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A recent study by Le DT, et al, highlighted remarkable 
responses of cancers with microsatellite instability 
(MSI) to anti–PD-1 inhibitors in patients who had failed 
conventional therapy. This finding made us re-evaluate 
the significance of MSI in colorectal cancer (CRC) [1]. 
Approximately 15% of CRCs arise from the MSI pathway 
that is a consequence of deficient (d) DNA mismatch 
repair (MMR). The frequency of MSI varies according 
to the tumor stage, with the highest rates among early 
stage cancers, with the rate decreasing with progression 
to locoregional and distant metastases [2]. dMMR CRCs 
possess many unique characteristics that make them 
distinguishable from other CRCs. They are notable for 
greater survivability, although conflicting results have 
been observed in stage IV patients. dMMR cases do not 
benefit from fluoropyrimidine-based therapy in early-
stage disease as compared to proficient DNA mismatch 
repair (pMMR) CRCs. Nowadays, the surging interest 
in cancer immunotherapy, particularly checkpoint 
blockade, has led to a further focus on MSI tumors, which 
are notable for their substantial T cell infiltrates. In this 
review, we first summarize the clinicopathological and 
molecular features of the MMR system, then discuss 

the implications of dMMR/MSI-H status in clinical 
management, especially for patients with metastatic CRC.

Microsatellite instability 

Microsatellites are short tandem repeat sequences that 
occur throughout the genome and are used as markers of 
dMMR. DNA polymerases are more prone to make mis-
takes in these regions. MSH2, MSH6, MLH1, and PMS2 
are mismatch repair proteins involved in DNA repair. 
Following DNA replication, the MMR machinery slides 
along the DNA and targets mismatches for correction 
when it encounters them, and loss of any of the MMR 
repair proteins can result in frameshift mutations of mic-
rosatellites, namely, MSI. 

The Cancer Genome Atla (TCGA) revealed that the 
MSI-H frequency in CRCs was approximately 13% [3], and 
details are shown in the following section. Patients with 
MSI due to germline mutations in one of the MMR genes 
are defined as having Lynch syndrome. Lynch syndrome 
accounts for approximately 3–4% of all CRCs and one-
third of all cases of dMMR/MSI-associated CRC. Patients 
with Lynch syndrome have an elevated risk for cancers 
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of the ovaries,  kidneys, bladder, stomach, small bowel, 
bile ducts, and brain, with the highest increase in risk for 
endometrial cancer (60% of women) and CRC (80% of 
patients) [4]. Sporadic MSI cancers develop in a background 
of dense promoter hypermethylation of cancer-specific 
genes, known as the CpG island methylator phenotype 
(CIMP), and they are associated with a somatic BRAF 
p.V600E mutation [5] that serves to distinguish them from 
Lynch syndrome cases. Less commonly, they may arise 
from biallelic somatic inactivation of the genes encoding 
an MMR component [6]. 

MSI-H frequency differs across cancer types. Table 1 
showed the MSI-H frequency in digestive system cancers. 
Pancreatic ductal adenocarcinomas have a very low 
proportion of MSI-H cases while gastric cancer has the 
highest frequency. 

Clinicopathological features  
of deficient MMR CRCs

CRC patients with dMMR tumors have distinct clinical 
and pathologic features that make them distinguishable 
from other CRCs, such as proximal colon predominance, 
poor differentiation, and/or mucinous histology [13]. 
In addition, dMMR CRC patients have a greater 
inflammatory state with higher serum C-reactive protein 
levels, dense tumor infiltrating lymphocytes (TILs), and 
higher platelet counts than pMMR CRC patients, as well 
as worse prognostic inflammatory scores based on these 
factors [14]. 

Tumors with dMMR are more common among stage 
II cases (almost 20%), and are relatively less common 
among metastatic CRCs (4%) [15]. Significantly, it has been 
established that dMMR CRC patients have overall better 
survival outcomes and are less likely to have metastases 
than pMMR CRC patients [16]. However, studies indicate 
that the better prognosis of dMMR CRC is more 
apparent in earlier stage tumors [17]. When a dMMR CRC 
metastasizes or relapses, this advantage disappears and 
they fare no better, if not worse, than pMMR metastatic 
CRC patients [18]. As we mentioned above, sporadic 
dMMR tumors carry somatic mutations in the BRAF 

oncogene in approximately half of cases. BRAF V600E 
shows an independent negative prognostic association 
with survival in microsatellite stable (MSS) CRC [19], but 
associations with the combination of MSI and BRAF 
have not been thoroughly investigated. Several recent 
studies stratified CRC patients based on MSI and BRAF 
status into three prognostic groups: MSI/BRAF-wild 
type or mutant (best prognosis), MSS/BRAF-wild type 
(intermediate prognosis), and MSS/BRAF mutant [20–21], 
although other studies have reached conflicting results 
[22], and no consensus exists to date on the best prognostic 
subgroupings. 

