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Abbreviations: 5FU, 5-fluorouracil; B2M, β2-microglobulin; CIN, chromosomal 

instability; CRC, colorectal cancer; HNPCC, hereditary non-polyposis colorectal 

cancer; IDL; insertion/deletion loop; LS, Lynch syndrome; MMR, mismatch repair; 

MSI, microsatellite instability; MSI-H, high-frequency microsatellite instability; MSI-

L, low-frequency microsatellite instability; MSS, microsatellite stable; NER, 

nucleotide excision repair; XP, xeroderma pigmentosum 

 

 

 

 

 

DNA mismatch repair (MMR) deficiency is one of the best understood forms of 

genetic instability in colorectal cancer (CRC), and is characterized by the loss of 

function of the MMR pathway. Failure to repair replication-associated errors due to a 

defective MMR system allows persistence of mismatch mutations all over the genome, 

but especially in regions of repetitive DNA known as microsatellites, giving rise to 

the phenomenon of microsatellite instability (MSI). A high frequency of instability at 

microsatellites (MSI-H) is the hallmark of the most common form of hereditary 

susceptibility to CRC, known as Lynch syndrome (LS) (previously known as 

hereditary non-polyposis colorectal cancer syndrome), but is also observed in ~15–

20% of sporadic colonic cancers (and rarely in rectal cancers). Tumour analysis by 

both MMR protein immunohistochemistry and DNA testing for MSI is necessary to 

provide a comprehensive picture of molecular abnormality, for use in conjunction 

with family history data and other clinicopathological features, in order to distinguish 

LS from sporadic MMR-deficient CRC. Identification of the gene targets that become 
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mutated in MMR-deficient tumours may explain, at least in part, some of the clinical, 

pathological and biological features of MSI-H CRCs and holds promise for 

developing novel therapeutics. 

 

 

 

 

 

 

 

Introduction 

Both epidemiological
1
 and in vitro

2
 studies have shown that oncogenic transformation 

requires the accumulation of at least 6–12 mutational events, possibly more,
3, 4

 a 

process that is facilitated by some form of genetic instability 
5, 6

. Recent advances in 

high-throughput sequencing 
7-9

 have also shown that mutations in DNA repair and 

replication genes are present in > 58% of cancer cell lines, suggesting that the genetic 

instability derived from these changes is an intrinsic feature of most cancers. It is by 

no means clear whether genetic instability in itself is a phenotype that is selectable in 

tumour cells, or whether it is merely an epiphenomenon—a marker of some other 

selectable advantage conferred by loss of a DNA repair function. Interestingly, base-

to-base mismatches (e.g. A-C instead of A-T) that are not repaired because of 

deficiency of the DNA mismatch repair (MMR) system, which are also known as 

mismatch repair abnormalities, usually occur at later rather than early stages of 

tumour progression, 
4
 suggesting that normal mutation rates are not necessarily 

growth-limiting during the early stages of the tumorigenic process.  In silica 
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modelling has suggested that mutation rate per se is of much less value to a 

developing tumour than growth advantage 
10

. Loss of the MMR system interferes with 

the induction of apoptosis by some forms of DNA damage and thus enhances cell 

survival after such DNA damage that is usually recognized by the MMR system 
11, 12

. 

Hence, MMR deficiency may primarily confer a selectable growth advantage in the 

form of reduced susceptibility to apoptosis, with an increased mutation rate as a 

secondary and perhaps only weakly selectable phenotype 
11, 13

. 

Most conditions associated with loss of a DNA repair function are manifest by 

recessive inheritance of two inactivated alleles for the phenotype to be evident, but the 

phenotype is not manifested in carriers, such as xeroderma pigmentosum (XP). 

