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Definition: Mismatch repair deficiency (MMRd) is caused by the biallelic inactivation of an MMR
gene, which can be attributed either to an inherited or an acquired pathway. MMRd is characterized
by the inability of cells to repair spontaneous mutations in microsatellites that occur during replication.
Microsatellites are repetitive nucleotide sequences composed of one to six base pairs. Mutations in
microsatellites lead to deletions or insertions of sequence units that are designated as microsatellite
instability (MSI). MMRd is diagnosed by immunochemistry and is characterized by loss of nuclear
immunostaining for at least one of the four MMR proteins that are routinely examined, i.e., MSH2,
MSH6, MLH1 and PMS2. Available tests for MSI are PCR and next generation sequencing. MMRd
and MSI predispose to tumor initiation and progression, increase tumor mutational burden as well as
tumor immunogenicity, facilitate the activation of the programmed cell death protein 1/programmed
cell death ligand 1 (PD-1/PD-L1) immune checkpoint pathway and serve as prognostic and predictive
biomarkers in solid tumors.

Keywords: biomarkers; immune checkpoint inhibition; immunohistochemistry; mismatch repair
proficiency; mismatch repair deficiency; microsatellites; microsatellite instability; next generation
sequencing; PCR

1. Introduction

This entry paper provides a comprehensive overview of the impact of mismatch
repair deficiency (MMRd) and microsatellite instability (MSI) on tumor initiation and
progression as well as the relevance of these alterations as diagnostic, prognostic and
predictive biomarkers. In this regard, it highlights the gain in medical importance that both
markers have received from the initial discovery of their causative role in Lynch syndrome
until nowadays, where they influence prognostic and therapeutic decisions for Lynch
syndrome-associated and sporadic tumors. It also provides guidance for the diagnostic
evaluation of MMRd and MSI in different cancer types and explains the limitations of
routinely available tests. Thereby, it identifies the immediate need for improved MSI
detection across different cancer types and provides research guidance by summarizing
recent scientific studies in this field. The development of standardized tests to detect MSI
with high sensitivity and specificity in non-colorectal cancers will likely not only improve
prognostic evaluation and treatment success of different tumor entities but may also help
to identify additional therapeutic options.

2. History

In 1895, Warthin encountered a family with susceptibility to early age onset cancer.
Approximately 32% of family members (n = 146) of this family (named as family “G”)
developed cancer at a median age of 38 years; most frequently affected were the gas-
trointestinal tract and endometrium [1,2]. In the 1960s, Lynch continued to investigate
this cancer family syndrome and detected an autosomal dominant inheritance [3,4].
Boland and Troncale [5] studied additional families with the same cancer family syn-
drome and they used the disease name “Lynch syndrome I” for families with exclusively
colon cancer and the designation “Lynch syndrome II” for families with colonic cancer
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and additional extracolonic carcinomas [5]. Lynch et al. [6] discovered that Muir–Torre
syndrome is a phenotypic variant of the latter. This family cancer syndrome was in-
dependently reported by Muir et al. in 1967 [7] and by Torre et al. in 1968 [8] and is
characterized by sebaceous neoplasms together with carcinomas of the colon and less
frequently of other organs [7,8]. In 1985, Lynch et al. introduced the disease name
“hereditary nonpolyposis colorectal cancer” (HNPCC) as an umbrella term for “Lynch
syndrome I and II” [9].

In 1993, a distinctive type of colorectal carcinoma with mutations in microsatellites
as repetitive DNA sequences was described [10,11]. Microsatellite mutations occurred
in 12% [10] and 28% [11] of examined colorectal carcinomas leading to microsatellite
instability (MSI), which was initially named as a replication error (RER) [12]. The detection
of these mutations in tumors, but not in normal tissues, supported their role as driver
mutations for carcinogenesis [10]. A statistically significant correlation existed between the
observed microsatellite alterations and a favorable prognosis [11]. Since patients with MSI
tumors included those of younger age (<50 years), Ionov et al. [10] suspected an inherited
nonpolyposis colon cancer syndrome [10]. In the same year, Peltomäki et al. [13] observed
a genetic linkage of HNPCC syndrome to microsatellite markers on chromosome 2, and
Aaltonen et al. [12] confirmed that HNPCC syndrome-associated cancers showed MSI.
Notably, MSI was also detected in sporadic colon cancer [12].

An individual tumor cell could harbor more than 1000 mutations within microsatellites
that accumulate during repeated runs of replication [10]. This led to the hypothesis that
MSI developed secondarily to a mutation within a gene coding for a protein that corrects
replication errors in repetitive sequences [10,11].

