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Abstract

Approximately 20 percent of right-sided colon cancers and 5 percent of left-sided colon and rectal cancers
have a deficient DNA mismatch repair system. This results in the widespread accumulation of mutations to
nucleotide repeats, some of which occur within the coding regions of cancer-related genes such as TGFbRII
and BAX. A standardized definition for microsatellite instability (MSI) based on the presence of deletions to
mononucleotide repeats is gaining widespread acceptance in both research and the clinic. Colorectal cancer
(CRC) with MSI are characterized histologically by an abundance of tumor-infiltrating lymphocytes, poor
differentiation and a signet ring or mucinous phenotype. In younger patients these tumors usually develop
along the chromosomal instability pathway, in which case the mismatch repair genes are inactivated by
germline mutation, somatic mutation and loss of heterozygosity. In older patients MSI CRC usually develops
against a background of widespread hypermethylation that includes methylation-induced silencing of the
mismatch repair gene MLH1. The overall biological and clinical phenotype of MSI CRC that arise in these
two pathways is likely to be different and may account for some of the discordant results reported in the
literature relating to the clinical properties of these tumors. The available evidence indicates that MSI is
unlikely to be a clinically useful marker for the prognostic stratification of early-stage CRC. The predictive
value of MSI for response to 5-fluorouracil-based chemotherapy remains controversial, while for other
agents the predictive value is difficult to assess because they are used in combination regimens. The MSI
phenotype is being actively investigated for novel therapeutic approaches based on the principle of synthetic
lethality. Finally, the MSI status of CRC is an extremely useful marker for population-based screening
programs that aim to identify individuals and families with the hereditary cancer condition known as Lynch
syndrome.
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INTRODUCTION

Considerable progress has been made over the past
20 years in defining the molecular basis of colorectal
cancer (CRC). The genetic heterogeneity of this disease
is now well established and has major implications for
studies on the etiology of CRC and its response to
adjuvant therapy. One important subgroup of CRC is
defined by widespread alterations in the size of DNA

microsatellite regions, usually mono-, di-, or trinucle-
otide repeats. This so-called microsatellite instability
(MSI) is due to a defective DNA mismatch repair
(MMR) system and can result from inactivating muta-
tions to MMR genes or, more commonly, because of
hypermethylation-induced transcriptional silencing of
the MMR gene MLH1. The underlying tumor pheno-
type between MSI CRC that arise from these two
mechanisms is quite different. This fact has been largely
overlooked by most workers in the field until very
recently and could explain the discordant results in the
literature relating to the predictive value of MSI.
Although the MSI phenotype has yet to find routine
clinical application as a prognostic or predictive marker,
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it has proven to be an extremely useful screening tool for
the detection of families affected by hereditary nonpoly-
posis CRC, or Lynch syndrome. Moreover, the defective
MMR system in MSI CRC could potentially be
exploited for the development of novel targeted thera-
pies. The purpose of this review is to summarize the
current state of knowledge of the MSI phenotype in
CRC, with particular emphasis on the detection of MSI
for population-based screening of Lynch syndrome.

DISCOVERY OF MSI

MSI was first reported in 1993 as the presence of thou-
sands of somatic alterations in the length of DNA mic-
rosatellite repeats in sporadic1,2 and familial3 colorectal
tumors. Both mononucleotide and dinucleotide repeats
display frequent somatic mutations in approximately
10–15 percent of sporadic CRC and in most familial
cases. It was also reported that MSI CRC showed a
lower incidence of TP53 mutations and loss of heterozy-
gosity (LOH), were more often diploid and often arose
in the proximal colon. In the same year, the molecular
basis for MSI in familial cases was discovered to be
germline mutations in MMR genes, with the major ones
being MSH2, MLH1, PMS2, and MSH6.4,5 Inactivation
of the remaining wild-type allele was through LOH,
somatic mutation or methylation-induced silencing of
MLH1. Despite many investigations, somatic mutations
in MMR genes have rarely been found in sporadic MSI
CRC and it later emerged that hypermethylation of the
MLH1 promoter region and subsequent transcriptional
silencing was by far the most common mechanism
leading to defective MMR in these tumors.6

