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Abstract 

Background/Objectives: In metastatic colorectal cancer (mCRC) the evaluation of mis-

match repair (MMR) and microsatellite instability (MSI) status is essential to identify pa-

tients eligible for treatment with immune-checkpoint inhibitors (ICI). This study aims to 

evaluate the potential utility of Comprehensive Genomic Profiling (CGP) in assessing MSI 

status, in addition to other immunotherapy-predictive biomarkers such as high tumor 

molecular burden (TMB) and the POLE and POLD1 mutations. Methods: A total of 138 

mCRC tumor samples underwent a first-level molecular test (MMR status by immuno-

histochemistry, MSI by a melting-based PCR approach and RAS/BRAF mutational status 

by a small next-generation sequencing (NGS) panel) and second-level CGP analysis by 

the FoundationOne CDx assay. The prevalence of dMMR and MSI tumors was reported. 

Moreover, the concordance between the MMR and MSI status was determined, and dis-

cordant cases were discussed. Results: Twelve cases (8.7%) were MMR-deficient (dMMR); 

10 showed high MSI and TMB (>10 mut/Mb). MSI status assessed by CGP and PCR was 

concordant in all cases except one MSH6-deficient tumor. Two dMMR cases were stable 

with low TMB. Moreover, in two MLH1/PMS2-deficient cases CGP revealed pathogenic 

alterations in the MSH2 and MSH6 genes; in both cases, the MLH1 promoter was hyper-

methylated. A high TMB was the only positive biomarker in 11 cases with a proficient 

MMR system and no MSI. Conclusions: MSI assessment by CGP analysis showed high 

concordance (98%) with MMR and was helpful in evaluating ICI eligibility in three out of 

twelve dMMR cases. Overall, compared to standard methods, analyzing a broader range 

of microsatellite loci and the simultaneous assessment of multiple predictive biomarkers 

by CGP may increase diagnostic accuracy and improve therapeutic assessment. 
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1. Introduction 

Colorectal cancer (CRC) is the second-leading cause of cancer death worldwide, ac-

counting for approximatively 1.1 million new cases each year [1,2]. 

Approximately 20% of patients present with metastatic disease at diagnosis, while 

50% of patients with initially localized disease will develop metastases later [3]. 

Despite the growing incidence in recent years, which is partly linked to the increasing 

frequency of CRC in younger patients (early onset CRCs [EOCRC]) [4], the prognosis has 

significantly improved, thanks to more effective therapeutic approaches, including more 

aggressive surgery for metastases, chemotherapy combinations, new targeted therapies 

and immunotherapy [5,6]. 

Microsatellite instability (MSI) is reported in about 15–20% of all CRCs and 3–5% of 

metastatic CRC and is due to defects in the DNA mismatch repair (MMR) system that lead 

to abnormal accumulations of genetic mutations in vulnerable coding and non-coding nu-

cleotide repeat sequences (microsatellites). The MMR system consists of four main pro-

teins: MLH1 (MutL Homolog 1), MSH2 (MutS Homolog 2), MSH6 (MutS Homolog 6) and 

PMS2 (Postmeiotic Segregation Increased 2 Protein). These proteins identify and correct 

base-pairing errors caused by polymerase during DNA replication, which are more fre-

quent in repetitive sequences such as microsatellites. The major MMR proteins function 

in pairs as heterodimers: MLH1 with PMS2, and MSH2 with MSH6, forming the MutLα 

and MutSα complexes, respectively. MLH1 and MSH2 are obligatory partners for PMS2 

and MSH6; therefore, when a mutation occurs in the MLH1 and MSH2 genes, the mutated 

protein and its secondary partner (PMS2 or MSH6) are rapidly degraded. On the other 

hand, MLH1 and MSH2 can also interact with other proteins involved in the DNA repair 

system, such as MSH3 (mutS homologue 3), MLH3 (mutL homologue 3) and PMS1 

(ostmeiotic segregation increased 1 protein) (Figure 1) [7]. 

Most tumors with a high microsatellite instability (MSI-H) phenotype are sporadic 

(75%), and the MMR system deficiency (dMMR) is usually caused by somatic alterations 

in genes encoding for MMR proteins or by the hypermethylation of the MLH1 gene pro-

moter. A smaller percentage of cases (25%) is due to germline mutations in MMR genes 

in the context of Lynch syndrome (LS), a condition that increases the risk of developing 

CRC and other gastrointestinal and non-gastrointestinal tumors [8,9] 

In routine clinical practice, MSI and MMR status profiling has, historically, primarily 

been performed for the identification of LS [10]. More recently, however, the assessment 

of these molecular features has become an integral component of therapeutic decision-

making in patients with CRC. In this context, current ESMO guidelines recommend that 

clinically relevant biomarkers predictive of response or resistance to targeted therapies, 

such as KRAS, NRAS and BRAF mutations and ERBB2 amplification, be evaluated as early 

as possible in order to optimize treatment selection and improve outcomes, particularly 

in patients with metastatic disease [3]. Accordingly, determination of dMMR and MSI sta-

tus at the time of diagnosis is considered essential, given the established predictive value 

for response to immune checkpoint inhibitors (ICIs). 

Moreover, in patients with resectable CRC, the risk of recurrence is determined by 

integrating the clinicopathological features and the MMR/MSI status. The latter is cur-

rently the only validated molecular marker for adjuvant decision-making in stage II CRC. 

As reported by Ribic et al. in 2002 [11] and confirmed by Sargent et al. in 2010 [12], patients 

with stage II dMMR CRC have a better prognosis, compared with those with MMR profi-

cient (pMMR) CRC, and do not benefit from adjuvant 5-Fluorouracil (5-FU). Indeed, 

ESMO (European Society for Medical Oncology) guidelines do not recommend adjuvant 

chemotherapy in dMMR stage II CRC [3,13–15]. 
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Figure 1. MMR system: (A). The MutSα complex recognizes a single mismatch and creates a sliding 

clamp around the DNA by exchanging ATP for ADP, which causes the complex to shift away from 

the mismatch site. At this point, MutLα binds to MutSα, forming the complete tetramer. (B). The 

tetramer then interacts with different enzymes, such as PCNA, exonuclease, and DNA polymerase, 

and excision of the strands containing the incorrect nucleotide begins. Once the error is corrected, 

DNA resynthesis occurs through the action of DNA polymerase. (C). While MSH2-MSH6 primarily 

recognizes base–base mismatches and small insertion–deletion loops (IDLs), the MSH2-MSH3 het-

erodimer (MutSβ) expands its recognition to larger IDLs. Additionally, MLH1 forms alternative 

heterodimers with PMS2, PMS1, or MLH3. ADP = adenosine diphosphate; ATP = adenosine triphos-

phate; PCNA = proliferating cell nuclear antigen; MSH2 = MutS Homolog 2; MSH6 = MutS Homolog 

5; MLH1 = MutL Homolog 1; PMS2 = Postmeiotic Segregation Increased 2 Protein; MSH3 = MutS 

homologue 3); MLH3 = MutL homologue 3; PMS1 = postmeiotic segregation increased 1 protein; 

IDLs = insertion/deletion loops. 
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In relation to predictive biomarkers for ICIs, it is also worthwhile to mention high (h) 

tumor mutational burden (TMB) and the presence of pathogenic mutations in genes en-

coding for DNA polymerase ε (POLE) and polymerase δ 1 (POLD1) [16]. 

The threshold defining high tumor mutational burden (hTMB) is usually set at ≥10 

mutations per megabase. High TMB reflects the accumulation of somatic mutations; these 

turn into a higher number of new antigens that foster immune activation and, finally, the 

response to immunotherapy. Together with convincing data from the KEYNOTE-158 trial, 

this provided the rationale for the Food and Drug Administration (FDA) approval of pem-

brolizumab for the treatment of advanced solid tumors with hTMB that are refractory to 

conventional treatment [17]. 

Similarly, specific mutations in the POLE and POLD1 genes cause errors during DNA 

replication and lead to a hypermutated phenotype linked to high tumor immunogenicity. 

These mutations are commonly found in MSI-H tumors and correlate with hTMB, which 

is often higher than that detected in dMMR tumors [18–20]. POLE mutations occur in ap-

proximately 1% of CRC cases and are associated with distinctive clinical features, includ-

ing younger age at diagnosis, male sex, earlier disease stages, and a lower risk of recur-

rence, particularly in stage II disease [21]. Moreover, CRC patients carrying POLE muta-

tions have been reported to show improved overall survival (OS) compared with wild-

type patients, regardless of MSI status [22]. Most importantly, the POLE and POLD path-

ogenic mutations are associated with clinical benefit from ICIs. 

Next-generation sequencing (NGS) is the preferred method for evaluating gene al-

terations like single nucleotide variants, gene amplifications and fusions. Two comple-

mentary approaches are currently recommended to assess dMMR/MSI status. The first is 

screening for loss of MMR protein expression (dMMR), using immunohistochemistry 

(IHC) on tumor tissue. The second is testing for MSI through molecular testing on DNA 

extracted from tumor cells, using techniques based primarily on multiplex real-time Pol-

ymerase Chain Reaction (PCR) or NGS [6]. 

