsatellite status in CRC. This study provides a basis for the precise diagnosis and targeted therapy of CRC.
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Introduction

Colorectal cancer (CRC) is the third most diag-
nosed cancer in the world [1]. Recent studies 
from the United States show that CRC is in- 
creasingly seen in younger people, and more 
patients are diagnosed at advanced stages [2]. 
CRC still represents the second leading cause 
of cancer-related deaths worldwide and in the 
United States [3]. Thus, it remains a major glob-
al health problem. Consequently, molecular 
classification has become increasingly impor-
tant for the targeted therapy of CRC. Patient 
grouping based on deficient mismatch repair 
(dMMR) or high microsatellite instability (MSI-
H) status has important clinical value [4].

The deoxyribonucleic acid (DNA) mismatch 
repair (MMR) system consists of two key pro-
tein complexes, including MutS (MSH2, MSH4, 
MSH5, and MSH6), and the MutL (MLH1, MLH3, 
PMS1, and PMS2); these complexes can find 
base pair mismatches and bring downstream 
repair proteins to the position of DNA damage 
[5, 6]. The dimerization of MLH1 and PMS2  
can change the structure of the MutL complex, 
and this change is needed to activate its endo-
nuclease activity [7, 8]. Complete MMR func-
tion keeps the accuracy of DNA replication, and 
damage to this system will cause genomic 
instability and more gene mutations [9, 10].

Tumors with dMMR or MSI-H usually have high 
tumor mutation burden, many tumor-infiltrating 
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lymphocytes, and related gene changes, so 
they can respond well to immune checkpoint 
inhibitor treatment. On the contrary, most 
patients with pMMR or MSS have low tumor 
mutation burden and little T-cell infiltration, and 
they are not sensitive to or may even be resis-
tant to immune checkpoint inhibitor therapy 
[11, 12]. 

Testing MMR and MSI status is of great impor-
tance to diagnosis, treatment choice and prog-
nosis evaluation of CRC and other tumors [13], 
biomarkers related to MMR have been used in 
many kinds of cancers, such as gastric cancer, 
esophageal cancer [14], endometrial carcino-
ma [15], salivary gland tumors [16], sarcomas 
in Lynch syndrome (LS) patients [17], CRC [18], 
and castration-resistant prostate cancer [19]. 
Based on these previous studies, our study 
aimed to clarify the clinical value of microsatel-
lite stability and optimize MMR-based testing 
methods for more accurate CRC diagnosis.

Materials and methods

Clinical samples 

We carried out this retrospective single-center 
study at Tianjin Nankai Hospital, China, wirh 
115 patients who received surgical treatment 
for CRC from July 2023 to May 2025. There 
were 23 cases of rectal cancer, 40 cases of 
left-sided colon cancer and 52 cases of right-
sided colon cancer in this study (Figure 1). The 
study used archived formalin-fixed paraffin-

underwent surgical resection and paraffin-em- 
bedded pathological examination; (2) Patients 
with complete clinical and pathological records. 
Exclusion criteria: (1) Patients with metastatic 
CRC or metastatic tumors from other organs; 
(2) Patients with uncertain pathological diagno-
ses or extremely low tumor cellularity in speci-
mens; (3) Patients who had received preopera-
tive radiotherapy, chemotherapy, immunother- 
apy, or other anti-tumor treatments.

Hematoxylin-eosin (H&E) and immunohisto-
chemistry (IHC) technique

All 115 patients with difficult-to-evaluate CRC 
were retrospectively surveyed with H&E exami-
nation. Tissue sections 4-6 μm thick from FFPE 
were prepared for IHC, and these sections were 
processed with the streptavidin-peroxidase me- 
thod. Antibodies against MLH1, MSH2, MSH6, 
and PMS2 (MXB Biotechnologies, China) were 
applied according to the manufacturers’ proto-
cols, and the suitable positive and negative 
controls were included in each experiment 
(Phosphate-Buffered Saline (PBS), Ethylene- 
diaminetetraacetic acid (EDTA), Hematoxylin, 
3,3’-Diaminobenzidine (DAB), Ventana Medical 
Systems, Inc., the United States of America).