The MMR system is responsible for correcting errors of replication that most com-
monly involve repetitive nucleotide sequences [14]. This system was first characterized
in E. coli [14]. The MMR system of E. coli is composed of the two homodimeric proteins
MutS and MutL that recognize mismatches and activate excision repair, respectively [14].
Subsequently, investigations on nuclear extracts of HeLa cells revealed a human MMR
system that shows remarkable homology to that of E. coli [15]. The human homolog
of the DNA MMR gene MutS homolog 2 (MSH2) was cloned by Fishel et al. [16]. The
human MSH2 gene is located on chromosome 2 close to a locus implicated in hereditary
nonpolyposis colon cancer [16]. Subsequently, it was discovered that germline mutations
in MSH2 are present in members of families with HNPCC [16,17]. Moreover, Douglas
et al. [18] confirmed that germline mutations in the MSH2 were the cause of the inher-
ited cancers in “family G”, which was the focus of the initial studies of Warthin and
Lynch [1–4,6].

Subsequently, it was revealed that HNPCC can also be evoked by germline mutations
in MutL homolog 1 (MLH1) [19,20], postmeiotic segregation increased 2 (PMS2) [21], MutS
homolog 6 (MSH6) [22] and epithelial cell adhesion molecule (EpCAM) [23].

Moreover, microsatellite instable cancer also occurs in people without a genetic predis-
position. Sporadic carcinomas with MSI are nearly exclusively caused by MLH1 promoter
hypermethylation resulting in loss of gene expression [24].

Currently, the disease name Lynch syndrome has replaced the designation HNPCC
for those cancers associated with inactivation of the MMR genes MSH2, MLH1, MSH6 and
PMS2. Nowadays, the investigation of tumors for MMRd and/or MSI not only helps to
identify patients with an inherited disease (Lynch syndrome, Muir–Torre syndrome), but
also has prognostic and predictive relevance [25]. The detection of the molecular features
of MMRd and MSI helps to select the most appropriate treatment option. Those tumors
often show a favorable response to immune checkpoint inhibition [26,27].
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3. The Organization of the Human Nuclear Genome and Repetitive DNA Sequences

Notably, coding regions of the genome, which are named exons, occupy only 1.5%
of the human nuclear genome [28]. Each exon is composed of a unique sequence of
nucleotides and encodes for a particular protein [28]. The remaining DNA is referred to
as non-coding DNA. This includes all DNA sequence areas outside the genes, but also
introns and promoter regions [28]. About 50% of the non-coding DNA is composed of
repetitive DNA sequences [29] that can be further classified into dispersed sequences, i.e.,
transposable elements and tandem repeats such as satellite DNA [28,30]. Satellite DNA
covers about 3% of the human genome [30,31]. Based on the size of each repeat unit,
satellite DNA can be further subdivided into macrosatellites, satellites as well as mini- and
microsatellites [30,31] (Figure 1).
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Figure 1. Definition of microsatellites and their functions within the human nuclear genome.

The name satellite DNA is derived from the result of the density gradient centrifuga-
tion of DNA [30,32]. Satellite DNA forms additional small bands above or below the main
DNA band [30].

Microsatellites are defined as 1–6 base pairs that are repeated 5–50x [30,33,34]. The
human genome contains thousands of microsatellite sequences. Most are localized in the
non-coding areas outside the genes, whereas fewer are present within introns and promoter
regions and only 32 are contained within exons, that mostly belong to tumor suppressor
genes [35].

Microsatellites are involved in chromatin organization by heterochromatin forma-
tion and determine cellular senescence since they are an essential structural element of
telomers [28,30,36]. Further, those localized in introns and promoter regions regulate gene
transcription [36]. For example, intron 5 of the MSH2 gene contains the microsatellite
marker BAT26, which regulates the transcription of exon 5 [34,37]. Genes with microsatel-
lite sequences in exons control cellular DNA repair, proliferative activity, and apoptosis.
Examples are bcl-2-associated X protein (Bax) [35,37], transforming growth factor β1 type
II receptor (TGFRbetaII) [35,37], insulin-like growth factor type II (ILGFIIR) [35,37], PTEN
(Phosphatase and TENsin homolog deleted on chromosome 10) [35,38] and MMR genes,
e.g., MSH6 and PMS2 [34,35,38] (Figure 1).

Microsatellites display high pleomorphism and high heterozygosity [30,33,39]. Due to
these features, microsatellite markers are used for paternity testing and in forensics [30]. In
addition, during DNA replication, microsatellites show a high rate of spontaneous muta-
tions since the DNA polymerase tends to slip at the repetitive sequences [33]. Spontaneous
mutations in microsatellites are corrected by the MMR system [33].
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4. The Human Mismatch Repair System

The MMR system ensures the stability of the genome during repeated cycles of repli-
cation [40–42]. In humans, it is mainly composed of the five MMR proteins, MSH2, MSH3,
MSH6, PMS2 and MLH1 [36,40–42]. These form three heterodimeric complexes that are
homolog to the E. coli MMR proteins MutS and MutL [40–42]. The MutS homologs con-
sist of MutSα formed by MSH2/MSH6 and MutSβ composed of MSH2/MSH3 [40,41],
whereas the MutL homolog MutLα is formed by MLH1/PMS2 [36,40–42] (Figure 2). In
the cell, the MSH2/MSH6 complex is found 4x more frequent than the MSH2/MSH3
complex [36,40–42].
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Figure 2. Functional complexes formed by the human MMR proteins and their functions.