Based on the current evidence, discordances between the IHC tests for MMR proteins 

and molecular tests for microsatellite instability in CRC range from 1% to 10%. For exam-

ple, Jaffrelot et al. reported a discordance of 1.1% between the PCR pentaplex panel, which 

includes 5 single-nucleotide quasi-monomorphic microsatellite loci (BAT-25, BAT-26, NR-

21, NR-24, and NR-27), and IHC. In contrast, Cohen et al. found a higher discordance of 

9.8%, using the same methods [23]. The main causes of discordance may include technical 

artifacts, errors and, most importantly, misinterpretation of IHC by pathologists. These 

studies also highlighted that the most frequent discordances are related to the loss of ex-

pression of the MSH6 protein. However, in most cases, MSI status was determined by 

PCR-based approaches. Data comparing MMR status by IHC, and MSI status evaluated 

by NGS, which allows the analysis of a greater number of loci in comparison to PCR-based 

approaches, are still limited. 

Furthermore, recent studies have supported the use of a multi-marker testing ap-

proach by NGS to broaden the potential benefit of immunotherapy [22,24]. 

In this study, we aimed to describe the potential utility of Comprehensive Genomic 

Profiling (CGP) in improving the assessment of eligibility for ICIs. We evaluated discord-

ance between MMR and MSI status and analyzed discordant cases, considering the addi-

tional information provided by CGP compared with routine standard diagnostic tests. 

These elements include the presence or absence of MMR gene pathogenic alterations and 

the TMB, POLE and POLD1 status. Descriptive clinical insights were also provided 

This study was conducted on a single-center, retrospective case series of metastatic 

CRCs. 
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2. Materials and Methods 

2.1. Patients 

A total of 138 patients with metastatic CRC diagnosed at the Unit of Pathological 

Anatomy—University Hospital of Pisa between 2020 and 2024 were retrospectively and 

consecutively enrolled in this study. All considered cases underwent a first-level molecu-

lar analysis to assess the status of approved CRC predictive biomarkers according to rou-

tine clinical practice, followed by a second-level analysis (CGP). 

Demographic and clinical information, such as age, sex, date of metastatic presenta-

tion, therapeutic approaches, and survival indicators, were retrieved from the databases 

of the Oncology Unit of the University Hospital of Pisa and are reported in Table 1. 

Table 1. Patients’ clinical and pathological features. 

Clinical and Pathological Features All Patients n = 138 
RAS/BRAF WT n = 

77 
RAS/BRAF MUT n = 61 

Age at diagnosis  59,41 59,84 58,88 

Sex     

 Females 67 37 30 

 Males 71 40 31 

Primitive tumor site     

 Right colon 43 19 24 

 Left colon 95 58 37 

Histology     

 Classic 103 62 41 

 Mucinous features 14 7 7 

 Mucinous  11 4 7 

 Mucinous + signet ring cells 7 2 5 

 
Mucinous features + signet 

ring cells 
1 1 0 

 Signet ring cells 1 1 0 

 Adenosquamous 1 0 1 

WT = wild type; MUT = mutated. 

This study was conducted in accordance with the principles of the 1975 Helsinki Dec-

laration and was approved by the local Ethics Committee. Written informed consent was 

obtained from patients before molecular analyses. All cases were anonymized for this 

study, and no sensitive data were used. This study did not interfere with routine clinical 

practice. 

2.2. Tumor Samples 

Tumor samples included both biopsy material and surgical specimens from primary 

or metastatic tumors. All samples were fixed in 10% buffered formalin (4% formaldehyde) 

for 6–48 h, depending on their type and size, and then embedded in paraffin (formalin-

fixed paraffin-embedded, FFPE). Sections of 4–5 µm thickness were used for hematoxylin-

eosin (HE) staining and immunohistochemical staining, while 10 µm sections were used 

for nucleic acid purification for molecular analyses. 

2.3. First-Level Analysis 

Histological diagnoses were performed by skilled pathologists at the Pathological 

Anatomy Unit 3 of the University Hospital of Pisa, according to the 5th edition of the 

World Health Organization (WHO) classification [25], and following the reporting 
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standards recommended by the College of American Pathologists (CAP) and the 8th edi-

tion of the American Joint Committee on Cancer (AJCC) TNM staging system [26]. 

According to ESMO recommendations for mCRC, first-level tests included the as-

sessment of MMR/MSI status, KRAS and NRAS (hot-spot mutations within exons 2, 3, 4) 

and BRAF p.(V600E) mutation status, ERBB2 amplification, and NTRK gene (NTRK1, 

NTRK2 and NTRK3) fusions [3]. 

First-level mutational analysis was performed using a 17-gene amplicon-based NGS 

panel, the Myriapod® NGS Cancer panel DNA kit (Diatech Pharmacogenetics, Jesi, Italy) 

on the MiSeq platform (Illumina, San Diego, CA, USA). 

Briefly, for each FFPE sample, DNA was purified from three 10 µm unstained sec-

tions after standard deparaffinization in xylene and rehydration in graded ethanol solu-

tions. 

All samples were enriched for cancer cells by manual microdissection; DNA was then 

purified using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s protocol. DNA concentration and fragmentation were assessed using a 

real-time PCR kit (Diatech Pharmacogenetics, Jesi, Italy). A total of 25–50 ng of DNA was 

used for the NGS test according to the manufacturer’s instructions. NGS data analysis was 

performed using Myriapod NGS Data Analysis Software (Diatech Pharmacogenetics) 

v.5.0.11 (Minimum accepted median coverage: 500x, Variant allele frequency (VAF) > 5%).  

The clinical–therapeutic significance of variants was based on ESMO Scale for Clini-

cal Actionability of molecular Targets (ESCAT). This NGS panel allows the analysis of the 

main hotspot alterations in 17 genes (BRAF, HER-2, HRAS, KRAS, NRAS, IDH2, PIK3CA, 

RET, ALK, EGFR, FGFR3, IDH1, KIT, MET, PDGFRA, POLE, ROS1). It does not include 

MSI status evaluation. 

Immunohistochemistry was used to assess HER-2 (rabbit monoclonal clone 4B5, Ven-

tana Medical system) expression and as screening for NTRK gene fusions (pan-TRK 

EPR117341 rabbit monoclonal antibody, Ventana medical system). 

MMR status was evaluated by IHC using the automatic stainer BenchMark Ultra 

(Ventana Medical Systems, Roche Diagnostics Division, Hoffmann-La Roche Ltd., Basel, 

Switzerland), and the antibody–antigen reaction was visualized with the OptiView DAB 

IHC Detection Kit for MLH1, MSH2, MSH6, and with the OptiView DAB IHC Detection 

Kit with OptiView Amplification Kit for PMS2 (Ventana Medical Systems). We used 

MLH1-Ventana anti-MLH1 (M1) Mouse Monoclonal Primary Antibody; PMS2-Ventana 

anti-PMS2 (A16-4) Mouse Monoclonal Primary Antibody; MSH2-Ventana anti-MSH2 

(G219-1129) Mouse Monoclonal Primary Antibody; and MSH6-Ventana anti-MSH6 

(SP93) Rabbit Monoclonal Primary Antibody. The technical validation of IHC adequacy 

was performed using an internal control of normal colonic mucosa and tumor-associated 

stroma, lymphocytes and fibroblasts. 

Each case was classified as pMMR, dMMR, indeterminate, or inadequate. pMMR was 

the definition when nuclear staining in the tumor was comparable to the internal control 

(lymphocytes, fibroblasts, and normal mucosal epithelium), whereas dMMR was defined 

as a complete loss of nuclear expression in tumor cells with preserved expression in inter-

nal control nuclei. Staining was considered indeterminate if tumor nuclei showed focal 

(<10% of the area) expression that was weaker than in the controls. Staining was consid-

ered inadequate if no nuclear staining was observed in the tumor or control nuclei, if the 

cellular elements of interest were poorly visualized, if fewer than 50 viable cells were pre-

sent, or if background interfered with interpretation. In such cases, staining was repeated 

[27,28]. A tumor was defined as deficient if at least one of the four main MMR proteins 

was not expressed. 

Microsatellite instability was assessed as part of first-line analyses in samples re-

ported as dMMR by IHC or showing equivocal IHC results. DNA was purified from FFPE 
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tumor tissue as previously described and the EasyPGX Ready-MSI Real-Time PCR Kit 

(Diatech Pharmacogenetics) was used according to the manufacturer’s protocol. Briefly, 

the kit required 8 assays per sample, analyzing the 5 loci of the pentaplex panel (BAT25, 

BAT26, NR21, NR24 and NR27) and 3 additional mononucleotide loci (NR22, CAT25 and 

MONO27). A total of 100 ng of DNA was used for each PCR assay. PCR was performed 

on the EasyPgx qPCR instrument (Diatech) and data were analyzed using EasyPGX Anal-

ysis Software v4.0.17 (Diatech). This melting-based analysis determines instability by 

comparing each sample’s melting profile with a reference control across all loci (Figure 2). 

Tumors were classified as microsatellite stable (MSS) if no unstable markers or only one 

unstable marker were detected, and as MSI-H if two or more unstable markers were pre-

sent [29]. 

Figure 2 shows the evaluation of microsatellite instability status by PCR-based melt-

ing analysis. 

A. Example of a stable microsatellite locus (BAT25);  

B. Example of an unstable microsatellite locus (BAT25). 

The red melting curves are clinical samples. The blue melting curves are the reference 

control. 

 

Figure 2. MSI test utilizing real-time PCR melting curves. 