Computational expression data and signaling 
pathway

RNA-sequencing data was used to characterize 
the expression of target genes in normal and 
cancer tissues across various tumor types. 

Figure 1. Flow chart illustrating the experimental design of this study. 
Notes: CRC, Colorectal cancer; MSS, microsatellite stable; MSI, microsat-
ellite instability; MLH1, MutL homolog 1; MSH2, MutS homolog 2; MSH6, 
MutS homolog 6; PMS2, PMS1 homolog 2; H&E, Hematoxylin-eosin; IHC, 
immunohistochemistry; TNM plot, Tumor, Normal, and Metastatic tissues 
plot; KEGG, Kyoto Encyclopedia of Genes and Genomes.

embedded (FFPE) samples  
and collected clinicopathologi-
cal information. This study  
was approved by the Ethics 
Committee of Tianjin Nankai 
Hospital (approval number: 
NKYY_YXKT_IRB_2025_132_ 
01).

In this study, patients’ ages 
ranged from 32 to 91 years, 
with a mean age of 68.71± 
12.00 years. The cohort includ-
ed 62 males and 53 females. 
All 115 cases were histologi-
cally classified according to  
the World Health Organization 
(WHO) [20].

Inclusion criteria: (1) Patients 
admitted for the first time who 
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Pan-cancer box plots were used the Tumor, 
Normal, and Metastatic tissues (TNM) online 
tool, which were matched with clinical data  
of colon cancer samples retrieved from the 
Kaplan-Meier plotter database. Meanwhile, 
these data were used to investigate the rela-
tionships among the expression of MLH1, 
MSH2, MSH6 and PMS2. Additionally, we ana-
lyzed overall survival (OS, 1061 CRC samples) 
and recurrence-free survival (RFS, 1336 CRC 
samples) of patients. Finally, the Kyoto Ency- 
clopedia of Genes and Genomes (KEGG) data-
base was utilized to determine the correlations 
between these four genes and various signal-
ing pathways.

Statistical analysis

Data were presented as ranges, means ± stan-
dard deviations, medians, absolute counts (n), 
and relative counts (%). All these data analyses 
were performed using Microsoft Excel. The 
Kruskal-Wallis (KW) test for TNM plot: differen-
tial gene expression analysis across pan-tumor, 
normal, and metastatic tissues. The chi-square 
test was applied to analyze the association 
between categorical variables. Correlation an- 
alysis was performed using the Pearson corre-
lation test, and these analyses were performed 

using SPSS 22.0 software. Survival analyses 
for OS and RFS were executed using log-rank 
test (Kaplan-Meier plotter from a public data-
base). The receiver operating characteristic 
(ROC) curve, generated using MedCalc soft-
ware (version 23.2.1, MedCalc Software Ltd., 
Ostend, Belgium), was applied to determine the 
optimal cut-off value of variables, with the area 
under the curve (AUC) indicating predictive per-
formance. Statistical significance was estab-
lished at P<0.05.

Results

Differential expression of four MMR genes in 
tumor and normal tissues

TNM plot pan-cancer database was analyzed 
and compared to the expression patterns of 
four key MMR genes- MLH1, MSH2, MSH6, and 
PMS2- between CRC and adjacent normal 
colorectal tissues. The results demonstrated 
that the expression levels of all four MMR genes 
were notably elevated in CRC tissues compared 
with normal controls, and the differences were 
statistically significant (P<0.05; Figure 2A-D).

Survival analysis of four MMR genes in CRC

To evaluate the prognostic value of four MMR 
genes in CRC, Kaplan-Meier survival analysis 

