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Abstract: The integrity of the genome is maintained by mismatch repair (MMR) proteins
that recognize and repair base mismatches and insertion/deletion errors generated during
DNA replication and recombination. A defective MMR system results in genome-wide in-
stability and the progressive accumulation of mutations. Tumors exhibiting deficient MMR
(dMMR) and/or high levels of microsatellite instability (termed “microsatellite instability
high”, or MSI-H) have been shown to possess fundamental differences in clinical, patholog-
ical, and molecular characteristics, distinguishing them from their “microsatellite stable”
(MSS) counterparts. Molecularly, they are defined by a high mutational burden, genetic
instability, and a distinctive immune profile. Their distinct genetic and immunological pro-
files have made dMMR/MSI-H tumors particularly amenable to treatment with immune
checkpoint inhibitors (ICIs). The ongoing development of biomarker-driven therapies and
the evaluation of novel combinations of immune-based therapies, with or without the use
of conventional cytotoxic treatment regimens, continue to refine treatment strategies with
the goals of maximizing therapeutic efficacy and survival outcomes in this distinct patient
population. Moreover, the resultant knowledge of the mechanisms by which these features
are suspected to render these tumors more responsive, overall, to immunotherapy may
provide information regarding the potential optimization of this therapeutic approach in
tumors with proficient MMR (pMMR)/MSS tumors.

Keywords: microsatellite instability; deficient mismatch repair; tumor mutational burden;
neoantigens; Lynch syndrome; hereditary non-polyposis colon cancer; tumor immune
microenvironment; immune checkpoint inhibition; immunotherapy

1. Introduction
The oncogenic descriptions of dMMR and MSI-H tumors are delineations that have

become pivotal in the classification of solid tumors. Microsatellite sequences are abundant
throughout the genome and are unique and uniform in length in every tissue in each
person [1]. These sequences demonstrate high polymorphism and are characterized as
repetitive segments of DNA consisting of short motifs of nucleotides that are repeated [2].
DNA damage accumulation in cells is attributed to either exposure to external insults such
as chemicals, ultraviolet light, and endogenous reactive metabolites, or errors occurring
during normal DNA replication [3,4]. If left unrepaired, DNA damage generates mutations
that may lead to tumorigenesis. Cells are equipped to respond to DNA damage through
various DNA repair pathways. The process of MMR is regulated through such a pathway,
activated via the recognition of base mismatches that have emerged during replication, and
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insertion–deletion loops (IDLs) within repetitive DNA sequences that have resulted from
strand slippage events [4,5]. Microsatellite instability arises from defects in this DNA MMR
system, a process that is critical in the preservation of genomic stability (Figure 1).
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homologues (MSH) have been described in human cells and comprise the MMR proteins. 
The heterodimers Mutator Sα, consisting of MSH2 and MSH6, and Mutator Sβ, consisting 
of MSH2 and MSH3, sense the deletion, insertion, and mismatch site on the DNA strand. 
Afterward, the Mutator L-related complexes (MLH1/PMS2 or MLH1/MLH3, with the 
former complex playing the predominant role) cleave the lesion site [5,6]. These events 

Figure 1. Mechanism of microsatellite instability and mutator phenotype. Schematic illustration
of common sources of DNA damage that contribute to microsatellite instability (MSI), contrasting
proficient and deficient DNA mismatch repair (MMR), the latter a prominent feature of MSI-high (MSI-
H) tumors. This figure highlights how the accumulated replication errors that are characteristic of
MSI-H tumors result in high tumor mutational burden, neoantigen generation, and the development
of an immune-rich tumor microenvironment characterized by an increased population of tumor-
infiltrating lymphocytes and immune checkpoint upregulation. Copyright: image elements adapted
from iStock (credit: ttsz) and BioRender version 201 (credit: Ryan Denu), with modifications by
the authors.

The criteria for successful MMR involves the initial recognition of base pair mismatches
and IDLs followed by the direction of repair machinery to the newly synthesized DNA
strand, which carries the erroneous genetic information [5]. Five MutS homologues (MSH)
have been described in human cells and comprise the MMR proteins. The heterodimers
Mutator Sα, consisting of MSH2 and MSH6, and Mutator Sβ, consisting of MSH2 and
MSH3, sense the deletion, insertion, and mismatch site on the DNA strand. Afterward, the
Mutator L-related complexes (MLH1/PMS2 or MLH1/MLH3, with the former complex
playing the predominant role) cleave the lesion site [5,6]. These events ultimately result in
a reduction in replication-associated errors; thus, an increase in the spontaneous mutation
rate is evident when this pathway is aberrant due to the loss of one or more of the MMR
proteins [3]. The resultant mutational phenotype leads to cancer development of either a
somatic or germline origin. The high mutational burden produces neoantigens, making
them susceptible to recognition and apoptosis via the adaptive immune system [7]. This
phenomenon is commonly referred to as the tumor mutational burden (TMB). It is important
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to note that while the terms MSI-H and dMMR are often used interchangeably to suggest
a fundamental defective cell state of genomic instability resulting from an aberration in
DNA MMR, the TMB reflects a tumor characteristic that is distinct from dMMR/MSI-
H. Both high-TMB and dMMR/MSI-H tumors have positive correlations with tumor
immunogenicity and responses to immunotherapy; however, TMB is a quantitative feature
that describes the number of mutations in the coding region of the genome (exome) of the
tumor cells [7]. Tumor mutational burden is reported as the number of mutations present in
a megabase of the genomic region as determined by whole-exome sequencing or large-scale
next-generation sequencing; a higher TMB generally correlates with a greater probability
of tumor neoantigen production and more robust T cell responses, potentially contributing
to the improved response to immunotherapy-based treatments [7–10].

The status of MSI and MMR has both predictive and prognostic implications in most
solid tumors. Testing for dMMR is achieved through the determination of the presence or
absence of MMR proteins via the immunohistochemistry (IHC) staining of tissue samples,
while the MSI status is assessed via polymerase chain reaction (PCR) amplification of a set
of nucleotide repeat markers. These markers are then compared between tumor and normal
DNA to detect somatic changes [11]. The MSI-H phenotype is well-described in colorectal,
endometrial, gastric, and prostate cancers, and recognition in other solid tumors has been
heightened due to increased frequency in and familiarity with testing for dMMR/MSI-H.
This review aims to provide a comprehensive analysis of MSI-H solid tumors, covering
the associated molecular basis, clinical characteristics, diagnostic methods, prognostic
implications, and treatment strategies.

2. The Landscape of Deficient MMR and MSI in Solid Tumors
2.1. Colorectal Cancers

Several molecular pathways can lead to colorectal cancer (CRC) with MSI. Hereditary
syndromes known to confer an increased risk of CRC development in individuals carrying
pathognomonic pathogenic variants (with these resultant tumors either exhibiting MSI or
features similar to those occurring in MSI-CRCs) include Lynch syndrome (LS), MUTYH-
associated polyposis (MAP), and polymerase proofreading-associated polyposis (PPAP).
While the development of CRC in the setting of hereditary syndromes typically results
from the sequelae of germline mutations in genes associated with DNA damage repair, the
more common non-familial form of MSI-H CRC is due to the epigenetic inactivation of
MLH1 occurring in a background of hypermethylation [12].

2.1.1. Lynch Syndrome

Colon and rectal cancers exhibiting MSI may develop in the setting of an inherited
syndrome or via a non-familial or non-hereditary, or “sporadic”, process. Formerly termed
hereditary nonpolyposis coli or hereditary nonpolyposis colon cancer (HNPCC), LS is an
inherited disorder that is associated with an increased risk of the development of various
types of malignancies, of which colorectal and endometrial are the most common. In
recent years, the use of the term “Lynch syndrome” has been more widely accepted as
more precise nomenclature when referring to the syndrome that results in the presence
of a germline mutation in DNA mismatch repair genes; in contrast, HNPCC is a clinical
definition that refers to the satisfaction of criteria (e.g., Amsterdam criteria; Bethesda
guidelines) related to personal and family history meant to identify those individuals who
should undergo genetic testing [12–16]. Moreover, the designation of HNPCC may also
refer to cases of familial CRC that exhibit MSI and other features of LS but lack germline
mutations involving MMR genes (“Lynch-like” syndromes) or appear to be familial but are
MSS and lack germline mutations (“familial colorectal cancer type X”) [12,14,17–21].
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As one of the most common hereditary cancer syndromes, LS gives rise to 3–5% of
MSI-H CRCs. Pathogenic germline mutations in the DNA MMR genes MLH1, MSH2,
MSH6, and PMS2 leading to an MMR functional deficiency are defining features of LS [22].
Although the inheritance pattern is autosomal dominant, the pathology ultimately develops
from a second event involving the unaffected allele through which the resultant DNA
repair dysfunction causes an increase in the frequency of somatic mutations in the cell line
and an acceleration in malignant degeneration, translating to a higher risk of malignant
transformation within a short timeframe pattern [15,23–26]. The cumulative lifetime risk of
developing CRC in this patient population can be as high as 60–80% without surveillance
and therapeutic intervention, although penetrance depends on the involved gene [27].
Mutations in the MLH1 and MSH2 genes have a greater effect on DNA repair and more
frequently contribute to the manifestation of the typical CRCs found in individuals with
LS, while mutations in PMS2 and MSH6 have distinct risks and patterns of development
of intestinal and extracolonic malignant processes [28–32]. Germline deletions occurring
in the last few exons of the epithelial cellular adhesion molecule (EPCAM) gene are also
associated with LS, as such mutations lead to the epigenetic silencing of the MSH2 gene,
which is located downstream of EPCAM [33,34].

In more recent years, the term “Lynch syndrome” has been increasingly adopted in
both the clinical and molecular platforms as more precise nomenclature to highlight the
fundamental underlying genetic defect placing affected patients at risk for not only CRC,
but for the development of multiple extracolonic neoplasms, which include, but are not
limited to, endometrial, gastric, urinary tract, ovarian, and biliary tract malignancies [31,32].
This recognition of varying risk for the development of several types of neoplasms has
led to the creation of clinical practice guidelines by organizations such as the American
Society of Clinical Oncology, the European Society for Medical Oncology, the American
College of Gastroenterology, and the U.S. Multi-Society Task Force, amongst others, to
facilitate the early detection of these cancers and, thus, allow for potential curative treatment
options [35–39].

2.1.2. MUTYH-Associated Polyposis

MUTYH-associated polyposis is a unique syndrome characterized by a lifetime risk
of CRC of up to 80–100% that, when CRC develops, shares characteristics with both MSI-
H and CRCs exhibiting chromosomal instability (CIN) [40]. Inheritance occurs via an
autosomal recessive pattern, caused by the inactivation of MUTYH, a base excision repair
(BER) glycosylase involved in the repair of DNA damage induced by guanine nucleotide
oxidation. The MUTYH mutation-mediated disruption of BER machinery results in the
accumulation of G > T somatic mutations, which has been proposed to evoke anti-tumor
immune responses similar to those evident in MSI-H tumors [41]. The overall mutation
rate in MAP-associated carcinomas has been estimated to be approximately twofold higher
than the rate estimated in MSS carcinomas, but still lower than the rate in MSI CRCs (which
is almost tenfold higher than in MSS carcinomas) [42]. The higher somatic mutation load
demonstrated in MAP tumors compared to MSS tumors is suspected to cause a more
activated immune system, one that may be comparable to that which is evident in LS
patients and in those individuals with sporadic dMMR CRCs. Like MSI-H tumors, MAP-
associated CRCs are prone to lose human leukocyte antigen (HLA) class I expression, the
result of which may promote the evasion of tumor surveillance, thus allowing these tumors
to avoid recognition and destruction [43,44]. However, although HLA class I expression
loss is a feature shared among sporadic MSI-H CRCs, LS-associated CRCs, and MAP CRCs,
the mechanisms responsible for such expression loss is quite distinct between sporadic
and hereditary populations [45,46]. In sporadic MSI-H CRCs, HLA class I expression loss
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appears to be the result of genetic defects in antigen-processing machinery components.
In contrast, MAP-associated CRCs often fail to express beta-2-microglobulin, which is
critical for cell surface HLA class I antigen expression [43,45]. This phenomenon is similarly
seen in LS-associated CRCs. Given the higher mutation rate and potential to evoke an
immune response, it is reasonable to hypothesize that MAP-associated CRCs may be
sensitive to immunotherapeutic strategies, as are a proportion of MSI-H CRCs [47]. These
strategies could possibly include vaccines and ICIs, trials of which are currently ongoing for
use in LS patients in the prevention setting (NCT05419011, NCT04711434, NCT05078866,
and NCT01885702).

Estimated to account for approximately 0.7–1% of all CRCs, these tumors that arise in
individuals with MAP harbor an unusual type of CIN that is characterized by a loss of het-
erozygosity (LOH), without alterations in the chromosomal copy number (a phenomenon
known as copy-neutral LOH), distinguishing them from other CRCs with CIN [48,49].
Though MAP-associated CRCs largely tend to be MSS, paradoxically, they are commonly
right-sided/proximal in location, are often mucinous, and have an increased presence of
tumor-infiltrating lymphocytes (TILs), characteristics that are known to be associated with
LS-CRCs [48,50,51].

Regarding behavior, MAP CRCs have been shown to metastasize to a lesser degree
than sporadic CRCs, but more so than LS-associated CRCs. Although predominantly MSS,
reports have been published that suggest that a small number of MAP CRCs may exhibit
MSI and/or dMMR, but the importance of these findings as they relate to the response of
tumors to immunotherapeutic agents is unclear [52].

2.1.3. Polymerase Proofreading-Associated Polyposis

Polymerase proofreading-associated polyposis is another hereditary CRC syndrome
that bears overlapping features with MSI-H CRCs. It is an autosomal dominantly inherited
syndrome caused by pathogenic germline exonuclease domain variants of POLE and
POLD1 genes, which encode the catalytic subunits of the DNA polymerases epsilon and
delta that play important roles in DNA replication and proofreading. Colorectal cancers
arising in the setting of PPAP account for only 0.1–0.25% of all CRCs, are more commonly
proximal in location, tend to occur at a young age, are diagnosed at earlier stages, and
have been shown to be associated with good prognosis [53,54]. Like MSI-H tumors, POLE-
mutated tumors are considered to express a strongly mutated phenotype [55]. While reports
have suggested that somatic POLE mutations may serve as potential molecular markers
for predicting the efficacy of immunotherapy, data regarding this association in CRCs that
harbor germline pathogenic variants are extremely sparse [53,56–59].

2.1.4. Sporadic Colorectal Cancers

While CRCs arising in the setting of hereditary syndromes represent the smaller
constituent of CRCs expressing MSI, the remaining 10–12% of MSI CRCs are comprised by
those developing in a sporadic pattern in individuals lacking any demonstrable familial
predisposition. This phenomenon is largely due to the epigenetic inactivation of MLH1
occurring in a background of hypermethylation [60,61]. The promoter methylation of
MLH1 resulting in the gene’s functional deactivation may be caused by somatic mutations
in the BRAF gene [28]. The presence of the V600E mutation in the BRAF gene, in particular,
suggests a non-hereditary etiology, as the BRAF mutation is a rare occurrence in the
presence of MMR gene germline mutation. Conversely, BRAF mutations are present in
approximately 50% of MSI CRCs arising in a sporadic setting [62]. Thus, the coexistence of
a somatic BRAF mutation and tumor dMMR/MSI-H status not only suggests a sporadic
origin but may also be a marker for prognostic risk stratification in metastatic CRC, as
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BRAF-mutated tumors exhibiting MSI-H have been associated with poorer survival in
the metastatic setting [63–65]. This is in contrast to the improved outcomes observed
with early-stage MSI-H CRC, overall; it is possible that in advanced or late-stage CRC
exhibiting MSI-H, BRAF mutations may be the driving force behind these documented
poor outcomes [63,66].