The functional complexes composed of MSH2/MSH6 and MSH2/MSH3 recognize
mismatched DNA [36,40,41]. In this regard, MSH2/MSH6 strongly binds to base–base mis-
pairs and insertion or deletion loops consisting of one to two extrahelical nucleotides [41,42],
whereas MSH2/MSH3 preferential binds to insertion and deletions composed of 2–10 ex-
trahelical nucleotides [36,41,42] (Figure 2). With low affinity, the MSH2/MSH6 complex
can also recognize insertion and deletion (indel) lesions with more than two extrahelical
nucleotides and the MSH2/MSH3 complex can also weakly bind to single nucleotide indel
lesions [41,42]. As a consequence, the deficiency of MSH6 protein can be partially substi-
tuted by MSH2/MSH3 and the loss of MSH3 protein will be nearly completely replaced by
the MSH2/MSH6 complex [41,42].

The binding to the damaged DNA initiates an ATP-dependent conformation change
resulting in the formation of a sliding clamp [36,41]. The complex consisting of PMS2 and
MLH1 recruits additional proteins responsible for the excision of the mismatched bases
and adjacent DNA, resynthesis of a new daughter strand and the ligation of the repaired
defect with the remaining DNA [36,40–43].

In addition to post-replicative MMR, the MMR system is also involved in meiotic
and mitotic recombination events [41] and triplet-expansion that can lead to disease [41].
Further, it recognizes certain alterations of DNA bases such as alkylation or methylation and
subsequently either mediates cell cycle arrest at the G2/M transition or apoptosis [40,41].
In B cells, the MMR system contributes to antibody diversification [40,41].

The presence of an intact MMR system is named as MMR proficiency (MMRp),
whereas a defective MMR system leads to MMR deficiency (MMRd) [41].
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5. Mismatch Repair Deficiency

The primary cause of MMRd is a biallelic genetic inactivation of an MMR gene [44].
This genetic change predisposes to cancer initiation and progression [44].

MMRd tumors can develop by two different pathways, i.e., the constitutional/hereditary
and the acquired pathway [42,44].

The constitutional pathway occurs in carriers of Lynch syndrome (previously named as
hereditary nonpolyposis colorectal cancer) [36,42,44]. Due to a germline mutation, affected
people carry one mutated allele of a particular MMR gene in every cell in their body. They
have an increased cancer risk since only one further mutation (somatic mutation) is required
for tumor initiation, i.e., the mutation in the second allele of the affected MMR gene [44].

Interestingly, the carrier frequency of germline mutations within the general popula-
tion is highest for PMS2 (1 in 714), followed by MSH6 (1 in 758), MLH1 (1 in 1946) and
MSH2 (1 in 2841) [45]. However, people with germline mutations in MLH1 or MSH2 have
a much higher lifetime cancer risk compared to carriers of MSH6 or PMS2 mutations [46]
and may develop carcinomas already at an early adult age [47]. The following facts likely
explain this discrepancy between the prevalence and penetrance: not all mutations confer
MMRd and pathogenic mutations occur more often in MLH1 and MSH2 than in MSH6 and
PMS2 [46]. MLH1 and MSH2 are obligatory components of MMR, whereas the functions of
MSH6 and PMS2 can be partially substituted by MSH3 and MLH3, respectively [46]. A
further rare cause for MMRd colorectal carcinoma is a germline mutation in the EpCAM
gene leading to MSH2 hypermethylation that represses MSH2 transcription [23,34,48].

The acquired pathway is characterized by the sporadic consecutive inactivation of the
two alleles of a particular MMR gene. The inactivation is nearly exclusively caused by hy-
permethylation of the MLH1 promoter with subsequent loss of MLH1 gene expression [44].

Tumors with MMRd and MSI frequently occur in the colon, rectum and endometrium,
but can also be diagnosed in multiple other organs [34,44,49,50]. About 20–30% of endome-
trial carcinomas [51] and approximately 15% of colorectal carcinomas [52] display MMRd
and high MSI. In regard to colorectal carcinomas with MMRd, about 20% are attributed
to the constitutional pathway and 80% to the acquired pathway [46]. In comparison to
patients with acquired pathogenesis, patients with inherited MMRd tumors usually present
at a younger age [52] (Figure 3).
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The mechanisms leading to MLH1 promoter hypermethylation, however, differ be-
tween colorectal carcinomas on the one hand and endometrial carcinoma [53], and likely
also other solid tumors on the other hand.

In colorectal carcinomas, MLH1 promoter hypermethylation is promoted by distinct
single nucleotide polymorphisms (SNPs), and it is initiated by a specific mutation in the
v-raf murine sarcoma viral oncogene homolog B1 (BRAF) gene, where at position 600,
the amino acid valine is substituted by glutamic acid (BRAF V600E) [53,54]. It is often
associated with a high CpG island methylator (CIMP) phenotype and MSI-H status [55].
BRAF V600E increases methylation of the MLH1 promoter and CpG islands of other
tumor suppressor protein genes by activating a specific transcriptional repressor and DNA
(cytosine-5)-methyltransferase 3 beta [53,54]. MLH1 promoter methylation, however, is not
only detected in neoplastic tissue with loss of MLH1 proteins, but also in adjacent normal
tissue with retained MLH1 protein production [56]. Studies suggest that gene silencing is
either associated with the methylation of a specific site within the promoter region [56] or
with the overall extent of CpG promoter methylation [57].

