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Kratak sadr`aj

Uvod:Uvod: Status popravke neuskla|enosti (MMR) se rutinski 
procenjuje kod kolorektalnog karcinoma (CRC), ali labora-
torijska vrednost kombinovanja vi{e MMR ciljeva na razli~i-
tim platformama za stratifikaciju rizika zahteva verifikaci-
ju u realnim uslovima testiranja. Ova studija je procenila 
MutL Homolog 1 (MLH1), MutS Homolog 2 (MSH2) 
i MutS Homolog 2 (MSH6) koriste}i imunohistohemiju 
(IHC) i RT-qPCR u resekcijskim uzorcima i kvantifikovala 
dodatnu vrednost kombinovane procene za stratifikovanje 
invazije tumora i statusa limfnih ~vorova.
Metode:Metode: FFPE tumorsko tkivo i upareno susedno netumorsko 
tkivo prikupljeni su od pacijenata koji su podvrgnuti radikalnoj 
resekciji (april 2024–jun 2025). IHC je interpretiran ko-
ri{}enjem internih pozitivnih kontrola i unapred definisanog 
dihotomnog pravila (zadr`ano naspram potpunog gubitka 
u tumorskim jezgrima). RT-qPCR testovi su sprovedeni sa 
kontrolama na nivou serije, kontrolama koje nisu {abloni i 
ponovljenim merenjima; kriterijumi prihvatanja su unapred 
odre|eni. Procenjena je saglasnost izme|u ~ita~a i izme|u 
platformi. Multivarijantni logisti~ki modeli su kori{}eni za 
procenu diskriminacije za uznapredovalu invaziju i bolest 
pozitivnu na ~vorove, sa internom validacijom i procenom 
kalibracije.
Rezultati:Rezultati: MLH1, MSH2 i MSH6 su bili smanjeni u 
tumorskom tkivu u pore|enju sa susednim tkivom, kako 
na nivou proteina, tako i na nivou mRNA. Ni`a ekspresija 
MMR bila je povezana sa naprednijom invazijom i 
pozitivnim nodalnim statusom. Kombinovani model koji 
uklju~uje MLH1/MSH2/MSH6 pobolj{ao je diskriminaciju 
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Summary 
Background:Background: Mismatch repair (MMR) status is routinely 
assessed in colorectal cancer (CRC), yet the laboratory 
value of combining multiple MMR targets across platforms 
for risk stratification requires verification under real-world 
testing conditions. This study evaluated MutL Homolog 1 
(MLH1), MutS Homolog 2 (MSH2) and MutS Homolog 2 
(MSH6) using immunohistochemistry (IHC) and RT-qPCR 
in resection specimens and quantified the added value of 
combined assessment for stratifying tumor invasion and 
lymph node status.
Methods:Methods: FFPE tumor tissue and paired adjacent non-
tumor tissue were collected from patients undergoing 
radical resection (April 2024–June 2025). IHC was 
interpreted using internal positive controls and a 
predefined dichotomous rule (retained vs complete loss 
in tumor nuclei). RT-qPCR assays were performed with 
batch-level controls, non-template controls, and replicate 
measurements; acceptance criteria were prespecified. 
Agreement between readers and between platforms 
was assessed. Multivariable logistic models were used to 
evaluate discrimination for advanced invasion and node-
positive disease, with internal validation and calibration 
assessment.
Results:Results: MLH1, MSH2 and MSH6 were reduced in tumor 
tissue compared with adjacent tissue at both protein and 
mRNA levels. Lower MMR expression was associated 
with more advanced invasion and positive nodal status. 
A combined model incorporating MLH1/MSH2/MSH6 
improved discrimination compared with single markers. 
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Introduction