2.4. Second-Level Analysis 

Second-level test evaluation or CGP was performed by the NGS panel Founda-

tionOne CDx on the Illumina platform. This panel includes targeted regions within 324 

genes and also allows researchers to evaluate genomic signatures like TMB and MSI status 

“https://www.foundationmedicine.com/genomic-testing/foundation-one-cdx (accessed 

on 22nd January 2026)” [29]. 

2.5. Data Analysis 

The prevalence of patients with dMMR, MSI, high TMB, and POLE/POLD1 muta-

tions was reported, and the concordance between MMR status by IHC and MSI status by 

CGP was determined. Cases showing pMMR by IHC and MSI-H by CGP, or dMMR by 

IHC and MSS by CGP, were considered discordant and are described in this paper 
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Although CGP cannot be considered the reference diagnostic method, discordant 

cases were discussed, including TMB (all MSI-H cases showed hTMB), and the presence 

or absence of MMR gene alterations. 

3. Results 

In our cohort of 138 tumors, at first-level molecular evaluation, 77 did not harbor 

RAS/BRAF alterations: 58 were left-sided colon/rectal cancer, and 19 were right-sided co-

lon cancer. Conversely, 61 tumors were RAS/BRAF mutated: 37 were left-sided and 24 

were right-sided. 

Regarding MMR status, 126 of 138 patients were pMMR (91,3%) while 12 were 

dMMR (8,7%) at the first-level IHC test. 

The dMMR cohort consisted of 3 RAS/BRAF wild type tumors and 9 RAS/BRAF mu-

tated tumors (7 with KRAS mutations and 2 with BRAF mutations). Nine were right-sided 

colon cancer, and three were left-sided colon or rectal cancer. Regarding histological char-

acteristics, five tumors had a conventional histology, two were poorly differentiated, five 

showed mucinous CRC subtype, and two had mucinous features. 

3.1. Comparison of MMR Status and MSI 

Five of twelve dMMR tumors showed loss of MLH1/PMS2, five showed loss of 

MSH2/MSH6, and two had isolated loss of MHS6 staining. 

Second-level CGP analysis revealed an MSI-H status in 10 of the 12 dMMR tumors. 

Additionally, one pMMR case was MSI-H by CGP. Overall agreement between MMR sta-

tus by IHC and MSI-H status by CPG, considering both pMMR and dMMR, was 98%. 

Six cases showed discrepancies between MMR status by IHC, microsatellite instabil-

ity determined at first-level test by PCR and at the second level by CGP, and the presence 

of pathogenic MMR gene alterations (Table 2). 

Table 2. Cases with discordant MMR and MSI status. 

ID 
Specimen 

Type 

Histological 

Subtype 
Site First-Level Analysis Second-Level Analysis (CGP) 1st Line Therapy 

OS 

(Months) 

PFS 

(Months) 

    MMR * 
IHC (Pro-

tein Lost) 

PCR MSI 

Status **  

MSI  

Status 

*  

TMB 

Status 

Pathogenic MMR Gene 

Variants 
   

ID

1 
TR Mucinous RC dMMR MSH6  MSS 

MSI-

High 
68.09 

MSH6 p. 

(R1172fs*5)/p.(R240 *) 
NA NA NA 

ID

2 
TB Conventional RC pMRR - MSI-High 

MSI-

High 
42.87 MSH2 p.(E749K) 

Folfoxiri + Cetuxi-

mab + Avelumab 
12,69 4,11 

ID

3 
TR 

Poorly differenti-

ated 
RC dMMR 

MLH1, 

PMS2 
MSS MSS 3.78 - 

Capecitabine + 

Bevacizumab 
67,56 21,99 

ID

4 
TR 

Mucinous + sig-

net ring cells fea-

tures 

RC dMMR 

MLH1 

(10%), 

PMS2  

NA MSS 2.52 - 
Capecitabine + 

Bevacizumab 
24,13 5,46 

ID

5 
TR Conventional LC dMMR 

MLH1, 

PMS2 
MSI-High 

MSI-

High 
116 MSH2 p.(A230fs*16) 

Folfoxiri + Bevaci-

zumab 
67,33 14,63 

ID

6 
TR 

Mucinous fea-

tures 
RC dMMR 

MLH1, 

PMS2 
MSI-High 

MSI-

High 
113.5 MSH6 p.(R361H) 

Capecitabine + 

Bevacizumab 
35,67 9,28 

MMR = mismatch repair; pMRR = MMR-proficient; dMMR = MMR-deficient; MSS = microsatellite 

stable; MSI = microsatellite instability; TMB = Tumor Mutational Burden; CGP = Comprehensive 

Genomic Profiling; NA = Not Available; TR = Tumor Resection; TB = Tumor Biopsy; RC = Right 

Colon; LC = Left Colon. * MMR by IHC and CGP tests were performed for all cases included in this 

study as first- and second-level tests, respectively. ** PCR melting-based MSI testing was performed 

for all dMMR cases before CGP test, except for case ID4, which directly underwent CGP. For case 

ID2, PCR was executed after CGP due to discordant results between IHC and CGP. 
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In Table 2, only cases with discordant MMR status by IHC and MSI status by PCR-

based assay and/or CGP are reported. 

The MMR IHC of all the discordant cases was reviewed by gastrointestinal 

pathologists. 

The first discordant case was MSH6 deficient, stable by PCR, but unstable by CGP, 

which also revealed two pathogenic mutations in the MSH6 gene. This case involved a 78-

year-old male patient with mucinous right-sided colorectal cancer (Figure 3 Case ID1; Ta-

ble 2). He underwent hemicolectomy and developed a liver metastasis one year later, 

which was surgically removed. The patient was not treated with ICIs and, after four years 

of follow-up, showed no signs of disease relapse. 

 

Figure 3. IHC staining of case ID1 [Table 2] showing a dMMR pattern characterized by an isolated 

and complete loss of the MSH6 protein. (A). Retained nuclear expression of MSH2, 4x magnification; 

(B). Retained nuclear expression of MLH1, 4x magnification; (C). Retained nuclear expression of 

PMS2, 4x magnification; complete loss of MSH6 protein in the presence of a preserved strong and 

specific control staining (stromal cells and lymphocytes) at 4x (D), 10x (E); 20x (F) magnification. 

The second discordant case (ID2) retained expression of all MMR proteins and was 

classified as pMMR, but CGP analysis revealed MSI-H status and a pathogenic MSH2 

missense mutation p.(E749K). The case was carefully reviewed, and retention of all four 

MMR proteins was confirmed. This patient was a 52-year-old woman with a mucinous 

right-sided colon tumor and three synchronous metastases at diagnosis in the lungs, per-

itoneum and lymph nodes. She was treated for 4 months with a combination of immuno-

therapy and chemotherapy, specifically FOLFOXIRI plus cetuximab and avelumab, 

achieving a progression-free survival equal to 4.1 months and an OS of 12.7 months (Fig-

ure 4 Case ID2; Table 2). 
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Figure 4. IHC staining of case ID2 [Table 2], showing a pMMR pattern. All MMR proteins are re-

tained. The nuclear staining is strong, homogeneously diffused, and comparable to those of the con-

trol (stromal cells and lymphocytes). (A–D) Intact nuclear expression of MSH2 (A), MSH6 (B), 

MLH1 (C), and PMS2 (D) at 10x magnification. 

The third (ID3) and fourth (ID4) discordant cases were both deficient for MLH1 and 

PMS2 but were MSS with low TMB by CGP. IHC revision in both cases revealed indeter-

minate and heterogenous MLH1 and PMS2 expression with suboptimal staining, making 

interpretation challenging for the pathologist (Figure 5; Table 2 ID3). Case ID3 involved 

an 80-year-old man with poorly differentiated left-sided primary cancer, which had me-

tastasized to the lung at diagnosis. He partially responded to initial therapy with capecit-

abine and bevacizumab, achieving a progression-free survival of about 18 months. He 

then underwent radiotherapy for lung oligoprogression, showing stable disease for four 

months without treatment. After disease recurrence, he received second-line irinotecan, 

achieving stable disease as the best response. Due to his age, he discontinued therapy and 

died approximately six years after diagnosis. Case ID4 involved an 85-year-old woman 

with a mucinous right-sided CRC with signet ring cell and synchronous peritoneal me-

tastases. She did not receive immunotherapy but was treated with capecitabine and 

bevacizumab, showing disease progression at the first follow up visit. She died two years 

after the diagnosis. 
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Figure 5. IHC staining of case ID3 [Table 2] showing MLH1 and PMS2 deficiency with an 

heterogeneous pattern and difficult interpretation in presence of a faint internal control staining 

(A,B) Loss of MLH1 in the more differentiated component of the tumor, at 10x (A) and at 20x (B) 

magnification. (C, D) Loss of MLH1 in the poorly differentiated component of the tumor, at 10x (C) 

and at 20x (D) magnification; (E,F) Loss of PMS2 in the more differentiated component of the tumor, 

at 10x (E) and at 20x (F) magnification; (G,H) Loss of MLH1 in the poorly differentiated component 

of the tumor, at 10x (G) and at 20x (H) magnification. 

The last two cases showed discordance between the deficient proteins revealed by 

IHC and the mutated MMR gene detected by CGP (Table 2, ID 5–6). 