Figure 2. Differential gene expression analysis across pan-tumor, normal, and metastatic (TNM plot) tissues. A-D. 
Using gene array data, the combined expression of MLH1, MSH2, MSH6, and PMS2 was higher in colon tumor tis-
sues across all the clinical stages relative to normal tissues (Kruskal-Wallis (KW) test, all P<0.001).
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was performed. Based on median RNA expres-
sion levels of each target gene, CRC patients 
were categorized into two subgroups: the high- 
and low-expression group. The findings indicat-
ed that CRC patients with higher MLH1 expres-
sion had significantly higher RFS (P=0.0024; 
Figure 3A1, 3A2), while OS (P=0.24) had no 
significant difference. Similarly, patients with 
higher MSH2 expression had significantly high-
er RFS (P<0.001; Figure 3B1, 3B2), while OS 
(P=0.17) had no significance. Additionally, pa- 
tients with higher MSH6 expression had signifi-
cantly higher RFS (P<0.001; Figure 3C1, 3C2), 
while OS (P=0.12) had no significant difference. 
Finally, patients with higher PMS2 expression 
had significantly higher RFS (P=0.0017; Figure 
3D1, 3D2), while OS (P=0.12) had no signifi-
cant difference.

Pathway enrichment analysis of four MMR 
genes and proteins

KEGG pathway analysis revealed that four MMR 
genes were significantly enriched in the mis-
match repair pathway. This pathway is respon-
sible for detecting DNA replication errors, re- 
cruiting repair proteins, maintaining genomic 
stability, and regulating cell cycle progression 
and apoptosis (Figure 4A). Functional, MMR 
proteins suppress CRC development by pre-
serving genome integrity; defects such as 
mutations or epigenetic silencing promote MSI 
and drive carcinogenesis, particularly in Lynch 
syndrome (LS) associated CRC (Figure 4B).

Differences in microsatellite stability and clini-
copathological features in CRC 

IHC examination results demonstrated that 
MMR-positive protein expression manifested 
as yellowish-brown granular staining localized 
in the cytoplasm and cell membrane of tumor 
cells (Figure 5). Subgroup analyses were per-
formed according to clinical pathological para- 
meters, including gender, age, lymph node sta-
tus, pTNM stage, tumor grade, and size. The 
results indicated that there were no significant 
differences in MMR protein expression among 
these subgroups (all P>0.05). Notably, a signifi-
cant difference in tumor location was observed 
between the MSI and MSS (P<0.05; Table 1). 

Pathological features of MSI CRC and correla-
tion analysis 

Stratification analysis revealed that loss-MLH1 
was closely associated with gender, age, and 

lymph node status in MSI tumors, with all differ-
ences reaching statistical significance (all P< 
0.05; Table 2). Notably, significant correlations 
were found among most pair-wise combina-
tions of MMR proteins, except for the combina-
tion of MLH1 and MSH2, which had no signifi-
cant difference (P>0.05; Table 3). 

ROC curve analysis of four MMR proteins and 
their combinations

The diagnostic efficiency of single MMR indica-
tors was assessed via ROC analysis. The AUC of 
MLH1 was 0.808 (95% CI: 0.724-0.875); MSH2 
was 0.538 (95% CI: 0.443-0.632); MSH6 was 
0.558 (95% CI: 0.462-0.650); and PMS2 was 
0.923 (95% CI: 0.858-0.965). Each of these 
molecules possessed certain predicative po- 
tency for CRC. In the combined detection mod-
els of dual proteins, the combination of MSH6 
and PMS2 presented the best diagnostic per-
formance, with an AUC of 0.981 (95% CI: 0.936-
0.997) and an optimal cutoff value of 0.9615. 
The combination of MSH2 and PMS2 showed 
an AUC of 0.962 (95% CI: 0.908-0.989, cutoff: 
0.9231), while the MLH1 and PMS2 yielded an 
AUC of 0.942 (95% CI: 0.883-0.977, cutoff: 
0.8846). Moreover, the paired (MLH1 and 
MSH6) and (MLH1 and MSH2) exhibited moder-
ate diagnostic capacity, with respective AUC 
values of 0.865 and 0.846. By contrast, the 
MSH2 and MSH6 combination produced the 
poorest predictive effect, with an AUC of only 
0.558 and a cutoff value of 0.1154 (Figure 6; 
Table 4).