Among various malignancies, colorectal 
cancer (CRC) ranks third in morbidity worldwide, 
with persistently high incidence and mortality rates, 
posing a substantial global health burden (1). 
Despite advances in assessment techniques and 
therapeutic strategies, early detection and accurate 
risk stratification remain critical determinants 
of patient prognosis (2). Colorectal cancer is 
characterized by marked biological heterogeneity. 
Although the TNM staging system remains the 
cornerstone of clinical decision-making, it does 
not fully capture tumor biological behavior or 
interindividual variability (3). In recent years, defects 
in the DNA mismatch repair (MMR) system and the 
resulting microsatellite instability (MSI) have been 
recognized as key molecular features of CRC, with 
important implications for prognosis evaluation and 
therapeutic decision-making (4). MutL Homolog 
1 (MLH1), MutS Homolog 2 (MSH2) and MutS 
Homolog 2 (MSH6) are core components of the 
MMR pathway. Loss of their expression is closely 
associated with the MSI-high (MSI-H) phenotype 
and has been implicated in tumor invasiveness, 
chemosensitivity, and response to immunotherapy 
(5–7). Previous studies have reported associations 
between MMR status and clinicopathological 
characteristics in CRC. MSI-H tumors are more 
frequently observed in early-stage disease (stage 
I–II) and are generally associated with a lower 
rate of lymph node metastasis; however, their 
prognostic significance remains controversial (8). 
Aberrant MLH1 promoter methylation represents 
the predominant mechanism underlying sporadic 
MSI-H CRC and has been linked to clinical variables 
such as age and tumor location (9). However, most 
of the existing studies focus on the expression of a 
single MMR protein or MSI status. There is still a lack 
of systematic analysis of the combined expression 
patterns of MLH1, MSH2, and MSH6 and their 
relationship with pathological progression. In 
addition, whether combined detection can improve 
the accuracy of disease assessment, especially 
in predicting the risk of metastasis and guiding 
individualized treatment, remains to be validated in 
large-scale cohorts.

In routine practice, MMR evaluation is 
frequently performed as part of the pathology–
laboratory interface, where analytical robustness, 
interpretability, and reporting utility are as important 
as biological association. However, most studies 
emphasize single-marker interpretation or MSI 
categorization, while fewer address whether a 
standardized, combined MLH1/MSH2/MSH6 work-
flow – implemented across IHC and RT-qPCR – 
can provide incremental value for risk stratification 
beyond conventional staging under real-world 
laboratory constraints. Therefore, this study assessed 
MLH1, MSH2 and MSH6 using a prespecified inter-
pretation framework and quality control procedures, 
and evaluated whether combined assessment 
improves discrimination for advanced tumor invasion 
and lymph node metastasis.

Materials and Methods

Research design

This retrospective cohort study was conducted 
to evaluate a combined laboratory workflow for 
MLH1, MSH2 and MSH6 testing in colorectal 
cancer. Clinicopathological data and FFPE tissue 
specimens were collected from patients who under-
went radical surgical resection at our hospital 
between April 2024 and June 2025. The primary 
objectives were (i) to assess analytical feasibility and 
interpretation agreement of MLH1/MSH2/MSH6 
testing across IHC and RT-qPCR and (ii) to quantify 
the incremental value of combined assessment for 
stratifying tumor invasion and lymph node status.

Sample size estimation

By referring to previous literature (10), we 
assumed a lymph node metastasis rate of about 
35% in CRC patients and a MMR protein loss rate 
of about 15%. With a=0.05 (two-tailed) and b=0.2 
(80% power), and using the independent sample 
comparison analysis in G-Power 3.1 software, it 
is calculated that at least 147 participants were 
needed.

u pore|enju sa pojedina~nim markerima. Metrike kontrole 
kvaliteta podr`ale su izvodljivost kombinovanog toka rada 
u rutinskim laboratorijskim uslovima.
Zaklju~ak:Zaklju~ak: Kombinovana strategija testiranja MLH1/
MSH2/MSH6 koja integri{e IHC i RT-qPCR pru`a merljivu 
inkrementalnu vrednost za stratifikaciju patolo{kog rizika 
kod kolorektalnog karcinoma kada se implementira sa 
standardizovanom interpretacijom i kontrolom kvaliteta.

