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Abstract: Mismatch repair (MMR) plays a key role in maintaining genomic stability. Mismatch repair deficiency 
(MMR-D) causes a molecular feature of microsatellite instability (MSI) and contributes to the development of hu-
man cancers and genetic diseases with cancer predisposition such as Lynch syndrome. Recent studies have shown 
that immune checkpoint blockade therapy has a promising response in MMR-D cancers regardless of the tissue of 
origin. Being able to identify patients with MMR-D cancers is an important challenge in clinical practice. Although 
immunohistochemistry (IHC) and polymerase chain reaction (PCR)-based MSI analysis combined with a subsequent 
MMR gene test are used as the standard of care in the clinical setting to identify patients with MMR-D cancers, 
these methods have limitations as a pan-cancer testing strategy. Next-generation sequencing (NGS) has developed 
and matured as a clinical option and NGS has advantages for use as a novel testing strategy for MMR-D detection. 
In this review, we describe the genetic basis of MMR-D, current diagnostic algorithms in the clinical management of 
MMR-D, the novel NGS approach, and potential detection strategy of anti-cancer immunity biomarkers of MMR-D.

Keywords: Mismatch repair, microsatellite instability, immune checkpoint blockade, programmed cell death pro-
tein 1, next-generation sequencing, gene signature

Introduction

The approval in May 2017 of immune check-
point blockade therapy for treating mismatch 
repair-deficient (MMR-D) cancers regardless of 
cancer origin is undoubtedly one of this de- 
cade’s breakthroughs in cancer treatment. Le 
and colleagues reported that programmed cell 
death protein 1 (PD-1) blockade with pembro- 
lizumab achieved responses in 53% of pa- 
tients with MMR-D cancers [1]; thus, MMR-D 
may be a biomarker for response to PD-1 block-
ade in patients with diverse solid tumor types. 
However, identifying which patients are likely to 
respond to this cutting-edge therapy remains a 
challenge to physicians [2]. Questions emerge 
in clinical practice as to which patients should 
be given this promising drug treatment and how 
to identify MMR-D patients with current testing 
strategies.

The purpose of this review is to describe the 
current testing strategies for MMR-D, as well as 

a novel strategy, next-generation sequencing 
(NGS), and delineate their advantages and limi-
tations in clinical application. We will briefly 
introduce MMR-D and its relationship to Lynch 
syndrome, as well as the basic mechanism of 
MMR-D. Then we will discuss the current diag-
nostic methods for MMR-D, including the stan-
dard-of-care methods and new NGS approach-
es. Finally, we will describe potential detection 
strategies of anti-cancer immunity biomark- 
ers of MMR-D. This review is to summarize the 
current usage of MMR-D detection strategies, 
meanwhile, to designate the future develop-
ment of MMR-D detection strategies in the era 
of immune checkpoint blockade therapy.

What is MMR?

MMR is a highly conserved biological DNA re- 
pair pathway in mammalian cells and plays a 
key role in maintaining genomic stability. Its 
major function is correcting single-base nucleo-
tide mismatches (insertions or deletions) that 
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occur during DNA replication and recombina-
tion, thereby preventing the mutations from 
being passed to dividing cells [3]. MMR’s other 
functions include mediating DNA damage sig-
naling and participating in class-switch recom-
bination processes [3, 4].

Three processes are successively involved in 
the MMR mechanism: recognition, excision, 
and resynthesis [3, 5]. The major components 
in MMR include human homologs of MutS, 
MutL, EXO1, DNA binding protein RPA, prolifer-
ating cellular nuclear antigen (PCNA), DNA poly-
merase delta, and DNA ligase I [3]. Protein 
MSH2 and MSH6 forms heterodimer MutSα, 
that performs the functions of recognition of 
DNA mismatch and small insertion/deletion 
loops (IDLs), while protein MSH2 and MSH3 
forms heterodimer MutSβ, recognizing larger 
IDLs. Protein MLH1 and PMS2 forms heterodi-
mer MutLα that functions as a regulator of  
termination of mismatch-provoked excision, as 
well as plays a critical role in 3’ nick-directed 
MMR involving EXO1 [3, 6]. RPA is involved in  
all stages of MMR process, includes binding to 
nicked heteroduplex DNA, stimulating misma- 
tch-provoked excision, facilitating DNA resyn-
thesis [3]. PCNA interacts with MSH2 and MLH1 
and plays roles in the initiation and resynthesis 
steps of MMR [3]. DNA polymerase delta and 
DNA ligase I participate in the resynthesis pro-
cess of the excised DNA and ligation [3, 5]. 
Reconstitution of the MMR process from re- 
combinant proteins was described by Jiricny [4] 
and Zhang et al [7].

Mechanisms and manifestations of MMR-D

MMR plays an important role in correcting 
errors occurring in DNA replication; defects in 
MMR lead to increased acquisition of muta-
tions, primarily in the form of microsatellites 
instability (MSI), or alterations in microsatel-
lites, which is a molecular tumor phenotype 
resulting from the gain or loss of nucleotides 
from microsatellite tracts [8, 9]. The direct link 
between MMR-D, MSI, and Lynch syndrome led 
to investigation of the molecular changes that 
cause MMR-D. Lynch syndrome, one of the first 
recognized and most relevant MMR-related 
cancer-prone syndromes, is defined as the pre-
disposition to a spectrum of cancers, especially 
colorectal cancer (CRC), that exhibit impaired 
MMR activity and typically manifest MSI [9].

Soon after MSI was first identified in Lynch  
syndrome-associated tumors and shown to be 
due to MMR-D in 1993 [10, 11], the genetic 
causes of Lynch syndrome were firmly estab-
lished as germline mutations within four key 
MMR genes-MLH1, MSH2, MSH6, or PMS2-
which result in loss of function of the encoded 
proteins. Alternative mechanisms of MMR-D 
are heterozygous deletion of epithelial cell 
adhesion molecule gene (EPCAM) that silences 
MSH2 expression, monoallelic MLH1 epimuta-
tion, or biallelic mutation in any of the four 
genes [12].

Knudson’s two-hit model of carcinogenesis [13] 
underlies the presence of MSI and the seve- 
ral-hundred-fold increase in mutation frequ- 
ency observed in MMR-D cells [12]. Overall, 
MMR-D has been identified in a wide variety of 
solid tumors, including colorectal, endometri- 
al, ovarian, gastric, pancreatic, ureteral and 
renal pelvic, brain (usually glioblastoma), and 
small intestinal cancers [14]. Therefore, a pan-
cancer testing strategy is needed to identify 
patients who are harboring MMR-D or MSI and 
might benefit from immune checkpoint block-
ade therapy.

Standard-of-care MMR-D detection strategies

Over the past decades of research on Lynch 
syndrome, the diagnosis and detection of Lynch 
syndrome as well as MMR-D and MSI have 
been standardized with the development of a 
variety of detection techniques. Two methods 
are considered the gold standard for detec- 
tion: IHC and MSI PCR. Subsequent detection 
strategies such as MMR gene testing, MLH1 
methylation testing, BRAF mutation analysis, 
are performed depending on different clinical 
situations. The universal screening defining as 
testing all newly diagnosed colorectal cancers 
is recommended to determine the colorectal 
patient population of who should go through 
the MMR-D or MSI screening tools.