Moreover, mutations of XP genes are not observed in sporadic forms of the tumours 

observed in XP patients 
14

. In distinct contrast, Lynch syndrome (LS)—a syndrome of 

inherited susceptibility to adenocarcinomas of the colorectum and endometrium along 

with tumours at a range of other sites (adenocarcinomas of ovary, stomach and small 

intestine; transitional cell carcinomas of ureter and renal pelvis; sebaceous tumours of 

skin; and gliomas of brain) due to defective DNA MMR in tumour cells—is 

characterized by dominant inheritance, with all somatic cells possessing one mutated 

and one wild-type MMR allele, and thus at the level of the individual cell there 

appears to be a selectable advantage to a developing tumour cell in having 

inactivation of the second of its two MMR alleles, such as the diminution of 

susceptibility to apoptosis. The recognition of a severe condition due to inheritance of 

two mutated MMR alleles (sometimes manifest as Turcot’s syndrome), which is 

similar in character to other recessive DNA repair deficiency syndromes, and distinct 

from classical LS, is further evidence that LS is an unusual exception in the range of 

DNA repair deficiency syndromes 
15

. 
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Loss of DNA MMR function can be caused by either mutations or deletions in, or 

epigenetic silencing of, both copies of one of the MMR genes, the major ones being 

MSH2, MLH1, MSH6 and PMS2. The resulting failure to repair replication-associated 

errors produces a high frequency of mutations, either single base mismatches or in 

regions of short tandem DNA repeats (the repeat units often being 1–4 bp in length), 

known as microsatellites 
16

. 

High-frequency microsatellite instability (MSI-H) is the hallmark of cancers in LS 

[previously known as hereditary non-polyposis colorectal cancer (HNPCC) 

syndrome
17

] and is also observed in ∼15–20% of sporadic colonic cancers.  Some 

examples of microsatellite instability (MSI) at individual mono- and dinucleotide loci 

are shown in Figure 1. Although loss of MMR, and thus the development of MSI, is 

observed in rectal cancers, this is a rare phenomenon associated almost entirely with 

LS: the majority of colorectal cancers (CRCs) exhibiting MSI develop in the colon, 

particularly in the right side of the large bowel (caecum, ascending colon and 

transverse colon) 
18

. The underlying hypothesis is that this MMR deficiency mediates 

an increase in the mutation rate that produces a “mutator phenotype”, which leads to 

mutations accumulating in genes that play regulatory roles in the growth of normal 

colonic epithelia, and these are selected during carcinogenesis as part of a progressive 

release from normal growth restraints.  

 

 

The molecular basis of MMR deficiency 

CRC is associated with two forms of genetic instability: chromosomal instability 

(CIN) and microsatellite instability (MIN or MSI) 
19

. In contrast to the molecular 

basis underlying CIN, which is not precisely defined although it may well involve 
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mutant APC, as APC is involved in spindle formation and correct chromosomal 

segregation, MSI is almost always associated with defective function of a small 

number of proteins, the products of the MMR genes MLH1, MSH2, MSH3, MSH6, 

PMS1 and PMS2 
20, 21

. 

Based on their MSI status, tumours can be divided into three categories: (i) those that 

show no MSI, termed microsatellite stable (MSS); (ii) tumours in which MSI is found 

at a high frequency (defined as ≥ 29%) of microsatellites tested (MSI-H); and (iii) 

tumours showing MSI at a low frequency (MSI-L) of microsatellite markers tested 

(1–28%, equivalent to –one to two out of 10 markers). There has been an ongoing 

debate as to whether MSI-L tumours exist as a distinct entity. Two separate studies 
22, 

23
 showed that if enough microsatellite markers are tested, eventually one is found to 

be unstable, and hence all or almost all tumours exhibit at least MSI-L if enough 

microsatellites are analysed. Previous studies have also shown that MSI-L tumours 

appear phenotypically similar to the MSS tumours, so they are often categorized 

together with the MSS group.  Thus, MSI-H is due to defective MMR and can be 

considered as either “Lynch syndrome-associated MSI” occurring due to inheritance 

of a MMR gene mutation, or “sporadic MSI” occurring almost always due to 

hypermethylation of the MLH1 promoter (see below). However, there is evidence that 

a tumour phenotype manifesting MSI-L may be associated with sporadic colorectal 

tumorigenesis and a cancer predisposition condition distinct from LS 
24, 25

. 