The underlying type of genetic instability and the presence of DNA methylation in
sporadic MSI CRCs suggest that this type of CRC originates from serrated polyps and is
delineated by the CpG island methylator phenotype (CIMP) high status, methylation of
MLHI, BRAF mutation, and MSI-H and is chromosomally stable. Based on a proposed
molecular classification for CRC that considers morphological and molecular parameters,
sporadic MSI CRCs share features of those tumors comprising “group 1” (CIMP-high/MSI-
H/BRAF mutation) [23]. While the final pathway of both sporadic and hereditary MSI-H
CRC converges with respect to an MMR deficiency, there are notable differences in age,
gender, IHC profiles, molecular changes, and histopathological features between MSI CRCs
that arise in individuals harboring pathognomonic germline variants versus those that
develop in a non-familial sporadic pattern (Table 1) [67,68].

Table 1. Distinctions between MSI-H CRC resulting from germline versus sporadic mutations *.

Hereditary MSI-H CRC Sporadic MSI-H CRC

Clinical Features

- Associated with early-onset CRC
- Typical age < 50 years
- Slightly higher male predominance
- Predilection for proximal colon, but up

to 40% occur in left colon and rectum

- Seen in elderly patients
- Typical age > 75 years
- Female predominance
- Predominantly proximal

Incidence - 2–4% total CRC in the Western world - 10–15% total CRC

Histopathology
- Tubular or tubulovillous adenomas
- Crohn’s-like reaction and TILs

more common

- Serrated adenomas
- Poorly differentiated
- Mucinous
- Presence of subclones within the tumor

(heterogeneity) more common

Genomics

- Germline pathogenic variants in DNA
MMR genes and EPCAM

- Up to 50% caused by germline
mutation in hMSH2

- Disruption of the Wnt signaling
pathway, with associated APC and
beta catenin mutations

- KRAS mutations more common

- Methylation of hMLH1 promoter due
to epigenetic silencing

- CIMP characterized by widespread
DNA hypermethylation

- Concomitant somatic BRAF
V600E mutation

- Reduced frequency to absence of APC,
KRAS, and TP53 mutations

Microsatellite Status
- Lower levels of MSI, with instability in

30–50% of markers

- High levels of MSI with mean positive
yield of 87% of markers (range,
50–100%)

Immunohistochemistry

- Aberrant beta catenin immunostaining
- Concomitant loss of MLH1 and PMS2
- Concomitant loss of MSH2 and MSH6
- Isolated loss of MLH1 (uncommon),

PMS2, MSH2, or MSH6

- Virtually all cases associated with loss
of expression of hMLH1

* Extrapolated from Young et al. [67] and Jass et al. [68].

2.2. Endometrial Cancer

Among its subtypes, MSI-H endometrial cancer (EC) has gained attention due to its
distinct molecular and clinical features. A MSI-H status is observed in approximately
20–30% of ECs and is associated with specific genetic alterations and clinical outcomes.
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The MSI-H, or hypermutated phenotype, is one of the four categories of EC distinguished
by genomic characterization in The Cancer Genome Atlas (TCGA) [11,69]. A significant
proportion of MSI-H ECs are linked to LS; moreover, the data suggest that a significant
proportion of women with LS will present with EC as their initial cancer diagnosis [70].
Universal tumor testing for dMMR/MSI is recommended for EC at diagnosis and incorpo-
rated in several guidelines, such as the Society of Gynecologic Oncology and the National
Comprehensive Cancer Network [71–73]. Unlike CRC, evaluating EPCAM loss and BRAF
mutation has not been as relevant for patients with EC. While EPCAM-associated LS is
often linked with CRC, it is much less common for individuals with this syndrome to
develop EC [33,74]. Microsatellite instability-high ECs are often associated with specific
clinical and pathological features. These characteristics involve an endometroid histology,
low tumor stage, and histopathological features such as lymphocytic infiltration and tumor
heterogeneity. The propensity for extrauterine metastases is higher in dMMR EC due to
frequently observed lymphovascular invasion (LVI) and deep myometrial involvement [75].
The prognostic implications in MSI-H EC are not well defined, with several studies demon-
strating mixed observations [74,76–78]. Some studies suggest that MSI-H ECs have a
better prognosis due to increased immunogenicity, which enhances the anti-tumor immune
response; however, other studies indicate no significant difference in survival rates com-
pared to MSS tumors [77,78]. The molecular mechanisms of MSI-H ECs predominantly
involve epigenetic MLH1 promoter hypermethylation which is observed in 70–75% of
cases followed by somatic (15–20%) and germline (5–10%) mutations in MLH1, MSH2,
MSH6, and PMS2 [79–81]. hMLH1 promoter hypermethylation-associated EC demonstrates
distinct clinicopathological features such as older age, obesity, and more advanced stages
with higher rates of LVI. Early-stage EC with MLH1 promoter hypermethylation has been
associated with worse clinical outcomes, demonstrated by shorter progression-free survival
(PFS). Distinct molecular and immune profiles associated with this subgroup demonstrate
an enrichment of JAK1 mutations and lower TMB and TIL scores when compared with
germline and somatic MMR gene-mutated EC [79].

2.3. Gastric Cancer

Approximately 15–30% of sporadic gastric cancers (GCs) exhibit high levels of MSI [82].
Gastric cancers that are MSI-H constitute one of the four molecular subtypes of gastric
and gastroesophageal junction tumors according to the TCGA [83]. Gastric cancers exhibit-
ing MSI-H are often located in the antrum or body of the stomach, typically present as
intestinal-type adenocarcinomas, and are characterized by high levels of lymphocyte infil-
tration. These MSI-H GCs tend to occur in older patients and are more common in females.
Favorable prognosis is observed, with a lower incidence of lymph node metastasis, lower
pTNM stage, and better survival rate [84–86]. These improved rates may be due to a higher
neoantigen load of dMMR/MSI-H tumors stimulating an antitumor immune response,
hence reducing the likelihood of metastases [87]. Defects of the MMR system and MSI play
an important role in the early stages of gastric carcinogenesis. Kim et al. observed that,
in resected specimens of adenomas and carcinomas, 21% of gastric adenomas exhibited
MSI-H; furthermore, 62% of adenomas exhibiting some level of MSI were associated with
carcinoma, whereas 40% of MSS adenomas were associated with carcinoma [88]. Their
observations also suggest that GCs arising from adenoma precursor lesions are frequently
associated with a dMMR mechanism. This presence of MSI was maintained throughout
the process of malignant transformation [85,88]. Defective MMR and a loss of hMLH1 or
hMSH2 expression underly the MSI phenotype in MSI-H gastric tumors. Several studies
have shown that the MSI-H sporadic GC is mainly due to the inactivation of hMLH1 by
the epigenetic silencing of the gene [85,89,90], while most tumors with a loss of hMSH2
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expression have germline hMSH2 mutations [60,91]. In addition, MSI-H GCs demonstrate
distinct genotypes with an increased mutational frequency in tumor suppressor genes that
have been shown to be critical targets of dMMR in MSI-high tumors. These include the
TGF-βRII, IGFIIR, BAX, hMSH6, and hMSH3 genes [85,92].

2.4. Urothelial Carcinoma

A recent meta-analysis by Chandran et al. showed that dMMR and MSI-H are ap-
proximately three times more prevalent in upper tract urothelial cancers (UC) (dMMR
8.95%; MSI-H 8.36%) than in bladder cancer (dMMR 3.09%; MSI-H 2.11%), and that MSI-H
occurs more frequently in localized disease compared with metastatic disease [93]. The
pattern of MMR protein loss in upper tract UC showed MSH2 and MSH6 to be the most
frequent MMR proteins and/or genes lost or altered (both somatic and germline) com-
pared to bladder cancer, the latter for which was unclear. Moreover, a higher risk of
developing UC was conferred to those expressing MSH2 germline mutations compared to
individuals harboring germline variants of other MMR genes [94,95]. Several studies have
reported that an IHC loss of MSH2 or MSH6 is frequently associated with an underlying
germline mutation [39,96–99]. Furthermore, a majority (64%) of patients with dMMR upper
tract UC had previous history of an additional LS-associated neoplasm, most commonly
CRC [99]. Similar to the higher frequency evident in endometrial cancers, 12% of cases of
MSI-H UC was attributable to the epigenetic silencing of the MLH1 gene due to promoter
hypermethylation. With the exception of a known family history of UC, the National
Comprehensive Cancer Network (NCCN) does not recommend routine surveillance for
UC in the general population due to a lack of clear supporting evidence. Clinical features
of MSI-H UC demonstrate a slightly younger age at presentation (median 60 years) and
female predominance [100]. Significant molecular differences were detected in MSI-H UC
with higher rate of mutations identified in genes involved in chromatin remodeling and
DNA damage response biological pathways [101]. Tumors with dMMR/MSI-H had higher
TMB scores compared to MSS tumors, but no difference in programmed death-ligand
1 (PD-L1) expression was evident between the two groups. Distinct histopathological
features of MSI-H UC include a papillary histology with an inverted growth pattern, lack
of nuclear pleomorphism, presence of pushing borders without destructive infiltrative
edges, and increased intratumoral lymphocytes [99]. Prognosis in MSI-H UC is not clearly
defined, with most studies demonstrating a favorable prognosis and superior survival
compared to MSS UC; however, some studies showed no difference between these two
groups [100,102–105]. Thus, a clear correlation between the MSI-H status and favorable
prognosis in UC remains elusive.

2.5. Less Common Neoplasms

The dMMR/MSI-H phenotype, while predominantly studied in more common cancers
such as CRC and EC, also plays a significant role in other solid tumors, presenting with
unique clinical, histopathological, and molecular characteristics. The incidence of MSI-H
in rare solid tumors varies but is generally lower compared to that in more commonly
recognized malignancies. A high mutational burden, increased lymphocytic infiltration,
and a tendency towards poor differentiation are shared features among solid tumors
exhibiting the dMMR/MSI-H phenotype. The overall impact of this phenotype on survival
and prognosis can vary depending on the tumor type and its specific biological context.
Table 2 summarizes various features of less frequently diagnosed MSI-H tumors, the types
of which include, but are not limited to, pancreatic cancer, biliary tract cancer, small bowel
cancer, prostate adenocarcinoma, ovarian cancer, adrenocortical carcinoma, thyroid cancer,
glioblastoma, and non-small cell lung cancer.
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Table 2. Features of less common tumor types exhibiting dMMR/MSI-H.

Incidence/Clinical
Features Histopathology Molecular Features Prognosis

Pancreatic ductal
cancer

- 0.8–1.3% of total
cases [106]

- Predominantly
located in the
pancreatic body
or tail

- Medullary appearance
with prominent
lymphocytic
infiltration [106]

- Different histological
subtypes such as
intraductal papillary
mucinous neoplasms
and acinar cell
carcinoma [106,107]

- Associated with
poor differentiation

- Associated with
germline mutations of
hMLH1 and somatic
hypermethylation of
the hMLH1
promoter [108]

- Presence of wildtype
KRAS and TP53
genes [108]

- Frameshift mutations
of hMSH3, hMLH3,
BRCA-2, TGF-β type II
receptor, and BAX
genes evident in
MSI-H tumors

- Better prognosis in
resectable disease
(median survival time:
62 months versus
10 months) [108,109]

- Durable responses to
anti-PD-1 therapy [110]

Biliary tract
cancer

- 1–3% of
cases [110]

- Associated with
mucinous
histology [111]

- Associated with a
higher TMB value
(median TMB
21.7 muts/Mb) and
more positive PD-L1
expression [112]

- Higher mutation
frequencies of ARID1A,
ACVR2A, TGFBR2,
KMT2D, and
RNF43 [112]

- Longer PFS and OS with
PD-1 inhibitor-based
therapy as compared to
those with pMMR
tumors receiving same
treatment [111]

- In patients with resected
disease, shorter DFS
compared to pMMR
patients with resected
disease (10.7 months vs.
31.1 months
[p = 0.025]) [111]

Small bowel
adenocarcinoma

- 32% of cases [113]
- High incidence of

metachronous
tumors

- IHC loss of MLH1 and
MSH2 at similar
frequencies [114]

- Immune cell
infiltration and high
PD-1/PD-L1
expression in
TILs [113,115]

- High TMB strongly
associated with MSI
status [115]

- 5-year OS 60% [113]
- Lower TNM

stage [113,115]

Prostate
adenocarcinoma

- 3.1% of all cases
- 21.9% MSI-H

cancers associated
with LS [116]

- More likely grade 5 at
presentation [117]

- MSH2/MSH6 most
commonly
affected [118]

- N1M0 and M1 disease
more prevalent [117]

- Favorable prognosis;
longer PFS [117]

Ovarian cancer

- ~2–12%
depending on
histological
type [119]

- Enriched in
endometrioid and clear
cell histological
subtypes [119]

- Cribriform, glandular,
and mucinous features
with predominant
tumor-infiltrating
lymphocytes;
upregulated PD-L1
expression

- MSH2/MSH6
mutations commonly
observed; high
TMB [119]

- Often associated with
MLH1 promoter
hypermethylation in
sporadic cases [120]

- Frequently co-mutated
with PIK3CA, PTEN,
and ARID1A loss

- Favorable prognosis,
particularly in early
stage [119]

Adrenocortical
carcinoma

- ~4% with MSI-H
or dMMR [121]

- Poorly differentiated;
presence of
necrosis [39]

- Often high Weiss score
(≥3), consistent with
aggressive
phenotype [121]

- MLH1
hypermethylation in
sporadic cases;
MSH2/MSH6 loss [121]

- Frequent TP53
alterations

- Overall poor prognosis
- Modest benefit from

ICIs [121]

Thyroid cancer
- ~2–4% in

anaplastic
forms [122]

- Particularly poorly
differentiated or
anaplastic [122]

- Necrosis and
high-mitotic activity in
anaplastic forms

- Commonly MSH2,
MLH1, and MSH6
mutations; TMB-high
profile [122]

- May respond to ICIs;
otherwise, poor
prognosis [122]
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Table 2. Cont.

Incidence/Clinical
Features Histopathology Molecular Features Prognosis

Glioblastoma

- Approximately
1% of all adult
cases [123]

- Frontal lobe
presentation in
more than 50% of
cases [123]

- May show giant cell or
anaplastic features [124]

- Most frequently lost
MMR protein was
PMS2 [123]

- Similar recurrence rates
in patients, irrespective
of MSS or MSI
status [123]

Non-small-cell
lung cancer

- 0.2% to 0.8% of all
cases [125]

- More prevalent
among patients
with smoking
history [125]

- Mostly squamous cell
histology [125]

- Median TMB higher
than MSS but no
difference in PD-L1
score [125,126]

- Compared with MSS
patients,
MSI-H/dMMR
patients had more
frame shift
mutations [127]

- TP53, EGFR, LRP1B,
BRCA2, and NOTCH1
most common
mutations in MSI-H
lung cancer [126]

- MSI-H lung
adenocarcinoma with
EGFR mutations
associated with higher
co-occurring TGFBR2
and ERBB2 mutation
rates [126]

- High response rates to
ICIs [128]

- Improved OS and PFS
with ICIs, though
dependent on
comorbidities and
stage [129]

TNM = tumor node metastases; mut/Mb = mutations/Megabase.