The consequence of germline mutation, somatic
mutation or methylation-associated silencing of MMR
genes is inactivation of the DNA MMR process, thus
leading to an accumulation of unrepaired alterations
scattered throughout the genome. These are particularly
prone to occur in DNA repeats such as microsatellites.
The link between defective MMR and the development
of CRC was first made in 1995 when somatic mutations
in a 10 bp poly(A) repeat contained within the coding
region of TGF-bRII were reported in CRC with MSI.7

Following this discovery, many other target genes have
since been found to be mutated in MSI tumors, includ-
ing BAX, TCF4, PTEN, and RAD50.8,9 These target
genes all contain short repeat regions in their coding
sequence, usually mononucleotide repeats of 8–10 bp in
length, making them prone to mutation in tumor cells
with defective MMR. The deletion or insertion of one or
two nucleotides in these repeats causes a frameshift

mutation resulting in the production of a truncated and
therefore inactive protein. Target genes for MSI are
involved in various critical cell functions including cell
signaling, apoptosis, and DNA repair (Table 1). Their
mutation is believed to drive the oncogenic process
through positive selection. Target genes have also been
identified by using bioinformatics to search for DNA
coding microsatellites located within nucleotide
sequence databases. In one study using this approach,
29 new genes that were mutated in MSI CRC were
identified.9 An interesting area that has received rela-
tively little attention to date is the possibility that muta-
tions to microsatellites located within non-coding
regulatory regions (e.g. introns, promoters, 5′ and 3′
untranslated DNA) could affect gene expression in MSI
CRC. So far, evidence in support of this has been pub-
lished for the MYB10 and MRE1111 genes.

STANDARDIZING THE CLASSIFICATION
OF MSI

The initial work on MSI focused on changes in the allelic
size of both dinucleotide and mononucleotide repeats.
An international consensus meeting was held at the
National Cancer Institute (NCI) in 1997 with the aim of

Table 1 Genes containing coding repeats that are targets for
mutation in colorectal cancer with microsatellite instability

Function, gene
Mononucleotide

coding repeat
Frequency of
mutation (%)

DNA repair
RAD50 (A) 9 28
MSH3 (A) 8 38
MSH6 (C) 8 22
BLM (A) 9 9

Apoptosis
APAF1 (A) 10 13
BAX (G) 8 45
BCL10 (A) 8 13
Caspase-5 (A) 10 48

Signal transduction
TGFbRII (A) 10 81
ACTRII (A) 8 58
IGFIIR (G) 8 17
WISP-3 (A) 9 31

Cell cycle
PTEN (A) 6 18
RIZ (A) 8, (A) 9 27

Transcription factor
TCF-4 (A) 9 39
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formulating a standard panel of microsatellite markers
that could be used to define MSI in CRC.12 Despite some
objections, the proposed NCI reference panel, also
known as the Bethesda panel, contained two mono-
nucleotide repeats (BAT25 and BAT26) and three
dinucleotide repeats (D2S123, D17S250, and D5S346).
It soon became apparent that allelic size shifts for the
mononucleotide markers were relatively easy to inter-
pret because the deletions observed in CRC with MSI
were often large. In contrast, results obtained with the
dinucleotide markers were frequently ambiguous and
difficult to interpret because of the short length of inser-
tions or deletions. Further complicating matters was the
use of the term “MSI-L” to indicate a low level of MSI,
defined by instability at only one of the five Bethesda
reference markers. Subsequent comparative studies
between the Bethesda panel and the pentaplex panel that
comprised five mononucleotide repeats (described
below) have shown this limitation was due to the inclu-
sion of dinucleotide markers in the former panel, result-
ing in misclassification of MSI stable tumors into the
MSI-L category.13,14 Although CRC classified as MSI-L
were phenotypically indistinguishable from microsatel-
lite stable (MSS) CRC, defined by the absence of allelic
shifts in any of the five markers,15 this terminology is still
in use by some authors.