The fifth patient (ID5) was a 48-year-old female with conventional left-sided CRC 

diagnosed at stage IV. She was treated with FOLFOXIRI plus Bevacizumab, with a pro-

gression-free survival of 14,63 and an OS of 67,33 months (Table 2, ID-5). 

The sixth case (ID6) involved a 70-year-old man with mucinous right-sided CRC who 

developed lung metastases. He initially received monochemotherapy plus Bevacizumab, 

followed by second-line pembrolizumab, achieving a progression-free survival of 9,28 

and an OS equal to 5,69 months. Review of his tumor sections, which were MLH1- and 

PMS2-deficient with a MSH6 pathogenic mutation, highlighted an unusual MMR IHC 

staining pattern. Specifically, IHC showed loss of MLH1 and PMS2 staining and concom-

itant clonal loss of MSH6 and MSH2 with retention of staining in interstitial control cells 

(Figure 6; Table 2 ID6). 
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Figure 6. Immunohistochemical (IHC) staining of the ID6 case [Table 2], showing MLH1 and PMS2 

deficiency with MSH2 and MSH6 proficiency, with the presence of adequate internal control stain-

ing. (A,B) Loss of MLH1 expression in both the mucinous and non-mucinous tumor components, 

at 10x (A) and 20x (B) magnification. (C,D) Loss of PMS2 expression in both the mucinous and non-

mucinous tumor components, at 10x (C) and 20x (D) magnification. (E–G) Preserved MSH2 expres-

sion in the presence of completely negative tumor clones, with adequate internal control staining, 

at 4x (E), 10x (F) and 20x (G) magnification. (H–J) Preserved MSH6 expression in the presence of 

completely negative tumor clones, with adequate internal control staining, at 2x (H), 10x (I) and 20x 

(L) magnification. 

In both cases, loss of expression of MLH1 was due to gene promoter hypermethyla-

tion, as determined by using the EasyPGX readyMLH1 (Diatech Pharmacogenetics) real-

time PCR kit according to the manufacturer’s protocol. 

3.2. TMB and POLE or POLD1 Alterations 

In our case series, tumors with high microsatellite instability (10 cases) and 11 

pMMR/MSS tumors had hTMB (Table 2). 

Only one MSI-H case had a concomitant activating mutation in POLD1, whereas 

none of the 138 patients had mutations in POLE. 

4. Discussion 

MSI and dMMR are established markers for predicting response to ICIs in CRC. The 

KEYNOTE-177 study led to the approval of pembrolizumab as first-line therapy for pa-

tients with stage IV CRC exhibiting dMMR proteins and/or MSI [30]. Similarly, the Check-

Mate-142 and CheckMate-8HW studies demonstrated the efficacy of nivolumab and ipili-

mumab for patients with stage IV MSI and/or dMMR CRC [31]. ICI efficacy has also been 

observed in localized stages of dMMR CRC. The NICHE-2 study reported a high patho-

logical response rate to ICIs in patients with localized colon cancer [32], while Cercek et 

al. reported a 100% clinical complete response rate with dostarlimab in locally advanced 

dMMR rectal cancer [33]. The predictive value of MSI and MMR for ICI response in CRC 

is well-established in clinical practice. However, discrepancies between MMR status and 

MSI status can hamper the appropriate selection of patients for ICI therapy. 
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In fact, the available studies have shown that variable discordance can exist between 

MMR status by IHC and MSI evaluated by PCR or NGS [34,35]. 

In this study, CGP was performed as an externalized test, and analytical thresholds 

and calling criteria were not fully specified by the manufacturer, which constitutes a lim-

itation. However, we observed a good concordance (98%) between MSI evaluation using 

NGS and MMR assessment by IHC. These findings are encouraging, considering that cur-

rent ESMO guidelines primarily recommend immunohistochemical tests to identify pa-

tients eligible for immunotherapy and for LS screening, and that some centers often only 

have access to IHC [3,36,37]. 

Although based on a small number of discordant cases, our results highlight some 

important aspects that can affect the evaluation of both MMR and MSI. 

IHC evaluation of MMR protein expression is the simplest and most cost-effective 

method. However, it can be challenging or misleading because it depends not only on 

biological tumor characteristics but also on technical issues that arise in the pre-analytical 

phase (e.g., grossing procedure, fixation timing), analytical phase (e.g., staining proce-

dures that vary across laboratories, including antigen unmasking, antibody dilution, in-

cubation time), and post-analytical phase. Moreover, IHC misinterpretation is one of the 

main causes of MMR status discrepancies [38,39]. 

Regarding the accuracy of IHC interpretation for MMR proteins, a study by McCar-

thy et al. reported sensitivity values between 77% and 100% and specificity values be-

tween 89% and 99%, with higher sensitivity observed among experienced pathologists 

[40]. In our cohort, the two dMMR cases were MSS by NGS, and one of these was also 

MSS by PCR. These patients would have been considered candidates for immunotherapy, 

based solely on IHC results. Given the absence of microsatellite instability, IHC slides 

were reviewed by two expert independent pathologists. In the first case, deficiency for 

MLH1 and PMS2, staining was indeterminate on review (with staining in <10% of tumor 

cells) and therefore further molecular investigations were required. The second case, ini-

tially showing borderline MLH1 and PMS2 expression, was determined on review to be 

highly heterogeneous (see case ID3, Table 2; Figure 5). 

These findings are in line with well-known recommendations, endorsing that the in-

terpretation of IHC for MMR proteins should be limited to experienced pathologists in 

specialized settings and that molecular analysis of MSI status should be performed in all 

doubtful or ambiguous cases [40–42]. 

Discordance can also be explained by isolated loss of MSH6 or PMS2, which does not 

necessarily imply MMR system deficiency and therefore may not result into an MSI-H 

status [10,43]. In fact, functional redundancy exists among MMR proteins (such as PMS2 

and PMS1, MSH6 and MSH3). For this reason, even when loss of MSH6 or PMS2 expres-

sion is detected, an MSS status may be maintained [40,44]. 

In our study, discordance between PCR and NGS was reported in only one patient. 

This case showed isolated loss of MSH6 expression by IHC. MSI-H status by CGP was 

associated with a double mutation of the MSH6 gene, while MSS was detected by PCR. 

MSH6-mutated CRCs might display a relatively lower degree of MSI, which could explain 

discrepancies between the PCR melting-based approach and NGS. Overall, NGS/CGP 

methods, compared with PCR melting-based tests, allow fragment length analysis of a 

larger number of microsatellite loci and can enable detection of lower instability levels 

[45]. 

IHC may also yield false positive results. Some mutations, although responsible for 

MMR deficiency, do not affect protein expression. As a result, nonfunctional MMR pro-

teins may still be detected by IHC [46]. In this context, we reported a clear pMMR case 

showing a high microsatellite instability status as determined by both first-level PCR and 

NGS. CGP identified the responsible genetic alteration: a missense MSH2 mutation 
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p.(E749K) (see case ID2, Table 2, Figure 1). Several studies, both in vitro using human CCR 

cell lines (LoVo) and on FFPE samples from various solid tumors, have identified patho-

genic MSH2 mutations, like p.(E749K), that cause functional alteration without loss of pro-

tein expression [47,48]. 

Microsatellite instability is considered an early event in CRC carcinogenesis; how-

ever, recent studies have shown that this instability is not always homogeneous within a 

tumor, particularly in sporadic CRC. While intratumoral heterogeneity of mutations in 

genes such as KRAS, TP53, and PIK3CA in mCRC is well-documented and associated with 

resistance or the reduced efficacy of anti-EGFR therapies, limited data are available on the 

impact of heterogeneity on MSI or MMR testing [49,50]. 

In contrast to LS, in sporadic dMMR/MSI CCR, microsatellite instability may be an 

initial event, whereas MMR defects can occur later during the tumor progression, leading 

to intra- or inter-tumoral heterogeneity. Some studies have reported atypical MMR IHC 

staining patterns in sporadic tumors, with loss of expression limited to small tumor areas, 

likely reflecting intra-tumoral heterogeneity [51,52]. 

Although rare, in cases of discordant results (dMMR/MSS), it may be useful to test 

different areas of the primary tumor or metastases to assess the degree of heterogeneity. 

In this context, analysis of microsatellite status by NGS on circulating tumor DNA may be 

helpful [51,53]. Liquid biopsy-based testing offers several advantages. It is a minimally 

invasive and rapid approach that demonstrates a high concordance with tissue-based as-

says and exhibits strong specificity for gene mutation detection. However, regarding MSI 

testing, the diagnostic accuracy and sensitivity of liquid biopsy are still under evaluation, 

with few validated NGS panels available for the clinical practice [54–56]. 

In our study, we identified two cases showing MLH1 and PMS2 deficiency by IHC 

but harboring exclusive MSH2 and MSH6 gene alterations by NGS (see Table 2; cases ID5 

and ID6). Careful re-examination of the specimens from one of these cases revealed some 

tumor areas negative for MSH6 and MSH2 expression, as well as areas, although limited 

to <10%, that were positive for MLH1 and PMS2 (Figure 6). These findings suggest that 

tumor subclones probably coexist with different genotypes within the same tumor mass. 

In these cases, MLH1 deficiency was associated with promoter hypermethylation, a fre-

quent sporadic event in CRC [57,58]. In this context, identification of pathogenic MSH2 

and MSH6 alterations was crucial for appropriately referring patients to genetic counsel-

ing. 