IHC 

IHC is the preferred primary screening test  
for MMR-D and MSI because it is broadly avail-
able, less expensive than other methods, and 
can be followed by targeted confirmatory ge- 
rmline sequencing, therefore saving unneces-
sary analysis of other MMR genes [15, 16]. For 
testing of the four MMR proteins (MLH1, MSH2, 
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MSH6, PMS2) to predict MSI, IHC has a sensi-
tivity about 93% and nearly perfect specificity 
[15, 17]. On the other hand, in some cases, IHC 
may also miss MMR-D patients; in the scenario 
of some missense MMR mutations, the corre-
sponding MMR protein remains intact but is 
functionally inactivated, resulting in a false-
positive MMR result [18]. In addition, cases 
with MLH1 promoter methylation may show 
false-positive nuclear staining for MLH1 pro- 
tein [17]. Conversely, IHC has a false-negative 
rate of 5-10% [19, 20]. Because MSI testing 
has a similar false-negative rate, the two meth-
ods are complementary to one another. Thus, 
MSI PCR is regarded as a parallel method for 
confirming IHC findings.

MSI PCR testing 

Genotyping of microsatellites by using PCR is 
another standard method of identifying the MSI 
[15, 20]. The 2004 Bethesda Guidelines for 
MSI testing recommend a National Cancer 
Institute-approved standard panel of 5 micro-
satellites, which is composed of 2 mononucl- 
eotidic repeats (BAT-25 and BAT-26) and 3 di- 
nucleotidic repeats (D2S123, D5S346, and 
D17S250) [20]. It is generally agreed that MSI 
testing and MMR IHC analysis are almost 
equally valuable in the detection of Lynch syn-
drome [17]; they overall have a roughly 94% 
concordance rate in colorectal and endomet- 
rial cancer [21]. However, MSI testing as a  
single test has been shown to miss a propor-
tion of patients, particularly those harboring 
MSH6 and MSH2 mutations, which account for 
the majority of Lynch syndrome endometrial 
cancers [21, 22]. Compared to MSI PCR, IHC 
has clear advantages as the primary screen- 
ing modality, because MSI PCR does not en- 
able specifying a target gene on confirmatory 
germline testing. Therefore, reincorporating 
MSI testing into universal screening algorithms 
is now recommended for cases with strong clin-
ical suspicion of MSI but intact MMR protein 
expression and for confirmation of IHC results 
[21, 22].

MMR gene testing and MLH1 methylation 
testing

For CRC, tumors with normal results for either 
the IHC or MSI PCR test will need no further 
testing because they are regarded as MMR pro-
ficient and not indicative of Lynch syndrome. 

For tumors that show IHC abnormality, to fur-
ther confirm the sporadic or Lynch-related tu- 
mors, MMR germline gene testing or MLH1 
methylation testing are recommended as the 
subsequent screening processes. For MSH2, 
MSH6, or PMS2 abnormality identified by IHC, 
corresponding gene testing should be per-
formed. In addition, heterozygous deletions of 
the terminal end of the adjacent gene, EPCAM, 
leads to epigenetic silencing of MSH2 in some 
Lynch syndrome cases, thus screening for 
EPCAM deletions is a routine genetic testing for 
Lynch syndrome as well [12, 17, 23]. 

For MLH1/PMS2 IHC abnormalities, MLH1 
methylation testing should serve as the next 
procedure. MLH1 epimutation is the underly- 
ing defect in the vast majority of sporadic MSI 
CRCs manifesting MLH1 abnormality and ac- 
counts for up to 10% of Lynch syndrome cas- 
es that are negative for MMR gene mutation 
[12]. As a result of MLH1 hypermethylation,  
the BRAF V600E hotspot mutation is also rec-
ommended to be tested because it is associ-
ated with sporadic MSI-high (MSI-H) CRCs [17, 
24]. If MLH1 methylation and BRAF mutation 
are both positive, it indicates sporadic MSI 
without further testing. In cases one of these 
two criteria exists and if Lynch syndrome or 
MMR-D is suspected, germline mutation test-
ing is recommended [17]. Notably, BRAF muta-
tion is uncommon in endometrial cancer; thus, 
BRAF testing cannot distinguish endometrial 
cancers with underlying sporadic MMR-D or 
Lynch syndrome [17, 25]. Therefore, the current 
standards of care of MMR-D testing strategies 
in CRC and endometrial cancer remain in ques-
tion as to their optimal use in different cancer 
types.

Universal screening

Discussion of algorithms for whom should be 
screened for MMR-D and MSI is ongoing. Bo- 
th the Amsterdam criteria (relying solely on 
family history to diagnose Lynch syndrome)  
[26] and the Bethesda Guidelines (combining 
MSI testing with family history and clinical fac-
tors) [20] fail to identify all Lynch syndrome 
mutation carriers; for example, one study found 
the Bethesda Guidelines missed approximately 
28% of carriers [27]. Currently, the NCCN guide-
lines recommend universal testing for MMR-D 
and MSI in all colorectal cancers, or selective 
testing of those diagnosed younger than age 
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Table 1. Summary of NGS approaches applied to study MSI or MMR-D in solid cancers in the past 5 years

Year Cancer type No. of 
patients

No. positive for 
MMR-D/MSI Sequencing approach Platform Sensitivity Specificity Ref

2015 CRC 50 34% TS Illumina MiSeq 100% 100% [31]

2015 CRC 142 20.4% TS by AmpliSeq Cancer Hotspot Panel Personal Genome Machine ND ND [63]

2015 CRC 78 ND ES, TS MSIplus 97% 100% [40]

2016 CRC 224 13% ES, selective introns for 410-gene panel MSK-IMPACT assay 100% 100% [35]

2016 CRC 243 11.7% ES, RNAseq Illumina HiSeq 2500 91-92% 98-100% [64]

2017 CRC 138 1.4% ES, introns Foundation One (Foundation Medicine) ND ND [65]

2017 CRC 91 ND TS by ColonCore NGS panel MSI-ColonCore 97.9% 100% [36]

2017 CRC 68 48.5% TS by 111 loci smMIP panel Illumina NextSeq 500 100% 100% [66]

Prostate 33 33.3% 100% 100%

EC 43 55.8% 95.8% 100%

2014 GC 295 22% WGS, RNA sequencing Six platforms ND ND [67]

2018 COUP 389 1.8% 592-gene panel Illumina NextSeq ND ND [68]

2018 Pancreatic cancer 833 0.8% ES, selective introns for 468-gene panel MSK-IMPACT assay ND ND [69]

2018 Prostate cancer 91 29.7% TS mSINGS, MSIplus, large-panel NGS 96.6% (MSIplus) 100% (MSIplus) [41]

93.1% (large-panel NGS) 98.4% (large-panel NGS)

2014 EC 242 28.9% ES MSIsensor ND ND [30]

2014 BC 656 ND ES NA 88.4% 77.1% [70]

2017 BC 640 1.7% WGS Illumina GAIIx, HiSeq 2000, or 2500 ND ND [48]

2013 Across cancer types 551 5.8% TS NA ND ND [71]

2014 Across cancer types 324 ND ES, TGS mSINGS, ColoSeq, UW-OncoPlex 97.8% 98.32% [28]

2014 Across cancer types ND ND WGS Complete Genomics Illumina short-
read sequencing

98% 99% [72]

2016 23 cancer types 7197 ND WGS, ES Sputnik algorithm ND ND [47]