The shortcomings associated with the original
Bethesda panel of five markers proposed for MSI detec-
tion were highlighted by Perucho et al.16 Moreover, the
work of Hamelin et al. clearly demonstrated the superi-
ority of mononucleotide repeats over dinucleotide
markers for the assessment of MSI, particularly the
BAT26 poly(A) repeat.17,18 First, deletions in mononucle-
otide repeats were longer and therefore easier to detect
than alterations in the size of dinucleotide repeats.
Second, the mononucleotide repeats were quasi-
monomorphic, meaning that normal tissue was not
required for MSI testing in most cases. However, the use
of BAT26 alone is not recommended for diagnostic MSI
screening because of the existence of polymorphisms in
approximately 10 percent of the African population that
can lead to false positive results for MSI.19 In addition,
very rare cases of bi-allelic deletion of the BAT26 locus
can result in false negative reporting for MSI.20

For these reasons, a comprehensive study was under-
taken by Hamelin et al. to investigate polymorphisms in
several candidate mononucleotide repeats and the fre-
quency and extent of deletions in these repeats in MSI
tumors.21 This landmark article proposed a five-marker,
or pentaplex panel for MSI screening that comprises the
mononucleotide repeats BAT25, BAT26, NR21, NR22,

and NR24. The pentaplex panel showed 100 percent
sensitivity and 100 percent specificity for the detection
of MSI and can be used without the need to test match-
ing normal DNA, although most routine laboratories
include normal tissue DNA to assist with the interpre-
tation of results. The pentaplex assay is commercially
available and has been used by routine anatomical
pathology laboratories for several years. An example of
the results obtained with this assay in a routine clinical
specimen of CRC from our institute is shown in
Figure 1. Several independent studies have found the
pentaplex panel performs better in terms of sensitivity
and specificity than the original NCI panel containing
three dinucleotide and two mononucleotide repeats and

Figure 1 Screening for microsatellite instability in a clinical
sample of colorectal cancer using the pentaplex panel consist-
ing of five mononucleotide repeats showing (a) normal tissue in
comparison to (b) additional bands in matching tumor tissue
(arrowed), indicating deletions in four of the repeats (NR22,
BAT26, NR24, and MONO27).
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can accurately reclassify MSI-L cases identified with the
Bethesda panel into MSI-High or MSS tumors.13,14,22 The
simultaneous assessment of just two markers, BAT26
and NR24, was shown to be as effective as the pentaplex
panel for the diagnosis of MSI.22

THE MSI PHENOTYPE IN CRC CAN
EVOLVE THROUGH TWO DIFFERENT
PATHWAYS

The methodological issues surrounding the evaluation
of MSI have resulted in considerable variation in the
reported frequencies of MSI in CRC, with estimates
ranging from 3–23 percent.15 The true incidence of MSI
CRC as observed in large studies of unselected tumor
series that employed mononucleotide repeat markers is
approximately 10–15 percent.23–25 Overestimation of the
MSI frequency resulting from the use of dinucleotide
markers has led to confusion regarding the clinico-
pathological features of MSI CRC.16 When mononucle-
otide markers are used for the evaluation of MSI,
consistent observations are that sporadic MSI CRC arise
almost exclusively in the proximal colon and are more
frequent in older, female patients.26 Characteristic his-
to-morphological features include dense lymphocytic
infiltration, mucin secretion and poor histological differ-
entiation.27 Although these morphological features are
common to both sporadic and familial MSI CRC, there
is now strong evidence these two MSI subgroups evolve
along different pathways.27,28