3. Overview of Therapeutic Approaches in the Treatment of
dMMR/MSI-H Solid Tumors
3.1. Immunotherapy

Immunotherapy has revolutionized the treatment landscape for dMMR/MSI-H solid
tumors, offering significant clinical benefits. The high mutational load in dMMR/MSI-H
tumors generates neoantigens which enhances immune recognition through their visibility
to the immune system. Additionally, the tumor microenvironment marked by MSI-H
disease is notably different than its MSS counterpart, enriched with primed effector T cells
that facilitate antitumor response augmented by ICIs. Numerous clinical trials have demon-
strated efficacy of ICIs in dMMR/MSI-H tumors, and the survival benefit in metastatic
dMMR/MSI-H disease is well established. The status of MSI and MMR in tumors is both
prognostic and potentially predictive with respect to outcomes associated with ICI use. The
evaluation of dMMR/MSI-H as a biomarker for potential benefit from immunotherapy
use has gained importance in treatment decision-making but has not been conclusive
in the prediction of response to ICI therapy. Tumor mutational burden has been found
to be an independent predictor of benefit for ICI therapy [130]. A possible correlation
between TMB and efficacy of ICI treatment was assessed in a large cohort of MSI-H CRC
patients; investigators found that patients with MSI-H tumors exhibiting high TMB levels
(>37 mut/Mb) were exclusively responders with longer PFS than non-responder patients
with low-TMB tumors [130]. As a result, the existence of the hypermutated phenotype ex-
hibited by dMMR/MSI-H tumors further supports the likelihood of an efficacious response
to ICI and favorable outcome [128,131,132]. As research is ongoing to determine better
predictive biomarkers for ICI response, surrogates have emerged, and data have shown
that the immune signature of T and B cells may determine outcomes of ICI therapy [133].
For example, effector T cells showed that T cell repertoire and affinity to neoantigens are
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highly linked to the effectiveness of ICI therapy [134]. In another study, single-cell RNA
sequencing analysis demonstrated that patients with MSI-H CRC who achieved complete
pathological response had more CD8+ T cells and CD20+ B cells in the tumor microenvi-
ronment, while those with persistent tumors had more CD4+ T regulatory cells [135]. As
larger prospective studies incorporate ICI therapy, results from immunologic correlates
will continue to add to the growing body of evidence regarding consensus on biomarkers
for ICI response.

3.1.1. Immunotherapy Use in Early-Stage Disease

By leveraging the body’s immune system to target cancer cells, perioperative im-
munotherapy has improved long-term survival when used as part of treatment plans for
several solid tumor types. Notably, immune-based treatment of individuals with early
stage or localized dMMR/MSI-H CRC, breast cancer, UC and renal cell carcinoma have
led to higher response rates as those incurred by their treated counterparts with similarly
staged MSS cancers. In individuals with locally advanced dMMR rectal cancer who were
treated for 6 months with single-agent dostarlimab (a programmed death receptor-1 [PD-
1]-blocking antibody), 100% of treated participants achieved a sustained clinical complete
response (CR) (NCT04165772) [136,137]. These results indicate that dostarlimab can effec-
tively induce tumor regression in this specific population and may allow for the avoidance
of chemoradiation and surgical resection in this specific setting.

In colon cancer, the NICHE/NICHE-2 (NCT03026140) and NEOPRISM-CRC
(NCT05197322) trials provide compelling evidence to support the use of neoadjuvant
immunotherapy in MSI-H/dMMR CRC [138–141]. The NICHE trial reported a 100%
pathological response rate, with 95% of patients achieving major pathological responses
(≤10% viable tumor cells) and 60% achieving complete pathological responses (no viable
tumor cells) [138,139]. Interim analyses from NEOPRISM-CRC mirror these high response
rates with 59% of the patients who received neoadjuvant pembrolizumab demonstrating
clinical CR rates [140,141]. While the remaining 41% of patients proceeded to surgery, 100%
of the patients involved in the trial were cancer-free following treatment and have not
experienced disease recurrence months later.

Immune checkpoint inhibition has also been evaluated in patients who have under-
gone complete resection of esophageal or gastroesophageal junction (GEJ) cancer subse-
quent to receiving neoadjuvant chemoradiotherapy, who were determined to have residual
pathologic disease [142]. The CheckMate 577 study (NCT02743494) evaluated the efficacy
of nivolumab, a PD-1-blocking antibody, in patients with completely resected esophageal
or GEJ cancers who had residual pathologic disease following concurrent chemoradio-
therapy [142]. A statistically significant improvement in disease-free survival (DFS) was
demonstrated for patients receiving nivolumab as compared to those receiving placebo,
with this DFS benefit observed regardless of tumor PD-L1 expression and histology. These
findings resulted in the U.S Food and Drug Administration (FDA) approval of nivolumab
use for the treatment of patients with completely resected esophageal or GEJ cancer with
residual pathologic disease who have received neoadjuvant chemoradiotherapy.

Although subgroup analyses of CheckMate 577 did not stratify patients according to
MSS or MSI status, the DANTE trial (NCT03421288), which evaluated atezolizumab (a pro-
grammed death-ligand 1 [PD-L1] blocking antibody) plus perioperative fluorouracil (5-FU),
leucovorin, oxaliplatin, and docetaxel (FLOT) versus FLOT alone in patients with locally
advanced, operable adenocarcinoma of the stomach or GEJ, aimed to assess the potential
benefit of neoadjuvant chemotherapy with or without ICI in patients with MSI tumors [143].
Investigators found that participants with MSI tumors generally achieved very high rates
of pathologic regression following treatment with the combination of atezolizumab and
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FLOT; among these individuals, rates of pathologic complete or subtotal regression were
80% versus 59% following treatment with chemotherapy without atezolizumab.

Perioperative treatment of patients with locally advanced resectable dMMR/MSI-H
gastric/GEJ adenocarcinoma with immunotherapy has been assessed by investigators
of the NEONIPIGA trial (NCT04006262) [144]. This single arm phase II study evaluated
preoperative nivolumab and ipilimumab and postoperative nivolumab in patients with
resectable dMMR/MSI-H gastric/GEJ adenocarcinoma. Pathologic complete response
was detected in 59% of 29 patients who underwent surgery, without unexpected immune-
related adverse events and/or postoperative morbidity/mortality. Of the 29 patients
who underwent resection, 23 received adjuvant nivolumab. Notably, 3 patients were
able to forego surgery after confirmed clinical CR was achieved. The potential for organ
preservation with this approach is certainly attractive, though further evaluation with
larger studies is necessary. After a median follow-up of 14.9 months, there were no relapses
to report, although one patient died 3 days after surgery [144].

The IMHOTEP trial (NCT04795661) will be one of the first clinical trials investigating
perioperative pembrolizumab in localized resectable dMMR/MSI-H solid tumors in a
tumor agnostic setting [145]. With activity already validated in the metastatic setting, it
will be interesting to see if the resultant findings reflect a translation into the perioperative
curative space and potential FDA approval across tumor types.

3.1.2. Immunotherapy in the Metastatic Setting

Historically, the association of ICI efficacy with dMMR/MSI-H status first emerged
with long-term follow up from a multi-institutional, first-in-human, phase I dose-escalation
study assessing results anti-PD-1 antibody monotherapy in participants with metastatic
treatment–refractory solid tumors (NCT00441337) [146,147]. Three of 39 patients demon-
strated objective responses, with one patient with CRC demonstrating a durable CR, with
no evidence of disease 3 years following completion of treatment. A second patient with
renal cell carcinoma experienced evolution of complete tumor regression off therapy and
in remission more than 4 years after discontinuation of anti-PD-1 therapy. The third pa-
tient, with melanoma, was found to have a sustained partial response (PR) 16 months
following initiation of reinduction therapy with anti-PD-1 therapy. Most notably, as related
to the potential impact of dMMR/MSI-H status on response to ICI, however, was the
identification of MSI-H in the CRC tumor of the patient achieving durable CR [147]. This
phenomenon was later confirmed by Le and co-investigators who showed high response
rates and prolonged survival in patients with dMMR/MSI-H tumors treated with PD-1
blockade compared to 0% responses in patients with pMMR tumors [47].

Following the launch of numerous subsequent studies evaluating ICIs in a multitude
of tumor types in the metastatic setting, a landmark accelerated approval was granted by
the FDA in 2017 for the use of pembrolizumab in the treatment of patients with unresectable
or metastatic dMMR or MSI-H disease solid tumors that have progressed following prior
treatment and who have no satisfactory alternative treatment options, or who specifically
have CRC that has progressed following treatment with a fluoropyrimidine, oxaliplatin,
and irinotecan. This first-of-its-kind tumor agnostic approval was based on the results of
five uncontrolled, open-label, multi-cohort, multi-center, single-arm trials that considered
efficacy data evaluated in individuals with MSI-H or dMMR solid tumors treated with
pembrolizumab [148].

A total of 149 patients with MSI-H or dMMR cancers were identified across these
five trials. Ninety-eight percent of these patients had metastatic disease; two percent had
locally advanced, unresectable disease. Eighty-four percent of patients with metastatic CRC
and 53% of patients with other solid tumors had received two or more prior lines of therapy.
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Across all five trials, the efficacy analysis for these 149 patients with MSI-H or dMMR
disease showed an overall response rate (ORR) of 39.6% (95% CI: 31.7, 47.9) with 7.4%
achieving CR and 32.2% exhibiting PR, with 78% of responding patients having responses
of 6 months or longer. In patients with CRC, specifically (n = 90), the ORR was 36% (95% CI:
26%, 46%) with a duration of response ranging from 1.6+ to 22.7+ months; in patients with
other MSI-H or dMMR solid tumors (n = 59), the ORR was 46% (95% CI: 33%, 59%) with a
duration of response ranging from 1.9+ to 22.1+ months [149]. While the most common
tumor types were CRC and EC, other types of malignancies with MSI or dMMR included
biliary cancer, GC or GEJ cancer, pancreatic cancer, small intestinal cancer, breast cancer,
prostate cancer, bladder cancer, esophageal cancer, sarcoma, thyroid cancer, retroperitoneal
adenocarcinoma, small cell lung cancer, and renal cell cancer. Subsequently, data from
the KEYNOTE-177 trial (NCT02563002) resulted in the disease-specific FDA approval of
ICI for use as first-line therapy for patients with dMMR/MSI-H metastatic CRC, based
on the demonstrated superiority of pembrolizumab over standard chemotherapy in this
setting, with an ORR observed in 43.8% of the patients in the pembrolizumab group and
33.1% in the chemotherapy group. Among patients with an overall response, 83% in the
pembrolizumab group, as compared with 35% of patients in the chemotherapy group, had
ongoing responses at 24 months [150].

High ICI-induced response rates and improved survival have been seen in the Check-
Mate 142 trial (NCT02060188), which first explored nivolumab (an anti-PD-1 antibody)
monotherapy, and subsequently, nivolumab plus ipilimumab (an anti-CTLA-4 antibody), in
previously treated patients with dMMR/MSI-H metastatic CRC [151,152]. In participants
receiving nivolumab monotherapy, 31.1% demonstrated an objective response at a median
follow-up at 12 months, with 69% having disease control for 12 weeks. At data cut-off,
median duration of response had not yet been reached; all responders were alive, and eight
had responses lasting 12 months or longer (Kaplan-Meier 12-month estimate 86%, 95% CI
62 to 95) [151]. Among patients who received nivolumab plus ipilimumab, the ORR was
55% (95% CI, 45.2 to 63.8) at a median follow-up of 13.4 months, and the disease control
rate for ≥12 weeks was 80%. Median duration of response was not reached; most responses
(94%) were ongoing at data cutoff. Progression-free survival rates were 76% (9 months)
and 71% (12 months); respective OS rates were 87% and 85% [152]. The results of these
studies led to the FDA approval for nivolumab, followed by approval for the addition of
ipilimumab to nivolumab therapy, for use in the treatment of patients 12 years of age and
older with MSI-H or dMMR metastatic CRC that has progressed following treatment with
a fluoropyrimidine, oxaliplatin, and irinotecan.

Overall response rate was 46% (95% CI: 35,58), with 3 CRs and 35 PRs; 89% of respond-
ing patients had response durations of ≥6 months. These findings resulted in the FDA
approval for the use of this combination of ICIs in the treatment of patients 12 years of age
and older with MSI-H or dMMR metastatic CRC that has progressed following treatment
with a fluoropyrimidine, oxaliplatin, and irinotecan. The initial CheckMate 142 study
evaluating nivolumab and ipilimumab in previously treated individuals with metastatic
MSI-H or dMMR CRC further highlighted an observable difference between response rates
in LS-CRC vs. sporadic dMMR/MSI-H CRC (ORR 71% vs. 48%, respectively), although
these findings must be interpreted while remaining cognizant that LS designation in this
case was based on the clinical records of the patients where this reporting was permit-
ted, as genetic testing for LS was not mandated for the protocol [152]. Further, the large
number of patients for whom this information was unknown (53 of 119 participants) must
be considered.

The evolution of ICI therapy in the treatment of dMMR/MSI-H metastatic disease rep-
resents a paradigm shift in oncology, providing durable responses and improved survival
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for many patients. Although the subset of metastatic solid tumors exhibiting dMMR/MSI-
H represents a very small fraction of all metastatic disease, overall, the impact of these
molecular features on the potential efficacy of immune-based treatments, in particular,
appears to be profound. Given the multitude of approved indications for the use of ICIs
(with or without chemotherapy) in the treatment of patients with dMMR/MSI-H metastatic
disease in a vast number of tumor types, consideration should be given to tumor MMR/MSI
status as a biomarker in algorithms for treatment decision-making.

3.1.3. The Challenge of Resistance to Immunotherapy

Despite the demonstrated success of ICIs in the treatment of individuals with
dMMR/MSI-H cancer in various studies, resistance in this population remains a chal-
lenge, either as a lack of an initial response (primary resistance) or occurring subsequent
to some degree or period of demonstrable clinical benefit (secondary, or acquired, resis-
tance) [153,154]. Both tumor-intrinsic and tumor-extrinsic factors have been identified
as influencing sensitivity to immunotherapy, with the intricate interplay between these
factors impacting the efficiency of tumor recognition (or “visibility”) and elimination (or
“clearance”) by the immune system. Loss of expression of tumor-associated antigens,
dysfunctional antigen presentation machinery, aberrant cell signaling pathways, and epi-
genetic and metabolic alterations may impair T cell function, thus, leading to resistance
to immunotherapy. Further, the generation and secretion of factors from cancer cells may
modulate the tumor microenvironment, also affecting various immune cell subset activity
and function [155].