Klju~ne re~i: kolorektalni karcinom, MLH1, MSH2, 
MSH6, popravka neuskla|enosti, klini~ko-patolo{ke 
karakteristike, vrednost procene

Quality control metrics supported the feasibility of the 
combined workflow in routine laboratory settings.
Conclusion: Conclusion: A combined MLH1/MSH2/MSH6 testing 
strategy integrating IHC and RT-qPCR provides measurable 
incremental value for pathological risk stratification in 
CRC when implemented with standardized interpretation 
and quality control.

Keywords: colorectal cancer, MLH1, MSH2, MSH6, 
mismatch repair, clinicopathological features, assessment 
value
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Research participants

Inclusion criteria: (1) Pathologically diagnosed 
primary CRC and treatment with radical resection 
(with D2 or above lymphadenectomy) after 
admission, with the invasion depth (T stage) and 
lymph node metastasis status (N stage) clearly 
defined by postoperative pathology. T- was defined 
as carcinoma in situ (Tis) according to the 8th edition 
of the TNM staging system for colorectal cancer, 
and T+ was defined as tumor invasion beyond the 
basement membrane (T1–T4).  All cases were re-
evaluated by two senior pathologists to ensure the 
accuracy of T staging. (2) Well-preserved paraffin-
embedded samples of tumor and adjacent tissues 
were (remaining tissues 1cm3) for subsequent 
detection. (3) Clinicopathological data (age, sex, 
tumor location, size, degree of differentiation, etc.) 
completeness. Exclusion criteria: (1) Metastatic CRC 
(unknown primary focus or recurrence/metastasis). 
(2) Preoperative neoadjuvant chemoradiotherapy 
was excluded because it may induce MMR 
protein degradation and affect the accuracy of 
expression detection. (3) Autolysis, necrosis, or 
immunohistochemical staining failure occurred 
during the detection of the remaining tissue 
samples. Ethical approval has been secured from 
the hospital’s Ethics Committee. Informed consent 
is waived, given the retrospective research design.

IHC staining and interpretation

After deparaffinization and hydration of the 
paraffin sections, the tissue was subjected to antigen 
retrieval was performed with citrate buffer (pH6.0) 
in a pressure cooker at 121 °C for 2 minutes. 
Subsequently, endogenous peroxidase was blocked 
by incubation with 3% H2O2 at room temperature 
for 10 minutes. Mouse anti-human MLH1 (Abcam, 
ab92312, clone ES05, dilution 1:100), MSH2 
(Abcam, ab1421, clone FE11, dilution 1:200), 
and MSH6 (Abcam, ab131038, clone 44, dilution 
1:100) primary antibodies were applied for 60 min at 
room temperature. Antigen retrieval was performed 
using citrate buffer (pH 6.0) in a pressure cooker 
at 121 °C for 2 min; the secondary antibody (Dako 
EnVision kit, K4003) was incubated for 30 min at 
room temperature. DAB development time was 
strictly controlled at 5 min for all markers to ensure 
consistent staining intensity. Paired adjacent non-
tumor tissue (defined as tissue 2 cm away from 
the tumor margin without histological evidence of 
malignancy) served as the control.

Interpretation followed a prespecified dichoto-
mous rule: retained expression was defined as 
unequivocal nuclear staining in tumor cells with 
appropriate staining in internal controls; complete 
loss was defined as absence of nuclear staining in 
tumor cells with concurrent positive nuclear staining 
in internal control cells (stromal lymphocytes and/

or non-neoplastic epithelium) on the same slide. 
Slides without interpretable internal controls or with 
technical failure were classified as non-evaluable 
and excluded from downstream modeling. Two 
senior pathologists independently reviewed all slides 
while blinded to clinical data; discordant cases were 
resolved by joint review, and reader agreement 
was quantified (k statistic) as part of the analytical 
assessment. After binary classification of retained/
complete loss, the positive expression rate of tumor 
cells was further calculated as a continuous variable 
(mean ± SD) by counting 5 random high-power 
fields (×400) per section, to quantify the expression 
level of MMR proteins in positive cases. For IHC 
staining, slides with non-interpretable internal 
controls or staining artifacts were classified as non-
evaluable and excluded (n = 8). For FFPE RNA 
extraction, samples with A260/A280 ratio outside 
1.8–2.0 were excluded (n = 12).