2016 18 cancer types ND EC 30% ES MISA, mSINGS, MOSAIC classifier 95.8% 97.6% [9]

CRC 19%

GC 19%

2017 6 cancer types 458 ND WES MANTIS 97.18% 99.68% [29]

2018 26 cancer types 11348 3% 592-gene NGS panel Illumina NextSeq 95.8% (compared to PCR) 99.4% (compared to PCR) [34]

87.1% (compared to IHC) 99.6% (compared to IHC)
Note: BC, Breast cancer; CRC, Colorectal cancer; GC, Gastric cancer; EC, Endometrial cancer; COUP, Cancer of unknown primary; WGS, Whole-genome sequencing; ES, Exome sequencing; TS, Targeted sequencing; NA, not applicable; ND, not 
determined.
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70 and older patients who meet the Bethesda 
criteria or in those with endometrial cancer 
younger than 50 years old [14, 17, 19]. In fact, 
as more solid data emerge showing a promis- 
ing effect of immune checkpoint blockade th- 
erapy targeted to MMR-D patients regardless 
of their tumors’ origin, universal screening may 
have the potential to be carried out in a broad- 
er population of patients with advanced can-
cers who currently lack chemotherapy or tar-
geted therapy options and are searching for 
novel treatment opportunities. However, the 
cancer specificity of this standard of care for 
MMR-D detection strategies may become a 
main obstacle as to apply it across the different 
cancer types besides Lynch syndrome-related 
cancers.

A new detection approach: next-generation 
DNA sequencing 

With the development and maturation of next-
generation DNA sequencing (NGS), this tech-
nology is emerging as a new pan-cancer ap- 
proach for MSI testing. NGS is a massively par-
allel or deep DNA sequencing technology that 
has been widely used in human genomic re- 
search. RNA sequencing, whole-genome sequ- 
encing, whole-exome sequencing, or targeted 
sequencing assays can be employed in canc- 
er research or as clinical diagnostic methods 
[28]. With different platforms (MANTis, MSIse- 
nsor, mSING, MIseq, Illumina, etc), many stud-
ies have conducted MSI genotyping in colorec-
tal, gastric, endometrial, and other cancers 
using both blood DNA samples and formalin-
fixed, paraffin-embedded samples [28-33]. 
Studies have shown that NGS is 95.8-100% 
concordant with the MSI PCR-based method 
[31, 34]. Table 1 summarizes the NGS-based 
studies of MSI and MMR-D in solid cancers that 
have been reported in the past 5 years se- 
arched by the Pubmed database.

Major advantages of NGS

NGS provides a pan-cancer approach to MMR- 
D/MSI testing and provides a highly informa- 
tive full mutational signature as an output; 
these benefits are described in detail in the 
next subsections. In addition, the NGS tech- 
nology has several other advantages over MSI 
screening testing. First, it can detect point 
mutations and other sequence variants (such 
as single nucleotide variations and copy num-

ber variations) and can yield gene signatures 
for targeted therapeutics as well as identify the 
mutation load for immunotherapy. Second, it 
allows a large number of genes to be sequenced 
for each patient within a short period of time 
and thus highly increasing the efficiency of 
tests [28]. Third, the initial assessment for the 
MMR protein via either IHC or MSI PCR analysis 
is not needed by the use of a multi-gene tumor 
panel [35]. Fourth, MSI assessment and mu- 
tation detection are combined into the same 
NGS process, this can decrease the demand 
for tissue samples [36], and in some cases, a 
matched germline control from the same indi-
vidual is not even needed, thus simplifying 
sample collection in the clinic. 

Benefit of a pan-cancer MMR-D and MSI 
detection

One of the most important benefits of NGS  
testing is its lack of specificity to tumor site and 
tumor type. To date, the MSI PCR testing meth-
od (the 5-marker Bethesda panel) has tradi-
tionally had the highest clinical relevance in 
Lynch syndrome-related cancers, such as CRC, 
endometrial cancer [17], and gastric cancer 
[37]. Its sensitivity and specificity have been 
shown reliable in these cancer types through 
decades of research on Lynch syndrome. How- 
ever, a small set of loci in MSI-PCR testing  
panel were selected based on markers from 
CRC, potentially excluding loci that would pre-
dict other cancer types [29, 38]. For MMR-D 
and MSI can predict the effect of immune ch- 
eckpoint blockade regardless of primary tumor 
site, the US Food and Drug Administration (FDA) 
granted accelerated approval to anti-PD-1 anti-
body for patients with unresectable or meta-
static, MSI-H or MMR-D solid tumors that have 
progressed on prior therapy and have no satis-
factory treatment options [39]. Thus, studies 
are needed to confirm and validate MSI PCR’s 
sensitivity and specificity across cancer types 
other than CRC and endometrial cancer. 

In contrast, a study by Hempelmann and col-
leagues revealed that two NGS MSI-detection 
methods, MSIplus [40] and MSI by Large Panel 
NGS [28], both had higher sensitivity and speci-
ficity than the 5-marker Bethesda panel (MSI-
PCR) in colorectal cancer and had higher sensi-
tivity and similar specificity in prostate cancer 
as well [41]. In addition, the NGS method has 
been intensively studied across cancer types, 
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demonstrating its wide usage spectrum in so- 
lid tumors [29, 34]. In Vanderwalde and col-
leagues’ study [34], MSI was measured by NGS 
through counting insertions or deletions of 2-5 
nucleotides in specific areas of the genome 
with broader coverage of microsatellites, dem-
onstrating good performance compared with 
MSI PCR testing across 26 cancer types. Th- 
erefore, NGS analysis as a pan-cancer MSI 
testing method has been technically validated 
across different cancer types.

Benefit of a gene mutational signature

NGS can also provide more elaborate geno- 
mic information from each sample’s readout, 
including MSI variant events and a mutation- 
al signature, than is obtained with the current 
standard testing methods. MMR-D enhances 
the mutation frequency in cancer cells, accu-
mulates downstream genetic mutations, and 
increases the chances of mutations in impor-
tant oncogenes or tumor suppressor genes, 
forming a specific mutational signature for ea- 
ch tumor. Similarly, in lung cancer and mela- 
noma, the mutational signatures related to 
smoking or UV light, respectively, influence bo- 
th mutational and immune profiles of tumors, 
and thereby can predict the immune response 
to immune checkpoint blockade [42-44]. We 
expect that the NGS method can provide the 
most reproducible immune-predictive signa-
tures for MMR-D tumors by combining both  
MSI variants and mutational signatures. In 
addition, a multigene somatic genomic profiling 
NGS study for Lynch syndrome-associated CRC 
tumors indicated that the mutational signature 
may help to shed light on the inherent biologic 
pathogenesis among MMR-D tumors [35].

The Cancer Genome Atlas (TCGA) colon cancer 
study showed that hundreds to thousands of 
somatic point mutations are accumulated in 
MMR-deficient tumors compared with MMR-
proficient tumors [12, 45]. Currently there are 
four mutational signatures associated with 
MMR-D cataloged in the COSMIC database 
[46]. Hause and colleagues [9] examined 5930 
cancer exomes from 18 cancer types by using 
NGS, constructed a genomic classifier for MSI, 
and identified a specific instability signature 
without regard to cancer types. They utilized 
the most informative and independent clas- 
sification features-average gain of novel micro-
satellite alleles and locus instability within DE- 

FB105A/B, created a weighted-tree classifier 
(MOSAIC) for predicting MSI status, which sh- 
owed concordance with MSI PCR testing. They 
also summarized the most significant genes 
with MSI-H cancers and illustrated the utility of 
NGS MSI analysis data as a primary approach 
for identifying cancer-driving mutations [9]. 