The components of the MMR system are highly conserved in both pro- and 

eukaryotic organisms. Upon DNA damage as a result of oxidative stress, lipid 

peroxidation or other forms of endogenous stress, or following replication-associated 

errors, MMR proteins can recognize both base mismatches and insertion/deletion 

loops (IDLs, which are functionally equivalent as an insertion on one strand has the 
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same effect as a deletion of the same number of nucleotides on the other strand) and 

act to repair these abnormalities. MMR also readily acts to repair some damaged 

bases, which are thus, by definition, mismatched. In eukaryotes (Figure 2), 

recognition of mismatches and single base IDLs depends upon heterodimeric 

complexes of MutS-related proteins: MSH2–MSH6 (known as hMutSAlpha). In 

contrast, IDLs of two to dight nucleotides are recognized by the complex MSH2–

MSH3 (known as hMutSBeta). There is overlap in the specificities of these two 

complexes and hence some redundancy in their activity. A second type of 

heterodimeric complex, involving two MutL-related proteins MLH1 and PMS2 

(hMutLAlpha) or MLH1 and PMS1 (hMutLBeta) binds to the MSH-containing 

complexes along with certain replication factors and other proteins, so that excision 

and resynthesis can proceed. As MSH2 and MLH1 are the common components of 

these complexes, then loss of either will abrogate all MMR activity, whereas loss of 

one of the other components, such as MSH6, will only diminish the activity of MMR 

against base mismatches or single nucleotide IDLs. This is probably why most LS 

families are found to have a germ-line mutation in either MSH2 or MLH1, whereas 

mutant MSH6 families are less common and have a somewhat different propensity to 

colorectal vs. endometrial cancer 
26

. MMR components also interact functionally with 

some nucleotide excision repair (NER) proteins to contribute to the resolution of 

Holliday junctions 
27

. The MSH2 and MSH3 proteins, through interaction with the 

NER complex Rad1–Rad10, are involved in the removal of duplicated DNA 

sequences greater than 30 bases in DNA double-strand break repair. 

 

 

MMR defects in sporadic vs. hereditary CRCs 
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CRC is traditionally divided into two main types: familial, those cases with either 

some degree of family history of, or obvious familial predisposition to the disease 

(∼20–25%); and sporadic, corresponding to those cases without evidence of genetic or 

familial predisposition to the disease (∼75–80%). MSI at high frequency caused by a 

defective MMR system is a hallmark of the most common hereditary form of CRC, 

previously known as HNPCC, but which has now reverted to being called Lynch 

syndrome 
17, 28

. LS sufferers inherit one germ-line mutation in an MMR gene and 

develop tumours from clonal expansion of those cells acquiring a second hit, mutation 

or loss or epigenetic inactivation, of the remaining wild-type allele resulting in no 

overall expression of functional proteins for that MMR gene 
29

. 

 

MMR deficiency is not an exclusive characteristic of LS tumours. Approximately 15–

20% of sporadic CRCs (mostly colonic cancers) arise due to somatically acquired 

changes in one of the MMR genes. However, the mechanism of inactivation of MMR 

in sporadic tumours is generally different from that seen in LS patients. Whereas in 

LS the defect in MMR function and ensuing mutator phenotype is usually attributable 

to one germ-line mutation and one acquired mutation or deletion of one of the DNA 

mismatch repair genes, mostly MLH1 and MSH2 in ~90% LS kindreds, the “mutator 

phenotype” in sporadic colonic cancers is almost entirely caused by hypermethylation 

of the MLH1 promoter that results in transcriptional silencing of both copies of MLH1 

30
. Intriguingly, there is evidence that such tumours develop along a pathway distinct 

from the classical adenoma–carcinoma sequence 
31

. It used to be thought that MLH1 

epigenetic silencing was a mechanism exclusive to sporadic tumours, but a small 

proportion of LS tumours also inactivate the wild-type allele of MLH1 via promoter 

hypermethylation 
32, 33

.  
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Although up to 15–20% of all colonic cancers exhibit MSI, only a small proportion, 

of the order of 1–4%, of those will be due to LS. MSI-H appears to be rare in rectal 

cancers, but when it occurs it usually indicates LS 
18

. Likewise, MSI-H is only rarely 

found in sporadic adenomas, but the adenomas found in LS commonly, but by no 

means always, have MSI-H. In any case, distinguishing LS from sporadic MMR-

deficient tumours requires consideration of a wide range of evidence: from the family 

history and examination of the tumours for MSI-H and abnormal MMR protein 

expression, to germ-line mutation analysis. 