Discussion

Colorectal cancer (CRC) remains a common 
malignant tumor found around the world, and 
epidemiological predictions show that the year-
ly number of new CRC cases will rise to 3.2 mil-
lion by the year 2040 [21]. CRC is projected to 
rank third in cancer incidence and second in 
cancer-associated mortality worldwide [22]. In 
the present study consisting of 115 CRC par-
ticipants, the MSI subtype occupied 22.6% of 
all cases (26/115). We analyzed stage III-IV 
patients, and found that 92.3% of MSI tu- 
mors (24/26) were higher than 91.0% of MSS 
(81/89), these results are in line with the com-
mon situation that most colorectal cancer pa- 
tients are diagnosed at a late stage [2], and 
they also suggest that MSI-type CRC may show 
stronger malignant development features. The- 
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Figure 3. Survival analysis of MLH1, MSH2, MSH6, and PMS2 expression in colon cancer. Survival analysis of MLH1 in colon cancer indicated that patients with 
higher MLH1 expression had favorable overall survival (OS) and significantly improved recurrence free survival (RFS), though the difference in OS did not reach 
statistical (OS: P=0.24, A1; RFS: P=0.0024, A2). Survival analysis of MSH2 in colon cancer indicated that higher MSH2 expression was associated with significantly 
better RFS (P<0.001, B2), whereas it tended to correlate with poorer OS, with no statistical significance (P=0.17, B1). Survival analysis of MSH6 in colon cancer 
indicated that patients with higher MSH6 expression had numerically better OS and significantly enhanced RFS, though the OS difference was not statistically 
significant (OS: P=0.12, C1; RFS: P<0.001, C2). Survival analysis of PMS2 in colon cancer indicated that patients with higher PMS2 expression were linked to sig-
nificantly improved RFS (P=0.0017, D2), while it showed a trend toward worse OS without statistical significance (P=0.12, D1).
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Figure 4. Target genes of MLH1, MSH2, MSH6, and PMS2 in the Mismatch repair pathway (A) and colorectal cancer signaling pathway (B).
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refore, we need to carry out more deep research 
on the internal molecular control mechanisms.

Genome instability, especially chromosomal 
instability (CIN), is a key characteristic of color- 
ectal cancer. DNA damage and impaired DNA 
repair signaling are recognized as major endog-
enous factors driving tumor progression [23]. 
Genes involved in DNA repair and genome sta-
bility are key contributors to hereditary tumor 
syndromes [24], and modern oncology research 
increasingly focuses on DNA repair defects as 
actionable therapeutic targets [25]. KEGG an- 
alysis showed that the four MMR genes were 
mainly concentrated in the mismatch repair 
pathway. This pathway is used to recognize 
DNA replication errors, recruit related proteins, 
repair DNA, regulate the cell cycle and modu-

late cell apoptosis. Normal MMR proteins can 
inhibit the development of CRC. In contrast, 
gene changes or silent states may cause MSI 
and enhance tumorigenesis, especially in LS- 
related CRC [26]. These results can prove that 
MMR defects lead to gene instability by affect-
ing many biological processes, at the same 
time, damaged MMR function may also weaken 
the homologous recombination repair process. 
Meanwhile, MMR functional defects may impair 
the homologous recombination repair process. 
This provides a promising molecular target for 
developing combined therapeutic strategies 
targeting the DNA repair system.

DNA repair pathways usually function in a mu- 
tually exclusive fashion, a feature that exerts 
considerable impact on the design of genetic 

Figure 5. Expression of MMR proteins in tumor tissues of CRC patients. A. Positive expression of MLH1, MSH2, 
MSH6, and PMS2 in CRC tissues. B. Positive expression of MLH1, MSH2, and PMS2, with negative expression of 
MSH6 in CRC tissues. C. Positive expression of MLH1, MSH2, and MSH6, with negative expression of PMS2 in CRC 
tissues. D. Positive expression of MLH1, and PMS2, with negative expression of MSH2 and MSH6 in CRC tissues. E. 
Positive expression of MSH2 and MSH6, with negative expression of MLH1 and PMS2 in CRC tissues (All scale bars 
= 40 μm, HE staining, ×400 magnification; IHC staining, ×400 magnification).