Likewise, Cortes-Ciriano and colleagues [47] 
utilized the whole-exome and whole-genome 
sequencing data from TCGA across 23 canc- 
er types to create a predictive model for the 
MSI phenotype. The highlight of that study is 
that it ranked the frequency of frameshift MSI 
across tumor types and generated a cancer-
type-specific frameshift MSI loci catalogue, 
thereby enabling a random forest classification 
model for MSI detection incorporating with a 
conformal prediction pipeline. In addition, the 
study also created a mutational signature an- 
alysis for MMR-D and uncovered new genes 
showing predictive power for MSI-H status [47]. 
Therefore, NGS MSI-detection methods, such 
as the MOSAIC or the random forest classifica-
tion model may serve as good strategies for 
pan-cancer MSI determination and MSI-specific 
mutational signature exploration.

Further, mutational signatures can converse- 
ly be developed as a strategy to distinguish 
MMR-D from pool sequencing data. Davies and 
colleagues [48] utilized mutational signatures 
known as substitution signatures, which are 
imprints of the mutagenic processes associat-
ed with MMR-D, to identify MMR-D breast tu- 
mors from a whole-genome sequencing da- 
taset; they successfully identified the 11 
MMR-D patients out of 640 patients and found 
that they had highly distinctive whole-genome 
profiles. This study suggested that genomic  
signatures reflect the direct pathophysiology  
of MMR abrogation and could outperform cur-
rent biomarkers of MMR-D [48]. Similarly, Tian 
and colleagues [49] developed and validated a 
64-gene MSI signature identifying MSI CRC 
patients. This signature could be linked to a 
deficient MMR phenotype and translated to a 
diagnostic microarray technically and clinically.

Limitations

Nevertheless, MSI NGS testing also has limita-
tions. First, the availability of a larger cohort 
with whole-genome sequencing data requires 
systematic bioinformatics support to pipeline, 
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delineate, analyze, and interpret the raw da- 
ta, support that is not available in all clinical 
laboratories. Second, NGS has become a key 
technology in the basic science setting, but  
its rapid development as an established tool  
in translational research raises many concre- 
te questions about results interpretation and 
patient counseling. Clinical guidelines for re- 
searchers, pathologists, genomic counselors, 
and physicians are needed. Third, with the pro-
duction of increased amounts of sequencing 
data, data storage and data confidentiality will 
become important problems that can’t be 
neglected.

Anti-cancer immunity biomarkers promoted 
by MMR-D

More and more evidence indicates that MMR-D 
induces hyper-cancer immunity leading to the 
promising effect of immune checkpoint block-
ade. Intensive studies have suggested that the 
response to immune checkpoint blockade is 
highly related to mutation-associated neoanti-
gens (MANAs) and response of specific T lym-
phocyte cells [50, 51]. Thus, combining related 
anti-cancer immunity biomarkers with MMR-D 
detection is a prospective direction for predict-
ing the efficacy of immune checkpoint block-
ade and may facilitate precise identification of 
candidate patients.

MMR-D triggers hypermutation status and 
neoantigen generation

Le and colleagues’ genomic analysis of whole-
exome sequences [1, 52] revealed a mean of 
1782 somatic mutations per tumor in MMR-D 
neoplasms, compared to 73 mutations per 
tumor in MMR-proficient neoplasms. Germano 
et al’s exome sequencing data of MLH1-kn- 
ockout cancer cells [53] indicated that MMR- 
D presented an augmented mutation burden 
resulting in increased neoantigens, which are 
calculated from the mutant peptide RNA se- 
quencing data. Evidence suggests that MMR-D 
triggers hypermutation status and generates a 
very large number of MANAs that might be rec-
ognized by the immune system [1]. 

Likewise, other types of tumors (e.g., melano-
ma, lung cancer) characterized by high muta-
tion burden were found to have a high neoan- 
tigenic targets of tumor-specific immune res- 
ponse [50]. Rizvi’s study also confirmed that 

the mutation burden as well as smoking molec-
ular signature may perform as additional bio-
markers to predict response to immune che- 
ckpoint blockade in lung cancer [54]. Large-
scale analyses of neoantigen-specific T cell 
reactivity carried out in melanoma patients  
provide evidence as to how the immune sys- 
tem recognizes MANAs to control malignanci- 
es [50]. Therefore, hypermutation status and 
neoantigen generation on the one hand are the 
consequences of MMR-D or UV or smoking 
exposure but on the other hand trigger hyper 
immunity and predict the effect of immune 
checkpoint blockade.

MMR-D tumors harbor functional MANA-specif-
ic cytotoxic T cells

Two decades ago, studies showed that MSI 
high colon cancer tissue carried significantly 
higher numbers of cytotoxic lymphocytes infil-
trating within neoplastic epithelial structures 
compared with MSI low colon cancer tissues 
[55]. MSI was considered the major determi-
nant of the presence of activated cytotoxic 
intraepithelial lymphocytes [55] and tumor-in- 
filtrating lymphocytes, and their molecular sub-
sets may be predictive markers for MSI [56].  
In 2015, Llosa and colleagues [57] found th- 
at MMR-D CRC displayed high infiltration with 
activated CD8+ cytotoxic T lymphocytes as  
well as activated Th1 cells and that MSI CRC 
tumors selectively demonstrated highly upre- 
gulated expression of multiple immune che- 
ckpoints, including PD-1, PD-L1, CTLA-4, LAG-3 
and IDO, which suggested that the immune 
environment of MSI CRC tumors may link to 
blockade of specific checkpoints [57]. Recent- 
ly, a whole-genome transcriptomic analysis 
found that premalignant lesions in patients 
with Lynch syndrome displayed a distinct im- 
mune profile characterized by CD4 T cells and 
proinflammatory and checkpoint molecules 
[58]. Lal and colleagues [59, 60] showed that 
MSI-H CRC cancer is associated with high-level 
expression of a coordinated immune response 
cluster (CIRC) characterized by T helper cells 
and immune genes together.

Checkpoint blockade boosts cytotoxic T cell 
activity in MMR-D tumors

Immunotherapies boost the ability of endoge-
nous T cells to destroy cancer cells, therapeutic 
efficacy in a variety of human malignancies in 
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basic and clinical research have demonstrated 
this hypothesis. 

Germano and colleagues [53] genetically inac-
tivated MLH1 in colorectal, breast, and pancre-
atic mouse cancer cells. The mutational burden 
was found increased with the inactivation of 
MMR, and persistent renewal of neoantigens 
was found in vitro and in vivo. Furthermore, 
when transplanted tumors were treated with 
anti-PD-1 and/or anti-CTLA-4, the growth of 
MMR-D tumors was markedly impaired com-
pared with that of MMR-proficient tumors, and 
increased levels of cytotoxic CD8+ T cells were 
found in MMR-D tumors. These results strongly 
suggest that inactivation of MMR triggers neo-
antigen generation and impairs tumor growth; 
this effect could be further boosted by check-
point blockade therapy [53]. Likewise, in Gubin 
and colleagues’ in vivo study of mice bearing 
sarcomas [61], they found mutant tumor-anti-
gen-specific T cells are reactivated following 
treatment with anti-PD-1 and/or anti-CTLA-4, 
revealing that checkpoint blockade cancer 
immunotherapy targets tumor-specific mutant 
antigens.