 

Immunohistochemical detection of MMR proteins 

When LS is suspected, immunohistochemical staining of the MMR proteins can be 

used to investigate abnormal MMR protein expression that is found in the large 

majority of LS CRCs, if tumour blocks are available. Abnormal MMR protein 

expression can be detected in two patterns: either complete loss of expression (when 

there is no expression of that MMR protein or only expression of a truncated protein 

to which the antibody does not bind or the mutated protein has lost the epitope 

recognized by the antibody), or patchy/weak expression (if the mutation generates a 

prematurely truncated but variably stable protein, or a protein with alterations to the 

epitope recognized by the antibody, such as may be the case with some missense 

mutations) (Figure 3). This patchy/weak immunoreactivity may sometimes be seen in 

the cytoplasm rather than the nucleus, whereas the adjacent normal epithelium or 

intratumoral activated lymphocytes or stromal cells show the usual pattern of strong 

nuclear immunopositivity for the MMR protein (due to the expression of the wild-

type allele).  This suggests that destabilization of the MMR protein complexes has 
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occurred and the proteins are no longer bound to the nuclear DNA. Generally, 

changes in expression of MMR proteins follow the pattern of their heterodimeric 

complex formation, so that abnormal expression of MSH6 is significantly associated 

with abnormal MSH2 expression, as stable MSH2–MSH6 heterodimers can not form 

in the absence of MSH2 and unbound MSH6 appears to be rapidly degraded. 

Similarly, abnormal expression of PMS2 is significantly associated with abnormal 

MLH1 expression, as PMS2 forms heterodimers with MLH1.  

 

In the clinical setting, if consistent loss of the same MMR protein is observed in 

different individuals across a family, or in more than one tumour from the same 

individual, it can be very strong evidence of LS, but it depends on the prior odds of 

LS being the cause, and the results must be interpreted in the context of the family 

history, tumour type(s), age of tumour onset and other factors. It is important to 

realize, however, that a proportion, perhaps 5–20%, of HNPCC/Lynch-related 

tumours do not exhibit any detectable MMR protein expression abnormality on 

analysis by immunohistochemistry, even though they have lost MMR function, as 

manifested by MSI-H found on testing tumour DNA. The reasons for this apparent 

insensitivity are by no means clear.  The wide variation reported between different 

studies is probably a function of differences in technique, such as antigen retrieval, 

primary antibodies, added to inevitable interobserver variation in interpretation, but it 

may also be due in part to mutations that functionally inactivate the MMR protein, but 

which allow its expression as a stable protein with nuclear localization and intact 

epitope. In this circumstance, where there is a strong family history suggestive of LS, 

but the MMR immunohistochemsitry shows no evidence of abnormality, testing of the 

tumour DNA for MSI (Figure 1) should be performed using a minimum panel of five 
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microsatellite markers (as recommended by the Bethesda guidelines).
34

 However, 

many investigators argue that a greater number of markers should be used and we 

recommend 10 microsatellite markers 
26, 35

. This approach can efficiently direct the 

search for germ-line mutations to specific MMR genes in appropriately selected 

families with suspected LS and can be used to interpret any sequence changes found 

as either pathogenic mutations or harmless polymorphisms. 

 

Other molecular markers of Lynch syndrome 

A number of other molecular markers are available which can help distinguish 

between those tumours due to LS and those that have arisen sporadically or due to 

other predisposition syndromes.  A specific mutation, BRAF V600E, is found in a 

proportion of sporadic MSI-H CRCs, but seemingly never (or at least extremely rarely) 

in CRCs due to LS 
36-40

. Hence, finding BRAF V600E in a MSI-H (MLH1-negative) 

CRC is a highly specific marker of sporadic origin (approaching 100% specificity), 

although the sensitivity is limited (approximately 50%) 
41

.  