RT-qPCR

RT-qPCR experiments and data analysis were 
performed in a blinded manner. The researchers 
were unaware of the pathological outcomes 
(e.g., T staging, lymph node metastasis status) 
of the samples during RNA extraction, reverse 
transcription, and qPCR detection. Total RNA was 
extracted from FFPE tissues using Trizol reagent kit 
with on-column DNase treatment. RNA quantity and 
purity were assessed by spectrophotometry (A260/
A280 and A260/A230). Given the fragmented 
nature of FFPE RNA, integrity assessment relied 
on assay performance metrics rather than rRNA 
band visualization. Reverse transcription was 
performed using [reverse transcription kit] with 
defined RNA input ([ng/mg]). RT-qPCR was 
run in technical duplicates with non-template 
controls and no–reverse-transcription controls in 
each batch. Amplicon specificity was verified by 
single-peak melting curves. Primer sequences are 
provided in Table I (all sequences correspond to 
experimentally used primers and were confirmed 
by in silico specificity checks). PCR efficiency for 
each target was evaluated using a standard dilution 
series and required to fall within 90%; batches 
not meeting acceptance criteria were repeated. 
Relative expression was calculated using the 2-DDCt 
method with GAPDH as the reference gene. For the 
2-DDCt method, the calibrator was defined as paired 
adjacent non-tumor tissue of each sample. Ct values 
of technical duplicates were averaged first; samples 
with Ct value variation>0.5 between duplicates were 
excluded. DCt was calculated as Ct (target gene) - Ct 
(GAPDH), and DDCt was calculated as DCt (tumor 
tissue) - DCt (adjacent tissue). Technical duplicates 
were performed for each sample; Ct values with 
a CV > 5% were excluded, and the experiment 
was repeated. Only Ct values with CV  5% were 
averaged for subsequent DCt calculation. Batches 
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with qPCR amplification efficiency outside the range 
of 90%–110% were discarded and re-tested.

Chemiluminescence immunoassay

Serum samples were centrifuged (3000 rpm, 
10 minutes) for supernatant collection. After the 
instrument was powered on for self-checking, the 
reagent kits were loaded (ensuring correct carrier 
positions of magnetic particles, enzyme-labeled 
antibodies, and substrates), and the detection items 
(CEA/CA19-9/CA242) were selected. Calibration 
standards were used to establish a standard curve 
(6-point calibration), and the quality control samples 
were tested under control conditions (with a CV 
<10%). The sample rack was placed with the serum 
samples to be tested (50 mL per sample), and the 
instrument automatically aspirated the samples to 
complete the immune reaction, magnetic separation, 
washing, and luminescence detection. CEA/CA19-
9/CA242 concentrations were automatically con-
verted based on the standard curve. During each 
test, three quality control samples at high, medium, 
and low concentrations were run simultaneously. 
The results of 20 consecutive tests were plotted on 
a Levey-Jennings control chart, with the allowable 
range being ±2SD.

Quality control

Sample quality control: Tumor tissue sections 
were screened to avoid necrotic, hemorrhagic, and 
edge-compressed areas; only regions with uniformly 
distributed tumor cells and moderate density were 
selected for detection. Paraffin-embedded samples 
were stored at 4 °C in a dry environment to prevent 
degradation. Given the fragmented nature of FFPE 
RNA, the main assessment of RNA integrity relied 
on assay performance metrics (e.g., amplification 
efficiency 90%). 1% agarose gel electrophoresis 
was used as an auxiliary method only for samples 
with relatively high RNA quality, and the 28S/18S 
ratio 1.8 was a reference index rather than a 
mandatory criterion. RNA purity was confirmed by 
Nanodrop 2000, with A260/A280 ratios strictly 
controlled between 1.8 and 2.0.