Genomic characterization and  
expression profiling of dMMR CRCs

The TCGA network project revealed that CRCs 
could be split into three major groups—hypermutated 
(13%), ultramutated (3%), and those with chromosomal 
instability (84%) [3]. The hypermutated category has 
a high mutation rate of 12–40 mutations/Mb. dMMR 
in the hypermutated cancers results from acquired 
hypermethylation of the MLH1 promoter in almost all 
cases, leading to the silencing of expression of MLH1 
and non-functioning mismatch repair, which is again in 
accordance with the previously discussed findings. Almost 
all of these tumors showed CIMP characteristics, with 
several other specifically tested genes also demonstrating 
promoter methylation. A small number of cancers show 
either inherited (Lynch syndrome/HNPCC) or somatic 
MMR gene mutations.

An international expert consortium [18] recently reached 
a consensus to describe four consensus molecular subtypes 
(CMS) after analysis of 18 different CRC gene expression 
datasets, including data from TCGA in conjunction 
with molecular data on mutations and (somatic copy 
number aberrations) SCNAs for a subset of the samples. 
CMS1 (MSI-immune, 14%) CRCs are hypermutated 
because of defective MMR with MSI and MLH1 silencing 
and accordingly are CIMP-high with frequent BRAF 
mutations, while having a low number of SCNAs. This 
equates with the previously well-characterized sporadic 
MSI CRC subgroup. Gene expression profiling revealed 
evidence of strong immune activation (immune response, 
PD-1 activation, NK cell, Th1 cell, and cytotoxic T 
cell infiltration signatures) in CMS1, consistent with 
pathological descriptions of prominent tumor-infiltrating 
CD8+ cytotoxic T lymphocytes. Patients with the CMS1 
subtype have a very poor survival rate after relapse. 
Recently, Becht et al [23] reported that CRC molecular 
subgroups and microenvironmental signatures are highly 
correlated. They retrospectively analyzed the composition 
and the functional orientation of the immune, fibroblastic, 
and angiogenic microenvironment of 1388 CRC tumors 

Table 1 MSI-H frequency in digestive system cancers

Tumor type Frequency Studyn %
Gastric cancer 295 22 TCGA [7]

Colorectal cancer  1066 13 Hampel H, et al [8]

Hepatocellular carcinoma 37 16 Chiappini F, et al [9]

Ampullary carcinoma 144 10 Ruemmele P, et al [10]

Esophageal adenocarcinoma 76 7 Farris AB 3rd, et al [11]

Pancreatic ductal adenocarcinoma  338 0%–2% Laghi L, et al [12]
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from three independent cohorts using transcriptomics. 
The CMS1 subgroup is characterized by overexpression 
of genes specific to cytotoxic lymphocytes. These distinct 
immune orientations of the CRC molecular subtypes pave 
the way for tailored immunotherapies. 

Treatment of MSI metastatic CRC 

Predictive value of MMR status in stage  
II/III CRCs

Adjuvant chemotherapy in stage II tumors is contro-
versial [24]. Limited data are currently available on the 
potential benefit of chemotherapy in high-risk stage II 
dMMR CRC. Preclinical studies have shown that dMMR 
tumor cells are susceptible to oxaliplatin despite display-
ing resistance to 5-FU [25]. The preponderance of evidence 
also suggests that 5-FU-based adjuvant chemotherapy is 
ineffective in patients with stage II dMMR tumors [26]. In 
the recent AGEO Study [27], the authors reported that pa-
tients with high-risk stage II dMMR CRC tended to have 
better outcomes with oxaliplatin-based adjuvant chemo-
therapy compared with surgery alone. These results need 
to be interpreted with caution because of the small num-
ber of patients in that subgroup. In the subgroup analysis, 
the disease-free survival benefit of oxaliplatin-based che-
motherapy was statistically significant in multivariable 
analysis only in stage III cases (hazard ratio = 0.41, 95% 
confidence interval = 0.19 to 0.87, P = 0.02), consistent 
with the MOSAIC Study [28]. AGEO is the largest study 
of dMMR CRC patients, and it showed a statistically sig-
nificant improvement in disease-free survival with oxali-
platin-based adjuvant chemotherapy in comparison with 
surgery alone in stage III patients.

MMR status and its role in the management  
of metastatic CRC

We have mentioned that dMMR CRCs have a greater 
inflammatory state, exhibited by higher serum levels 
of C-reactive protein and dense tumor infiltrating 
lymphocytes (TILs). A recent study refined these classic 
observations by showing that the mismatch repair–
deficient tumor microenvironment strongly expresses 
several immune checkpoint ligands, including PD-1, PD-
L1, CTLA-4, LAG-3, and IDO, which indicates that their 
active immune microenvironment is counterbalanced by 
immune inhibitory signals that resist tumor elimination 
[29]. Based on the results of the current and previous studies, 
Le DT, et al [1] hypothesized that dMMR/MSI CRC would 
have a significant clinical response to pembrolizumab 
(humanized anti-PD-1 antibody) treatment and a phase 
II clinical trial has shown strikingly positive effects in 
patients with MSI metastatic CRCs. As expected, whole-
exome sequencing of tumor tissue revealed an average of 
1,782 somatic mutations in cancers with MSI versus 73 