Here, we also evaluated other predictive biomarkers for ICIs, such as TMB and path-

ogenic mutations in POLD1 and POLE. However, in current CRC clinical practice, neither 

TMB nor POLD1/POLE mutations are well-established predictive biomarkers. 

Notably, we have identified a high TMB in 11 (8.0%) MSS tumors with a proficient 

MMR system. 

In the KEYNOTE-158 trial, response to pembrolizumab was correlated to TMB in pa-

tients with a variety of advanced solid tumors, but not in those with colon cancer. Because 

responses were enriched in patients with high TMB (≥10 mut/Mb), the FDA approved 

pembrolizumab in 2020 for patients with unresectable or metastatic solid tumors with 

high TMB. 

In the KEYNOTE-177 trial, although TMB was shown to impact on survival in CCR, 

limitations were observed relevant to its use as a predictor of response to anti-Pro-

grammed Death 1(PD1) immunotherapy, mainly due to challenges in defining an optimal 

TMB cut-off value [59–61]. 

Overall, although evidence suggests that TMB cannot be used as an independent pre-

dictive biomarker for immunotherapy in colon cancer, it may still be informative for pre-

dicting treatment efficacy, especially when elevated. 
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In our study, only one patient harbored a pathogenic POLD1 mutation, specifically, 

p.(D402N). This case was RAS/BRAF wild-type, dMMR by IHC, and MSI-H by both PCR 

and CGP analysis, and it carried a pathogenic MSH2 mutation. 

Mutations in POLE and POLD1 genes lead to the accumulation of DNA replication 

errors and are typically associated with increased neoantigen load and enhanced immune 

cell infiltration. Two ongoing clinical trials, NCT05103969 and NCT03810339, are cur-

rently evaluating the predictive value of pathogenic POLE/POLD1 alterations [62,63]. 

Strong biological and clinical evidence supports the role of POLE and POLD1 as predictive 

biomarkers for ICI response in CRC. However, the rarity of these mutations hampers 

large-scale clinical trials and limits definitive validation, despite the highly promising re-

sults reported by Rosseau et al. and Ambrosini et al. [19,20]. 

The primary aim of this study was to evaluate technical aspects related to the analysis 

of predictive biomarkers for immunotherapy, particularly MMR and MSI status. Never-

theless, patients’ selection for ICIs, beyond CGP, could be further improved through tran-

scriptomic, epigenomic and proteomic approaches, which may better capture tumor ge-

netic complexity and its immune microenvironment [64–66]. 

Overall, in our study, MMR and MSI showed a good concordance rate; however, the 

simultaneous assessment of both markers may further refine patients’ selection for immu-

notherapy [67,68]. Moreover, compared with first-level analysis, CGP offers meaningful 

advantages in expanding molecular characterization of CRC for the detection of both pre-

dictive biomarkers and germline variants and hereditary syndromes (i.e., identification of 

pathogenic alterations within MMR genes). This approach, however, may require a well-

structured genetic counseling process. 

Although the clinical use of CGP is still limited by costs, technical and ethical com-

plexity, and longer turnaround time, it should be considered, at least in selected cases 

appropriately chosen based on clinical pathological characteristics [69,70]. 

5. Conclusions 

Despite the retrospective and descriptive nature of this study, our results highlight 

the potential role of CGP in clinical practice. MSI assessment by CGP showed a high con-

cordance (98%) with MMR status determined by IHC. Moreover, beyond microsatellite 

status evaluation, CGP enables detection of pathogenic variants in MMR genes, thereby 

facilitating interpretation of discordant cases. Specifically, in three of twelve dMMR cases 

the simultaneous assessment of MSI status and MMR gene mutational status was helpful. 

In this study, cases discordant as to MMR status by IHC and MSI by CGP were likely 

attributable to MMR protein redundancy, tumor heterogeneity, or challenges in IHC in-

terpretation. In this context, evaluating both MSI and MMR status can increase diagnostic 

accuracy. 

Regarding MSI analysis, although currently available PCR-based assays have been 

specifically optimized for CRC, CGP allows investigation of a broader number of mi-

crosatellite loci. In addition, CGP enables the simultaneous evaluation of other genomic 

alterations and signatures with predictive value, such as TMB. 

Furthermore, the concurrent evaluation of microsatellite instability and pathogenic 

mutations in MMR genes may improve LS screening by facilitating timely confirmatory 

genetic testing and appropriate follow-up. 

These exploratory findings warrant the undertaking of prospective studies and ap-

propriate patient follow-up to better define the clinical utility and cost-effectiveness of 

CGP in refining patient selection for immunotherapy. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

CRC Colorectal cancer 

EOCRC Early-onset CRCs 

MSI Microsatellite Instability 

MMR Mismatch Repair  

MLH1 MutL Homolog 1 

MSH2 MutS Homolog 2 

MSH6 MutS Homolog 6 

PMS2 Postmeiotic Segregation Increased 2 Protein 

MSH3 MutS Homolog 3 

MLH3 MutL Homolog 3 

PMS1 Postmeiotic Segregation Increased 1Protein 

MSI-H High microsatellite instability 

dMMR MMR System Deficiency 

LS Lynch Syndrome 

5-FU 5-Fluorouracil 

pMMR MMR System Proficiency 

ESMO European Society for Medical Oncology 

mCRC Metastatic CRC 

ICIs Immune Checkpoint Inhibitors 

IHC Immunohistochemistry 

PCR Polymerase Chain Reaction 

NGS Next-Generation Sequencing 

TMB Tumor Mutational Burden 

hTMB High Tumor Mutational Burden 

POLE DNA polymerase ε 

POLD1 DNA polymerase δ 1 

FDA Food and Drug Administration 

OS Overall Survival 

CGP Comprehensive Genomic Profiling 

WT Wild Type 

MUT Mutated 

FFPE Formalin-Fixed Paraffin-Embedded 
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HE Hematoxylin and Eosin 

WHO World Health Organization 

CAP College of American Pathologists 

AJCC American Joint Committee on Cancer 

MSS Microsatellite Stable 

CR Complete Response 

PD1 Programmed Death 1 

NA Not Available 

TR Tumor Resection 

TB Tumor Biopsy 

RC Right Colon 

LC Left Colon 

References 

1. Santucci, C.; Mignozzi, S.; Malvezzi, M.; Boffetta, P.; Collatuzzo, G.; Levi, F.; La Vecchia, C.; Negri, E. European Cancer Mortality 

Predictions for the Year 2024 with Focus on Colorectal Cancer. Ann. Oncol. 2024, 35, 308–316. https://doi.org/10.1016/j.an-

nonc.2023.12.003. 

2. Siegel, R.L.; Giaquinto, A.N.; Jemal, A. Cancer Statistics, 2024. CA A Cancer J. Clin. 2024, 74, 12–49. 

https://doi.org/10.3322/caac.21820. 

3. Cervantes, A.; Adam, R.; Roselló, S.; Arnold, D.; Normanno, N.; Taïeb, J.; Seligmann, J.; De Baere, T.; Osterlund, P.; Yoshino, T.; 

et al. Metastatic Colorectal Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 

2023, 34, 10–32. https://doi.org/10.1016/j.annonc.2022.10.003. 

4. Wang, Z.; Yao, W.; Wu, W.; Huang, J.; Ma, Y.; Yang, C.; Shi, J.; Fu, J.; Wang, Y.; Wong, M.C.S.; et al. Global Incidence Trends of 

Early-Onset Colorectal Cancer and Related Exposures in Early-Life: An Ecological Analysis Based on the GBD 2019. Front. Public 

Health 2024, 12, 1367818. https://doi.org/10.3389/fpubh.2024.1367818. 

5. Pathak, P.S.; Chan, G.; Deming, D.A.; Chee, C.E. State-of-the-Art Management of Colorectal Cancer: Treatment Advances and 

Innovation. Am. Soc. Clin. Oncol. Educ. Book 2024, 44, e438466. https://doi.org/10.1200/EDBK_438466. 

6. Cervantes, B.; André, T.; Cohen, R. Deficient Mismatch Repair/Microsatellite Unstable Colorectal Cancer: Therapeutic Advances 

and Questions. Ther. Adv. Med. Oncol. 2024, 16, 1–10. https://doi.org/10.1177/17588359231170473. 

7. Boland, C.R.; Goel, A. Microsatellite Instability in Colorectal Cancer. Gastroenterology 2010, 138, 2073–2087.e3. 

https://doi.org/10.1053/j.gastro.2009.12.064. 

8. Baranov, E.; Nowak, J.A. Pathologic Evaluation of Therapeutic Biomarkers in Colorectal Adenocarcinoma. Surg. Pathol. Clin. 

2023, 16, 635–650. https://doi.org/10.1016/j.path.2023.05.002. 

9. Ciardiello, F.; Ciardiello, D.; Martini, G.; Napolitano, S.; Tabernero, J.; Cervantes, A. Clinical Management of Metastatic Colo-

rectal Cancer in the Era of Precision Medicine. CA. Cancer J. Clin. 2022, 72, 372–401. https://doi.org/10.3322/caac.21728. 

10. Shia, J. Immunohistochemistry versus Microsatellite Instability Testing For Screening Colorectal Cancer Patients at Risk For 

Hereditary Nonpolyposis Colorectal Cancer Syndrome. J. Mol. Diagn. 2008, 10, 293–300. 

https://doi.org/10.2353/jmoldx.2008.080031. 