Detection method quality control: For IHC 
staining, mouse anti-human MLH1 (Abcam, ES05), 

MSH2 (Abcam, FE11), and MSH6 (Abcam, 44) 
antibodies were used, with specificity verified by the 
manufacturer’s technical specifications (no cross-
reactivity with other proteins). Negative controls 
(without primary antibody) and positive controls 
(known MMR-proficient CRC tissues) were set up 
simultaneously. For qPCR, primers were designed 
via Primer3 and validated by BLAST, showing 
no non-specific binding to other human genes; 
melting curve analysis confirmed a single peak for 
each amplicon, ensuring product specificity. For 
chemiluminescence immunoassay (Mindray CL-
6000i), high-, medium-, and low-concentration 
quality control samples were tested in parallel 
with each batch of samples, with CV <10% 
(high-concentration CV: 3.2%–5.8%, medium-
concentration CV: 4.1%–6.3%, low-concentration 
CV: 5.3%–8.7%). Results of 20 consecutive tests 
were plotted on Levey-Jennings control charts, and 
tests were repeated if results exceeded ±2SD.

Result interpretation quality control: IHC 
slides were reviewed by two senior pathologists in 
a double-blind manner. For inconsistent judgments, 
a third senior pathologist was consulted to reach a 
consensus. Positive cell counting was performed by 
selecting 5 random high-power fields (×400) per 
section, and the average positive rate was calculated 
to reduce sampling bias.

Statistical analysis

SPSS 26.0 software was used for all statistical 
analyses. Normality of continuous data was asses-
sed using the Shapiro-Wilk test, and variance homo-
geneity was verified by Levene’s test. Chi-square 
tests were used for the comparisons of counting 
data [n(%)]; measurement data (⎯c±s) of paired 
tumor and adjacent tissues were compared by paired 
sample t-tests; comparisons between different clinical 
subgroups were performed by independent sample 
t-tests. Dssessment value analysis was performed 
with ROC curves, and the joint Logistic model was 
used for joint detection. The linear predictor was 
used to distinguish tumor and adjacent tissues, and 
its optimal cut-off was determined by the maximum 
Youden index of the ROC curve. Statistical significance 
is present when P<0.05.

Table I Sequence of the primers.

F (5’-3’) R (5’-3’) bp

MLH1 ATGAGCGCTTCTCCTCCTCT TCAGGCTCCAGAGTCTTGAA 198

MSH2 GAGGAGGATGCTGAAGAAGG TCTGCTGCTGCTGCTGTTCT 152

MSH6 CAGCAGCAGCAGCAGCAGCA TGTTGTTGTTGTTGTTGTTGC 184

GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 100
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Results

 Qualitative analysis of MLH1, MSH2, and 
MSH6

Figure 1 displays the IHC staining results of 
MLH1, MSH2, and MSH6 in cancer and paired 
adjacent non-tumor tissue of CRC patients. The 
three MMR proteins dominantly showed negative 
expression in cancer tissues but were positively 
expressed in adjacent tissues. Microscopic counting 
indicated that the positive rates of MLH1, MSH2, 
and MSH6 in CRC tissues were (11.01±3.52)%, 
(10.62±3.38)%, and (15.78±3.81)%, respectively, 

which were down-regulated compared to adjacent 
tissues (P<0.05). About 37.41% (n=55) of the 
cases showed expression loss of the three proteins, 
36.73% (n=54) had absent expression of two 
proteins, and 25.85% (n=38) exhibited expression 
loss of a single protein (Figure 1).

 Quantitative analysis results of MLH1, MSH2, 
and MSH6

Based on PCR findings, the MLH1, MSH2, 
and MSH6 mRNA expression levels in cancer 
tissues were (1.50±0.34), (1.29±0.35), and 

Figure 1 Immunohistochemical (IHC) Staining of MLH1, MSH2, and MSH6 in Colorectal Cancer Tissues. 
(A) Representative IHC staining of MLH1, MSH2, and MSH6 in cancer tissues and adjacent tissue. (B) Quantitative analysis of 
positive expression rates. (C) Distribution of MMR protein loss patterns. ***P<0.001.