Table 1. Association between microsatellite stability status differences and clinicopathological fea-
tures in CRC 
Items MSS (n=89) MSI (n=26) χ2 p-value
Gender 0 3.228 0.072
    Male 52 10
    Female 37 16
Age (years) 0.338 0.561
    <60 16 6
    ≥60 73 20
Lymph node 0.424 0.515
    Positive 31 7
    Negative 58 19
pTNM stage 0.043 0.836
    I-II 8 2
    III-IV 81 24
Tumor differentiation grade 0.904 0.342
    Poorly differentiated 3 2
    Moderately to well differentiated 86 24
Tumor location 14.188 <0.001
    Rectum 22 1
    Left-sided colon 35 5
    Right-sided colon 32 20
Tumor size (cm) 1.270 0.260
    <3.5 10 1
    ≥3.5 79 25
Notes: CRC, Colorectal cancer; MSS, microsatellite stable; MSI, microsatellite instability.
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Table 2. Association between MSI related gene expression and clinicopathological features in CRC

Items
MLH1

χ2 p-value
MSH2

χ2 p-value
MSH6

χ2 p-value
PMS2

χ2 p-value
(+) (-) (+) (-) (+) (-) (+) (-)

Gender 6.289 0.009 0.122 0.727 0.038 0.846 0.038 0.846
    Male 7 3 9 1 9 1 9 1
    Female 3 13 15 1 14 2 14 2
Age (years) 6.635 0.010 0.885 0.347 3.363 0.057 3.363 0.057
    <60 5 1 5 1 4 2 2 4
    ≥60 5 15 19 1 19 1 1 19
Lymph node 4.398 0.036 0.798 0.372 1.249 0.264 1.249 0.264
    Positive 5 2 7 0 7 0 0 7
    Negative 5 14 17 2 16 3 3 16
pTNM stage 1.354 0.245 0.181 0.671 0.283 0.595 0.283 0.595
    I-II 0 2 2 0 2 0 0 2
    III-IV 10 14 22 2 21 3 3 21
Tumor differentiation grade 0.038 0.846 3.140 0.076 1.578 0.209 1.578 0.209
    Poorly differentiated 1 2 2 1 2 1 1 2
    Moderately to well differentiated 9 14 22 1 21 2 2 21
Tumor location 1.706 0.426 0.650 0.723 1.017 0.601 1.017 0.601
    Rectum 1 0 1 0 1 0 0 1
    Left-sided colon 2 3 5 0 5 0 0 5
    Right-sided colon 7 13 18 2 17 3 3 17
Tumor size (cm) 0.650 0.420 0.087 0.768 0.136 0.713 0.136 0.713
    <3.5 0 1 1 0 1 0 0 1
    ≥3.5 10 15 23 2 22 3 3 22
Notes: MLH1, MutL homolog 1; MSH2, MutS homolog 2; MSH6, MutS homolog 6; PMS2, PMS1 homolog 2.
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screening approaches and the stratification of 
therapeutic regimens [27]. For instance, hered-
itary breast, ovarian, pancreatic, and prostate 
cancers are linked to homologous recombina-
tion deficiency (HRD) and have long been cate-
gorized as “HRD-associated cancers” [28]. On 
the other hand, hereditary CRC and endometri-
al cancers are distinguished by MSI, which aris-
es from defects in the MMR system, and they 
display a unique mutational profile [28, 29]. Our 
clinical data further explain these different fea-
tures. Among the 115 CRC patients enrolled in 
this research, MSI tumors were located in the 
right-sided colon, accounting for 76.9% (20/26), 
which was higher than 19.2% (5/26) in the left-
sided colon. On the other hand, MSS tumors 
tended to occur in the left colon, with a propor-
tion of 39.3% (35/89). This result is consistent 
with the well-established observation that 
“MSI-positive CRCs are mostly originated from 
the right-sided colon” [30, 31], and it further 
strengthens the clinical rationale that “tumor 