Based on pretherapy T cell infiltrates and re- 
sponse to PD-1 blockade in cancers, cytotoxic T 
cell activity appears to play a central role in 
cancer immunotherapy [50, 62]. Le and col-
leagues [1] performed deep sequencing of T 
cell receptor (TCR) CDR3 regions (TCRseq) in 
MMR-D tumors and peripheral blood from 
patients who were responding to immunothera-
py to assess T cell clonal representation, the 
study showed that the clones peaked rapidly 
after PD-1 blockade. The investigators also 
proved that these clones are specific for mutat-
ed peptides and these MANA-related TCRs 
peaked soon after PD-1 treatment and corre-
sponded with tumor marker and radiographic 
response. This study gives strong evidence that 
in MMR-D tumors harboring functional MANA-
specific cytotoxic T cells, which play a critical 
role in response to PD-1 blockade and kill the 
cancer cells [1].

Conclusion and perspective

In summary, the stand of care detection stra- 
tegies for MMR-D and MSI include IHC, MSI 
PCR testing, genetic MMR testing, methylation 
testing, etc. Universal screening or selective 
screening are recommended in clinic setting for 

CRC, endometrial cancer patients. However, in 
the era of immune checkpoint blockade thera-
py, among different cancer types, a pan-canc- 
er detection strategy is currently needed. In 
addition, more valued gene information con-
sisting of gene variants and gene signature, 
with combination of anti-cancer immunity pro-
files is needed to furthest predict the efficiency 
of immune checkpoint blockade. Thus, a few 
key questions may guide further research. 

What are new molecular determinants/mecha-
nisms in MMR-D?

MMR-D promotes cancer immunity and inspir- 
es the immune system to fight against cancer 
cells. Besides MMR gene mutation and epigen-
etic regulation, new immunity biomarkers such 
as MANA and functional MANA-specific cyto-
toxic T cells, as well as cytotoxic T cell activity, 
can also serve as biomarkers of MMR-D and 
determinants of immune checkpoint blockade 
efficiency.

In recent years, with the NGS research on 
MMR-D tumors, e.g., using the MOSAIC or the 
random forest classification model, the novel 
gene profiles and gene signature of MMR-D 
have shown us a broad portrait of MMR-D. This 
information helps to illustrate the MMR-D ge- 
nomic alteration spectrum and explore the 
mutational signature across tumor types. Th- 
ese advances will improve our understanding 
of the genomic drivers and consequences of 
MMR-D and MSI.

Can we identify tumors with MMR-D among 
different cancer types? 

Currently, standard-of-care testing methods, 
can only identify selected patients with MMR-D 
in limited cancer types. Nevertheless, with the 
FDA approval of immune checkpoint blockade 
therapy in MMR-D solid tumors, MMR-D detec-
tion strategies are in high demand across a 
variety of tumor types. In fact, NGS testing 
meets the requirement for pan-cancer testing, 
even though the specific sequencing type, pipe-
line type, and bioinformatics support still need 
to be comprehensively considered and opti-
mized. Furthermore, NGS testing can provide 
mutation data and gene signature for individual 
cancer patients who may benefit from immune 
checkpoint blockade therapy. Therefore, NGS 
has great potential as a promising method for 
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MMR-D or MSI detection in the near future, and 
with the combination of immune profiles, to 
help us precisely identifying candidates for 
immune checkpoint blockade therapy. 

Acknowledgements

This study was supported by National Natur- 
al Science Foundation of China (No. 818030 
09, No. 81773200), Natural Science Founda- 
tion of Hubei Province (No. 2017CFB250),  
and the Research Fund of Wuhan Tongji Ho- 
spital. Editorial assistance was provided by  
Dr. Sunita Patterson, Senior Scientific Editor, 
from Department of Scientific Publications of 
The University of Texas MD Anderson Cancer 
Center.

Disclosure of conflict of interest

None.

Address correspondence to: Guang Peng, Depart- 
ment of Clinical Cancer Prevention, The University of 
Texas MD Anderson Cancer Center, Houston, Texas, 
USA. E-mail: gpeng@mdanderson.org

References 

[1]	 Le DT, Durham JN, Smith KN, Wang H, Bartlett 
BR, Aulakh LK, Lu S, Kemberling H, Wilt C, Lu-
ber BS, Wong F, Azad NS, Rucki AA, Laheru D, 
Donehower R, Zaheer A, Fisher GA, Crocenzi 
TS, Lee JJ, Greten TF, Duffy AG, Ciombor KK, 
Eyring AD, Lam BH, Joe A, Kang SP, Holdhoff 
M, Danilova L, Cope L, Meyer C, Zhou S, Gold-
berg RM, Armstrong DK, Bever KM, Fader AN, 
Taube J, Housseau F, Spetzler D, Xiao N, Par-
doll DM, Papadopoulos N, Kinzler KW, Eshle-
man JR, Vogelstein B, Anders RA and Diaz LA 
Jr. Mismatch repair deficiency predicts re-
sponse of solid tumors to PD-1 blockade. Sci-
ence 2017; 357: 409-413.

[2]	 Ledford H. Cutting-edge cancer drug hobbled 
by diagnostic test confusion. Nature 2018; 
556: 161-162.

[3]	 Li GM. Mechanisms and functions of DNA mis-
match repair. Cell Res 2008; 18: 85-98.

[4]	 Jiricny J. The multifaceted mismatch-repair 
system. Nat Rev Mol Cell Biol 2006; 7: 335-
346.

[5]	 Viale G, Trapani D and Curigliano G. Mismatch 
repair deficiency as a predictive biomarker for 
immunotherapy efficacy. Biomed Res Int 2017; 
2017: 4719194.

[6]	 Kadyrov FA, Dzantiev L, Constantin N and Mo-
drich P. Endonucleolytic function of MutLalpha 
in human mismatch repair. Cell 2006; 126: 
297-308.

[7]	 Zhang Y, Yuan F, Presnell SR, Tian K, Gao Y, 
Tomkinson AE, Gu L and Li GM. Reconstitution 
of 5’-directed human mismatch repair in a pu-
rified system. Cell 2005; 122: 693-705.

[8]	 Begum R and Martin SA. Targeting mismatch 
repair defects: a novel strategy for personal-
ized cancer treatment. DNA Repair 2016; 38: 
135-139.

[9]	 Hause RJ, Pritchard CC, Shendure J and Sali-
pante SJ. Classification and characterization of 
microsatellite instability across 18 cancer 
types. Nat Med 2016; 22: 1342-1350.

[10]	 Aaltonen LA, Peltomaki P, Leach FS, Sistonen 
P, Pylkkanen L, Mecklin JP, Jarvinen H, Powell 
SM, Jen J, Hamilton SR, Petersen JM, Kinzler 
KW, Vogelstein B and de la Chapelle A. Clues to 
the pathogenesis of familial colorectal cancer. 
Science 1993; 260: 812-816.

[11]	 Parsons R, Li GM, Longley MJ, Fang WH, Papa-
dopoulos N, Jen J, de la Chapelle A, Kinzler 
KW, Vogelstein B and Modrich P. Hypermutabil-
ity and mismatch repair deficiency in RER+ tu-
mor cells. Cell 1993; 75: 1227-1236.