Most sporadic MSI CRC arise due to methylation-
induced transcriptional silencing of MLH1. This hyper-
methylation occurs as part of a wider CpG island
methylator phenotype (CIMP) pathway.29 In contrast,
familial MSI CRC that arise in the context of Lynch
syndrome follow the chromosomal instability pheno-
type (CIN) pathway, characterized by frequent LOH,
aneuploidy and TP53 mutation. The discovery of the
existence of two types of MSI that evolve along either
the CIMP or CIN pathways has major implications for
studies that attempt to define the clinico-pathological
features of MSI CRC. This has been largely ignored by
most studies to date on the etiology of MSI CRC and
on the prognostic and predictive significance of this
molecular phenotype.30,31

In a population-based cohort of 1020 consecutive
CRC, MSI was more common in male patients aged
<60 years, equally common in male and female patients
aged 60–70 years, but threefold to fourfold more
common in female patients aged >70 years.32 This dis-
tribution reflects the association of gender and age with

the CIN and CIMP phenotypes. CRC with the CIN
phenotype are more common in younger men, whereas
CIMP CRC are more common in older women. Another
large study that compared 1061 population-based CRC
with 172 CRC diagnosed at a familial cancer clinic also
highlights the striking age and gender differences in
MLH1 methylation and MMR mutation status between
MSI cases that are sporadic or familial in origin.31

IS MSI A PROGNOSTIC MARKER
IN CRC?

Robust prognostic markers are particularly desirable for
early stage CRC so that informed decisions can be made
on the possible benefits of adjuvant chemotherapy.
Although numerous studies have investigated the rela-
tionship between MSI and the survival of CRC patients,
the results are often difficult to interpret because of
several confounding factors. First, almost all MSI CRC
study cohorts are a heterogeneous mix of CIN and
CIMP subtypes. As discussed above, there is increasing
evidence to show these have different clinical properties.
Second, the study cohorts are almost always composed
of tumors of different stages. Since most MSI CRC are
early stage (American Joint Committee on Cancer stage
I or II), this could explain the apparently better survival
reported in many studies. In support of this, a study of
893 consecutive cases found that MSI did not predict a
lower risk of cancer-related death when tumor stage was
included in a multivariate analysis.25 Another study of
396 consecutive cases of stage II CRC also failed to
observe prognostic significance for MSI.33 Third, the
possibility of a differential response to chemotherapy
between MSI and MSS tumors (see below) complicates
the interpretation of results. Adjuvant treatment status
has not been taken into account in most studies. Finally,
many of the early studies used the less rigorous dinucle-
otide markers to classify MSI status and are likely to
have overestimated the presence of true MSI.

Notwithstanding these caveats, a systematic review of
32 studies comprising a total of 7642 cases, including
1277 that were MSI, reported a hazard ratio (HR) of
0.65 (95% CI: 0.59–0.71) for overall survival associated
with MSI.34 However, the lack of convincing data
showing that MSI is an independent marker for better
survival in stage II CRC raises serious doubts about
whether it should be used clinically for prognostication.
In our experience and that of other groups, the routinely
assessed histopathological features of vascular and
serosal invasion by tumor cells, together with the density
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of tumor-infiltrating T regulatory cells, provide much
stronger prognostic information than MSI.35–38

IS MSI A PREDICTIVE MARKER
IN CRC?

The possible impact of MSI as a predictive factor in the
response of CRC to chemotherapy has been extensively
studied both in in vitro and in clinical samples. Similar
to work on the prognostic value of MSI, these studies
are complicated by the issue of whether MSI arises in the
background of the CIN phenotype, as in most young
and familial cases, or whether it arises in a CIMP back-
ground, as occurs in most sporadic cases. The presence
of these underlying phenotypes could be more important
for the response to cytotoxic drugs than the MMR defi-
cient phenotype itself and may account for the contra-
dictory findings on the sensitivity of MSI CRC cell lines
to the fluorinated pyrimidine analog 5-FU.39,40 Indeed, in
vitro data that are claimed to support a differential
response of MSI tumor cells to cytotoxic agents is likely
to be highly dependent on the cell lines used.