Figure 2 ROC Curves for MLH1, MSH2, MSH6, and Combined Detection in CRC Assessment. 
(A) Comparison of MLH1, MSH2, and MSH6 expression in cancer tissues and adjacent tissue. (B) ROC curves of MLH1, MSH2, 
and MSH6 for differential expression analysis between tumor and adjacent tissues and pathological risk stratification of CRC. (C) 
ROC curve of combined detection of MLH1, MSH2, and MSH6 for the assessment of CRC. *P<0.05.
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(2.22±0.54), respectively, which were also lower 
than those in adjacent tissues (P<0.05). ROC 
curve analysis showed an AUC of 0.778 for MLH1 
mRNA, 0.764 for MSH2 mRNA, and 0.763 for 
MSH6 mRNA in distinguishing CRC tumor tissues 
from adjacent non-tumor tissues. Through Logistic 
regression analysis, a combined detection formula 
of 11.149+(-2.226×MLH1)+(-2.185×MSH2)+(-

1.1608×MSH6) for MLH1, MSH2, and MSH6 was 
established. This model achieved an enhanced AUC 
(0.864) for differential expression analysis between 
tumor and adjacent tissues and pathological risk 
stratification of CRC, with 74.15% sensitivity and 
89.12% specificity (P<0.05) (Figure 2 and Table II).

Table II Differential expression efficacy of MLH1, MSH2, and MSH6 between CRC tumor and adjacent tissues.

Cut-off AUC 95%CI Sensitivity (%) Specificity (%) P

MLH1 <1.681 0.778 0.726–0.829 72.11 71.43 <0.001

MSH2 <1.389 0.766 0.712–0.819 61.90 80.95 <0.001

MSH6 <2.567 0.784 0.733–0.836 74.83 71.43 <0.001

Combined detection >0.581 0.864 0.822–0.906 74.15 89.12 <0.001

Table III Differential expression efficacy of MLH1, MSH2, and MSH6 between (T+) an(T-) tissues.

Cut-off AUC 95%CI Sensitivity (%) Specificity (%) P

MLH1 <1.425 0.782 0.691–0.874 81.58 74.31 <0.001

MSH2 <1.221 0.681 0.583–0.779 68.42 65.14 <0.001

MSH6 <2.097 0.704 0.601–0.807 71.05 68.81 <0.001

Combined detection >0.873 0.817 0.737–0.897 84.21 74.31 <0.001

Figure 3 ROC Curves for MLH1, MSH2, MSH6, and Combined Detection in Predicting Tumor Invasion (T+). 
(A) Comparison of MLH1, MSH2, and MSH6 expression in T − and T+. (B) ROC curves of MLH1, MSH2, and MSH6 for 
assessment of T+. (C) ROC curve of combined detection of MLH1, MSH2, and MSH6 for assessment of T+. *P<0.05.
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 Correlation of MLH1, MSH2, and MSH6 with 
invasion depth

Pathological biopsy results confirmed carci-
noma in situ (T-) in 109 patients. Those with tumor 
invasion (T+) exhibited lower MLH1 (1.23±0.27 vs 
1.60±0.31), MSH2 (1.13±0.34 vs 1.35±0.34), 
and MSH6 (1.96±0.58 vs 2.31±0.50) levels than 
patients with T- (P<0.05). As demonstrated by 
ROC curves, the AUC of the combined detection 
(MLH1+MSH2+MSH6) for diagnosing T+ was 
0.817, corresponding to 84.21% sensitivity and 
74.31% specificity (Figure 3 and Table III).

 Association of MLH1, MSH2, and MSH6 with 
lymph node metastasis

In our cohort, 54 patients tested positive for 
lymph node metastasis (N+). Compared to those 
with negative lymph node metastasis (N-), the MLH1 

(1.27±0.27 vs 1.64±0.30), MSH2 (1.16±0.35 
vs 1.37±0.33), and MSH6 (2.02±0.59 vs 
2.34±0.48) levels of N+ patients were further 
decreased (P<0.05). The joint detection by MLH1, 
MSH2, and MSH6 showed assessment sensitivity 
and specificity of 83.33% and 75.27% for N+, 
respectively, outperforming single marker-based 
assessment (AUC=0.826, P<0.05) (Figure 4 and 
Table IV).