Similarly, the tumor microenvironment, itself, is comprised of a network of cell popu-
lations, cytokines, and metabolites that can influence immune responses. These cell popu-
lations, which include myeloid-derived suppressor cells, tumor-associated macrophages,
and regulatory T cells, can suppress anti-tumor immune activity, contributing to the resis-
tance to immune-based treatment, particularly immune checkpoint blockade. In addition,
host factors, such as the gut microbiota, systemic inflammation, and exposure to previous
treatments, may also play roles in immunotherapy resistance [156]. The influence of the
gut microbiota, for example, has garnered much attention in recent years, with clinical
trials focused on evaluating the impact of microbiota modulation via fecal microbiota trans-
plantation (FMT) on the enhancement of immune checkpoint inhibition in the treatment of
individuals with tumors initially shown to be refractory to such treatment (NCT03772899,
NCT04758507, NCT05750030, NCT04729322, NCT05251389, and NCT05286294). Results
from completed studies support this concept [157,158].

3.2. The Impact of dMMR/MSI-H Status on Chemotherapy Efficacy and Outcomes

Several studies suggest that dMMR/MSI-H may be a negative predictive factor for
the efficacy of chemotherapy [159]. Chemotherapy resistance seen with MSI-H biology
has been most noticeable in the perioperative setting for early-stage disease. Historically,
fluoropyrimidine-based chemotherapy appears to be less effective in dMMR/MSI-H CRC
compared to pMMR or MSS tumors. In a post hoc analysis of five randomized adjuvant
clinical trials, Sargent et al. showed inferior outcomes with 5-FU alone for patients with
stage II colon cancer, and no benefit among patients with stage III colon cancer [160].
The addition of oxaliplatin to 5-FU (FOLFOX regimen) appears to improve outcomes in
dMMR/MSI-H colorectal cancer to some extent, although the benefit is still less pronounced
compared to that evident with pMMR/MSS tumors [161]. In resectable gastric cancer, in a
meta-analysis focusing on patients with MSI-H tumors enrolled on the MAGIC (ISRCTN
93793971), CLASSIC (NCT00411229), ARTIST (NCT00323830), or ITACA-S (NCT00323830)
trials, the authors confirmed the positive prognostic role of MSI in surgically resected
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GC and suggest a potential lack of benefit of perioperative or adjuvant chemotherapy for
patients with MSI-H GC who have undergone surgery [162].

Combination chemotherapy with ICI in the treatment of dMMR/MSI-H tumors aims
at enhancing the efficacy of the treatment by leveraging the synergistic effects of both
modalities. Priming of the immune system occurs via the induction of immunogenic cell
death, the increased release of tumor antigens, and the enhancement of the immunogenicity
of the tumor. In dMMR/MSI-H primary advanced or recurrent endometrial cancer, recent
FDA approval for durvalumab in combination with carboplatin and paclitaxel was granted
based on results from the DUO-E study (NCT04269200), which demonstrated enrichment
in the dMMR patients achieving significant PFS (median PFS not reached) [163].

4. Conclusions and Future Perspectives Discussion
The dMMR/MSI-H phenotype represents a distinct subtype posing potentially var-

ied predictive and prognostic implications for solid tumors. While underlying germline
mutations in the MMR genes account for a subset of these tumors, the silencing of the
hMLH1 gene through the hypermethylation of the hMLH1 promoter most likely accounts
for the dMMR and MSI observed in tumors that have developed in the sporadic setting.
The MSI-H phenotype has been shown to be favorably prognostic for survival, particu-
larly for most surgically resectable solid tumors. The identification of the dMMR/MSI-H
status is, thus, crucial for the prognosis and management of various solid tumors, guid-
ing therapeutic decisions and providing valuable insights into the tumor’s biological
behavior. The success of immunotherapy, particularly ICIs, and therapeutic regimens
utilizing immune-based therapies in combination with or without conventional cytotoxic
chemotherapy underscores the potential benefit of immunotherapy in the incorporation
of treatment algorithms for this subset of cancers with distinct genetic and molecular
features. Ongoing research evaluating resistance mechanisms and the development of
novel therapeutic approaches, including strategies focused on the reversal of T cell ex-
haustion, the reprogramming of the tumor microenvironment to promote an anti-tumor
immune response, the increased availability of tumor neoantigens, the modulation of the
gut microbiome, the use of small-molecule inhibitors in combination with an immune
checkpoint blockade, the utilization of anti-cancer vaccines, and the incorporation of
cellular therapies, strive to further enhance the efficacy of immunotherapy, offering
hope for even greater advancements in the treatment of dMMR/MSI-H tumors. As solid
tumors are increasingly being assessed for dMMR/MSI-H, consensus guidelines would
be helpful to facilitate optimal surveillance strategies for affected family members with
confirmed germline predisposition.
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Abbreviations
The following abbreviations are used in this manuscript:

5-FU 5-fluorouracil
BER Base excision repair
CIMP CpG island methylator phenotype
CIN Chromosomal instability
CRC Colorectal cancer
DFS Disease-free survival
dMMR Deficient mismatch repair
EC Endometrial cancer
EPCAM Epithelial cellular adhesion molecule
FDA Food and Drug Administration
FLOT Fluorouracil, leucovorin, oxaliplatin, and docetaxel
FMT Fecal microbiota transplantation
FOLFOX Folinic acid (leucovorin), fluorouracil, and oxaliplatin
GC Gastric cancer
GEJ Gastroesophageal junction
HLA Human leukocyte antigen
HNPCC Hereditary non-polyposis
ICI Immune checkpoint inhibitor
IDLs Insertion–deletion loops
IHC Immunohistochemistry
LOH Loss of heterozygosity
LS Lynch syndrome
LS-CRC Lynch syndrome-associated colorectal cancer
LVI Lymphovascular invasion
MAP M UTYH-associated polyposis
MMR Mismatch repair
MSI Microsatellite instability
MSI-H Microsatellite instability high
MSS Microsatellite stable/microsatellite stability
NCCN National Comprehensive Cancer Network
OS Overall survival
ORR Overall response rate
PCR Polymerase chain reaction
PD-1 Programmed cell death protein 1
PD-L1 Programmed death-ligand 1
PFS Progression-free survival
pMMR Proficient mismatch repair
PPAP Polymerase proofreading-associated polyposis
TCGA The Cancer Genome Atlas
TILs Tumor-infiltrating lymphocytes
TMB Tumor mutational burden
UC Urothelial cancer

References
1. Boland, C.R.; Goel, A. Microsatellite instability in colorectal cancer. Gastroenterology 2010, 138, 2073–2087. [CrossRef] [PubMed]
2. Ellegren, H. Microsatellites: Simple sequences with complex evolution. Nat. Rev. Genet. 2004, 5, 435–445. [CrossRef] [PubMed]
3. Li, G.M. Mechanisms and functions of DNA mismatch repair. Cell Res. 2008, 18, 85–98. [CrossRef]
4. Chatterjee, N.; Walker, G.C. Mechanisms of DNA damage, repair, and mutagenesis. Environ. Mol. Mutagen. 2017, 58, 235–263.

[CrossRef]
5. Jiricny, J. The multifaceted mismatch-repair system. Nat. Rev. Mol. Cell Biol. 2006, 7, 335–346. [CrossRef]

https://doi.org/10.1053/j.gastro.2009.12.064
https://www.ncbi.nlm.nih.gov/pubmed/20420947
https://doi.org/10.1038/nrg1348
https://www.ncbi.nlm.nih.gov/pubmed/15153996
https://doi.org/10.1038/cr.2007.115
https://doi.org/10.1002/em.22087
https://doi.org/10.1038/nrm1907


Int. J. Mol. Sci. 2025, 26, 4394 17 of 24

6. Peltomaki, P. Role of DNA mismatch repair defects in the pathogenesis of human cancer. J. Clin. Oncol. 2003, 21, 1174–1179.
[CrossRef]

7. Wang, P.; Chen, Y.; Wang, C. Beyond Tumor Mutation Burden: Tumor Neoantigen Burden as a Biomarker for Immunotherapy
and Other Types of Therapy. Front. Oncol. 2021, 11, 672677. [CrossRef]

8. Tian, Y.; Xu, J.; Chu, Q.; Duan, J.; Zhang, J.; Bai, H.; Yang, Z.; Fang, W.; Cai, L.; Wan, R.; et al. A Novel Tumor Mutational Burden
Estimation Model as a Predictive and Prognostic Biomarker in NSCLC Patients. BMC Med. 2020, 18, 232. [CrossRef]

9. Mosele, F.; Remon, J.; Mateo, J.; Westphalen, C.B.; Barlesi, F.; Lolkema, M.P.; Normanno, N.; Scarpa, A.; Robson, M.; Meric-
Bernstam, F.; et al. Recommendations for the Use of Next-Generation Sequencing (NGS) for Patients with Metastatic Cancers:
A Report from the ESMO Precision Medicine Working Group. Ann. Oncol. 2020, 31, 1491–1505. [CrossRef]

10. Ward, J.P.; Gubin, M.M.; Schreiber, R.D. The Role of Neoantigens in Naturally Occurring and Therapeutically Induced Immune
Responses to Cancer. Adv. Immunol. 2016, 130, 25–74.

11. McConechy, M.K.; Talhouk, A.; Li-Chang, H.H.; Leung, S.; Huntsman, D.G.; Gilks, C.B.; McAlpine, J.N. Detection of DNA
mismatch repair (MMR) deficiencies by immunohistochemistry can effectively diagnose the microsatellite instability (MSI)
phenotype in endometrial carcinomas. Gynecol. Oncol. 2015, 137, 306–310. [CrossRef] [PubMed]

12. Pastor, D.M.; Schlom, J. Immunology of Lynch Syndrome. Curr. Oncol. Rep. 2021, 23, 96. [CrossRef] [PubMed]
13. Kravochuck, S.E.; Kalady, M.F.; Burke, C.A.; Heald, B.; Church, J.M. Defining HNPCC and Lynch syndrome: What’s in a name?

Gut 2014, 63, 1525–1526. [CrossRef] [PubMed]
14. Jass, J. Hereditary non-polyposis colorectal cancer: The rise and fall of a confusing term. World J. Gastroenterol. 2006, 12, 4943–4950.

[CrossRef]
15. Vasen, H.F.; Watson, P.; Mecklin, J.P.; Lynch, H.T. New clinical criteria for hereditary nonpolyposis colorectal cancer (HNPCC,

Lynch syndrome) proposed by the International Collaborative group on HNPCC. Gastroenterology 1999, 116, 1453–1456. [CrossRef]
16. Umar, A.; Boland, C.R.; Terdiman, J.P.; Syngal, S.; de la Chapelle, A.; Ruschoff, J.; Fishel, R.; Lindor, N.M.; Burgart, L.J.; Hamelin,

R.; et al. Revised Bethesda Guidelines for hereditary nonpolyposis colorectal cancer (Lynch syndrome) and microsatellite
instability. J. Natl. Cancer Inst. 2004, 96, 261–268. [CrossRef]

17. Drescher, K.M.; Sharma, P.; Lynch, H.T. Current hypotheses on how microsatellite instability leads to enhanced survival of Lynch
syndrome patients. J. Immunol. Res. 2010, 2010, 170432. [CrossRef]

18. Zetner, D.B.; Bisgaard, M.L. Familial colorectal cancer type X. Curr. Genom. 2017, 18, 341–359. [CrossRef]
19. Mueller-Koch, Y.; Vogelsang, H.; Kopp, R.; Lohse, P.; Keller, G.; Aust, D.; Muders, M.; Gross, M.; Daum, J.; Schiemann, U.; et al.

Hereditary non-polyposis colorectal cancer: Clinical and molecular evidence for a new entity of hereditary colorectal cancer. Gut
2005, 54, 1733–1740. [CrossRef]

20. Lynch, H.T.; Lanspa, S.; Smyrk, T.; Boman, B.; Watson, P.; Lynch, J. Hereditary nonpolyposis colorectal cancer (Lynch syndromes I
& II). Genetics, pathology, natural history, and cancer control, Part, I. Cancer Genet. Cytogenet. 1991, 53, 143–160.

21. Carethers, J.M.; Stoffel, E.M. Lynch syndrome and Lynch syndrome mimics: The growing complex landscape of hereditary colon
cancer. World J. Gastroenterol. 2015, 21, 9253–9261. [CrossRef] [PubMed]

22. da Silva, F.C.; Valentin, M.D.; Ferreira, F.d.O.; Carraro, D.M.; Rossi, B.M. Mismatch repair genes in Lynch syndrome: A review.
Sao Paulo Med. J. 2009, 127, 46–51. [CrossRef] [PubMed]

23. Jass, J.R. Classification of colorectal cancer based on correlation of clinical, morphological and molecular features. Histopathology
2007, 50, 113–130. [CrossRef] [PubMed]

24. Kinzler, K.W.; Vogelstein, B. Lessons from hereditary colorectal cancer. Cell 1996, 87, 159–170. [CrossRef]
25. Eide, T.J. Risk of colorectal cancer in adenoma-bearing individuals within a defined population. Int. J. Cancer 1986, 38, 173–176.

[CrossRef]
26. Vasen, H.F.; Mecklin, J.P.; Khan, P.M.; Lynch, H.T. The International Collaborative Group on Hereditary Non-Polyposis Colorectal

Cancer (ICG-HNPCC). Dis. Colon Rectum 1991, 34, 424–425. [CrossRef]
27. Newton, K.; Green, K.; Lalloo, F.; Evans, D.G.; Hill, J. Colonoscopy screening compliance and outcomes in patients with Lynch

syndrome. Color. Dis. 2015, 17, 38–46. [CrossRef]
28. Steinke, V.; Engel, C.; Büttner, R.; Schackert, H.K.; Schmiegel, W.H.; Propping, P. Hereditary nonpolyposis colorectal cancer

(HNPCC)/Lynch syndrome. Dtsch. Ärzteblatt Int. 2013, 110, 32–38. [CrossRef]
29. Nicolaides, N.C.; Papadopoulos, N.; Liu, B.; Wei, Y.F.; Carter, K.C.; Ruben, S.M.; Rosen, C.A.; Haseltine, W.A.; Fleischmann,

R.D.; Fraser, C.M.; et al. Mutations of two PMS homologues in hereditary nonpolyposis colon cancer. Nature 1994, 371, 75–80.
[CrossRef]

30. Papadopoulos, N.; Nicolaides, N.C.; Wei, Y.F.; Ruben, S.M.; Carter, K.C.; Rosen, C.A.; Haseltine, W.A.; Fleischmann, R.D.; Fraser,
C.M.; Adams, M.D.; et al. Mutation of a mutL homolog in hereditary colon cancer. Science 1994, 263, 1625–1629. [CrossRef]