A useful complementary test would be one that specifically indicates LS as the cause 

of a tumour.  Activating mutations of β-catenin (CTNNB1), especially in exon 3, are 

observed in that proportion of colorectal tumours that do not apparently harbour 

mutations in APC.  Moreover, such mutations are found in tumours with MSI-H due 

to LS, but not in those with MSI-H of sporadic origin.  Although this appears to be a 

phenomenon specific for LS, it only has low sensitivity (approximately 18%), so is of 

limited utility 
42-45

. 

 

Genes affected by MMR deficiency 
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MMR deficiency within a cell leads to an increased point mutation rate across the 

whole genome, but with a bias towards mutations in repetitive sequences 

(microsatellites), particularly mononucleotide repeats. The increase in the mutation 

rate appears to account for the rapid progression of adenomas to carcinomas in LS and 

MSI-H sporadic CRCs 
46, 47

. Although most microsatellites are in non-coding regions 

and thus mutations within them would be inconsequential, those repetitive sequences 

that occur within coding regions of genes of potential significance in growth control 

make such genes especially vulnerable in cells that have lost MMR function. Such 

mutations confer a growth advantage and the cells bearing them will be selected for 

preferential growth during tumour progression. As an alternative to favouring growth 

directly, such mutations may also favour growth indirectly by allowing escape from 

immune surveillance mechanisms within the individual.  This is demonstrated by an 

early finding that most, if not all, tumours with MSI-H have lost expression of either 

β2-microglobulin (B2M) or HLA class I, thus disabling their ability to present 

processed abnormal antigens on the cell surface.  Tumours with loss of MMR would 

be expected to express many novel abnormal antigens due to coding region mutations, 

which, when presented by HLA-I complexed with B2M, would identify such cells to 

the immune system for destruction.  Hence, it is significant that such tumour cells lose 

antigen presentation by HLA-I/B2M, and moreover by a process involving acquisition 

of mutations in coding microsatellites in the β2-microglobulin or HLA-I genes 
48-52

. 

It is estimated that the mutation rate of MMR-defective cancer cells is 100–1000-fold 

higher than that of normal cells, depending on the amount of carcinogen-induced 

selective pressure 
53, 54

. This phenomenon may account for the acceleration of 

adenoma–carcinoma progression often seen in LS tumours; however, a rise in the 

mutation rate in itself does not confer an increase in tumour development rate 
55

. 
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Genes affected by somatic frameshift mutations that are associated with a defective 

MMR system in tumours (“MMR targeted genes”) are summarized in Table 1, and 

these mutations occur at repetitive coding sequences (e.g. (T)10, tract of 10 thymidine 

nucleotides in AC1; or (A)8, tract of eight adenine nucleotides in ACVR2). 

 

 

It is notable that at some loci, e.g. FLT3LG, TEAD2 and BLM, the frequency of 

mutation is similar in LS and sporadic MSI-H tumours, whereas at others, such as 

CHK1, B2M and Axin2, the frequencies are different.  This is evidence that although 

LS and sporadic MSI-H tumours that acquire loss of MMR have some overlapping 

similarities, their underlying pathways of development are distinct.  Hence, the 

validity of combining LS and sporadic MSI+ tumours in studies must be questioned. 

Most repetitive DNA sequences are present in non-coding regions and mutations here 

are unlikely to confer selectable advantages. However when present in coding regions, 

insertion or deletion mutations (typical of unrepaired replication slippage errors 

occurring in repetitive sequences in MMR-defective cells) result in frameshift 

mutations that are very likely to introduce a “STOP” codon into the reading frame 

soon after the frameshift mutation, thus rendering the protein inactive, if not 

preventing its expression due to nonsense-mediated decay at the mRNA level. The list 

of genes that are targeted for frameshift mutations in MMR-deficient cells is not 

confined to those with a coding repetitive sequence. As has been discussed, loss of 

MMR predisposes a cell to base mismatch mutations all over the genome; for 

example, BRAF is frequently mutated (usually the V600E mutation) in sporadic MSI-

H CRCs, but not in LS tumours. It has been suggested that this BRAF V600E 

mutation may associate more with a tendency to acquire the CpG island methylator 
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phenotype that inactivates MLH1 via methylation of the CpG islands in the MLH1 

promoter 
24, 39

. In contrast, PTEN with a repetitive sequence in the coding region is 

found to be mutated in both MSI-H and MSS tumours 
60

, suggesting that there is an 

intrinsic selective pressure for mutation at this gene locus, which is not necessarily 

driven by MMR deficiency. 