[12]	 Lynch HT, Snyder CL, Shaw TG, Heinen CD and 
Hitchins MP. Milestones of Lynch syndrome: 
1895-2015. Nat Rev Cancer 2015; 15: 181-
194.

[13]	 Knudson AG Jr. Hereditary cancer, oncogenes, 
and antioncogenes. Cancer Res 1985; 45: 
1437-1443.

[14]	 NCCN National Comprehensive Cancer Net-
work. Genetic/Familial High-Risk Assessment: 
Colorectal 2017. http://www.nccn.org/.

[15]	 Colle R, Cohen R, Cochereau D, Duval A, Las-
cols O, Lopez-Trabada D, Afchain P, Trouilloud I, 
Parc Y, Lefevre JH, Flejou JF, Svrcek M and An-
dre T. Immunotherapy and patients treated for 
cancer with microsatellite instability. Bull Can-
cer 2017; 104: 42-51.

[16]	 Hampel H, Frankel WL, Martin E, Arnold M, 
Khanduja K, Kuebler P, Nakagawa H, Sotamaa 
K, Prior TW, Westman J, Panescu J, Fix D, Lock-
man J, Comeras I and de la Chapelle A. Screen-
ing for the Lynch syndrome (hereditary nonpol-
yposis colorectal cancer). N Engl J Med 2005; 
352: 1851-1860.

[17]	 Shia J. Evolving approach and clinical signifi-
cance of detecting DNA mismatch repair defi-
ciency in colorectal carcinoma. Semin Diagn 
Pathol 2015; 32: 352-361.

[18]	 Colas C, Coulet F, Svrcek M, Collura A, Flejou 
JF, Duval A and Hamelin R. Lynch or not Lynch? 
Is that always a question? Adv Cancer Res 
2012; 113: 121-166.

[19]	 Lee V and Le DT. Efficacy of PD-1 blockade in 
tumors with MMR deficiency. Immunotherapy 
2016; 8: 1-3.

[20]	 Umar A, Boland CR, Terdiman JP, Syngal S, de 
la Chapelle A, Ruschoff J, Fishel R, Lindor NM, 
Burgart LJ, Hamelin R, Hamilton SR, Hiatt RA, 

mailto:gpeng@mdanderson.org


Detection strategies for mismatch repair deficiency

1986	 Am J Cancer Res 2018;8(10):1977-1988

Jass J, Lindblom A, Lynch HT, Peltomaki P, 
Ramsey SD, Rodriguez-Bigas MA, Vasen HF, 
Hawk ET, Barrett JC, Freedman AN and Srivas-
tava S. Revised bethesda guidelines for hered-
itary nonpolyposis colorectal cancer (Lynch 
syndrome) and microsatellite instability. J Natl 
Cancer Inst 2004; 96: 261-268.

[21]	 Mills AM and Longacre TA. Lynch syndrome 
screening in the gynecologic tract: current 
state of the art. Am J Surg Pathol 2016; 40: 
e35-44.

[22]	 Mills AM, Sloan EA, Thomas M, Modesitt SC, 
Stoler MH, Atkins KA and Moskaluk CA. Clinico-
pathologic comparison of lynch syndrome-as-
sociated and “Lynch-like” endometrial carcino-
mas identified on universal screening using 
mismatch repair protein immunohistochemis-
try. Am J Surg Pathol 2016; 40: 155-165.

[23]	 Ligtenberg MJ, Kuiper RP, Chan TL, Goossens 
M, Hebeda KM, Voorendt M, Lee TY, Bodmer 
D, Hoenselaar E, Hendriks-Cornelissen SJ, Tsui 
WY, Kong CK, Brunner HG, van Kessel AG, 
Yuen ST, van Krieken JH, Leung SY and Hooger-
brugge N. Heritable somatic methylation and 
inactivation of MSH2 in families with Lynch 
syndrome due to deletion of the 3’ exons of 
TACSTD1. Nat Genet 2009; 41: 112-117.

[24]	 Parsons MT, Buchanan DD, Thompson B, 
Young JP and Spurdle AB. Correlation of tu-
mour BRAF mutations and MLH1 methylation 
with germline mismatch repair (MMR) gene 
mutation status: a literature review assessing 
utility of tumour features for MMR variant clas-
sification. J Med Genet 2012; 49: 151-157.

[25]	 Kawaguchi M, Yanokura M, Banno K, Kobayas-
hi Y, Kuwabara Y, Kobayashi M, Nomura H, Hi-
rasawa A, Susumu N and Aoki D. Analysis of a 
correlation between the BRAF V600E mutation 
and abnormal DNA mismatch repair in pa-
tients with sporadic endometrial cancer. Int J 
Oncol 2009; 34: 1541-1547.

[26]	 Vasen HF, Watson P, Mecklin JP, Lynch HT. New 
clinical criteria for hereditary nonpolyposis 
colorectal cancer (HNPCC, Lynch syndrome) 
proposed by the international collaborative 
group on HNPCC. Gastroenterology 1999; 116: 
1453-1456.

[27]	 Hampel H, Frankel WL, Martin E, Arnold M, 
Khanduja K, Kuebler P, Clendenning M, Sota-
maa K, Prior T, Westman JA, Panescu J, Fix D, 
Lockman J, LaJeunesse J, Comeras I and de la 
Chapelle A. Feasibility of screening for Lynch 
syndrome among patients with colorectal can-
cer. J Clin Oncol 2008; 26: 5783-5788.

[28]	 Salipante SJ, Scroggins SM, Hampel HL, Turner 
EH and Pritchard CC. Microsatellite instability 
detection by next generation sequencing. Clin 
Chem 2014; 60: 1192-1199.

[29]	 Kautto EA, Bonneville R, Miya J, Yu L, Krook 
MA, Reeser JW and Roychowdhury S. Perfor-

mance evaluation for rapid detection of pan-
cancer microsatellite instability with MANTIS. 
Oncotarget 2017; 8: 7452-7463.

[30]	 Niu B, Ye K, Zhang Q, Lu C, Xie M, McLellan 
MD, Wendl MC and Ding L. MSIsensor: micro-
satellite instability detection using paired tu-
mor-normal sequence data. Bioinformatics 
2014; 30: 1015-1016.

[31]	 Gan C, Love C, Beshay V, Macrae F, Fox S, War-
ing P and Taylor G. Applicability of next genera-
tion sequencing technology in microsatellite 
instability testing. Genes 2015; 6: 46-59.

[32]	 Nallamilli BRR and Hegde M. Genetic testing 
for hereditary nonpolyposis colorectal cancer 
(HNPCC). Curr Protoc Hum Genet 2017; 94: 
10.12.1-10.12.23.

[33]	 Kim TM, Laird PW and Park PJ. The landscape 
of microsatellite instability in colorectal and 
endometrial cancer genomes. Cell 2013; 155: 
858-868.

[34]	 Vanderwalde A, Spetzler D, Xiao N, Gatalica Z 
and Marshall J. Microsatellite instability status 
determined by next-generation sequencing 
and compared with PD-L1 and tumor muta-
tional burden in 11,348 patients. Cancer Med 
2018; 7: 746-756.