somatic mutations in cancers without MSI. Le DT, et al 
are continuing to enroll new CRC patients in this original 
study. In addition, a phase III study for metastatic CRC 
patients has been initiated. The subjects will receive 
either 200 mg IV pembrolizumab (every 3 weeks for 
up to 35 doses) or IV mFOLFOX6/FOLFIRI-based 
standard therapy (every 2 weeks; NCT02563002) [30]. 
Multiple clinical trials studying the response of dMMR/
CRC patients to pembrolizumab combined with other 
therapies are also underway now. For example, though 
limited data is available regarding the role of CTLA4 in 
CRC and whether anti-CTLA4 antibody therapy would 
be beneficial for dMMR CRC or any CRCs in general 
[31], a current study co-administering nivolumab (human 
anti-PD-1 monoclonal antibody) and ipilimumab (human 
anti-CTLA-4 monoclonal antibody) has been initiated 
for dMMR and pMMR CRC patients (NCT02060188); 
a treatment regimen which has been found to be more 
efficacious than either agent alone in melanoma trials 
[32–33]. 

Aside from pembrolizumab, other immune checkpoint 
inhibitors, such as the human anti-PD-L1 monoclonal 
antibody durvalumab, are being tested for efficacy against 
dMMR/MSI CRC (NCT02227667). Another dMMR CRC 
study is administering a combination of standard che-
motherapy with the PD-L1 inhibitor, atezolizumab (800 
or 1,200 mg IV every 2–3 weeks; NCT01633970). While 
there are no published findings on the efficacy of dur-
valumab or atezolizumab in CRC patients, it can be as-
sumed that the researchers hope to find similar benefits 
in dMMR CRC patients as was seen in the pembrolizum-
ab trial [34].

Testing of DNA mismatch repair and 
microsatellite instability

dMMR tumors can be identified by 
immunohistochemistry (IHC) showing lack of one or 
more of the MMR proteins in the tumor tissue. IHC 
testing does lack some sensitivity because of cases where 
the protein is intact but not functional. The National 
Cancer Institute Workshop recommended five necessary 
microsatellite markers to determine MSI, including two 
mononucleotide loci (BAT-25 and BAT-26) and three 
dinucleotide loci (D2S123, D5S346, and D17S250). These 
regions are amplified within both tumor and normal 
tissue via fluorescent multiplex polymerase chain reaction 
(PCR) and their size assessed by capillary electrophoresis 
[35]. Either IHC or MSI testing can be used, as both tests 
have a false-negative rate of 5–10% [36].

On the basis of the MSI status, CRCs can be classified 
into three groups, as shown in Table 2 [37]. MSI-H 
corresponds to dMMR, whereas MSI-L and MSS indicate 
pMMR. Loss of MMR protein detected by IHC has been 
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shown to be highly concordant with DNA-based MSI 
testing with a good sensitivity (> 90%) and an excellent 
specificity (100%) [38].

Stadler ZK et al [39] used the numeric mutational load 
of a multigene panel to identify MMR status. Thirteen 
percent of the patients (n = 28) exhibited MMR-D by 
IHC. Using the 341-gene assay, 100% of the 193 tumors 
with < 20 mutations were MMR-proficient. Of 31 tumors 
with ≥ 20 mutations, 28 (90%) were MMR-D. The three 
remaining tumors were easily identified as being distinct 
from the MMR-D tumors with > 150 mutations each. 
With a mutational load cutoff of ≥ 20 and < 150 for 
MMR-D detection, sensitivity and specificity were both 
100% (95% confidence interval, 93% to 100%). A cutoff 
for mutational load can be identified via multigene next-
generation sequencing tumor profiling, which provides a 
highly accurate means of screening for MMR-D using the 
same assay that is used for tumor genotyping.

Future directions

The promising findings from the dMMR CRC pembro-
lizumab clinical trials has boosted interest in immuno-
modulatory therapies for targeted treatment of this im-
portant CRC subtype. The next step in drug development 
for PD-1 inhibitors is to assess immunotherapy across 
tumor types. Mismatch repair testing is or will soon be 
integrated into standard of care algorithms. In addition, 
If the mechanism proposed for the efficacy of MSI-guid-
ed immunotherapy is correct, the ultimate biomarker 
for immunotherapeutic response is not MSI or even the 
mutational burden but the presence of immunogenic 
neoepitopes [40]. Neoantigen-based vaccinations are be-
ing studied in another clinical trial (NCT01461148) that 
is recruiting patients with surgically resected MSI CRC 
with lymph node metastases or metastasis to one or more 
distant organs. 

It is expected that mismatch repair status and other 
pathogenetic biomarkers will be readily implicated in 
various cancer types.
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