 

 

 

Prognostic significance of MMR deficiency in CRC 

The selectable advantage conferred on tumour cells by the acquisition of MMR 

deficiency is contentious and may in part relate to changes in susceptibility to 

apoptosis 
10, 11, 61, 62

. It was noted even at the initial description of MSI, that those 

patients with MSI-H tumours appeared to have better survival rates than those with 

MSS tumours 
21

. Since then, there have been many studies addressing the prognostic 

significance of MSI-H in CRC, with most of them agreeing with the initial findings 
63-

66
, particularly in young patients 

67
, and a few studies failing to identify MSI status as 

an independent prognostic factor 
68, 69

. In apparent support of the prognostic value of 

the MSI status is the high prevalence of activated intraepithelial cytotoxic T 

lymphocytes and increased neoplastic cell apoptosis in MSI-H tumours 
63, 65

. The 

former characteristic could be attributable to the inherent capacity of MSI-H tumours 

to produce new immunogenic epitopes (if B2M and HLA class I loci are intact and 

these novel antigens can be presented), and this could explain why some patients with 

MSI-H tumours have a particularly favourable clinical outcome following effective 

antitumour immune responses.  
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The predictive significance of MSI-H has also been assessed in relation to the 

selection of CRC patients to receive adjuvant chemotherapy. The main correlation 

that has been shown is the recognition of 5-fluorouracil (5FU)-induced DNA lesions 

by the intact MMR system 
70-72

 resulting in MMR-deficient cells being more resistant 

to 5-FU than MMR-proficient cells. Interestingly, when the MMR deficiency was due 

to MLH1 hypermethylation the cells regained their sensitivity to 5-FU upon MLH1 

demethylation 
73

. However, a clear-cut role for MSI-H as a predictor of response to 

chemotherapy is still controversial 
74-76

.  

The molecular basis underlying MSI is different from CIN and so the clinical, 

histopathological and genetic features accompanying them are not unexpectedly 

different. Interestingly, there is a statistically significant negative association between 

MSI-H and mutations in APC and TP53 genes that have previously been associated 

with DNA aneuploidy 
77-79

. This observation could also partly account for the less 

aggressive phenotype of some MSI-H tumours 
76

. 

Although MSI testing can be carried out relatively easily in molecular diagnostic 

laboratories, there are doubts over the clinical utility of MSI-H as a prognostic marker 

in sporadic CRC 
80, 81

. An important factor in the failure to reach a consensus is the 

variation in the type and number of microsatellite markers that have been assessed by 

different studies. A large meta-analysis 
82

 with > 7000 patients has shown that there is 

a clear correlation between MSI-H tumours and improved overall survival. However, 

this study was performed retrospectively and thus could be liable to various 

confounding factors. It is also possible that differences in the underlying molecular 

pathways of LS and sporadic MSI-H tumours, as shown by the mutation frequency 

data in Table 1, also play a part, and thus there may be important differences between 

LS and sporadic MSI-H tumours that are obscured by combination of their data. 
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Conclusion and future perspectives 

Understanding the role of genomic instability in cancer initiation and progression is 

growing with better insight into the biological and clinical implications of stratifying 

CRCs according to the presence or absence of MMR deficiency. It is becoming 

increasingly clear that the underlying genotypic background of each tumour governs 

its proliferative, invasive and metastatic capacities as well its response to 

chemotherapy. Analysis of MMR deficiency by the combination of MMR protein 

immunohistochemistry and detection of MSI status is warranted as a screening 

approach for LS and could provide useful prognostic information in patients with 

either hereditary or sporadic MMR-deficient tumours.  