polymerase, strand recombination events, and 
DNA damage induced by chemical or physical 
agents [35]. MMR genes are designated based 
on their bacterial counterparts, which include 
MutS homologs (MSH2, MSH3, MSH4, MSH5, 
MSH6) and MutL homologs (MLH1, MLH3, 
PMS1, PMS2) [36]. Our IHC results were consis-
tent with the known molecular interactions am- 
ong MMR proteins. The simultaneous loss of 
MLH1 and PMS2 was the most common pat-
tern, accounting for 61.5% (16/26) of cases, 
followed by the isolated PMS2 loss at 26.9% 
(7/26). In contrast, the combined loss of MSH2 
and MSH6 (7.7%, 2/26) and isolated MSH6 
loss (3.9%, 1/26) were relatively rare. This ex- 
pression profile aligns with the well-established 
biological requirement that MLH1 must form a 
dimer with PMS2 to fulfill its functional role 
[37]. Mutations in the MLH1 gene impair the 
stability of PMS2, resulting in the concurrent 
downregulation of both proteins [38, 39]. These 
observations further confirm the functional 

Table 3. Correlation analysis of MLH1, MSH2, MSH6, and PMS2 in MSI CRC
Correlation pair r SE 95% CI p-value Statistical significance
MLH1 vs MSH2 -0.365 0.113 [-0.640, -0.200] 0.067 -
MLH1 vs MSH6 -0.457* 0.129 [-0.732, -0.228] 0.019 *
MLH1 vs PMS2 0.457* 0.129 [0.228, 0.732] 0.019 *
MSH2 vs MSH6 0.799** 0.158 [0.527, 1.000] 0.000 **
MSH2 vs PMS2 -0.799** 0.158 [-1.000, -0.527] 0.000 **
MSH6 vs PMS2 -1.000** 0.000 [-1.000, -1.000] 0.000 **
Notes: CI, 95% confidence interval; SE, standard error; vs, versus (Pearson, *P<0.05; **P<0.01).

Figure 6. Receiver operating characteristics (ROC) curves for MLH1, MSH2, 
MSH6, PMS2, and their combination in CRC. A. ROC curves for MLH1, 
MSH2, MSH6, PMS2. B. Predictive performance of different combined 
models of MLH1, MSH2, MSH6, PMS2 in CRC. Notes: Among patients with 
colorectal cancer (as shown in Table 4), the MSH6 and PMS2 combination 
showed the highest predictive accuracy, followed by MSH2 and PMS2, and 
MLH1 and PMS2 (all P<0.001). The MSH2 and MSH6 model demonstrated 
no significant predictive value (P=0.394).

location can act as a preli- 
minary screening indicator for 
MSI status” [32, 33]. In clinical 
practice, this finding provides 
support for optimizing the CRC 
screening workflow, specifically 
advocating for the strategy of 
“initial location-based assess-
ment followed by subtype-spe-
cific stratification” [34].

The DNA mismatch repair 
(MMR) system is an evolution-
arily conserved cellular mecha-
nism responsible for rectifying 
replication-related errors, the- 
reby preserving genomic integ-
rity [35]. Mismatch formation 
can be triggered by multiple 
factors, such as incorrect nu- 
cleotide incorporation by DNA 
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cooperation among MMR proteins, and this 
cooperation is of great significance for clinical 
diagnostic practices.

We confirmed that MMR proteins form het-
erodimeric complexes, which can identify mis-
matched bases, respond to small insertions 
and deletions in genes, and assist in repairing 
such gene structural abnormalities. Deficiency 
in MMR function can be caused by multiple 
pathways: acquired somatic mutations in MMR 
genes often lead to gene inactivation, among 
which hypermethylation of the MLH1 promoter-
resulting in transcriptional silencing of the 
MLH1 gene-is the most common mechanism 
[40, 41]. Germline mutations in MMR genes 
also contribute substantially to MMR deficiency 
(dMMR). Pathogenic germline variants in MLH1, 
MSH2, MSH6, PMS2, or 3’-end deletions of the 
EPCAM gene, which induce hypermethylation of 
the MSH2 promoter, are well-recognized key 
etiological factors in hereditary CRC and LS 
[41]. We analyzed the clinical characteristics 
and further clarified the associations with MMR 
protein expression. Specifically, MLH1 protein 
loss was more common in patients aged ≥60 
years (57.7%, 15/26) than in those younger 
than 60 years (3.9%, 1/26; P=0.01). Addi- 
tionally, MLH1 loss occurred more frequently in 
cases without lymph node metastasis (53.8%, 
14/26) than in those with lymph node metasta-
sis (7.7%, 2/26; P=0.036). These trends indi-
cate that MLH1 loss is related to age-related 
risks, which may be attributed to the accumula-
tion of epigenetic changes such as MLH1 meth-
ylation, and it is also linked to a lower meta-
static potential. MLH1 loss may serve as a 
potential marker for prognostic stratification, 
though further validation with survival data is 
required. Notably, while MLH1 hypermethyl-
ation is generally associated with sporadic CRC 