11. Ribic, C.M.; Sargent, D.J.; Moore, M.J.; Thibodeau, S.N.; French, A.J.; Goldberg, R.M.; Hamilton, S.R.; Laurent-Puig, P.; Gryfe, 

R.; Shepherd, L.E.; et al. Tumor Microsatellite-Instability Status as a Predictor of Benefit from Fluorouracil-Based Adjuvant 

Chemotherapy for Colon Cancer. N. Engl. J. Med. 2003, 349, 247–257. https://doi.org/10.1056/NEJMoa022289. 

12. Sargent, D.J.; Marsoni, S.; Monges, G.; Thibodeau, S.N.; Labianca, R.; Hamilton, S.R.; French, A.J.; Kabat, B.; Foster, N.R.; Torri, 

V.; et al. Defective Mismatch Repair As a Predictive Marker for Lack of Efficacy of Fluorouracil-Based Adjuvant Therapy in 

Colon Cancer. J. Clin. Oncol. 2010, 28, 3219–3226. https://doi.org/10.1200/JCO.2009.27.1825. 

13. Sinicrope, F.A.; Foster, N.R.; Thibodeau, S.N.; Marsoni, S.; Monges, G.; Labianca, R.; Yothers, G.; Allegra, C.; Moore, M.J.; Gall-

inger, S.; et al. DNA Mismatch Repair Status and Colon Cancer Recurrence and Survival in Clinical Trials of 5-Fluorouracil-

Based Adjuvant Therapy. JNCI J. Natl. Cancer Inst. 2011, 103, 863–875. https://doi.org/10.1093/jnci/djr153. 

14. Argilés, G.; Tabernero, J.; Labianca, R.; Hochhauser, D.; Salazar, R.; Iveson, T.; Laurent-Puig, P.; Quirke, P.; Yoshino, T.; Taieb, 

J.; et al. Localised Colon Cancer: ESMO Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 2020, 

31, 1291–1305. https://doi.org/10.1016/j.annonc.2020.06.022. 

https://doi.org/10.3390/jmp7010009


J. Mol. Pathol. 2026, 7, 9 18 of 21 
 

https://doi.org/10.3390/jmp7010009 

15. Chalabi, M.; Fanchi, L.F.; Dijkstra, K.K.; Van Den Berg, J.G.; Aalbers, A.G.; Sikorska, K.; Lopez-Yurda, M.; Grootscholten, C.; 

Beets, G.L.; Snaebjornsson, P.; et al. Neoadjuvant Immunotherapy Leads to Pathological Responses in MMR-Proficient and 

MMR-Deficient Early-Stage Colon Cancers. Nat. Med. 2020, 26, 566–576. https://doi.org/10.1038/s41591-020-0805-8. 

16. Catalano, M.; Iannone, L.F.; Nesi, G.; Nobili, S.; Mini, E.; Roviello, G. Immunotherapy-Related Biomarkers: Confirmations and 

Uncertainties. Crit. Rev. Oncol./Hematol. 2023, 192, 104135. https://doi.org/10.1016/j.critrevonc.2023.104135. 

17. Marabelle, A.; Fakih, M.; Lopez, J.; Shah, M.; Shapira-Frommer, R.; Nakagawa, K.; Chung, H.C.; Kindler, H.L.; Lopez-Martin, 

J.A.; Miller, W.H.; et al. Association of Tumour Mutational Burden with Outcomes in Patients with Advanced Solid Tumours 

Treated with Pembrolizumab: Prospective Biomarker Analysis of the Multicohort, Open-Label, Phase 2 KEYNOTE-158 Study. 

Lancet Oncol. 2020, 21, 1353–1365. https://doi.org/10.1016/S1470-2045(20)30445-9. 

18. Campbell, B.B.; Light, N.; Fabrizio, D.; Zatzman, M.; Fuligni, F.; De Borja, R.; Davidson, S.; Edwards, M.; Elvin, J.A.; Hodel, K.P.; 

et al. Comprehensive Analysis of Hypermutation in Human Cancer. Cell 2017, 171, 1042–1056.e10. 

https://doi.org/10.1016/j.cell.2017.09.048. 

19. Rousseau, B.; Bieche, I.; Pasmant, E.; Hamzaoui, N.; Leulliot, N.; Michon, L.; De Reynies, A.; Attignon, V.; Foote, M.B.; Masliah-

Planchon, J.; et al. PD-1 Blockade in Solid Tumors with Defects in Polymerase Epsilon. Cancer Discov. 2022, 12, 1435–1448. 

https://doi.org/10.1158/2159-8290.CD-21-0521. 

20. Ambrosini, M.; Rousseau, B.; Manca, P.; Artz, O.; Marabelle, A.; André, T.; Maddalena, G.; Mazzoli, G.; Intini, R.; Cohen, R.; et 

al. Immune Checkpoint Inhibitors for POLE or POLD1 Proofreading-Deficient Metastatic Colorectal Cancer. Ann. Oncol. 2024, 

35, 643–655. https://doi.org/10.1016/j.annonc.2024.03.009. 

21. Chen, J.; Lou, H. Complete Response to Pembrolizumab in Advanced Colon Cancer Harboring Somatic POLE F367S Mutation 

with Microsatellite Stability Status: A Case Study. OncoTargets Ther. 2021, 14, 1791–1796. https://doi.org/10.2147/OTT.S300987. 

22. González-Montero, J.; Rojas, C.I.; Burotto, M. Predictors of Response to Immunotherapy in Colorectal Cancer. Oncologist 2024, 

29, 824–832. https://doi.org/10.1093/oncolo/oyae152. 

23. Cohen, R.; Hain, E.; Buhard, O.; Guilloux, A.; Bardier, A.; Kaci, R.; Bertheau, P.; Renaud, F.; Bibeau, F.; Fléjou, J.-F.; et al. Assess-

ment of Local Clinical Practice for Testing of Mismatch Repair Deficiency in Metastatic Colorectal Cancer: The Need for New 

Diagnostic Guidelines Prior to Immunotherapy. Ann. Oncol. 2018, 29, VIII179–VIII180. https://doi.org/10.1093/an-

nonc/mdy281.083. 

24. Yan, S.; Wang, W.; Feng, Z.; Xue, J.; Liang, W.; Wu, X.; Tan, Z.; Zhang, X.; Zhang, S.; Li, X.; et al. Immune Checkpoint Inhibitors 

in Colorectal Cancer: Limitation and Challenges. Front. Immunol. 2024, 15, 1403533. https://doi.org/10.3389/fimmu.2024.1403533. 

25. Nagtegaal, I.D.; Odze, R.D.; Klimstra, D.; Paradis, V.; Rugge, M.; Schirmacher, P.; Washington, K.M.; Carneiro, F.; Cree, I.A.; 

The WHO Classification of Tumours Editorial Board. The 2019 WHO Classification of Tumours of the Digestive System. Histo-

pathology 2020, 76, 182–188. https://doi.org/10.1111/his.13975. 

26. Amin, M.B.; Greene, F.L.; Edge, S.B.; Compton, C.C.; Gershenwald, J.E.; Brookland, R.K.; Meyer, L.; Gress, D.M.; Byrd, D.R.; 

Winchester, D.P. The Eighth Edition AJCC Cancer Staging Manual: Continuing to Build a Bridge from a Population-based to a 

More “Personalized” Approach to Cancer Staging. CA A Cancer J. Clin. 2017, 67, 93–99. https://doi.org/10.3322/caac.21388. 

27. Fassan, M.; Scarpa, A.; Remo, A.; De Maglio, G.; Troncone, G.; Marchetti, A.; Doglioni, C.; Ingravallo, G.; Perrone, G.; Parente, 

P.; et al. Current Prognostic and Predictive Biomarkers for Gastrointestinal Tumors in Clinical Practice. Pathologica 2020, 112, 

248–259. https://doi.org/10.32074/1591-951X-158. 

28. Grillo, F.; Paudice, M.; Gambella, A.; Bozzano, S.; Sciallero, S.; Puccini, A.; Lastraioli, S.; Dono, M.; Parente, P.; Vanoli, A.; et al. 

Evaluating Mismatch Repair Deficiency in Colorectal Cancer Biopsy Specimens. Histochem. Cell Biol. 2023, 160, 113–125. 

https://doi.org/10.1007/s00418-023-02202-8. 

29. Milbury, C.A.; Creeden, J.; Yip, W.-K.; Smith, D.L.; Pattani, V.; Maxwell, K.; Sawchyn, B.; Gjoerup, O.; Meng, W.; Skoletsky, J.; 

et al. Clinical and Analytical Validation of FoundationOne®CDx, a Comprehensive Genomic Profiling Assay for Solid Tumors. 

PLoS ONE 2022, 17, e0264138. https://doi.org/10.1371/journal.pone.0264138. 

30. Maio, M.; Ascierto, P.A.; Manzyuk, L.; Motola-Kuba, D.; Penel, N.; Cassier, P.A.; Bariani, G.M.; Acosta, A.D.J.; Doi, T.; Longo, 

F.; et al. Pembrolizumab in Microsatellite Instability High or Mismatch Repair Deficient Cancers: Updated Analysis from the 

Phase II KEYNOTE-158 Study. Ann. Oncol. 2022, 33, 929–938. https://doi.org/10.1016/j.annonc.2022.05.519. 