The mutational targets in MMR-deficient tumours are not random, in that mutations 

preferentially occur in repetitive sequences, but nonetheless there is no a priori 

favouring of mutation site.  However, those mutations that are observed are those that 

are positively selected, presumably on the basis that they confer a Darwinian 

selectable advantage via key regulatory roles in cell growth, survival and escape from 

immune surveillance. If this hypothesis is correct, identification of the genes that 

become mutated as a result of MMR deficiency is likely to be valuable in developing 

new therapeutics, and could form the basis of personalized selection of cancer-related 

therapy in the future. In any case, conclusive assessment of the prognostic 

significance of MMR deficiency would require large prospective studies, using 

standardized MSI testing and MMR immunohistochemistry criteria, and rigorous 

distinction and separation of MSI-H tumours due to LS from those that have arisen 

sporadically.  There would also have to be independence from confounding factors 

such as the grade and stage of the tumour, age of the patient and treatment. 
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Figure 1. Examples of microsatellite instability observed in colorectal cancers 

(courtesy of J. Myring and R. Hussein, Institute of Medical Genetics, Cardiff, UK).  

Polymerase chain reaction (PCR)-amplified microsatellites are analysed in a 

fluorescent DNA analyser (ABI 3100), in which fluorescently labelled DNA 

molecules are separated by size using capillary gel electrophoresis.  In each frame the 

PCR products from the cancer are labelled in red, with corresponding normal tissue 

(or blood) labelled in green.  Each peak represents a DNA molecule of a specific 

length.  Although individual alleles in the DNA are of a specific length, say 128 bp, 

the PCR process introduces stutters and hence a spread of peaks around a modal size. 

Microsatellite instability at a particular marker is identified by the presence of either 

new peaks (modal peak with adjacent stutter peaks) or a significant change in height 

of peaks—both are indicated by short black arrows. Frames a–c are polyadenine 

mononucleotide repeats of the form (A)n, whereas frames d–f are dinucleotide repeats 

of the form (CA)n.  BAT25 is located in intron 16 of the oncogene c-kit at 

chromosome 4q12, BAT40 is in intron 2 of the 3-beta-hydroxysteroid dehydrogenase 

gene HSD3 at 1p11, ACTC is in intron IV of the cardiac alpha actin gene ACTC1 at 

15q14, D5S346 is close to APC at 5q22, and D5S406 is at 5p15 
26, 84

. 
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Figure 2. Mismatch repair pathways in eukaryotes. The MutS and MutL heterodimer 

complexes can vary in composition, with MutL complexes containing the MLH1 

protein plus one of the other four binding partners (PMS2, MLH3, PMS1 or MLH2); 

similarly, MutS complexes contain the MSH2 protein plus one of the other five 

binding partners (usually either MSH6 or MSH3). MutS and MutL heterodimers 

interact to form larger functional heterocomplexes that contribute to the repair of 

different types of DNA alteration: base mismatches or single nucleotide 

insertion/deletion loops (first “Mismatch” column); single-strand insertion–deletion 

loops of two to eight nucleotides (second “Insertion/deletion loops” column); DNA 

double-strand breaks (third column); and Holliday junction resolution (fourth column). 

Binding of the MutS heterodimer to mismatched DNA triggers the ATP-dependent 

interaction of the second MutL heterodimer that leads to strand discrimination and 

error removal. The process of excision of the DNA strand containing the error and re-

synthesis of correctly matched DNA is facilitated by other factors including 

exonuclease 1 (EXO1), the proliferating cell nuclear antigen (PCNA), replication 

factor C (RF-C), and DNA polymerases δ and ε, while the repaired strand is re-ligated 

with DNA ligase I. (Figure adapted with modifications from Augusto-Pinto et al.
83

 

and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways annotation). 