[42], it has been documented in rare cases of 
LS. Specifically, germline MLH1 mutations in LS 
most commonly result in the concurrent loss of 
MLH1 and PMS2, followed by the loss of MSH2 
and MSH6 driven by germline MSH2 mutations 
[43].

In clinical practice, the combined detection 
models (including MSH6 and PMS2, MSH2 and 
PMS2, MLH1 and PMS2) exhibit high predictive 
efficacy, which provides important biological 
markers for judging tumor biological behaviors 
and guiding clinical decisions. Among these 
models, the MSH6 and PMS2 combined model 
has the highest predictive accuracy, making it 
the optimal combined detection strategy in clin-
ical practice to improve the accuracy of predic-
tive evaluation. The superior predictive effect of 
the MSH6 and PMS2 combined model may be 
associated with the mutual cooperation be- 
tween these two proteins in the MMR pathway: 
MSH6 can accurately identify DNA mismatch-
es, while PMS2 assist in smoothly completing 
the DNA repair process; the combined detec-
tion of both proteins can fully reflect the func-
tional state of the MMR system. The high AUC 
values of the MSH2 and PMS2, MLH1 and 
PMS2 combined models also confirm that 
PMS2 serves as a core component of the 
MutLα complex, which maintains MMR func-
tion; combined detection with other MMR pro-
teins can greatly improve the predictive accu-
racy. In addition, the optimal cut-off values of 
each combined model calculated in this study 
(ranging from 0.1154 to 0.9615) can serve as a 
reliable reference for clinical judgment of posi-
tive and negative results. This finding validates 
the clinical significance of the notion that “com-
bined detection of multiple MMR proteins im- 
proves the accuracy of MSI status determina-
tion” [44], providing quantitative evidence to 

Table 4. Receiver operating characteristics (ROC) curves for predictive performance of different com-
bined models of MLH1, MSH2, MSH6, PMS2 in CRC
Variables AUC SE 95% CI Cut-off Value p-value
MLH1 and MSH6 0.865 0.0533 0.789-0.922 0.7308 <0.001
MLH1 and PMS2 0.942 0.0370 0.883-0.977 0.8846 <0.001
MLH1 and MSH2 0.846 0.0561 0.767-0.907 0.6923 <0.001
MSH2 and MSH6 0.558 0.0677 0.462-0.650 0.1154 0.394
MSH2 and PMS2 0.962 0.0307 0.908-0.989 0.9231 <0.001
MSH6 and PMS2 0.981 0.0220 0.936-0.997 0.9615 <0.001
Notes: AUC, area under the curve. Compared with individual markers (Figure 6A), paired combinations (Figure 6B) improved 
diagnostic accuracy, with the MSH6/PMS2 combination performing best.
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optimize MMR testing protocols for accurate 
CRC. This is especially important in clinical 
work, where we need to distinguish between 
sporadic and hereditary CRC; this step is cru-
cial for formulating personalized treatment.

Conclusion

Our study confirmed that MSI testing and MMR 
protein expression are closely associated with 
the clinical study of CRC. These detection bio-
markers can effectively distinguish tumor char-
acteristics and assist clinicians in assessing 
disease progression and patient prognosis. By 
investigating the molecular interactions be- 
tween PMS2 with MSH6 and MSH2, we can 
enrich basic research data and promote the 
popularization and standardization of com-
bined MMR protein detection in clinical prac-
tice. Meanwhile, our research has obvious de- 
ficiencies: all patients and samples were col-
lected from a single hospital, leading to a limit-
ed sample scope. Further multi-center studies 
with a larger number of cases are needed to 
prove whether our results can be suitable for a 
wider clinical setting.
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