In contrast, molecular alterations predisposing to MLH1 promoter hypermethylation
of non-colorectal carcinomas are hitherto unknown [53]. Notably, in endometrial carcino-
mas, MLH1 gene silencing, loss of MLH1 protein expression and the consecutive MSI-H
status develop if the MLH1 promoter methylation exceeds a certain threshold level [57–60].
This finding is supported by a study on endometrial carcinomas with subclonal MMRd due
to loss of MLH1 and PMS2 protein expression, in which MLH1 promoter hypermethylation
was detected not only in the tumor area with MMRd and MSI-H, but also in the adjacent
neoplastic tissue [60].

Within endometrial carcinomas with MLH1 silencing, MLH1 promoters can either
show homogenous dense methylation or heterogeneous methylation in more than 50% of
the CpG islands [58,59]. The heterogeneous methylation pattern is likely explained by the
presence of tumor cell subclones that accumulated additional MLH1 promoter methylation
sites during tumorigenesis, whereas the tumor-initiating cell population likely harbors the
least number of methylation sites [59]. Interestingly, MLH1 promoter hypermethylation is
also detected in peritumoral normal endometrium, where it may even be associated with
loss of MLH1 protein expression and/or MSI [61].

This confirms that MLH1 promoter hypermethylation is an early step in the develop-
ment of sporadic MMRd carcinomas and that the transition of a premalignant change to
cancer is influenced by additional external and internal factors, e.g., tumor cell replication
time and presence of mutations within coding or non-coding regions.

6. The Diagnosis of Mismatch Repair Deficiency

The diagnosis of MMRd is performed by immunohistochemistry on formalin-fixed
paraffin-embedded (FFPE) tissue. For the routine diagnostic evaluation, antibodies detect-
ing MMR proteins of two functional heterodimers are available, i.e., MSH2 and MSH6, as
well as PMS2 and MLH1 [48,62,63].

6.1. Immunohistochemical Features of Mismatch Repair Proficiency and Deficiency

An intact nuclear expression of an MMR protein occurs if both alleles of the corre-
sponding gene are intact or only one allele is inactivated. Loss of nuclear immunostaining
is observed after biallelic genetic inactivation of a particular MMR gene and after protein
degradation of an unstable partner protein [36,62,63]. If loss of immunostaining for a
particular MMR protein is observed, the presence of a reliable internal positive control
should be examined. Cells that can serve as internal positive controls are stromal cells,
tumor-infiltrating immune cells and the cells of the adjacent normal tissue [62,63].
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A negative immunoreaction is characterized by complete loss of nuclear immunostain-
ing [62,63]. In rare cases, immunolabeling for MLH1 protein may show a solely punctuate
nuclear staining that corresponds to a negative immunohistochemical result [64–66]. In
summary, MMRp is characterized by nuclear staining for all four MMR proteins. In com-
parison, MMRd is defined as the loss of nuclear staining for at least one of the examined
MMR proteins in the presence of a retained internal positive control (Figure 4).
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emplarily depicted is immunostaining for PMS2 on colon tissue (a) with an adenocarcinoma (b).
Normal colon tissue (a) with positive nuclear staining in crypt enterocytes (black arrowheads) and
infiltrating lymphocytes (blue arrowhead) as well as some fibrocytes/fibroblasts (not labeled); Colon
adenocarcinoma (b) with immunonegative tumor cells (orange arrows) and positive lymphocytes
(blue arrowheads) as well as some positive stromal cells (not labeled). Tissue kindly provided by
Pathology Nordhessen, Kassel, Germany.

6.2. Molecular Mechanisms of Mismatch Repair Deficiency

The biallelic genetic inactivation of an MMR gene evokes its loss of protein expres-
sion. In case this MMR protein is associated with an unstable heterodimeric partner
protein, this partner protein will be degraded [36,62,63,67]. MSH2 and MLH1 are stable
proteins, whereas MSH6 and PMS2 are unstable proteins [36,62,63,67]. Thus, the absence
of immunostaining for MSH2/MSH6 or MLH1/PMS2 is attributed to the biallelic genetic
inactivation of MSH2 or MLH1 followed by degradation of the respective unstable partner
protein, i.e., MSH6 or PMS2 [36,62,63,67]. In comparison, the biallelic genetic inactivation
of MSH6 and PMS2 only leads to the loss of protein expression, but no degradation of the
respective partner protein (MSH2 or MLH1) since this is stable [36,62,63,67] (Figure 5).
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7. Microsatellite Instability

MSI is defined as an alteration in the number of repeat units of a particular microsatel-
lite sequence that leads to contraction or expansion of microsatellite markers [34,37,41,68].
This definition applies to any change in the length of a particular microsatellite marker in
the tumor tissue in comparison to the normal tissue [34]. It is detected in more than 90%
of colorectal carcinomas from patients with Lynch syndrome and approximately 20% of
sporadic colorectal carcinomas and develop secondary to MMRd [37]. During replication,
the complementary and the template strands may dissociate followed by their incorrect
reannealing [41]. The result is the presence of extrahelical nucleotides forming insertion or
deletion loops [41,68]. These insertions and deletions, as well as base–base mismatches are
normally corrected by the MMR system [41]. If MMRd exists, those spontaneous errors
of replication remain unrepaired and are transmitted to daughter cells, thus, the sequel is
MSI [36,41].