31. Andre, T.; Elez, E.; Van Cutsem, E.; Jensen, L.H.; Bennouna, J.; Mendez, G.; Schenker, M.; De La Fouchardiere, C.; Limon, M.L.; 

Yoshino, T.; et al. Nivolumab (NIVO) plus Ipilimumab (IPI) vs Chemotherapy (Chemo) as First-Line (1L) Treatment for Mi-

crosatellite Instability-High/Mismatch Repair-Deficient (MSI-H/dMMR) Metastatic Colorectal Cancer (mCRC): First Results of 

the CheckMate 8HW Study. J. Clin. Oncol. 2024, 42, LBA768-LBA768. https://doi.org/10.1200/JCO.2024.42.3_suppl.LBA768. 

https://doi.org/10.3390/jmp7010009


J. Mol. Pathol. 2026, 7, 9 19 of 21 
 

https://doi.org/10.3390/jmp7010009 

32. Chalabi, M.; Verschoor, Y.L.; Tan, P.B.; Balduzzi, S.; Van Lent, A.U.; Grootscholten, C.; Dokter, S.; Büller, N.V.; Grotenhuis, B.A.; 

Kuhlmann, K.; et al. Neoadjuvant Immunotherapy in Locally Advanced Mismatch Repair—Deficient Colon Cancer. N. Engl. J. 

Med. 2024, 390, 1949–1958. https://doi.org/10.1056/NEJMoa2400634. 

33. Cercek, A.; Lumish, M.; Sinopoli, J.; Weiss, J.; Shia, J.; Lamendola-Essel, M.; El Dika, I.H.; Segal, N.; Shcherba, M.; Sugarman, R.; 

et al. PD-1 Blockade in Mismatch Repair–Deficient, Locally Advanced Rectal Cancer. N. Engl. J. Med. 2022, 386, 2363–2376. 

https://doi.org/10.1056/NEJMoa2201445. 

34. Kang, S.Y.; Kim, D.G.; Ahn, S.; Ha, S.Y.; Jang, K.-T.; Kim, K.-M. Comparative Analysis of Microsatellite Instability by Next-

Generation Sequencing, MSI PCR and MMR Immunohistochemistry in 1942 Solid Cancers. Pathol.-Res. Pract. 2022, 233, 153874. 

https://doi.org/10.1016/j.prp.2022.153874. 

35. Shimozaki, K.; Hayashi, H.; Tanishima, S.; Horie, S.; Chida, A.; Tsugaru, K.; Togasaki, K.; Kawasaki, K.; Aimono, E.; Hirata, K.; 

et al. Concordance Analysis of Microsatellite Instability Status between Polymerase Chain Reaction Based Testing and next 

Generation Sequencing for Solid Tumors. Sci. Rep. 2021, 11, 20003. https://doi.org/10.1038/s41598-021-99364-z. 

36. Wang, C.; Zhang, L.; Vakiani, E.; Shia, J. Detecting Mismatch Repair Deficiency in Solid Neoplasms: Immunohistochemistry, 

Microsatellite Instability, or Both? Mod. Pathol. 2022, 35, 1515–1528. https://doi.org/10.1038/s41379-022-01109-4. 

37. Bartley, A.N.; Mills, A.M.; Konnick, E.; Overman, M.; Ventura, C.B.; Souter, L.; Colasacco, C.; Stadler, Z.K.; Kerr, S.; Howitt, 

B.E.; et al. Mismatch Repair and Microsatellite Instability Testing for Immune Checkpoint Inhibitor Therapy: Guideline From 

the College of American Pathologists in Collaboration With the Association for Molecular Pathology and Fight Colorectal Can-

cer. Arch. Pathol. Lab. Med. 2022, 146, 1194–1210. https://doi.org/10.5858/arpa.2021-0632-CP. 

38. Fornaro, L.; Lonardi, S.; Catanese, S.; Nappo, F.; Pietrantonio, F.; Pellino, A.; Angerilli, V.; Signorini, F.; Salani, F.; Murgioni, S.; 

et al. Concordance of Microsatellite Instability and Mismatch Repair Status in Paired Biopsies and Surgical Specimens of Resec-

table Gastroesophageal Adenocarcinoma: Time for a Call to Action. Gastric Cancer 2023, 26, 958–968. 

https://doi.org/10.1007/s10120-023-01411-3. 

39. Evrard, C.; Tachon, G.; Randrian, V.; Karayan-Tapon, L.; Tougeron, D. Microsatellite Instability: Diagnosis, Heterogeneity, Dis-

cordance, and Clinical Impact in Colorectal Cancer. Cancers 2019, 11, 1567. https://doi.org/10.3390/cancers11101567. 

40. McCarthy, A.J.; Capo-Chichi, J.; Spence, T.; Grenier, S.; Stockley, T.; Kamel-Reid, S.; Serra, S.; Sabatini, P.; Chetty, R. Hetero-

genous Loss of Mismatch Repair (MMR) Protein Expression: A Challenge for Immunohistochemical Interpretation and Mi-

crosatellite Instability (MSI) Evaluation. J. Pathol. Clin. Res. 2019, 5, 115–129. https://doi.org/10.1002/cjp2.120. 

41. Joost, P.; Veurink, N.; Holck, S.; Klarskov, L.; Bojesen, A.; Harbo, M.; Baldetorp, B.; Rambech, E.; Nilbert, M. Heterogenous 

Mismatch-Repair Status in Colorectal Cancer. Diagn. Pathol. 2014, 9, 126. https://doi.org/10.1186/1746-1596-9-126. 

42. Overbeek, L.I.H.; Ligtenberg, M.J.L.; Willems, R.W.; Hermens, R.P.M.G.; Blokx, W.A.M.; Dubois, S.V.; Van Der Linden, H.; 

Meijer, J.W.R.; Mlynek-Kersjes, M.L.; Hoogerbrugge, N.; et al. Interpretation of Immunohistochemistry for Mismatch Repair 

Proteins Is Only Reliable in a Specialized Setting. Am. J. Surg. Pathol. 2008, 32, 1246–1251. 

https://doi.org/10.1097/PAS.0b013e31816401bb. 

43. Bao, F.; Panarelli, N.C.; Rennert, H.; Sherr, D.L.; Yantiss, R.K. Neoadjuvant Therapy Induces Loss of MSH6 Expression in Col-

orectal Carcinoma. Am. J. Surg. Pathol. 2010, 34, 1798–1804. https://doi.org/10.1097/PAS.0b013e3181f906cc. 

44. Liu, W.; Zhang, D.; Tan, S.A.; Liu, X.; Lai, J. Sigmoid Colon Adenocarcinoma with Isolated Loss of PMS2 Presenting in a Patient 

with Synchronous Prostate Cancer with Intact MMR: Diagnosis and Analysis of the Family Pedigree. Anticancer Res. 2018, 38, 

4847–4852. https://doi.org/10.21873/anticanres.12796. 

45. Helderman, N.C.; Strobel, F.; Bohaumilitzky, L.; Terlouw, D.; Van Der Werf-’T Lam, A.-S.; Van Wezel, T.; Morreau, H.; Von 

Knebel Doeberitz, M.; Nielsen, M.; Kloor, M.; et al. Lower Degree of Microsatellite Instability in Colorectal Carcinomas from 

MSH6-Associated Lynch Syndrome Patients. Mod. Pathol. 2025, 38, 100757. https://doi.org/10.1016/j.modpat.2025.100757. 

46. Salahshor, S.; Koelble, K.; Rubio, C.; Lindblom, A. Microsatellite Instability and hMLH1 and hMSH2 Expression Analysis in 

Familial and Sporadic Colorectal Cancer. Lab. Investig. 2001, 81, 535–541. https://doi.org/10.1038/labinvest.3780262. 

47. Ollila, S.; Sarantaus, L.; Kariola, R.; Chan, P.; Hampel, H.; Holinski–Feder, E.; Macrae, F.; Kohonen–Corish, M.; Gerdes, A.; 

Peltomäki, P.; et al. Pathogenicity of MSH2 Missense Mutations Is Typically Associated With Impaired Repair Capability of the 

Mutated Protein. Gastroenterology 2006, 131, 1408–1417. https://doi.org/10.1053/j.gastro.2006.08.044. 

48. Hechtman, J.F.; Rana, S.; Middha, S.; Stadler, Z.K.; Latham, A.; Benayed, R.; Soslow, R.; Ladanyi, M.; Yaeger, R.; Zehir, A.; et al. 

Retained Mismatch Repair Protein Expression Occurs in Approximately 6% of Microsatellite Instability-High Cancers and Is 

Associated with Missense Mutations in Mismatch Repair Genes. Mod. Pathol. 2020, 33, 871–879. https://doi.org/10.1038/s41379-

019-0414-6. 

https://doi.org/10.3390/jmp7010009


J. Mol. Pathol. 2026, 7, 9 20 of 21 
 

https://doi.org/10.3390/jmp7010009 

49. Jeantet, M.; Tougeron, D.; Tachon, G.; Cortes, U.; Archambaut, C.; Fromont, G.; Karayan-Tapon, L. High Intra- and Inter-Tu-

moral Heterogeneity of RAS Mutations in Colorectal Cancer. Int. J. Mol. Sci. 2016, 17, 2015. https://doi.org/10.3390/ijms17122015. 