[35]	 Stadler ZK, Battaglin F, Middha S, Hechtman 
JF, Tran C, Cercek A, Yaeger R, Segal NH, Var-
ghese AM, Reidy-Lagunes DL, Kemeny NE, Sa-
lo-Mullen EE, Ashraf A, Weiser MR, Garcia-Agu-
ilar J, Robson ME, Offit K, Arcila ME, Berger MF, 
Shia J, Solit DB and Saltz LB. Reliable detec-
tion of mismatch repair deficiency in colorectal 
cancers using mutational load in next-genera-
tion sequencing panels. J Clin Oncol 2016; 34: 
2141-2147.

[36]	 Zhu L, Huang Y, Fang X, Liu C, Deng W, Zhong 
C, Xu J, Xu D and Yuan Y. A novel and reliable 
method to detect microsatellite instability in 
colorectal cancer by next-generation sequenc-
ing. J Mol Diagn 2018; 20: 225-231.

[37]	 Li B, Liu HY, Guo SH, Sun P, Gong FM and Jia 
BQ. Detection of microsatellite instability in 
gastric cancer and dysplasia tissues. Int J Clin 
Exp Med 2015; 8: 21442-21447.

[38]	 Boland CR, Thibodeau SN, Hamilton SR, Sid-
ransky D, Eshleman JR, Burt RW, Meltzer SJ, 
Rodriguez-Bigas MA, Fodde R, Ranzani GN  
and Srivastava S. A national cancer institute 
workshop on microsatellite instability for can-
cer detection and familial predisposition: de-
velopment of international criteria for the de-
termination of microsatellite instability in co- 
lorectal cancer. Cancer Res 1998; 58: 5248-
5257.

[39]	 Prasad V, Kaestner V and Mailankody S. Can-
cer drugs approved based on biomarkers and 
not tumor type-FDA approval of pembrolizum-
ab for mismatch repair-deficient solid cancers. 
JAMA Oncol 2018; 4: 157-158.



Detection strategies for mismatch repair deficiency

1987	 Am J Cancer Res 2018;8(10):1977-1988

[40]	 Hempelmann JA, Scroggins SM, Pritchard CC 
and Salipante SJ. MSIplus for integrated 
colorectal cancer molecular testing by next-
generation sequencing. J Mol Diagn 2015; 17: 
705-714.

[41]	 Hempelmann JA, Lockwood CM, Konnick EQ, 
Schweizer MT, Antonarakis ES, Lotan TL, Mont-
gomery B, Nelson PS, Klemfuss N, Salipante 
SJ and Pritchard CC. Microsatellite instability in 
prostate cancer by PCR or next-generation se-
quencing. J Immunother Cancer 2018; 6: 29.

[42]	 Yu X and Wang X. Tumor immunity landscape 
in non-small cell lung cancer. Peer J 2018; 6: 
e4546.

[43]	 Snyder A, Makarov V, Merghoub T, Yuan J, Za-
retsky JM, Desrichard A, Walsh LA, Postow MA, 
Wong P, Ho TS, Hollmann TJ, Bruggeman C, 
Kannan K, Li Y, Elipenahli C, Liu C, Harbison 
CT, Wang L, Ribas A, Wolchok JD and Chan TA. 
Genetic basis for clinical response to CTLA-4 
blockade in melanoma. N Engl J Med 2014; 
371: 2189-2199.

[44]	 van Rooij N, van Buuren MM, Philips D, Velds 
A, Toebes M, Heemskerk B, van Dijk LJ, Behjati 
S, Hilkmann H, El Atmioui D, Nieuwland M, 
Stratton MR, Kerkhoven RM, Kesmir C, Haanen 
JB, Kvistborg P and Schumacher TN. Tumor 
exome analysis reveals neoantigen-specific T-
cell reactivity in an ipilimumab-responsive 
melanoma. J Clin Oncol 2013; 31: e439-442.

[45]	 Cancer Genome Atlas Network. Comprehen-
sive molecular characterization of human co-
lon and rectal cancer. Nature 2012; 487: 330-
337.

[46]	 Alexandrov LB, Jones PH, Wedge DC, Sale JE, 
Campbell PJ, Nik-Zainal S and Stratton MR. 
Clock-like mutational processes in human so-
matic cells. Nat Genet 2015; 47: 1402-1407.

[47]	 Cortes-Ciriano I, Lee S, Park WY, Kim TM and 
Park PJ. A molecular portrait of microsatellite 
instability across multiple cancers. Nat Com-
mun 2017; 8: 15180.

[48]	 Davies H, Morganella S, Purdie CA, Jang SJ, 
Borgen E, Russnes H, Glodzik D, Zou X, Viari A, 
Richardson AL, Borresen-Dale AL, Thompson 
A, Eyfjord JE, Kong G, Stratton MR and Nik-
Zainal S. Whole-genome sequencing reveals 
breast cancers with mismatch repair deficien-
cy. Cancer Res 2017; 77: 4755-4762.

[49]	 Tian S, Roepman P, Popovici V, Michaut M, Ma-
jewski I, Salazar R, Santos C, Rosenberg R, 
Nitsche U, Mesker WE, Bruin S, Tejpar S, Delo-
renzi M, Bernards R and Simon I. A robust ge-
nomic signature for the detection of colorectal 
cancer patients with microsatellite instability 
phenotype and high mutation frequency. J 
Pathol 2012; 228: 586-595.

[50]	 Schumacher TN and Schreiber RD. Neoanti-
gens in cancer immunotherapy. Science 2015; 
348: 69-74.

[51]	 Ward JP, Gubin MM and Schreiber RD. The role 
of neoantigens in naturally occurring and ther-
apeutically induced immune responses to can-
cer. Adv Immunol 2016; 130: 25-74.

[52]	 Le DT, Uram JN, Wang H, Bartlett BR, Kember-
ling H, Eyring AD, Skora AD, Luber BS, Azad NS, 
Laheru D, Biedrzycki B, Donehower RC, Zaheer 
A, Fisher GA, Crocenzi TS, Lee JJ, Duffy SM, 
Goldberg RM, de la Chapelle A, Koshiji M, Bhai-
jee F, Huebner T, Hruban RH, Wood LD, Cuka 
N, Pardoll DM, Papadopoulos N, Kinzler KW, 
Zhou S, Cornish TC, Taube JM, Anders RA, Es-
hleman JR, Vogelstein B and Diaz LA Jr. PD-1 
blockade in tumors with mismatch-repair defi-
ciency. N Engl J Med 2015; 372: 2509-2520.

[53]	 Germano G, Lamba S, Rospo G, Barault L, 
Magri A, Maione F, Russo M, Crisafulli G, Barto-
lini A, Lerda G, Siravegna G, Mussolin B, Fra-
polli R, Montone M, Morano F, de Braud F, 
Amirouchene-Angelozzi N, Marsoni S, D’Incalci 
M, Orlandi A, Giraudo E, Sartore-Bianchi A, Si-
ena S, Pietrantonio F, Di Nicolantonio F and 
Bardelli A. Inactivation of DNA repair triggers 
neoantigen generation and impairs tumour 
growth. Nature 2017; 552: 116-120.

[54]	 Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, 
Makarov V, Havel JJ, Lee W, Yuan J, Wong P, Ho 
TS, Miller ML, Rekhtman N, Moreira AL, Ibra-
him F, Bruggeman C, Gasmi B, Zappasodi R, 
Maeda Y, Sander C, Garon EB, Merghoub T, 
Wolchok JD, Schumacher TN and Chan TA. 
Cancer immunology. Mutational landscape de-
termines sensitivity to PD-1 blockade in non-
small cell lung cancer. Science 2015; 348: 
124-128.