8. Diagnosis of Microsatellite Instability

The diagnostic evaluation of MSI is performed by multiplex polymerase chain reaction
(PCR) followed by fragment length analysis or by next-generation sequencing (NGS) [34,37,69].

The basic principles for the evaluation of MSI were set in 1997 when Dietmaier
et al. [37] characterized the sensitivity and specificity of 31 microsatellite markers in colorec-
tal carcinomas and classified the results into three categories, i.e., microsatellite stability
(MSS), and low-frequency and high-frequency microsatellite instability (MSI-L, MSI-H).

The comprehensive data of Dietmaier et al. [37] served as the foundation for the
1st and 2nd choice Bethesda panels (5 markers each) as well as the standardized result
interpretation [37,70]. The 1st choice panel is composed of two mononucleotide markers
(BAT25 and BAT26) as well as three dinucleotide markers (D5S346, D2S123 and D17S250).
High-frequency MSI (MSI-H) is defined as the instability of two or more markers, and
low-frequency MSI (MSI-L) as the instability of one of the five markers [70]. If an alteration
in only a single marker is detected, the 2nd panel should be applied [52,70]. The 2nd
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choice Bethesda panel consists of one mononucleotide marker (BAT40), three dinucleotide
markers (D10S197, D18S58, D18S69) and a tetranucleotide marker (Mycl1) [37,70]. This
procedure aids the diagnosis of EMAST (“elevated microsatellite alterations at selected
tetranucleotide repeats”) [63]. The causative agent of EMAST is oxidative stress mediated
through elevated levels of interleukin 6 (IL6). The induced intracellular signal transduction
with activation of STAT-3 evokes the shifting of MSH3 from the nucleus into the cytoplasm
and subsequent functional loss of MSH3 [71,72].

A pentaplex panel of mononucleotide repeats (BAT-25, BAT-26, NR-21, NR-24 and
MONO-27 a) was validated by Suraweera et al. [73]. This method was evaluated as sensitive
and specific for the diagnosis of MSI-H in colon and gastric cancer [52]. It is also used by
the multiplex fluorescent MSI analysis system of Promega®, newer versions include the
two additional pentanucleotide repeat markers Penta C and Penta D [69,74].

Nowadays, diagnostic centers most frequently use PCR assays, which examine five
to seven microsatellite markers for insertions or deletions [34,69,74]. Panels consist ei-
ther of only mononucleotide repeat markers or a combination of mononucleotide repeat
markers and higher nucleotide sequence markers [44,69]. Tests solely composed of mononu-
cleotide markers can miss microsatellite instabilities resulting from mutations in higher
nucleotide repeats.

For routine diagnostic examinations, deoxyribonucleic acid (DNA) is usually extracted
from the FFPE tissue samples of tumor and normal control [69,74]. Amplicons are most
commonly visualized by capillary electrophoresis, and microsatellite profiles of tumor
tissue and normal tissue are compared [69]. Diagnostic for MSI are shifts in microsatellite
repeat lengths as well as peak variations [69]. A turnaround time of 3 working days
exists [69].

In addition, PCR-based automated systems are commercially distributed, e.g., the
IdyllaTM MSI assay. This system uses a novel set of seven biomarkers (ACVR2A, BTBD7,
DIDO1, MRE11, RYR3, SEC31A, SULF2) and examines FFPE tissue samples with a fully
automated workflow including sample preparation, DNA amplification, melting curve anal-
ysis and data interpretation [74]. Notably, the IdyllaTM system does not require matched
normal tissue [69,74]. The time requirements are short, i.e., approximately 5 min for manual
preparation and about 150 min for complete sample analysis [74].

NGS-based computational MSI detection systems are also available [34] and may also
be used for routine diagnostic examinations [69]. These are based on the comparison of
microsatellite length between normal and tumor samples, or they calculate the indel burden
in microsatellites [34]. The turnaround time constitutes about 7 working days [69].

PCR tests and NGS-based computational models were initially validated for colorectal
carcinomas and are now also applied to diagnose microsatellite instability in endometrial
carcinomas and other cancer types [34,49,63,69]. Thus, they have the highest sensitivity for
colorectal carcinomas and a lower sensitivity for endometrial carcinomas and other cancer
types [34,63,69].