50. Testa, U.; Pelosi, E.; Castelli, G. Colorectal Cancer: Genetic Abnormalities, Tumor Progression, Tumor Heterogeneity, Clonal 

Evolution and Tumor-Initiating Cells. Med. Sci. 2018, 6, 31. https://doi.org/10.3390/medsci6020031. 

51. Evrard, C.; Messina, S.; Sefrioui, D.; Frouin, É.; Auriault, M.-L.; Chautard, R.; Zaanan, A.; Jaffrelot, M.; De La Fouchardière, C.; 

Aparicio, T.; et al. Heterogeneity of Mismatch Repair Status and Microsatellite Instability between Primary Tumour and Metas-

tasis and Its Implications for Immunotherapy in Colorectal Cancers. Int. J. Mol. Sci. 2022, 23, 4427. 

https://doi.org/10.3390/ijms23084427. 

52. Chapusot, C.; Martin, L.; Bouvier, A.M.; Bonithon-Kopp, C.; Ecarnot-Laubriet, A.; Rageot, D.; Ponnelle, T.; Puig, P.L.; Faivre, J.; 

Piard, F. Microsatellite Instability and Intratumoural Heterogeneity in 100 Right-Sided Sporadic Colon Carcinomas. Br. J. Cancer 

2002, 87, 400–404. https://doi.org/10.1038/sj.bjc.6600474. 

53. Willis, J.; Lefterova, M.I.; Artyomenko, A.; Kasi, P.M.; Nakamura, Y.; Mody, K.; Catenacci, D.V.T.; Fakih, M.; Barbacioru, C.; 

Zhao, J.; et al. Validation of Microsatellite Instability Detection Using a Comprehensive Plasma-Based Genotyping Panel. Clin. 

Cancer Res. 2019, 25, 7035–7045. https://doi.org/10.1158/1078-0432.CCR-19-1324. 

54. Yu, F.; Makrigiorgos, A.; Leong, K.W.; Makrigiorgos, G.M. Sensitive Detection of Microsatellite Instability in Tissues and Liquid 

Biopsies: Recent Developments and Updates. Comput. Struct. Biotechnol. J. 2021, 19, 4931–4940. 

https://doi.org/10.1016/j.csbj.2021.08.037. 

55. Gargalionis, A.N.; Papavassiliou, A.G. Liquid Biopsies in Colorectal Cancer: Monitoring Genetic Heterogeneity. Trends Cancer 

2017, 3, 166–168. https://doi.org/10.1016/j.trecan.2017.01.003. 

56. Silveira, A.B.; Bidard, F.-C.; Kasperek, A.; Melaabi, S.; Tanguy, M.-L.; Rodrigues, M.; Bataillon, G.; Cabel, L.; Buecher, B.; Pierga, 

J.-Y.; et al. High-Accuracy Determination of Microsatellite Instability Compatible with Liquid Biopsies. Clin. Chem. 2020, 66, 

606–613. https://doi.org/10.1093/clinchem/hvaa013. 

57. Eikenboom, E.L.; Van Der Werf-’T Lam, A.-S.; Rodríguez-Girondo, M.; Van Asperen, C.J.; Dinjens, W.N.M.; Hofstra, R.M.W.; 

Van Leerdam, M.E.; Morreau, H.; Spaander, M.C.W.; Wagner, A.; et al. Universal Immunohistochemistry for Lynch Syndrome: 

A Systematic Review and Meta-Analysis of 58,580 Colorectal Carcinomas. Clin. Gastroenterol. Hepatol. 2022, 20, e496–e507. 

https://doi.org/10.1016/j.cgh.2021.04.021. 

58. Da Silva, S.I.O.; Domingos, T.A.; Kupper, B.E.C.; De Brot, L.; Junior, S.A.; Carraro, D.M.; Torrezan, G.T. Amplicon-Based NGS 

Test for Assessing MLH1 Promoter Methylation and Its Correlation with BRAF Mutation in Colorectal Cancer Patients. Exp. 

Mol. Pathol. 2023, 130, 104855. https://doi.org/10.1016/j.yexmp.2023.104855. 

59. Bortolomeazzi, M.; Keddar, M.R.; Montorsi, L.; Acha-Sagredo, A.; Benedetti, L.; Temelkovski, D.; Choi, S.; Petrov, N.; Todd, K.; 

Wai, P.; et al. Immunogenomics of Colorectal Cancer Response to Checkpoint Blockade: Analysis of the KEYNOTE 177 Trial 

and Validation Cohorts. Gastroenterology 2021, 161, 1179–1193. https://doi.org/10.1053/j.gastro.2021.06.064. 

60. Manca, P.; Corti, F.; Intini, R.; Mazzoli, G.; Miceli, R.; Germani, M.M.; Bergamo, F.; Ambrosini, M.; Cristarella, E.; Cerantola, R.; 

et al. Tumour Mutational Burden as a Biomarker in Patients with Mismatch Repair Deficient/Microsatellite Instability-High 

Metastatic Colorectal Cancer Treated with Immune Checkpoint Inhibitors. Eur. J. Cancer 2023, 187, 15–24. 

https://doi.org/10.1016/j.ejca.2023.03.029. 

61. Rousseau, B.; Foote, M.B.; Maron, S.B.; Diplas, B.H.; Lu, S.; Argilés, G.; Cercek, A.; Diaz, L.A. The Spectrum of Benefit from 

Checkpoint Blockade in Hypermutated Tumors. N. Engl. J. Med. 2021, 384, 1168–1170. https://doi.org/10.1056/NEJMc2031965. 

62. Ma, X.; Dong, L.; Liu, X.; Ou, K.; Yang, L. POLE/POLD1 Mutation and Tumor Immunotherapy. J. Exp. Clin. Cancer Res. 2022, 41, 

216. https://doi.org/10.1186/s13046-022-02422-1. 

63. Mosalem, O.; Coston, T.W.; Imperial, R.; Mauer, E.; Thompson, C.; Yilma, B.; Bekaii-Saab, T.S.; Stoppler, M.C.; Starr, J.S. A 

Comprehensive Analysis of POLE/POLD1 Genomic Alterations in Colorectal Cancer. Oncologist 2024, 29, e1224–e1227. 

https://doi.org/10.1093/oncolo/oyae098. 

64. Yang, W.; Shi, J.; Zhou, Y.; Liu, T.; Zhan, F.; Zhang, K.; Liu, N. Integrating Proteomics and Transcriptomics for the Identification 

of Potential Targets in Early Colorectal Cancer. Int. J. Oncol. 2019, 55, 439–450. https://doi.org/10.3892/ijo.2019.4833. 

65. Wang, K.; Huang, C.; Nice, E.C. Proteomics, Genomics and Transcriptomics: Their Emerging Roles in the Discovery and Vali-

dation of Colorectal Cancer Biomarkers. Expert Rev. Proteom. 2014, 11, 179–205. https://doi.org/10.1586/14789450.2014.894466. 

66. Gong, T.; Rai, S.K.; Zhu, Y.; Wang, Y.; Chen, Y.; Ma, L.; Wei, X.; Ling, Z.; Pandey, A.; Qin, Y.; et al. Integrative Epitranscriptomic 

and Transcriptomic Characterization in Human Colorectal Cancer. J. Adv. Res. 2025, S2090123225007416. 

https://doi.org/10.1016/j.jare.2025.09.037. 

https://doi.org/10.3390/jmp7010009


J. Mol. Pathol. 2026, 7, 9 21 of 21 
 

https://doi.org/10.3390/jmp7010009 

67. Ali-Fehmi, R.; Krause, H.B.; Morris, R.T.; Wallbillich, J.J.; Corey, L.; Bandyopadhyay, S.; Kheil, M.; Elbashir, L.; Zaiem, F.; Qud-

dus, M.R.; et al. Analysis of Concordance Between Next-Generation Sequencing Assessment of Microsatellite Instability and 

Immunohistochemistry-Mismatch Repair From Solid Tumors. JCO Precis. Oncol. 2024, 8, e2300648. 

https://doi.org/10.1200/PO.23.00648. 

68. Loughrey, M.B.; McGrath, J.; Coleman, H.G.; Bankhead, P.; Maxwell, P.; McGready, C.; Bingham, V.; Humphries, M.P.; Craig, 

S.G.; McQuaid, S.; et al. Identifying Mismatch Repair-deficient Colon Cancer: Near-perfect Concordance between Immuno-

histochemistry and Microsatellite Instability Testing in a Large, Population-based Series. Histopathology 2021, 78, 401–413. 

https://doi.org/10.1111/his.14233. 

69. Gilson, P.; Merlin, J.-L.; Harlé, A. Detection of Microsatellite Instability: State of the Art and Future Applications in Circulating 

Tumour DNA (ctDNA). Cancers 2021, 13, 1491. https://doi.org/10.3390/cancers13071491. 

70. Marques, A.C.; Ferraro-Peyret, C.; Michaud, F.; Song, L.; Smith, E.; Fabre, G.; Willig, A.; Wong, M.M.L.; Xing, X.; Chong, C.; et 

al. Improved NGS-Based Detection of Microsatellite Instability Using Tumor-Only Data. Front. Oncol. 2022, 12, 969238. 

https://doi.org/10.3389/fonc.2022.969238. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/jmp7010009