[55]	 Dolcetti R, Viel A, Doglioni C, Russo A, Guido-
boni M, Capozzi E, Vecchiato N, Macri E, Forna-
sarig M and Boiocchi M. High prevalence of 
activated intraepithelial cytotoxic T lympho-
cytes and increased neoplastic cell apoptosis 
in colorectal carcinomas with microsatellite 
instability. Am J Pathol 1999; 154: 1805-
1813.

[56]	 Nosho K, Baba Y, Tanaka N, Shima K, Hayashi 
M, Meyerhardt JA, Giovannucci E, Dranoff G, 
Fuchs CS and Ogino S. Tumour-infiltrating T-
cell subsets, molecular changes in colorectal 
cancer, and prognosis: cohort study and litera-
ture review. J Pathol 2010; 222: 350-366.

[57]	 Llosa NJ, Cruise M, Tam A, Wicks EC, Hechen-
bleikner EM, Taube JM, Blosser RL, Fan H, 
Wang H, Luber BS, Zhang M, Papadopoulos N, 
Kinzler KW, Vogelstein B, Sears CL, Anders RA, 
Pardoll DM and Housseau F. The vigorous im-
mune microenvironment of microsatellite in-
stable colon cancer is balanced by multiple 
counter-inhibitory checkpoints. Cancer Discov 
2015; 5: 43-51.

[58]	 Chang K, Taggart MW, Reyes-Uribe L, Borras E, 
Riquelme E, Barnett RM, Leoni G, San Lucas 



Detection strategies for mismatch repair deficiency

1988	 Am J Cancer Res 2018;8(10):1977-1988

FA, Catanese MT, Mori F, Diodoro MG, You YN, 
Hawk ET, Roszik J, Scheet P, Kopetz S, Nicosia 
A, Scarselli E, Lynch PM, McAllister F and Vilar 
E. Immune profiling of premalignant lesions in 
patients with lynch syndrome. JAMA Oncol 
2018; 4: 1085-1092.

[59]	 Galon J, Costes A, Sanchez-Cabo F, Kirilovsky 
A, Mlecnik B, Lagorce-Pages C, Tosolini M, Ca-
mus M, Berger A, Wind P, Zinzindohoue F, Bru-
neval P, Cugnenc PH, Trajanoski Z, Fridman 
WH and Pages F. Type, density, and location of 
immune cells within human colorectal tumors 
predict clinical outcome. Science 2006; 313: 
1960-1964.

[60]	 Lal N, Beggs AD, Willcox BE and Middleton  
GW. An immunogenomic stratification of co- 
lorectal cancer: Implications for development 
of targeted immunotherapy. Oncoimmunology 
2015; 4: e976052.

[61]	 Gubin MM, Zhang X, Schuster H, Caron E, Ward 
JP, Noguchi T, Ivanova Y, Hundal J, Arthur CD, 
Krebber WJ, Mulder GE, Toebes M, Vesely MD, 
Lam SS, Korman AJ, Allison JP, Freeman GJ, 
Sharpe AH, Pearce EL, Schumacher TN, Aeber-
sold R, Rammensee HG, Melief CJ, Mardis ER, 
Gillanders WE, Artyomov MN and Schreiber 
RD. Checkpoint blockade cancer immunother-
apy targets tumour-specific mutant antigens. 
Nature 2014; 515: 577-581.

[62]	 Tumeh PC, Harview CL, Yearley JH, Shintaku IP, 
Taylor EJ, Robert L, Chmielowski B, Spasic M, 
Henry G, Ciobanu V, West AN, Carmona M, 
Kivork C, Seja E, Cherry G, Gutierrez AJ, Grogan 
TR, Mateus C, Tomasic G, Glaspy JA, Emerson 
RO, Robins H, Pierce RH, Elashoff DA, Robert C 
and Ribas A. PD-1 blockade induces respons-
es by inhibiting adaptive immune resistance. 
Nature 2014; 515: 568-571.

[63]	 Lin EI, Tseng LH, Gocke CD, Reil S, Le DT, Azad 
NS and Eshleman JR. Mutational profiling of 
colorectal cancers with microsatellite instabili-
ty. Oncotarget 2015; 6: 42334-42344.

[64]	 Nowak JA, Yurgelun MB, Bruce JL, Rojas-Rudi-
lla V, Hall DL, Shivdasani P, Garcia EP, Agoston 
AT, Srivastava A, Ogino S, Kuo FC, Lindeman NI 
and Dong F. Detection of mismatch repair defi-
ciency and microsatellite instability in colorec-
tal adenocarcinoma by targeted next-genera-
tion sequencing. J Mol Diagn 2017; 19: 84-91.

[65]	 Gong J, Cho M, Sy M, Salgia R and Fakih M. 
Molecular profiling of metastatic colorectal tu-
mors using next-generation sequencing: a sin-
gle-institution experience. Oncotarget 2017; 8: 
42198-42213.

[66]	 Waalkes A, Smith N, Penewit K, Hempelmann 
J, Konnick EQ, Hause RJ, Pritchard CC and Sali-
pante SJ. Accurate pan-cancer molecular diag-
nosis of microsatellite instability by single-mol-
ecule molecular inversion probe capture and 
high-throughput sequencing. Clin Chem 2018; 
64: 950-958.

[67]	 Cancer Genome Atlas Research Network. Com-
prehensive molecular characterization of gas-
tric adenocarcinoma. Nature 2014; 513: 202-
209.

[68]	 Gatalica Z, Xiu J, Swensen J and Vranic S. Com-
prehensive analysis of cancers of unknown 
primary for the biomarkers of response to im-
mune checkpoint blockade therapy. Eur J Can-
cer 2018; 94: 179-186.

[69]	 Hu ZI, Shia J, Stadler ZK, Varghese AM, Capa-
nu M, Salo-Mullen E, Lowery MA, Diaz LA Jr, 
Mandelker D, Yu KH, Zervoudakis A, Kelsen 
DP, Iacobuzio-Donahue CA, Klimstra DS, Saltz 
LB, Sahin IH and O’Reilly EM. Evaluating mis-
match repair deficiency in pancreatic adeno-
carcinoma: challenges and recommendations. 
Clin Cancer Res 2018; 24: 1326-1336.

[70]	 McIver LJ, Fonville NC, Karunasena E and Gar-
ner HR. Microsatellite genotyping reveals a sig-
nature in breast cancer exomes. Breast Can-
cer Res Treat 2014; 145: 791-798.

[71]	 McIver LJ, McCormick JF, Martin A, Fondon JW 
3rd and Garner HR. Population-scale analysis 
of human microsatellites reveals novel sources 
of exonic variation. Gene 2013; 516: 328-334.

[72]	 Zhao H, Thienpont B, Yesilyurt BT, Moisse M, 
Reumers J, Coenegrachts L, Sagaert X, Schrau-
wen S, Smeets D, Matthijs G, Aerts S, Cools J, 
Metcalf A, Spurdle A; ANECS, Amant F and 
Lambrechts D. Mismatch repair deficiency en-
dows tumors with a unique mutation signature 
and sensitivity to DNA double-strand breaks. 
Elife 2014; 3: e02725.