31. Aarnio, M.; Mecklin, J.P.; Aaltonen, L.A.; Nystrom-Lahti, M.; Jarvinen, H.J. Life-time risk of different cancers in hereditary
non-polyposis colorectal cancer (HNPCC) syndrome. Int. J. Cancer 1995, 64, 430–433. [CrossRef] [PubMed]

https://doi.org/10.1200/JCO.2003.04.060
https://doi.org/10.3389/fonc.2021.672677
https://doi.org/10.1186/s12916-020-01694-8
https://doi.org/10.1016/j.annonc.2020.07.014
https://doi.org/10.1016/j.ygyno.2015.01.541
https://www.ncbi.nlm.nih.gov/pubmed/25636458
https://doi.org/10.1007/s11912-021-01085-z
https://www.ncbi.nlm.nih.gov/pubmed/34125344
https://doi.org/10.1136/gutjnl-2014-307344
https://www.ncbi.nlm.nih.gov/pubmed/24833637
https://doi.org/10.3748/wjg.v12.i31.4943
https://doi.org/10.1016/S0016-5085(99)70510-X
https://doi.org/10.1093/jnci/djh034
https://doi.org/10.1155/2010/170432
https://doi.org/10.2174/1389202918666170307161643
https://doi.org/10.1136/gut.2004.060905
https://doi.org/10.3748/wjg.v21.i31.9253
https://www.ncbi.nlm.nih.gov/pubmed/26309352
https://doi.org/10.1590/S1516-31802009000100010
https://www.ncbi.nlm.nih.gov/pubmed/19466295
https://doi.org/10.1111/j.1365-2559.2006.02549.x
https://www.ncbi.nlm.nih.gov/pubmed/17204026
https://doi.org/10.1016/S0092-8674(00)81333-1
https://doi.org/10.1002/ijc.2910380205
https://doi.org/10.1007/BF02053699
https://doi.org/10.1111/codi.12778
https://doi.org/10.3238/arztebl.2013.0032
https://doi.org/10.1038/371075a0
https://doi.org/10.1126/science.8128251
https://doi.org/10.1002/ijc.2910640613
https://www.ncbi.nlm.nih.gov/pubmed/8550246


Int. J. Mol. Sci. 2025, 26, 4394 18 of 24

32. Win, A.K.; Lindor, N.M.; Young, J.P.; Macrae, F.A.; Young, G.P.; Williamson, E.; Parry, S.; Goldblatt, J.; Lipton, L.; Winship, I.; et al.
Risks of primary extracolonic cancers following colorectal cancer in lynch syndrome. J. Natl. Cancer Inst. 2012, 104, 1363–1372.
[CrossRef] [PubMed]

33. Kempers, M.J.; Kuiper, R.P.; Ockeloen, C.W.; Chappuis, P.O.; Hutter, P.; Rahner, N.; Schackert, H.K.; Steinke, V.; Holinski-Feder, E.;
Morak, M.; et al. Risk of colorectal and endometrial cancers in EPCAM deletion-positive Lynch syndrome: A cohort study. Lancet
Oncol. 2011, 12, 49–55. [CrossRef]

34. Rumilla, K.; Schowalter, K.V.; Lindor, N.M.; Thomas, B.C.; Mensink, K.A.; Gallinger, S.; Holter, S.; Newcomb, P.A.; Potter, J.D.;
Jenkins, M.A.; et al. Frequency of deletions of EPCAM (TACSTD1) in MSH2-associated Lynch syndrome cases. J. Mol. Diagn.
2011, 13, 93–99. [CrossRef]

35. Stoffel, E.M.; Mangu, P.B.; Limburg, P.J.; American Society of Clinical Oncology; European Society for Medical Oncology.
Hereditary colorectal cancer syndromes: American Society of Clinical Oncology clinical practice guideline endorsement of the
familial risk-colorectal cancer: European Society for Medical Oncology clinical practice guidelines. J. Oncol. Pract. 2015, 11,
e437–e441. [CrossRef]

36. Vangala, D.B.; Cauchin, E.; Balmaña, J.; Wyrwicz, L.; van Cutsem, E.; Güller, U.; Castells, A.; Carneiro, F.; Hammel, P.;
Ducreux, M. Screening and surveillance in hereditary gastrointestinal cancers: Recommendations from the European Society of
Digestive Oncology (ESDO) expert discussion at the 20th European Society for Medical Oncology (ESMO)/World Congress on
Gastrointestinal Cancer, Barcelona, June 2018. Eur. J. Cancer 2018, 104, 91–103.

37. Stjepanovic, N.; Moreira, L.; Carneiro, F.; Balaguer, F.; Cervantes, A.; Balmaña, J.; Martinelli, E.; ESMO Guidelines Committee.
Hereditary gastrointestinal cancers: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2019,
30, 1558–1571. [CrossRef]

38. Syngal, S.; Brand, R.E.; Church, J.M.; Giardiello, F.M.; Hampel, H.L.; Burt, R.W.; American College of Gastroenterology. ACG
clinical guideline: Genetic testing and management of hereditary gastrointestinal cancer syndromes. Am. J. Gastroenterol. 2015,
110, 223–262. [CrossRef]

39. Giardiello, F.M.; Allen, J.I.; Axilbund, J.E.; Boland, C.R.; Burke, C.A.; Burt, R.W.; Church, J.M.; Dominitz, J.A.; Johnson, D.A.;
Kaltenbach, T.; et al. Guidelines on Genetic Evaluation and Management of Lynch Syndrome: A Consensus Statement by the US
Multi-Society Task Force on Colorectal Cancer. Gastroenterology 2014, 147, 502–526. [CrossRef]

40. Theodoratou, E.; Campbell, H.; Tenesa, A.; Houlston, R.; Webb, E.; Lubbe, S.; Broderick, P.; Gallinger, S.; Croitoru, E.M.; Jenkins,
M.A.; et al. A large-scale meta-analysis to refine colorectal cancer risk estimates associated with MUTYH variants. Br. J. Cancer
2010, 103, 1875–1884. [CrossRef]

41. Al-Tassan, N.; Chmiel, N.H.; Maynard, J.; Fleming, N.; Livingston, A.L.; Williams, G.T.; Hodges, A.K.; Davies, D.R.; David, S.S.;
Sampson, J.R.; et al. Inherited variants of MYH associated with somatic G:C→T:A mutations in colorectal tumors. Nat. Genet.
2002, 30, 227–232. [CrossRef] [PubMed]

42. Viel, A.; Bruselles, A.; Meccia, E.; Fornasarig, M.; Quaia, M.; Canzonieri, V.; Policicchio, E.; Urso, E.D.; Agostini, M.; Genuardi,
M.; et al. A specific mutational signature associated with DNA 8-oxoguanine persistence in MUTYH-defective colorectal cancer.
EBioMedicine 2017, 20, 39–49. [CrossRef] [PubMed]

43. de Miranda, N.F.C.C.; Nielsen, M.; Pereira, D.; van Puijenbroek, M.; Vasen, H.F.; Hes, F.J.; van Wezel, T.; Morreau, H. MUTYH-
associated polyposis carcinomas frequently lose HLA class I expression—A common event amongst DNA-repair-deficient
colorectal cancers. J. Pathol. 2009, 219, 69–76. [CrossRef] [PubMed]

44. Dierssen, J.W.F.; de Miranda, N.F.C.C.; Mulder, A.; Van Puijenbroek, M.; Verduyn, W.; Claas, F.H.J.; van de Velde, C.J.H.; Fleuren,
G.J.; Cornelisse, C.; Corver, W.E.; et al. High-resolution analysis of HLA class I alterations in colorectal cancer. BMC Cancer 2006,
6, 233. [CrossRef]

45. Dierssen, J.W.F.; de Miranda, N.F.C.C.; Ferrone, S.; van Puijenbroek, M.; Cornelisse, C.J.; Fleuren, G.J.; van Wezel, T.; Morreau, H.
HNPCC versus sporadic microsatellite-unstable colon cancers follow different routes toward loss of HLA class I expression. BMC
Cancer 2007, 7, 33. [CrossRef]

46. Kloor, M.; Becker, C.; Benner, A.; Woerner, S.M.; Gebert, J.; Ferrone, S.; von Knebel Doeberitz, M. Immunoselective pressure and
human leukocyte antigen class I antigen machinery defects in microsatellite unstable colorectal cancers. Cancer Res. 2005, 65,
6418–6424. [CrossRef]

47. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef]

48. Cleary, S.P.; Cotterchio, M.; Jenkins, M.A.; Kim, H.; Bristow, R.; Green, R.; Haile, R.; Hopper, J.L.; LeMarchand, L.; Lindor, L.; et al.
Germline MutY human homologue mutations and colorectal cancer: A multisite case-control study. Gastroenterology 2009, 136,
1251–1260. [CrossRef]

49. Middeldorp, A.; van Puijenbroek, M.; Nielsen, M.; Corver, W.E.; Jordanova, E.S.; ter Haar, N.; Tops, C.M.J.; Vasen, H.F.A.; Lips,
E.H.; van Eijk, R.; et al. High frequency of copy-neutral LOH in MUTYH-associated polyposis carcinomas. J. Pathol. 2008, 216,
25–31. [CrossRef]

https://doi.org/10.1093/jnci/djs351
https://www.ncbi.nlm.nih.gov/pubmed/22933731
https://doi.org/10.1016/S1470-2045(10)70265-5
https://doi.org/10.1016/j.jmoldx.2010.11.011
https://doi.org/10.1200/JOP.2015.003665
https://doi.org/10.1093/annonc/mdz233
https://doi.org/10.1038/ajg.2014.435
https://doi.org/10.1053/j.gastro.2014.04.001
https://doi.org/10.1038/sj.bjc.6605966
https://doi.org/10.1038/ng828
https://www.ncbi.nlm.nih.gov/pubmed/11818965
https://doi.org/10.1016/j.ebiom.2017.04.022
https://www.ncbi.nlm.nih.gov/pubmed/28551381
https://doi.org/10.1002/path.2569
https://www.ncbi.nlm.nih.gov/pubmed/19462419
https://doi.org/10.1186/1471-2407-6-233
https://doi.org/10.1186/1471-2407-7-33
https://doi.org/10.1158/0008-5472.CAN-05-0044
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1053/j.gastro.2008.12.050
https://doi.org/10.1002/path.2375


Int. J. Mol. Sci. 2025, 26, 4394 19 of 24

50. Lubbe, S.J.; Di Bernardo, M.C.; Chandler, I.P.; Houlston, R.S. Clinical implications of the colorectal cancer risk associated with
MUTYH mutation. J. Clin. Oncol. 2009, 27, 3975–3980. [CrossRef]

51. Nielsen, M.; de Miranda, N.F.C.C.; van Puijenbroek, M.; Jordanova, E.S.; Middeldorp, A.; van Wezel, T.; van Eijk, R.; Tops, C.M.J.;
Vasen, H.F.A.; Hes, F.J.; et al. Colorectal carcinomas in MUTYH-associated polyposis display histopathological similarities to
microsatellite unstable carcinomas. BMC Cancer 2009, 15, 184. [CrossRef] [PubMed]

52. Lefevre, J.H.; Rodrigue, C.M.; Mourra, N.; Bennis, M.; Flejou, J.-F.; Parc, R.; Tiret, E.; Gespach, C.; Parc, Y.R. Implication of MYH in
colorectal polyposis. Ann. Surg. 2006, 244, 874–879; discussion 879–880. [CrossRef] [PubMed]

53. Domingo, E.; Freeman-Mills, L.; Rayner, E.; Glaire, M.; Briggs, S.; Vermeulen, L.; Fessler, E.; Medema, J.P.; Boot, A.; Morreau,
H.; et al. Somatic POLE proofreading domain mutation, immune response, and prognosis in colorectal cancer: A retrospective,
pooled biomarker study. Lancet Gastroenterol. Hepatol. 2016, 1, 207–216. [CrossRef] [PubMed]

54. Ma, X.; Dong, L.; Liu, X.; Ou, K.; Yang, L. POLE/POLD1 mutation and tumor immunotherapy. J. Exp. Clin. Cancer Res. 2022,
41, 216. [CrossRef]

55. Carethers, J.M.; Jung, B.H. Genetics and Genetic Biomarkers in Sporadic Colorectal Cancer. Gastroenterology 2015, 149,
1177–1190.e3. [CrossRef]

56. Yamaguchi, K.; Shimizu, E.; Yamaguchi, R.; Imoto, S.; Komura, M.; Hatakeyama, S.; Noguchi, R.; Takane, K.; Ilkenoue, T.; Gohda,
Y.; et al. Development of an MSI-positive colon tumor with aberrant DNA methylation in a PPAP patient. J. Hum. Genet. 2019, 64,
729–740. [CrossRef]

57. 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. [CrossRef]

58. Gong, J.; Wang, C.; Lee, P.P.; Chu, P.; Fakih, M. Response to PD-1 Blockade in Microsatellite Stable Metastatic Colorectal Cancer
Harboring a POLE Mutation. J. Natl. Compr. Cancer Netw. 2017, 15, 142–147. [CrossRef]

59. Garmezy, B.; Gheeya, J.; Lin, H.Y.; Huang, Y.; Kim, T.; Jiang, X.; Thein, K.Z.; Pilie, P.G.; Zeineddine, F.; Wang, W.; et al. Clinical
and Molecular Characterization of POLE Mutations as Predictive Biomarkers of Response to Immune Checkpoint Inhibitors in
Advanced Cancers. JCO Precis. Oncol. 2022, 6, e2100267. [CrossRef]

60. Cunningham, J.M.; Christensen, E.R.; Tester, D.J.; Kim, C.Y.; Roche, P.C.; Burgart, L.J.; Thibodeau, S.N. Hypermethylation of the
hMLH1 promoter in colon cancer with microsatellite instability. Cancer Res. 1998, 58, 3455–3460.

61. Parsons, M.T.; Buchanan, D.D.; Thompson, B.; Young, J.P.; Spurdle, A.B. Correlation of tumour BRAF mutations and MLH1
methylation with germline mismatch repair (MMR) gene mutation status: A literature review assessing utility of tumour features
for MMR variant classification. J. Med. Genet. 2012, 49, 151–157. [CrossRef] [PubMed]

62. Lièvre, A.; de la Fouchardière, C.; Samalin, E.; Benoist, S.; Phelip, J.M.; André, T.; Lledo, G. BRAF V600E-mutant colorectal
cancers: Where are we? Bull. Cancer 2020, 107, 881–895. [CrossRef] [PubMed]

63. Lochhead, P.; Kuchiba, A.; Imamura, Y.; Liao, X.; Yamauchi, M.; Nishihara, R.; Qian, Z.R.; Morikawa, T.; Shen, J.; Meyerhardt, J.A.
Microsatellite instability and BRAF mutation testing in colorectal cancer prognostication. J. Natl. Cancer Inst. 2013, 105, 1151–1156.
[CrossRef]

64. Tran, B.; Kopetz, S.; Tie, J.; Gibbs, P.; Jiang, Z.-Q.; Lieu, C.H.; Agarwal, A.; Maru, D.M.; Sieber, O.; Desai, J. Impact of BRAF
mutation and microsatellite instability on the pattern of metastatic spread and prognosis in metastatic colorectal cancer. Cancer
2011, 117, 4623–4632. [CrossRef]

65. Maloberti, T.; De Leo, A.; Sanza, V.; Merlo, L.; Visani, M.; Acquaviva, G.; Coluccelli, S.; Altimari, A.; Gruppioni, E.; Zagnoni,
S.; et al. BRAF and MLH1 Analysis Algorithm for the Evaluation of Lynch Syndrome Risk in Colorectal Carcinoma Patients:
Evidence-Based Data from the Analysis of 100 Consecutive Cases. J. Mol. Pathol. 2022, 3, 115–124. [CrossRef]

66. Bläker, H.; Haupt, S.; Morak, M.; Holinski-Feder, E.; Arnold, A.; Horst, D.; Sieber-Frank, J.; Seidler, F.; von Winterfeld, M.; Alwers,
E.; et al. Age-dependent performance of BRAF mutation testing in Lynch syndrome diagnostics. Int. J. Cancer 2020, 147, 2801–2810.
[CrossRef]

67. Young, J.; Simms, L.A.; Biden, K.G.; Wynter, C.; Whitehall, V.; Karamatic, R.; George, J.; Goldblatt, J.; Walpole, I.; Robin, S.A.; et al.
Features of Colorectal Cancers with High-Level Microsatellite Instability Occurring in Familial and Sporadic Settings: Parallel
Pathways of Tumorigenesis. Am. J. Path. 2001, 159, 2107–2116. [CrossRef]

68. Jass, J.R.; Walsh, M.D.; Barker, M.; Simms, L.A.; Young, J.; Leggett, B.A. Distinction between familial and sporadic forms of
colorectal cancer showing DNA microsatellite instability. Eur. J. Cancer 2002, 38, 858–866. [CrossRef]

69. Cancer Genome Atlas Research Network; Kandoth, C.; Schultz, N.; Cherniack, A.D.; Akbani, R.; Liu, Y.; Shen, H.; Robertson,
A.G.; Pashtan, I.; Shen, R.; et al. Integrated genomic characterization of endometrial carcinoma. Nature 2013, 497, 67–73.