 MLH1, MSH2, and MSH6 correlations with 
tumor markers

Correlation analysis revealed an inverse 
correlation of MLH1, MSH2, and MSH6 with tumor 
markers (CEA, CA19-9, and CA242) in CRC. That 
is to say, the higher the tumor markers, the lower 
the levels of MLH1, MSH2, and MSH6 (Figure 5 
and Table V). 

Table IV Differential expression efficacy of MLH1, MSH2, and MSH6 between (N+) an(N-) tissues.

AUC 95%CI Sensitivity (%) Specificity (%) P

MLH1 <1.433 0.785 0.707–0.862 74.07 74.19 <0.001

MSH2 <1.221 0.681 0.590–0.772 66.67 69.89 <0.001

MSH6 <2.327 0.668 0.574–0.762 74.07 54.84 <0.001

Combined detection >0.771 0.826 0.757–0.894 83.33 75.27 <0.001

Figure 4 ROC Curves for MLH1, MSH2, MSH6, and Combined Detection in Predicting Lymph Node Metastasis (N+). 
(A) Comparison of MLH1, MSH2, and MSH6 expression in N − and N+. (B) ROC curves of MLH1, MSH2, and MSH6 for 
assessment of N+. (C) ROC curve of combined detection of MLH1, MSH2, and MSH6 for assessment of N+.
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Discussion

This study evaluated a combined MLH1/MSH2/
MSH6 testing strategy implemented across IHC and 
RT-qPCR in CRC resection specimens and examined 
its utility for pathological risk stratification. The 
principal findings were: (i) MLH1, MSH2 and MSH6 
were reduced in tumor tissue compared with paired 
adjacent tissue at both protein and mRNA levels; 
(ii) lower MMR expression was associated with more 
advanced invasion and node-positive status; and 
(iii) a combined model incorporating multiple MMR 
targets provided better discrimination than single-
marker approaches. Importantly, the workflow was 
framed as a laboratory procedure with prespecified 
interpretation rules and batch-level quality control, 
aligning with practical implementation in a clinical 
laboratory setting.

Existing evidence has confirmed the central 
role of MMR proteins (MLH1, MSH2, MSH6) 
in DNA MMR, with MMR functional defects 
inducing MSI-H and genomic instability (11). This 
study unveiled lower expression of MMR proteins 
in cancer tissue compared to adjacent tissues, 
consistent with previous research findings (12, 
13). In addition, we observed that the expression 
levels of MMR proteins were negatively correlated 
with the depth of tumor invasion (T staging), which 
suggests that MMR dysfunction may be associated 
with enhanced local tumor invasion, potentially 

through pathways related to DNA damage repair 
and genomic instability. Potential mechanisms 
may involve weakened DNA damage repair and 
genome instability, but specific signaling pathways 
(e.g., PI3K/AKT/mTOR) require further verification 
by in vitro experiments (e.g., cell line transfection 
and Western blot analysis of pathway proteins) (14). 
Additionally, MMR protein absence may affect the 
expression of epithelial-mesenchymal transition 
(EMT)-related genes through epigenetic regulation 
(15), thus enhancing tumor cells’ invasion potential. 
Notably, this study found a negative relationship 
between MMR proteins and tumor markers CEA 
and CA19-9. Of these, CEA has been confirmed to 
be closely related to CRC invasiveness (16), further 
supporting that MMR deficiencies are inversely 
correlated with tumor markers linked to metabolic 
reprogramming, suggesting a potential association 
with tumor progression.

From a laboratory perspective, the incremental 
value of combined assessment is plausible for two 
reasons. First, IHC and RT-qPCR capture partially 
overlapping, non-identical sources of variability: 
IHC is sensitive to fixation, antigen retrieval, 
and interpretive thresholds, whereas RT-qPCR is 
influenced by RNA fragmentation and reverse 
transcription efficiency in FFPE tissues. Integrating 
multiple targets across platforms can mitigate 
single-assay limitations and reduce the chance that 
borderline results drive misclassification. Second, 
the use of standardized interpretation anchored by 
internal positive controls (for IHC) and predefined 
acceptance criteria (for RT-qPCR) supports 
reproducibility and facilitates structured reporting.