Computational methods can be applied to analyze in detail MMRd evoked mutation
patterns across different cancer types [75]. The subcategorization of mutation patterns will
likely assist in identifying cancer type-specific mutation signatures, deciphering cancer type-
associated patterns of carcinogenesis, predicting prognosis, and analyzing likely outcomes
of different treatment modalities or even designing cancer type-specific therapies [75]. For
this, the large publicly available repository of genomic data can be used [75].

For translational medicine research, an algorithm to predict MSI from the vast amount
of publicly available gene expression data of colorectal cancer has been developed [76]. This
model has been named “microsatellite instability absolute single sample predictor” and
combines transcriptomics of cancer-related molecular pathways with those of the tumor
microenvironment. It shows robustness and high predictive power for the identification of
MSI in sporadic colorectal carcinoma [76].
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Further, a residual learning convolutional neuronal network was trained to identify
MSI status directly from digital images of hematoxylin-eosin (HE) stained cancer tissue [77].
The best predictive performance was obtained when identical tumor entities were used for
training the algorithm and its application for MSI detection [77]. The correlation of the pre-
dicted MSI status with immunohistochemical results and transcriptomic data revealed that
in gastric cancer, MSI status was associated with a lymphocyte gene expression signature,
whereas in colorectal cancer, it was correlated with PD-L1 expression and an interferon γ
signature [77]. The diagnostic use of this automatic MSI detector across different human
tumors is currently still limited by its cancer-type restricted performance, which could
possibly be resolved by its training on larger datasets and prospective validation [77]. In
future, deep learning provided by convolutional neuronal networks is likely also to be used
for molecular subclassification of cancer types from HE stained tissue sections, e.g., the
identification of the MSI subtype and additional subtypes of gastric cancer [78].

9. Mismatch Repair Deficiency and Microsatellite Instability as Predictive Biomarkers

Tumors with MMRd and MSI-H develop more than 1000 mutations in microsatellites;
this is diagnosed as hypermutation or mutator phenotype [36,44,49]. Thus, tumors with
these molecular alterations tend to have a high tumor mutational burden (TMB) [49].
Because mutations in microsatellites are often frameshift mutations, tumor cells usually
express neoantigens [36,50], that are named as frame shift-associated peptides [79]. Since
these peptides are hitherto unknown to the immune system, they stimulate a strong
anti-cancer immune response leading to tumor infiltration with numerous lymphocytes,
including cytotoxic T cells [36,80] (Figure 6).
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During a longer immune response, exhaustion of T cells develops [81,82]. This is
characterized by the upregulation of the immune checkpoint molecule programmed cell
death protein 1 (PD-1) on exhausted T cells [81–83]. Its ligand, programmed cell death
ligand 1 (PD-L1), can be expressed on tumor-infiltrating macrophages [83,84] and lympho-
cytes [83,84] as well as tumor cells [82,84]. The binding between PD-1 and PD-L1 inhibits
the anti-tumor immune response [81,82,84]. During an immune reaction, the activation of
immune checkpoint cascades prevents an overwhelming immune response that may lead
to tissue destruction and autoimmunity [81]. In the tumor microenvironment, however, the
activation of the immune checkpoint molecules PD-1 and PD-L1 attenuates the anti-tumor
immune response and may facilitate tumor progression [81]. Thus, the therapeutic block-
age of PD-1 or PD-L1 by monoclonal antibodies is widely used as a treatment for those
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cancers with activation of this immune checkpoint cascade [82]. In 2018, James Allison and
Tasuko Honjo received the Nobel Prize for Medicine for their investigations on immune
checkpoint cascades.

Since tumors with MMRd and/or MSI-H commonly display the aforementioned
features of high tumor mutational burden, high immunogenicity and infiltration with
numerous immune cells followed by the activation of immune checkpoint cascades, they
are optimal targets for immune checkpoint therapy [26,36,50,63,80] (Figure 7). In 2017,
the US Food and Drug Administration (FDA) approved the anti PD-1 monoclonal anti-
body pembolizumab for solid tumors in adults or children that either display MMRd on
immunostaining or MSI-H by PCR analysis and for which no other treatment options
exist [85]. Notably, tumors with MMRd are resistant to treatment with certain cytotoxic
drugs [26,42].
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Figure 7. Chronic immune stimulation leads to the exhaustion of lymphocytes that upregulate
the immune checkpoint molecule PD-1. Its binding to PD-L1, expressed on tumor cells (depicted),
lymphocytes and macrophages, downregulates the anti-cancer immune response (a). Blocking of
PD-1 (as illustrated) or PD-L1 by monoclonal antibodies restores the anti-cancer immune response
(b). This is the mechanism of the immune checkpoint therapy.