 

 

Figure 3. Examples of abnormal mismatch repair protein immunohistochemistry 

observed in colorectal cancers. a–d, Loss of MSH2 immunoreactivity in a colonic 

cancer with secondary loss of its binding partner MSH6. Panels show high-power 

photomicrographs of immunohistochemistry of nuclear MLH1 immunopositivity (a) 
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and nuclear PMS2 immuunopositivity (c), but nuclear MSH2 immunonegativity (b) 

and nuclear MSH6 immunonegativity (d), although some patchy weak cytoplasmic 

MSH6 reactivity can be seen in a few tumour cells, with retention of strong nuclear 

reactivity of the lymphoid and stromal cells as internal positive controls in (b) and (d).  

e– h, Patchy/weak immunoreactivity of MLH1 in a caecal cancer with secondary loss 

of its binding partner PMS2. Panels show medium-power photomicrographs of 

immunohistyochemistry of nuclear MSH2 immunopositivity (f) and nuclear MSH6 

immunopositivity (h), but patchy/weak nuclear MLH1 positivity (e) and nuclear 

PMS2 immunonegativity (g), with retention of strong nuclear reactivity of the 

lymphoid and stromal cells as internal positive controls in (e) and (g). 
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Table 1. Mutation frequency of “MMR targeted genes” in MMR-deficient CRCs
*
 

Gene Chromosome
† 

Mutated target 

sequence 

MSI-H (LS), % 

MSI-H 

(sporadic), % 

AC1 4p16.1 (T)10 67 – 

ACVR2 2q22.3-q23.1 (A)8 72 83 

AIM2 1q23.2 (A)10 56 45 

APC 5q21-q22 variable‡ 56 56 
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Axin2 17q24.1 (G)7 20 11 

B2M 15q21.1 (CT)4 / (A)5 36.4 15.4 

BAX 19q13.33 (G)8 43–55 13–50 

BLM 15q26.1 (A)9 18 16 

Caspase-5 11q22.3 (A)10 46 62 

CDX2 13q12.2 (G)7 5 – 

CHK1 11q24.2 (A)9 100 10 

DD5 (UBR5) 8q22.3 (A)8 23 – 

E2F4 16q22.1 (CAG)13 71 42–57 

ELAVL3 19p13.2 (G)9 37 – 

FLJ11383 (PCNXL2) 1q42.2 (A)10 74 74 

FLT3LG 19q13.33 (C)9 38 35 

hRAD50 5q31.1 (A)9/8 45 31 

HT001 (ASTE1) 3q22.1 (A)11 85 – 

IGF2R 6q25.3 (G)8 13 9 

MACS (MARCKS) 6q22.1 (A)11 72 72 

MBD4 (MED1) 3q21.3 (A)10 28 25–40 

MSH3 5q14.1 (A)8 40–58 39–46 

MSH6 2p16.3 (C)8 24–33 28–36 

NDUFC2 11q14.1 (T)9 42 – 

PTEN 10q23.31 (A)6 18 13–34 

PTHL3 (PTHLH) 12p11.22 (A)11 86 90 

RGS12 4p16.2 (C)8 29 29 

RIZ (PRDM2) 1p36.21 (A)8/9 38 26 

SEC63L 6q21 (A)10 62 – 

SLC23A1 5q31.2 (C)9 40 45 

SLC4A3 2q35 (C)9 33 33 

STK11 (LKB1) 19p13.3 (C)6 – 2 

TAF1B 2p25.1 (A)11 78 82 

TBP 6q27 (CAG)19 – 83 
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TCF1 (HNF1A) 12q24.31 (C)8/9 17 23 

TCF4 10q25.3 (A)9 41 39 

TEAD2 (TEF4) 19q13.33 (C)8 32 32 

TFE3 Xp11.23 (G)8 24 24 

TGFβRII 3p22 (A)10 77–83 82–90 

MMR, mismatch repair; MSI-H, microsatellite instability at high frequency; –, data not available. 

*According to published mutation frequencies by 56-58. 

†The chromosomal locations are based on Ensembl release 50. 

‡There is a statistically significant excess of APC frameshift mutations in MSI-H vs. MSS tumours 

(P < 0.001), despite the prevalence of APC mutations being the same in both tumour types 59. 

Note: the percentage refers to the respective number of the tumours studied in each case. For a full list 

of each individual study the reader is referred to the study by 
57

. 
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