70. Lu, K.H.; Dinh, M.; Kohlmann, W.; Watson, P.; Green, J.; Syngal, S.; Bandipallium, P.; Chen, L.-M.; Allen, B.; Conrad, P.; et al.
Gynecologic cancer as a “sentinel cancer” for women with hereditary nonpolyposis colorectal cancer syndrome. Obstet. Gynecol.
2005, 105, 569–574. [CrossRef]

71. Walsh, C.S.; Hacker, K.E.; Secord, A.A.; DeLair, D.F.; McCourt, C.; Urban, R. Molecular testing for endometrial cancer: An SGO
clinical practice statement. Gynecol. Oncol. 2023, 168, 48–55. [CrossRef] [PubMed]

https://doi.org/10.1200/JCO.2008.21.6853
https://doi.org/10.1186/1471-2407-9-184
https://www.ncbi.nlm.nih.gov/pubmed/19527492
https://doi.org/10.1097/01.sla.0000246937.54435.50
https://www.ncbi.nlm.nih.gov/pubmed/17122612
https://doi.org/10.1016/S2468-1253(16)30014-0
https://www.ncbi.nlm.nih.gov/pubmed/28404093
https://doi.org/10.1186/s13046-022-02422-1
https://doi.org/10.1053/j.gastro.2015.06.047
https://doi.org/10.1038/s10038-019-0611-7
https://doi.org/10.2147/OTT.S300987
https://doi.org/10.6004/jnccn.2017.0016
https://doi.org/10.1200/PO.21.00267
https://doi.org/10.1136/jmedgenet-2011-100714
https://www.ncbi.nlm.nih.gov/pubmed/22368298
https://doi.org/10.1016/j.bulcan.2020.04.017
https://www.ncbi.nlm.nih.gov/pubmed/32674932
https://doi.org/10.1093/jnci/djt173
https://doi.org/10.1002/cncr.26086
https://doi.org/10.3390/jmp3030011
https://doi.org/10.1002/ijc.33273
https://doi.org/10.1016/S0002-9440(10)63062-3
https://doi.org/10.1016/S0959-8049(02)00041-2
https://doi.org/10.1097/01.AOG.0000154885.44002.ae
https://doi.org/10.1016/j.ygyno.2022.10.024
https://www.ncbi.nlm.nih.gov/pubmed/36399812


Int. J. Mol. Sci. 2025, 26, 4394 20 of 24

72. National Comprehensive Cancer Network (NCCN). Genetic/Familial High-Risk Assessment: Colorectal, Endometrial, and Gastric, in:
NCCN Guidelines Version 3.2024; NCCN: Fort Washington, PA, USA, 2024; Available online: https://www.nccn.org/professionals/
physician_gls/pdf/genetics_ceg.pdf (accessed on 18 March 2025).

73. American College of Obstetricians and Gynecologists. Committee opinion no. 634: Hereditary cancer syndromes and risk
assessment. Obstet. Gynecol. 2015, 125, 1538–1543.

74. Kurnit, K.C.; Westin, S.N.; Coleman, R.L. Microsatellite instability in endometrial cancer: New purpose for an old test. Cancer
2019, 125, 2154–2163. [CrossRef] [PubMed]

75. Jumaah, A.S.; Al-Haddad, H.S.; Salem, M.M.; McAllister, K.A.; Yasseen, A.A. Mismatch repair deficiency and clinicopathological
characteristics in endometrial carcinoma: A systematic review and meta-analysis. J. Pathol. Transl. Med. 2021, 55, 202–211.
[CrossRef]

76. McMeekin, D.S.; Tritchler, D.L.; Cohn, D.E.; Mutch, D.G.; Lankes, H.A.; Geller, M.A.; Powell, M.A.; Backes, F.J.; Landrum,
L.M.; Zaino, R.; et al. Clinicopathologic Significance of Mismatch Repair Defects in Endometrial Cancer: An NRG Oncol-
ogy/Gynecologic Oncology Group Study. J. Clin. Oncol. 2016, 34, 3062–3068. [CrossRef]

77. Cosgrove, C.M.; Cohn, D.E.; Hampel, H.; Frankel, W.L.; Jones, D.; McElroy, J.P.; Suarez, A.A.; Zhao, W.; Chen, W.; Salani, R.;
et al. Epigenetic silencing of MLH1 in endometrial cancers is associated with larger tumor volume, increased rate of lymph node
positivity and reduced recurrence-free survival. Gynecol. Oncol. 2017, 146, 588–595. [CrossRef]

78. Ruiz, I.; Martin-Arruti, M.; Lopez-Lopez, E.; Garcia-Orad, A. Lack of association between deficient mismatch repair expression
and outcome in endometrial carcinomas of the endometrioid type. Gynecol. Oncol. 2014, 134, 20–23. [CrossRef]

79. Manning-Geist, B.L.; Lui, Y.L.; Devereaux, K.A.; Paula, A.D.C.; Zhou, Q.C.; Ma, W.; Selenica, P.; Ceyhan-Birsoy, O.; Moukarzel,
L.A.; Hoang, T.; et al. Microsatellite Instability–High Endometrial Cancers with MLH1 Promoter Hypermethylation Have Distinct
Molecular and Clinical Profiles. Clin. Cancer Res. 2022, 28, 4302–4311. [CrossRef]

80. Pasanen, A.; Loukovaara, M.; Butzow, R. Clinicopathological significance of deficient DNA mismatch repair and MLH1 promoter
methylation in endometrioid endometrial carcinoma. Mod. Pathol. 2020, 33, 1443–1452. [CrossRef]

81. Post, C.C.B.; Stelloo, E.; Smit, V.T.H.B.M.; Ruano, D.; Tops, C.M.; Vermij, L.; Rutten, T.A.; Jurgenliemk-Schulz, I.M.; Lutgens,
L.C.H.W.; Jobsen, J.J.; et al. Prevalence and prognosis of lynch syndrome and sporadic mismatch repair deficiency in endometrial
cancer. J. Natl. Cancer Inst. 2021, 113, 1212–1220. [CrossRef]

82. Velho, S.; Fernandes, M.S.; Leite, M.; Figueiredo, C.; Seruca, R. Causes and consequences of microsatellite instability in gastric
carcinogenesis. World J. Gastroenterol. 2014, 20, 16433–16442. [CrossRef] [PubMed]

83. The Cancer Genome Atlas Research Network. Comprehensive molecular characterization of gastric adenocarcinoma. Nature
2014, 513, 202–209. [CrossRef] [PubMed]

84. Beghelli, S.; de Manzoni, G.; Barbi, S.; Tomezzoli, A.; Roviello, F.; Di Gregorio, C.; Vindigni, C.; Bortesi, L.; Parisi, A.; Saragoni, L.;
et al. Microsatellite instability in gastric cancer is associated with better prognosis in only stage II cancers. Surgery 2006, 139,
347–356. [CrossRef]

85. Lee, H.S.; Choi, S.I.; Lee, H.K.; Kim, H.S.; Yang, H.-K.; Kang, G.H.; Kim, Y.I.; Lee, B.L.; Kim, W.H. Distinct clinical features and
outcomes of gastric cancers with microsatellite instability. Mod. Pathol. 2002, 15, 632–640. [CrossRef]

86. Seo, H.M.; Chang, Y.S.; Joo, S.H.; Kim, Y.W.; Park, Y.-K.; Hong, S.W.; Lee, S.-H. Clinicopathologic characteristics and outcomes of
gastric cancers with the MSI-H phenotype. J. Surg. Oncol. 2008, 99, 143–147. [CrossRef]

87. Gutierrez, C.; Ogino, S.; Meyerhardt, J.A.; Iorgulescu, J.B. The prevalence and prognosis of microsatellite instability-
high/mismatch repair-deficient colorectal adenocarcinomas in the United States. JCO Precis. Oncol. 2023, 7, e2200179. [CrossRef]

88. Kim, H.S.; Woo, D.K.; Bae, S.I.; Kim, Y.I.; Kim, W.H. Microsatellite instability in the adenoma-carcinoma sequence of the stomach.
Lab. Investig. 2000, 80, 57–64. [CrossRef]

89. Leung, S.Y.; Yuen, S.T.; Chung, L.P.; Chu, K.M.; Chan, A.S.; Ho, J.C. hMLH1 promoter methylation and lack of hMLH1 expression
in sporadic gastric carcinomas with high-frequency microsatellite instability. Cancer Res. 1999, 59, 159–164.

90. Fleisher, A.S.; Esteller, M.; Wang, S.; Tamura, G.; Suzuki, H.; Yin, J.; Zou, T.T.; Abraham, J.M.; Kong, D.; Smolinski, K.N.; et al.
Hypermethylation of the hMLH1 gene promoter in human gastric cancers with microsatellite instability. Cancer Res. 1999, 59,
1090–1095.

91. Thibodeau, S.N.; French, A.J.; Roche, P.C.; Cunningham, J.M.; Tester, D.J.; Lindor, N.M.; Moslein, G.; Baker, S.M.; Liskay, R.M.;
Burgart, L.J.; et al. Altered expression of hMSH2 and hMLH1 in tumors with microsatellite instability and genetic alterations in
mismatch repair genes. Cancer Res. 1996, 56, 4836–4840.

92. Halling, K.C.; Harper, J.; Moskaluk, C.A.; Thibodeau, S.N.; Petroni, G.R.; Yustein, A.S.; Tosi, P.; Minacci, C.; Roviello, F.; Piva, P.;
et al. Origin of Microsatellite Instability in Gastric Cancer. Am. J. Pathol. 1999, 155, 205–211. [CrossRef] [PubMed]

93. Chandran, E.B.; Iannantuono, G.M.; Atiq, S.O.; Akbulut, D.; Sinaii, N.; Simon, N.I.; Banday, A.R.; Boudjadi, S.; Gurram, S.;
Nassar, A.H.; et al. Mismatch repair deficiency and microsatellite instability in urothelial carcinoma: A systematic review and
meta-analysis. BMJ Oncol. 2024, 3, e000335. [CrossRef] [PubMed]

https://www.nccn.org/professionals/physician_gls/pdf/genetics_ceg.pdf
https://www.nccn.org/professionals/physician_gls/pdf/genetics_ceg.pdf
https://doi.org/10.1002/cncr.32058
https://www.ncbi.nlm.nih.gov/pubmed/30913308
https://doi.org/10.4132/jptm.2021.02.19
https://doi.org/10.1200/JCO.2016.67.8722
https://doi.org/10.1016/j.ygyno.2017.07.003
https://doi.org/10.1016/j.ygyno.2014.04.053
https://doi.org/10.1158/1078-0432.CCR-22-0713
https://doi.org/10.1038/s41379-020-0501-8
https://doi.org/10.1093/jnci/djab029
https://doi.org/10.3748/wjg.v20.i44.16433
https://www.ncbi.nlm.nih.gov/pubmed/25469011
https://doi.org/10.1038/nature13480
https://www.ncbi.nlm.nih.gov/pubmed/25079317
https://doi.org/10.1016/j.surg.2005.08.021
https://doi.org/10.1038/modpathol.3880578
https://doi.org/10.1002/jso.21220
https://doi.org/10.1200/PO.22.00179
https://doi.org/10.1038/labinvest.3780008
https://doi.org/10.1016/S0002-9440(10)65114-0
https://www.ncbi.nlm.nih.gov/pubmed/10393852
https://doi.org/10.1136/bmjonc-2024-000335
https://www.ncbi.nlm.nih.gov/pubmed/39086924


Int. J. Mol. Sci. 2025, 26, 4394 21 of 24

94. Engel, C.; Loeffler, M.; Steinke, V.; Rahner, N.; Holinski-Feder, E.; Dietmaier, W.; Shackert, H.K.; Goergens, H.; von Knebel
Doeberitz, M.; Goecke, T.O.; et al. Risks of less common cancers in proven mutation carriers with lynch syndrome. J. Clin. Oncol.
2012, 30, 4409–4415. [CrossRef] [PubMed]

95. Møller, P.; Seppälä, T.T.; Bernstein, I.; Holinski-Feder, E.; Sala, P.; Evans, D.G.; Lindblom, A.; Macrae, F.; Blanco, I.; Sijmons, R.H.
Cancer risk and survival in Path Mmr carriers by gene and gender up to 75 years of age: A report from the prospective lynch
syndrome database. Gut 2018, 67, 1306–1316. [CrossRef]

96. Bhalla, A.; Zulfiqar, M.; Weindel, M.; Shidham, V.B. Molecular diagnostics in colorectal carcinoma. Clin. Lab. Med. 2013, 33,
835–859. [CrossRef]

97. Hartmann, A.; Cheville, J.C.; Dietmaier, W.; Hofstadter, F.; Burgart, L.J.; Blaszyk, H. Hereditary nonpolyposis colorectal cancer
syndrome in a patient with urothelial carcinoma of the upper urothelial tract. Arch. Pathol. Lab. Med. 2003, 127, E60–E63.
[CrossRef]

98. Gibson, J.; Lacy, J.; Matloff, E.; Robert, M. Microsatellite instability testing in colorectal carcinoma: A practical guide. Clin.
Gastroenterol. Hepatol. 2014, 12, 171–176. [CrossRef]

99. Harper, H.; McKenney, J.; Heald, B.; Stephenson, A.; Campbell, S.C.; Plesec, T.; Magi-Galluzzi, C. Upper tract urothelial
carcinomas: Frequency of association with mismatch repair protein loss and lynch syndrome. Mod. Pathol. 2017, 30, 146–156.
[CrossRef]

100. Therkildsen, C.; Eriksson, P.; Höglund, M.; Jonsson, M.; Sjodahl, G.; Nilbert, M.; Liedberg, F. Molecular subtype classification of
urothelial carcinoma in lynch syndrome. Mol. Oncol. 2018, 12, 1286–1295. [CrossRef]

101. Rao, A.; McGrath, J.E.; Xiu, J.; De Souza, A.; Gulati, S.; Abuali, I.; Sagaram, S.; Nabhan, C.; Korn, W.M.; Ryan, C.; et al.
Characterization of microsatellite instability (dMMR/MSI-H) and mutational landscape in a large contemporary cohort of upper
tract urothelial cancer (UTUC) patients. J. Clin. Oncol. 2021, 39, 465. [CrossRef]

102. Mylona, E.; Zarogiannos, A.; Nomikos, A.; Giannopoulo, I.; Nikolaou, I.; Zervas, A.; Nakopoulou, L. Prognostic value of
microsatellite instability determined by immuno-histochemical staining of hMSH2 and hMSH6 in urothelial carcinoma of the
bladder. APMIS 2008, 116, 59–65. [CrossRef] [PubMed]

103. Rouprêt, M.; Fromont, G.; Azzouzi, A.-R.; Catto, J.W.; Vallancien, G.; Hamdy, F.C.; Cussenot, O. Microsatellite instability as
predictor of survival in patients with invasive upper urinary tract transitional cell carcinoma. Urology 2005, 65, 1233–1237.
[CrossRef] [PubMed]

104. Saetta, A.A.; Goudopoulou, A.; Korkolopoulou, P.; Voutsinas, G.; Thomas-Tsagli, E.; Michalopoulous, N.V.; Patsouris, E.
Mononucleotide markers of microsatellite instability in carcinomas of the urinary bladder. Eur. J. Surg. Oncol. 2004, 30, 796–803.
[CrossRef] [PubMed]

105. Tural, D.; Akar, E.; Baytekin, H.F.; Canoglu, D.; Yilmaz, M.; Tugcu, V. Relationship between survival outcomes and microsatellite
instability, tumor infiltrating lymphocytes and programmed cell death Ligand-1 expression in patients with bladder cancer and
radical cystectomy. J. Buon 2021, 26, 2117–2125.