Tumors with mutations of the catalytic and proofreading domains of polymerase ε
(POLE) and polymerase δ1 (POLD1) also show high TMB with the sequelae of increased
neoantigen expression and a strong anti-cancer immune response [86]. Mutations in func-
tional areas of their exonuclease domains (EDMs) cause a 10–100-fold increase in the
mutation rate during DNA replication [86] and can be diagnosed in a variety of cancer
types, including colorectal carcinomas, endometrial cancer, lung cancer and melanoma [86].
In general, mutations in POLD1-EDM are less frequently observed than POLE-EDM mu-
tations [86]. Across different cancer types, Wang et al. [87] found mutation rates of 2.8%
and 1.4% for POLE and POLD1, respectively. Solid tumors with POLE or POLD1 muta-
tions accumulate missense mutations, have ultra-high mutation rates (>100 mutations per
megabase genome) and are initially microsatellite stable [86]. In an early stage of tumorige-
nesis, POLE-EDM or POLD1-EDM mutations and MMRd are considered as independent
molecular events [86]. During later stages of tumorigenesis, however, tumors may show
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the concurrent presence of a POLE-EDM or POLD1-EDM mutation and MMRd/MSI, since
the loss of proofreading activity may lead to secondary mutations also in MMR genes [86].

Several studies suggest that high TMB predicts a favorable response to immune checkpoint
inhibition that is independent of the tumor type and its MSI status [87–90]. In 2020, the FDA
extended the approval of pembrolizumab in pediatric and adult patients for the treatment
of unresectable or metastatic solid tumors that are diagnosed with TMB ≥ 10 mutations per
megabase genome and have no other therapeutic options [91].

10. Concordance and Disconcordance of Test Results

The concordance rate between MMRd and MSI-H is 98% in colorectal carcinomas [60]
and 94% in endometrial carcinomas [51,69]. The most frequent cause for disconcordance
in endometrial carcinoma was MLH1 promoter hypermethylation in 1.6% of examined
cases [51].

Reported reasons for detection of MSS or MSI-L in a tumor with immunohistochemical
MMRd are summarized in Table 1. MLH1 promoter hypermethylation and consecutive
loss of MLH1 and PMS2 immunostaining despite the molecular detection of MSS or MSI-L
are reported nearly exclusively in non-colorectal cancer types, particularly endometrial
carcinomas [51,69]. To confirm MSI-H in a tumor sample with an area of subclonal loss, it
may be necessary to micro-dissect the area with loss of immunostaining and to analyze the
microdissected tissue sample separately from the remaining tumor [51,92]. To ensure a valid
PCR or NGS result, the tumor sample should contain at least 20% (colorectal carcinomas)
or 40% (endometrial carcinoma) of cancer cells [51,63,69]. Tumors with a low proliferative
activity, e.g., mesotheliomas may show MMRd and MSI-L [34]. Notably, MSH6 protein loss
after neoadjuvant treatment (radiation or chemotherapy) is not a cause of MSI-H [34]. In
carcinomas of other organs than the colon, MSI-H is likely underdiagnosed since the testing
systems are not validated for these additional tumor entities [36,63,93]. The types and
numbers of unstable microsatellite loci vary between different cancer types [36]. Further,
endometrial carcinoma with MSI can present with only discrete length shift that may be
under detected [69].

Table 1. Most frequent reasons for discordance between testing for MMRd and MSI.

A. MSS * or MSI-L * despite MMRd #

• MLH1 promoter hypermethylation a

• Subclonal loss of a MMR protein a,b

• Low amount of tumor cells a,c,d

• Low proliferation rate of tumor cells e

• Loss of MSH6 after neoadjuvant treatment a

• Non-colorectal tumor c–g

B. MMRp # despite MSI-H *

• (Non-truncating) missense mutations h

• In a few cases of POLE mutated tumors a

• Misinterpretation of IHC (e.g., punctate stain of MLH1) i–k

* MSS = microsatellite stability based on polymerase chain reaction (PCR) or next generation sequencing (NGS);
MSI-L = low-frequency microsatellite instability based on PCR or NGS; MSI-H = high-frequency microsatellite
instability based on PCR or NGS; # MMRd = mismatch repair deficiency based on immunohistochemistry (IHC);
MMRp = mismatch repair proficiency based on immunohistochemistry (IHC). a Stelloo et al. [51]; b Pai et al. [92];
c Rüschoff et al. [63]; d Siemanowski et al. [69]; e Shia [34]; f Pecina-Slaus et al. [36]; g Jaffrelot et al. [93]; h Evrard
et al. [94]; i Niu et al. [64]; j Loughery et al. [65]; k Zhang et al. [66].

On the contrary, tumors can also display MSI-H despite the detection of immunostain-
ing for all four MMR proteins. This has been described in association with a few cases that
harbored mutations in the exonuclease domain of polymerase epsilon (POLE-EDM) [51].
In addition, it may be caused by missense mutations where an altered MMR protein is
expressed that shows a functional loss, while the binding site for the antibody is still
retained. This is reported in up to 30% of MLH1 mutations [94].
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In order to overcome such discordances in routine diagnostics, different measures
should be taken. First, quality assurance by using well-fixed tissue such as biopsies instead
of resection specimens is advised [62,95]. Second, a test algorithm is recommended where
immunohistochemistry is done first to determine the MMR status [63]. Third, in all cases
where MMR status cannot reliably be assessed by immunohistochemistry, determination
of MSI by PCR and/or NGS is needed (Table 2) [63]. Finally, regular participation in
proficiency assessments such as those organized by the College of American Pathologists
(CAP), United Kingdom National External Quality Assessment Service (UKNQAS), Nordic
immunohistochemistry Quality Control (NordiqQC) or Quality Assurance in Pathology
(QuIP) is required [63,96].