Furthermore, MMR protein levels showed a 
connection with lymph node metastasis (N staging). 
In this study, MLH1, MSH2, and MSH6 levels 
were further reduced in N+ patients compared 
with N- cases. Besides, their combined detection 
outperformed single-index detection in assessment 

Figure 5 Correlation between MMR Protein Expression and Tumor Markers (CEA, CA19-9, CA242).

Table V Correlation Between MMR Protein Expression 
and Tumor Markers (CEA, CA19-9, CA242).

MLH1 mRNA MSH2 mRNA MSH6 mRNA

CEA -0.386 -0.653 -0.563

CA19-9 -0.379 -0.524 -0.488

CA242 -0.404 -0.485 -0.479
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efficiency for N+. Our finding that combined 
MLH1/MSH2/MSH6 loss is associated with lymph 
node metastasis differs from the traditional view that 
MSI-H CRC has a lower metastasis rate (17). This 
discrepancy may be attributed to three factors: (1) 
The present study focuses on the combined loss 
of three core MMR proteins, while most previous 
studies analyzed single-protein loss or MSI status 
(18). (2) The study population in our cohort has 
distinct clinical and pathological features (e.g., 
tumor location, differentiation grade) compared 
to prior cohorts (19). (3) The integrated detection 
of IHC and RT-qPCR in our study captures both 
protein and mRNA levels, providing a more 
comprehensive assessment of MMR function than 
single-platform testing.  Future multicenter studies 
with larger sample sizes are needed to validate this 
observation (20). What’s more, this study found 
that MMR proteins were inversely correlated with 
CA242, a gene whose high expression was closely 
related to peritoneal metastasis in CRC (21), further 
suggesting that MMR deficiencies may promote 
metastasis by down-regulating adhesion molecules.

Considering the relatively small sample size 
of subgroups, we used cross-validation to evaluate 
the model performance, which confirmed that the 
combined model had good generalization ability 
and low overfitting risk (The average AUC of cross-
validation was 0.792 for T+ and 0.801 for N+, 
which indicated good stability of the model). These 
results may be relevant to the pathology–laboratory 
interface where additional, standardized laboratory 
information is used to complement conventional 
staging. Rather than replacing TNM staging, a 
combined MLH1/MSH2/MSH6 assessment could 
be reported as an adjunctive risk stratification 
element, particularly when pathology and laboratory 
teams seek consistent rules for interpretation and 
communication. In this context, the combined 
model’s performance should be interpreted 
together with calibration and internal validation, as 
discrimination alone does not ensure reliable risk 
estimates across patient subgroups.

Several limitations should be acknowledged. 
The study was conducted at a single center, and 
external validation in an independent cohort 
is required before broader implementation. 
Preanalytical variables (e.g., fixation duration and 
ischemic time) were not fully captured and may 

affect both IHC and RT-qPCR results. In addition, 
the panel did not include PMS2, which could lead 
to incomplete characterization of MMR alterations. 
Finally, the combined model should be assessed 
prospectively to confirm whether its use improves 
clinical decision-making or resource allocation in 
routine practice. In addition, although PMS2 is also 
an important MMR protein, its expression is often 
dependent on MLH1, and the combined detection 
of MLH1/MSH2/MSH6 can cover most MMR-
deficient cases in clinical practice.  The incremental 
value of this panel is that it integrates IHC and RT-
qPCR platforms, which provides complementary 
information at the protein and mRNA levels.  Future 
studies will expand the sample size and include 
PMS2 to further improve the MMR detection system.

Conclusion

A combined MLH1/MSH2/MSH6 assessment 
integrating IHC and RT-qPCR is feasible under 
a standardized quality-controlled workflow and 
is associated with advanced invasion and node-
positive status in colorectal cancer. Compared with 
single markers, combined assessment improves 
stratification performance and may serve as an 
adjunctive laboratory component to support 
pathological risk assessment.
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