106. Hu, Z.I.; Shia, J.; Stadler, Z.K.; Varghese, A.M.; Capanu, M.; Salo-Mullen, E.; Lowery, M.A.; Diaz, L.A., Jr.; Mandelker, D.; Yu, K.H.;
et al. Evaluating Mismatch Repair Deficiency in Pancreatic Adenocarcinoma: Challenges and Recommendations. Clin. Cancer Res.
2018, 24, 1326–1336. [CrossRef]

107. Liu, W.; Shia, J.; Gonen, M.; Lowery, M.A.; O’Reilly, E.M.; Klimstra, D.S. DNA mismatch repair abnormalities in acinar cell
carcinoma of the pancreas: Frequency and clinical significance. Pancreas 2014, 43, 1264–1270. [CrossRef]

108. Yamamoto, H.; Itoh, F.; Nakamura, H.; Fukushima, H.; Sasaki, S.; Perucho, M.; Imai, K. Genetic and clinical features of human
pancreatic ductal adenocarcinomas with widespread microsatellite instability. Cancer Res. 2001, 61, 31393144.

109. Nakata, B.; Wang, Y.Q.; Yashiro, M.; Nishioka, N.; Tanaka, H.; Ohira, M.; Ishiwaka, T.; Nishino, H.; Hirakawa, K. Prognostic value
of microsatellite instability in resectable pancreatic cancer. Clin. Cancer Res. 2002, 8, 2536–2540.

110. Lee, V.; Murphy, A.; Le, D.T.; Diaz, L.A., Jr. Mismatch repair deficiency and response to immune checkpoint blockade. Oncologist
2016, 21, 1200–1211. [CrossRef]

111. Vivaldi, C.; Genovesi, V.; Ugolini, C.; Bernardini, L.; Casadei-Gardini, A.; Formica, V.; Salani, F.; Orsi, G.; Massa, V.; Cacciato-
Insilla, A.; et al. Mismatch Repair Deficiency in Biliary Tract Cancer: Prognostic Implications and Correlation with Histology.
Oncology 2024, 102, 157–167. [CrossRef]

112. Yang, X.; Lian, B.; Zhang, N.; Long, J.; Li, Y.; Xue, J.; Chen, X.; Wang, Y.; Xun, Z.; Piao, M.; et al. Genomic characterization and
immunotherapy for microsatellite instability-high in cholangiocarcinoma. BMC Med. 2024, 22, 42. [CrossRef] [PubMed]

113. Christodoulidis, G.; Kouliou, M.N.; Koumarelas, K.E. Immune signature of small bowel adenocarcinoma and the role of tumor
microenvironment. World J. Gastroenterol. 2024, 30, 794–798. [CrossRef] [PubMed]

114. Planck, M.; Ericson, K.; Piotrowska, Z.; Halvarsson, B.; Rambech, E.; Nilbert, M. Microsatellite Instability and Expression of
MLH1 and MSH2 in Carcinomas of the Small Intestine. Cancer 2003, 97, 1551–1557. [CrossRef]

https://doi.org/10.1200/JCO.2012.43.2278
https://www.ncbi.nlm.nih.gov/pubmed/23091106
https://doi.org/10.1136/gutjnl-2017-314057
https://doi.org/10.1016/j.cll.2013.10.001
https://doi.org/10.5858/2003-127-e60-HNCCSI
https://doi.org/10.1016/j.cgh.2013.11.001
https://doi.org/10.1038/modpathol.2016.171
https://doi.org/10.1002/1878-0261.12325
https://doi.org/10.1200/JCO.2021.39.6_suppl.465
https://doi.org/10.1111/j.1600-0463.2008.00760.x
https://www.ncbi.nlm.nih.gov/pubmed/18254781
https://doi.org/10.1016/j.urology.2005.01.019
https://www.ncbi.nlm.nih.gov/pubmed/15922421
https://doi.org/10.1016/j.ejso.2004.04.015
https://www.ncbi.nlm.nih.gov/pubmed/15296997
https://doi.org/10.1158/1078-0432.CCR-17-3099
https://doi.org/10.1097/MPA.0000000000000190
https://doi.org/10.1634/theoncologist.2016-0046
https://doi.org/10.1159/000533406
https://doi.org/10.1186/s12916-024-03257-7
https://www.ncbi.nlm.nih.gov/pubmed/38281914
https://doi.org/10.3748/wjg.v30.i8.794
https://www.ncbi.nlm.nih.gov/pubmed/38516246
https://doi.org/10.1002/cncr.11197


Int. J. Mol. Sci. 2025, 26, 4394 22 of 24

115. Wirta, E.-V.; Szeto, S.; Hänninen, U.; Ahtiainen, M.; Bohm, J.; Mecklin, J.-P.; Aaltonen, L.A.; Seppala, T.T. Prognostic Value
of Immune Environment Analysis in Small Bowel Adenocarcinomas with Verified Mutational Landscape and Predisposing
Conditions. Cancers 2020, 12, 2018. [CrossRef]

116. Abida, W.; Cheng, M.L.; Armenia, J.; Middha, S.; Autio, K.A.; Vargas, H.A.; Rathkopf, D.; Morris, M.J.; Danila, D.C.; Slovin, S.F.
Analysis of the Prevalence of Microsatellite Instability in Prostate Cancer and Response to Immune Checkpoint Blockade. JAMA
Oncol. 2019, 5, 471–478. [CrossRef]

117. Lenis, A.T.; Ravichandran, V.; Truong, H.; Reisz, P.; Nweji, B.; Autio, K.; Morris, M.; Slovin, S.; Vargas, H.A.; Laudone, V.;
et al. Response to immune checkpoint blockade in patients with microsatellite instable and high tumor mutational burden
prostate cancer. In Proceedings of the 2021 American Urological Association Annual Meeting, Virtual, 10–13 September 2021;
Abstract MP24-01.

118. Hu, Q.; Rizvi, A.A.; Schau, G.; Ingale, K.; Muller, Y.; Baits, R.; Pretzer, S.; BenTaieb, A.; Gordhamer, A.; Nussenzveig, R.; et al.
Development and validation of a deep learning-based microsatellite instability predictor from prostate cancer whole-slide images.
NPJ Precis. Oncol. 2024, 8, 88. [CrossRef]

119. Pal, T.; Permuth-Wey, J.; Kumar, A.; Sellers, T.A. Systematic review and meta-analysis of ovarian cancers: Estimation of
microsatellite-high frequency and characterization of mismatch repair deficient tumor histology. Clin. Cancer Res. 2008, 14,
6847–6854. [CrossRef]

120. Fraune, C.; Rosebrock, J.; Simon, R.; Hube-Magg, C.; Makrypidi-Fraune, G.; Kluth, M.; Buscheck, F.; Hoflmayer, D.; Schmalfeldt,
B.; Muller, V. High homogeneity of MMR deficiency in ovarian cancer. Gynecol. Oncol. 2020, 156, 669–675. [CrossRef]

121. Raymond, V.M.; Everett, J.N.; Furtado, L.V.; Gustafson, S.L.; Jungbluth, C.R.; Gruber, S.B.; Hammer, G.D.; Stoffel, E.M.; Greenson,
J.K.; Giordano, T.J. Adrenocortical carcinoma is a Lynch syndrome-associated cancer. J. Clin. Oncol. 2013, 31, 3012–3018. [CrossRef]

122. Rocha, L.M.; Schmid, W.K.; Czapiewski, P. The prevalence of DNA microsatellite instability in anaplastic thyroid carcinoma—
Systematic review and discussion of current therapeutic options. Contemp. Oncol. 2021, 25, 213–223.

123. Tepeoglu, M.; Borcek, P.; Ozen, O.; Altinors, N. Microsatellite instability in glioblastoma: Is it really relevant in tumor prognosis?
Turk. Neurosurg. 2019, 29, 778–784. [CrossRef] [PubMed]

124. Touat, M.; Li, Y.Y.; Boynton, A.N.; Spurr, L.F.; Iorgulescu, J.B.; Bohrson, C.L.; Cortes-Ciriano, I.; Birzu, C.; Geduldig, J.E.; Pelton, K.
Mechanisms and therapeutic implications of hypermutation in gliomas. Nature 2020, 580, 517–523. [CrossRef] [PubMed]

125. Cani, M.; Novello, S.; Bironzo, P. Mismatch repair deficiency in lung tumors: Adding a new layer of complexity on pie slices.
J. Thorac. Oncol. 2024, 19, 363–365. [CrossRef] [PubMed]

126. Tian, J.; Wang, H.; Lu, C.; Liu, L.; Zhang, X.; Xie, Y.; Li, R.; Lv, X.; Fu, D.; Zhang, L. Genomic characteristics and prognosis of lung
cancer patients with MSI-H: A cohort study. Lung Cancer 2023, 181, 107255. [CrossRef]

127. Qin, J.; Shi, D.; Yin, Y.; Liu, B.; Wang, L.; Sun, T.; Zhang, Q.; Qi, C. The clinical and genomic characteristics of MSI-H/dMMR lung
cancer. J. Clin. Oncol. 2022, 40 (Suppl. S16), e21142. [CrossRef]

128. Hellmann, M.D.; Nathanson, T.; Rizvi, H.; Creelan, B.C.; Sanchez-Vega, F.; Ahuja, A.; Ni, A.; Novik, J.B.; Mangarin, L.M.B.;
Abu-Akeel, M.; et al. Genomic features of response to combination immunotherapy in patients with advanced non-small-cell
lung cancer. Cancer Cell 2018, 33, 843–852.e4. [CrossRef]

129. Illergard, K.; Soto, P.; Arpegård, J.; Schiza, A.; Pahnke, S. Immune checkpoint inhibitor treatment—Real-world overall survival,
treatment adoption rates, and regional differences in Sweden. SSRN Electron. J. 2024, ssrn.5128524.

130. Schrock, A.B.; Ouyang, C.; Sandhu, J.; Sokol, E.; Jin, D.; Ross, J.S.; Miller, V.A.; Lim, D.; Amanam, I.; Chao, J.; et al. Tumor
mutational burden is predictive of response to immune checkpoint inhibitors in MSI-high metastatic colorectal cancer. Ann.
Oncol. 2019, 30, 1096–1103. [CrossRef]

131. Yarchoan, M.; Hopkins, A.; Jaffee, E.M. Tumor mutational burden and response rate to PD-1 inhibition. N. Engl. J. Med. 2017, 377,
2500–2501. [CrossRef]

132. Marabelle, A.; Fakih, M.G.; Lopez, J.; Shah, M.; Shapira-Frommer, R.; Nakagawa, K.; Chung, H.C.; Kindler, H.L.; Lopez-Martin,
J.A.; Miller, W.H., Jr.; et al. Association of tumor mutational burden with outcomes in patients with select advanced solid tumors
treated with pembrolizumab in KEYNOTE-158. Ann. Oncol. 2019, 30 (Suppl. S5), v475–v532. [CrossRef]

133. Ozer, M.; Vegivinti, C.T.R.; Syed, M.; Ferrell, M.E.; Gonzalez Gomez, C.; Cheng, S.; Holder-Murray, J.; Bruno, T.; Saeed, A.; Sahin,
I.H. Neoadjuvant Immunotherapy for Patients with dMMR/MSI-High Gastrointestinal Cancers: A Changing Paradigm. Cancers
2023, 15, 3833. [CrossRef] [PubMed]

134. Naulaerts, S.; Datsi, A.; Borras, D.M.; Antoranz Martinez, A.; Messiaen, J.; Vanmeerbeek, I.; Sprooten, J.; Laureano, R.S.; Govaerts,
J.; Panovska, D.; et al. Multiomics and spatial mapping characterizes human CD8+ T cell states in cancer. Sci. Transl. Med. 2023,
15, eadd1016. [CrossRef] [PubMed]

135. Li, J.; Wu, C.; Hu, H.; Qin, G.; Wu, X.; Bai, F.; Zhang, J.; Cai, Y.; Huang, Y.; Wang, C.; et al. Remodeling of the immune and stromal
cell compartment by PD-1 blockade in mismatch repair-deficient colorectal cancer. Cancer Cell 2023, 41, 1152–1169.e7. [CrossRef]

136. 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. [CrossRef]

https://doi.org/10.3390/cancers12082018
https://doi.org/10.1001/jamaoncol.2018.5801
https://doi.org/10.1038/s41698-024-00560-7
https://doi.org/10.1158/1078-0432.CCR-08-1387
https://doi.org/10.1016/j.ygyno.2019.12.031
https://doi.org/10.1200/JCO.2012.48.0988
https://doi.org/10.5137/1019-5149.JTN.27333-19.1
https://www.ncbi.nlm.nih.gov/pubmed/31529454
https://doi.org/10.1038/s41586-020-2209-9
https://www.ncbi.nlm.nih.gov/pubmed/32322066
https://doi.org/10.1016/j.jtho.2023.11.023
https://www.ncbi.nlm.nih.gov/pubmed/38453321
https://doi.org/10.1016/j.lungcan.2023.107255
https://doi.org/10.1200/JCO.2022.40.16_suppl.e21142
https://doi.org/10.1016/j.ccell.2018.03.018
https://doi.org/10.1093/annonc/mdz134
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1093/annonc/mdz253.018
https://doi.org/10.3390/cancers15153833
https://www.ncbi.nlm.nih.gov/pubmed/37568648
https://doi.org/10.1126/scitranslmed.add1016
https://www.ncbi.nlm.nih.gov/pubmed/37043555
https://doi.org/10.1016/j.ccell.2023.04.011
https://doi.org/10.1056/NEJMoa2201445


Int. J. Mol. Sci. 2025, 26, 4394 23 of 24

137. Cercek, A.; Sinopoli, J.C.; Shia, J.; Weiss, J.; Temple, L.; Smith, J.J.; Saltz, L.B.; Widmar, M.; Fumo, G.; Aparo, S.; et al. Durable
complete responses to PD-1 blockade alone in mismatch repair deficient locally advanced rectal cancer. J. Clin. Oncol. 2024,
42, LBA3512. [CrossRef]

138. 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. [CrossRef]

139. 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. Neoadjuvant Immunotherapy in Locally Advanced Mismatch Repair-Deficient Colon Cancer. N. Engl. J. Med.
2024, 390, 949–1958. [CrossRef]

140. Shiu, K.K.; Jiang, Y.; Saunders, M.; Seligmann, J.F.; Iveson, T.; Wilson, R.H.; Graham, J.S.; Khan, K.H.; Militello, A.-M.; Irvine,
S.; et al. NEOPRISM-CRC: Neoadjuvant pembrolizumab stratified to tumour mutation burden for high risk stage 2 or stage 3
deficient-MMR/MSI-high colorectal cancer. J. Clin. Oncol. 2024, 42 (Suppl. S17), LBA3504. [CrossRef]

141. Neoadjuvant Pembrolizumab May Improve Outcomes in Some Patients with Colorectal Cancer Surgery. Available on-
line: https://ascopost.com/news/june-2024/neoadjuvant-pembrolizumab-may-improve-outcomes-in-some-patients-with-
colorectal-cancer-surgery (accessed on 20 March 2025).