Table 2. Indications for PCR or NGS testing to determine MSI status.

Immunostaining Patterns That Require Follow-Up by PCR or NGS Testing

• Isolated loss of MSH6 or PMS2 a

• Heterogenous loss of MMR (unusual staining pattens, e.g., subclonal loss *) a,b,c

• Reduced staining intensity of tumor cells compared to the internal positive control, e.g.,
normal tissue d

• Retained staining for all 4 MMR proteins, but fulfilled Bethesda guidelines for Lynch
syndrome (<60 years, family history) d

* Separate testing of the area with clonal loss of MMRp may be required. a Jaffrelot et al. [93]; b Stelloo et al. [51];
c Pai et al. [92]; d Rüschoff et al. [63].

11. Testing Algorithm Applicable across Cancer Types

To identify cancer with MMRd and/or MSI-H, the primary use of an immunohis-
tochemical testing algorithm is recommended since it represents a highly standardized,
sensitive, and specific method for detection of MMRd across different cancer types, which
is readily available, cost-effective and has a short turnaround time [63,69,93,97]. MMRd
testing not only allows the recognition of carriers of Lynch syndrome, but it is also used for
molecular subtyping of endometrial and gastric cancers as well as prognostic evaluations
and treatment decisions [63,97,98]. Thus, it should be applied to all colorectal, gastroe-
sophageal, and endometrial adenocarcinomas as well as additional tumors of the Lynch
syndrome spectrum and all other advanced solid cancer types for which no alternative
treatment options exist [63,85,97,98].

To further increase the cost-effectiveness of MMRd testing without loss of sensitivity
or specificity, a two-step process can be used [63]. In an initial step, immunostaining for
MSH6 and PMS2 is performed. This is already sufficient to characterize examined tumor
samples as MMRp or MMRd [51,63]. Positive staining for both proteins is diagnostic for
MMRp, whereas the loss of at least one protein is diagnostic for MMRd. The subsequent
immunostaining for the respective binding partner allows a detailed characterization of
the type of MMRd, i.e., isolated deficiency of PMS2 or MSH6, simultaneous loss of MSH2
and MSH6 or combined absence of MLH1 and PMS2 [63]. The latter should be followed
by MLH1 promoter hypermethylation testing to distinguish between a Lynch syndrome-
associated cancer and a sporadic acquired tumor [63]. Alternatively, colorectal carcinomas,
but not other solid tumors, can be examined for the presence of BRAF V600E [63]. The
indications that require PCR or NGS testing to determine MSI status are summarized
in Table 2. In non-colorectal cancers, only an MSI-H test result is confirmatory, whereas
the detection of MSI-L or even MSS does not completely rule out MSI-H status [51,63,69].
In these cases, immunohistochemistry has shown to be more sensitive than PCR-based
tests [63,97].

In addition, TMB testing can be used as an alternative method to check for immune
checkpoint therapy eligibility [91].
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12. Conclusions and Prospects

Immune checkpoint therapy has been approved for cancers with MMRd and/or
MSI-H, whereas the immunohistochemical diagnosis of MMRd and the PCR/NGS-based
determination of MSI have been recognized as interchangeable and equally valid methods
to identify those tumors [63]. The primary use of immunohistochemistry, however, would
have the advantage that it directly identifies the absent MMR protein(s) and determines
the distribution and extent of the MMR protein loss [63,69,93]. The former provides in-
formation on the genetic background and the latter gives guidance for the application
(microdissection?) and interpretation of PCR/NGS testing [63]. The use of immunohisto-
chemistry as the primary test will be even more important in non-colorectal cancer, since
currently, PCR/NGS-based tests are not validated for those tumor entities [63,93]. The
degree of MSI, however, is markedly influenced by the tumor type [34,69]. Cancer-specific
MSI signatures exist that are evoked by tumor type-associated differences in gene expres-
sion patterns [75,76]. In addition to tumor internal factors (targeted microsatellite markers,
proliferation rate, extent of nucleotide shifts) [34,69,76], the development of MSI is also
influenced by external factors such as inflammation, commensal bacteria, and the exposure
to DNA damaging agents [34]. Therefore, it has been suggested that MSI has likely to be
regarded as a continuous phenotype [75].

Due to the importance of MSI as a diagnostic, prognostic and predictive biomarker,
testing systems should be optimized for additional cancer types as well [34].

In summary, the diagnosis of MMRd and MSI-H in a carcinoma not only guides the
evaluation for a possible familiar cancer syndrome (Lynch syndrome, Muir–Torre syn-
drome), but also steers prognostication and treatment selection. A detailed understanding
of the differences and similarities of MMRd and MSI-H between different cancer types is
an important prerequisite to ensuring precise diagnostic work-up across all cancer types.
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