142. Kelly, R.J.; Ajani, J.A.; Kuzdzal, J.; Zander, T.; Van Cutsem, E.; Piessen, G.; Mendez, G.; Feliciano, J.; Motoyama, S.; Lievre, A.;
et al. Adjuvant Nivolumab in Resected Esophageal or Gastroesophageal Junction Cancer. N. Engl. J. Med. 2021, 384, 1191–1203.
[CrossRef]

143. Al-Batran, S.-E.; Lorenzen, S.; Homann, N.; Thuss-Patience, P.C.; Schenk, M.; Lindig, U.; Kretzschmar, A.; Huere, V.; Goekkurt, E.;
Haag, G.M.; et al. 1429P Pathological regression in patients with microsatellite instability (MSI) receiving perioperative ate-
zolizumab in combination with FLOT vs. FLOT alone for resectable esophagogastric adenocarcinoma: Results from the DANTE
trial of the German Gastric Group at the AIO and SAKK. Ann. Oncol. 2021, 32, S1069.

144. Thierry, A.; Tougeron, D.; Piessen, G.; de la Fouchardiere, C.; Louvet, C.; Adenis, A.; Jary, M.; Tournigand, C.; Aparicio,
T.; Desrame, J.; et al. Neoadjuvant Nivolumab Plus Ipilimumab and Adjuvant Nivolumab in Localized Deficient Mismatch
Repair/Microsatellite Instability–High Gastric or Esophagogastric Junction Adenocarcinoma: The GERCOR NEONIPIGA Phase
II Study. J. Clin. Oncol. 2023, 41, 255–265.

145. Coutzac, C.; Bibeau, F.; Abdelghani, M.B.; Aparicio, T.; Cohen, R.; Coquan, E.; Dubreuil, O.; Evesque, L.; Ghiringhelli, F.; Kim, S.;
et al. Immunotherapy in MSI/dMMR tumors in the perioperative setting: The IMHOTEP trial. Dig. Liver Dis. 2022, 54, 1335–1341.
[CrossRef] [PubMed]

146. Brahmer, J.R.; Drake, C.G.; Wollner, I.; Powderly, J.D.; Picus, J.; Sharfman, W.H.; Stankevich, E.; Pons, A.; Salay, T.M.; McMiller,
T.L.; et al. Phase I study of single-agent anti-programmed death-1 (MDX1106) in refractory solid tumors: Safety, clinical activity,
pharmacodynamics, and immunologic correlates. J. Clin. Oncol. 2010, 28, 3167–3175. [CrossRef] [PubMed]

147. Lipson, E.J.; Sharfman, W.H.; Drake, C.G.; Wollner, I.; Taube, J.M.; Anders, R.A.; Xu, H.; Yao, S.; Pons, A.; Chen, L.; et al. Durable
cancer regression off-treatment and effective reinduction therapy with an anti-PD-1 antibody. Clin. Cancer Res. 2013, 19, 462–468.
[CrossRef]

148. FDA Approves First Cancer Treatment for Any Solid Tumor with a Specific Genetic Feature. Available online: https://www.drugs.
com/newdrugs/fda-approves-keytruda-pembrolizumab-first-cancer-any-solid-tumor-specific-ge-netic-feature-4538.html (ac-
cessed on 18 March 2025).

149. FDA Approves Merck’s KEYTRUDA® (Pembrolizumab) for Adult and Pediatric Patients with Unresectable or Metastatic,
Microsatellite Instability-High (MSI-H) or Mismatch Repair Deficient (dMMR) Solid Tumors. Available online: https://www.
merck.com/news/fda-approves-mercks-keytruda-pembrolizumab-for-adult-and-pediatric-patients-with-unresectable-or-
metastatic-microsatellite-instability-high-msi-h-or-mismatch-repair-deficient-dmmr/#:~:text=This%20accelerated%20FDA%
20approval%20for,Johns%20Hopkins%20Bloomberg-Kim-mel%20Institute (accessed on 19 March 2025).

150. André, T.; Shiu, K.K.; Kim, T.W.; Jensen, B.V.; Jensen, L.H.; Punt, C.; Smith, D.; Garcia-Carbonero, R.; Benavides, M.; Gibbs, P.; et al.
Pembrolizumab in Microsatellite-Instability-High Advanced Colorectal Cancer. N. Engl. J. Med. 2020, 383, 2207–2218. [CrossRef]

151. Overman, M.J.; McDermott, R.; Leach, J.L.; Lonardi, S.; Lenz, H.J.; Morse, M.A.; Desai, J.; Hill, A.; Axelson, M.; Moss, R.A.;
et al. Nivolumab in patients with metastatic DNA mismatch repair-deficient or microsatellite instability-high colorectal cancer
(CheckMate 142): An open-label, multicentre, phase 2 study. Lancet Oncol. 2017, 18, 1182–1191, Erratum in Lancet Oncol. 2017,
18, 510. [CrossRef]

152. Overman, M.J.; Lonardi, S.; Wong, K.Y.M.; Lenz, H.J.; Gelsomino, F.; Aglietta, M.; Morse, M.A.; Van Cutsem, E.; McDermott,
R.; Hill, A.; et al. Durable Clinical Benefit with Nivolumab Plus Ipilimumab in DNA Mismatch Repair-Deficient/Microsatellite
Instability-High Metastatic Colorectal Cancer. J. Clin. Oncol. 2018, 36, 773–779. [CrossRef]

153. Petrelli, F.; Ghidini, M.; Ghidini, A.; Tomasello, G. Outcomes Following Immune Checkpoint Inhibitor Treatment of Patients with
Microsatellite Instability-High Cancers: A Systematic Review and Meta-analysis. JAMA Oncol. 2020, 6, 1068–1071. [CrossRef]

https://doi.org/10.1200/JCO.2024.42.17_suppl.LBA3512
https://doi.org/10.1038/s41591-020-0805-8
https://doi.org/10.1056/NEJMoa2400634
https://doi.org/10.1200/JCO.2024.42.17_suppl.LBA3504
https://ascopost.com/news/june-2024/neoadjuvant-pembrolizumab-may-improve-outcomes-in-some-patients-with-colorectal-cancer-surgery
https://ascopost.com/news/june-2024/neoadjuvant-pembrolizumab-may-improve-outcomes-in-some-patients-with-colorectal-cancer-surgery
https://doi.org/10.1056/NEJMoa2032125
https://doi.org/10.1016/j.dld.2022.07.008
https://www.ncbi.nlm.nih.gov/pubmed/35907691
https://doi.org/10.1200/JCO.2009.26.7609
https://www.ncbi.nlm.nih.gov/pubmed/20516446
https://doi.org/10.1158/1078-0432.CCR-12-2625
https://www.drugs.com/newdrugs/fda-approves-keytruda-pembrolizumab-first-cancer-any-solid-tumor-specific-ge-netic-feature-4538.html
https://www.drugs.com/newdrugs/fda-approves-keytruda-pembrolizumab-first-cancer-any-solid-tumor-specific-ge-netic-feature-4538.html
https://www.merck.com/news/fda-approves-mercks-keytruda-pembrolizumab-for-adult-and-pediatric-patients-with-unresectable-or-metastatic-microsatellite-instability-high-msi-h-or-mismatch-repair-deficient-dmmr/#:~:text=This%20accelerated%20FDA%20approval%20for,Johns%20Hopkins%20Bloomberg-Kim-mel%20Institute
https://www.merck.com/news/fda-approves-mercks-keytruda-pembrolizumab-for-adult-and-pediatric-patients-with-unresectable-or-metastatic-microsatellite-instability-high-msi-h-or-mismatch-repair-deficient-dmmr/#:~:text=This%20accelerated%20FDA%20approval%20for,Johns%20Hopkins%20Bloomberg-Kim-mel%20Institute
https://www.merck.com/news/fda-approves-mercks-keytruda-pembrolizumab-for-adult-and-pediatric-patients-with-unresectable-or-metastatic-microsatellite-instability-high-msi-h-or-mismatch-repair-deficient-dmmr/#:~:text=This%20accelerated%20FDA%20approval%20for,Johns%20Hopkins%20Bloomberg-Kim-mel%20Institute
https://www.merck.com/news/fda-approves-mercks-keytruda-pembrolizumab-for-adult-and-pediatric-patients-with-unresectable-or-metastatic-microsatellite-instability-high-msi-h-or-mismatch-repair-deficient-dmmr/#:~:text=This%20accelerated%20FDA%20approval%20for,Johns%20Hopkins%20Bloomberg-Kim-mel%20Institute
https://doi.org/10.1056/NEJMoa2017699
https://doi.org/10.1016/S1470-2045(17)30422-9
https://doi.org/10.1200/JCO.2017.76.9901
https://doi.org/10.1001/jamaoncol.2020.1046


Int. J. Mol. Sci. 2025, 26, 4394 24 of 24

154. Kluger, H.M.; Tawbi, H.A.; Ascierto, M.L.; Bowden, M.; Callahan, M.K.; Cha, E.; Chen, H.X.; Drake, C.G.; Feltquate, D.M.;
Ferris, R.L.; et al. Defining tumor resistance to PD-1 pathway blockade: Recommendations from the first meeting of the SITC
Immunotherapy Resistance Taskforce. J. Immunother. Cancer 2020, 8, e000398. [CrossRef]

155. Ursino, C.; Mouric, C.; Gros, L.; Bonnefoy, N.; Faget, J. Intrinsic features of the cancer cell as drivers of immune checkpoint
blockade response and refractoriness. Front. Immunol. 2023, 14, 1170321. [CrossRef]

156. Pitt, J.M.; Vétizou, M.; Daillère, R.; Roberti, M.P.; Yamazaki, T.; Routy, B.; Lepage, P.; Boneca, I.G.; Chamaillard, M.; Kroemer, G.;
et al. Resistance Mechanisms to Immune-Checkpoint Blockade in Cancer: Tumor-Intrinsic and -Extrinsic Factors. Immunity 2016,
44, 1255–1269. [CrossRef] [PubMed]

157. Davar, D.; Dzutsev, A.K.; McCulloch, J.A.; Rodrigues, R.R.; Chauvin, J.M.; Morrison, R.M.; Deblasio, R.N.; Menna, C.; Ding, Q.;
Pagliano, O.; et al. Fecal microbiota transplant overcomes resistance to anti-PD-1 therapy in melanoma patients. Science 2021, 371,
595–602. [CrossRef] [PubMed]

158. Baruch, E.N.; Youngster, I.; Ben-Betzalel, G.; Ortenberg, R.; Lahat, A.; Katz, L.; Adler, K.; Dick-Necula, D.; Raskin, S.; Bloch, N.;
et al. Fecal microbiota transplant promotes response in immunotherapy-refractory melanoma patients. Science 2021, 371, 602–609.
[CrossRef]

159. Ribic, C.M.; Sargent, D.J.; Moore, M.M.; Thibodeau, S.N.; French, A.J.; Goldberg, R.M.; Hamilton, S.R.; Laurent-Puig, P.; Gryfe, R.;
Sheperd, 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. [CrossRef]

160. 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. [CrossRef]

161. Cohen, R.; Taieb, J.; Fiskum, J.; Yothers, G.; Goldberg, R.; Yoshino, T.; Alberts, S.; Allegra, C.; de Gramont, A.; Seitz, J.F.; et al.
Microsatellite instability in patients with stage III colon cancer receiving fluoropyrimidine with or without oxaliplatin: An
ACCENT pooled analysis of 12 adjuvant trials. J. Clin. Oncol. 2021, 39, 642–651. [CrossRef]

162. Pietrantonio, F.; Miceli, R.; Raimondi, A.; Kim, Y.W.; Kang, W.K.; Langley, R.E.; Choi, Y.Y.; Kim, K.M.; Nankivell, M.G.; Morano, F.
Individual Patient Data Meta-Analysis of the Value of Microsatellite Instability as a Biomarker in Gastric Cancer. J. Clin. Oncol.
2019, 37, 3392–3400. [CrossRef]

163. FDA Approves Durvalumab with Chemotherapy for Mismatch Repair Deficient Primary Advanced or Recurrent Endometrial
Cancer. Available online: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-durvalumab-
chemotherapy-mismatch-repair-deficient-primary-advanced-or-recurrent (accessed on 14 June 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(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/10.1136/jitc-2019-000398
https://doi.org/10.3389/fimmu.2023.1170321
https://doi.org/10.1016/j.immuni.2016.06.001
https://www.ncbi.nlm.nih.gov/pubmed/27332730
https://doi.org/10.1126/science.abf3363
https://www.ncbi.nlm.nih.gov/pubmed/33542131
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1056/NEJMoa022289
https://doi.org/10.1200/JCO.2009.27.1825
https://doi.org/10.1200/JCO.20.01600
https://doi.org/10.1200/JCO.19.01124
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-durvalumab-chemotherapy-mismatch-repair-deficient-primary-advanced-or-recurrent
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-durvalumab-chemotherapy-mismatch-repair-deficient-primary-advanced-or-recurrent

	Introduction 
	The Landscape of Deficient MMR and MSI in Solid Tumors 
	Colorectal Cancers 
	Lynch Syndrome 
	MUTYH-Associated Polyposis 
	Polymerase Proofreading-Associated Polyposis 
	Sporadic Colorectal Cancers 

	Endometrial Cancer 
	Gastric Cancer 
	Urothelial Carcinoma 
	Less Common Neoplasms 

	Overview of Therapeutic Approaches in the Treatment of dMMR/MSI-H Solid Tumors 
	Immunotherapy 
	Immunotherapy Use in Early-Stage Disease 
	Immunotherapy in the Metastatic Setting 
	The Challenge of Resistance to Immunotherapy 

	The Impact of dMMR/MSI-H Status on Chemotherapy Efficacy and Outcomes 

	Conclusions and Future Perspectives Discussion 
	References