Clinical studies on the predictive value of MSI for
survival benefit from 5-FU chemotherapy in CRC
patients have also produced contradictory results. Apart
from the CIN and CIMP heterogeneity of MSI CRC,
another major issue relates to the 10-fold lower fre-
quency of MSI CRC in comparison to MSS CRC. Sta-
tistical power to detect a survival difference between
patients treated with or without chemotherapy is there-
fore considerably lower for MSI tumors. The first clini-
cal study was conducted in a retrospective cohort of
patients and reported that MSI was associated with
good survival benefit from 5-FU-based chemotherapy in
stage III CRC.41 A subsequent study performed in a
young cohort of patients, many of whom were likely to
be familial cases, found no apparent survival benefit
from 5-FU.42 Several other studies performed on retro-
spective patient cohorts have since been published and
their results, together with those of the two earlier
studies, were recently the subject of a meta-analysis.43

MSI was associated with survival benefit from chemo-
therapy in a global analysis of the six studies evaluated,
although this failed to reach significance (HR = 0.70;
95% CI: 0.44–1.09; P = 0.12). Interestingly, the HR
from the individual studies were 0.61,44 0.60,45 0.49,46

0.22,47 and 0.07, respectively.41 Only the study by Ribic
et al.42 showed a grossly different result (HR = 2.38) and
was in fact suggestive of worse survival for MSI CRC
patients following 5-FU treatment. Based largely on the
results of the study by Ribic et al.42 several authors have

proposed that CRC patients with MSI tumors should
not be recommended to receive adjuvant chemo-
therapy.48,49 A possible explanation for the discrepant
result reported in the study by Ribic et al.42 could be that
most MSI tumors from their patient cohort had a CIN
background, whereas most MSI tumors in other studies
were from older patients and therefore had a CIMP
background. The only study published to date on the
predictive significance of CIMP in CRC suggests this
phenotype is associated with a good response to 5-FU.50

The authors of the Ribic et al. study recently pub-
lished a follow-up study on a cohort of 70 MSI
patients.51 Adjuvant therapy was found to have signifi-
cantly improved survival in patients with MSS tumors
(HR = 0.67; P = 0.02), but not in those with MSI
tumors (HR = 1.10; P = 0.85). In the subgroup of
patients with stage II disease and MSI tumors, treatment
was associated with an apparent reduction in overall
survival (HR = 2.95; P = 0.04). No explanation was
offered as to why chemotherapy is detrimental to the
survival of such patients. In an accompanying editorial
to this article,52 Schrag et al. argue that adjuvant 5-FU-
based chemotherapy should not be withheld from stage
II and III colon cancer patients with MSI tumors, citing
the need for prospective evaluation and the heterogene-
ity of MSI tumors (CIN and CIMP backgrounds).

Several in vitro studies have shown the MSI pheno-
type to be associated with resistance to cisplatin and
carboplatin, but not to oxaliplatin.53,54 However, a
recent clinical study reported that MSI CRC were less
responsive to 5-FU and oxaliplatin.55 These contradic-
tory findings suggest it is premature to use MSI status to
direct the use of oxaliplatin-containing regimens for
CRC patients. The topoisomerase I inhibitor, irinotecan,
is also widely used in the treatment of metastatic CRC.
Most of the in vitro, xenograft and clinical studies to
date indicate that MSI CRC are more sensitive than MSS
CRC to irinotecan.56–60 Although the molecular basis for
this increased sensitivity is not fully understood, there is
evidence to suggest it involves mutations within coding
repeats of two of the frequently mutated target genes,
MRE11A and RAD50.61

No information is currently available on the predic-
tive value of MSI for the anti-epidermal growth factor
receptor (EGFR) and anti-vascular endothelial growth
factor targeted therapies. In practice, the clinical value
of MSI for predicting the response of metastatic CRC to
chemotherapeutic agents is almost impossible to evalu-
ate due to the low incidence of MSI in advanced stage
tumors (<5%) and because most agents are now given in
combination.
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DEFECTIVE MMR AS A NOVEL
THERAPEUTIC TARGET

High-throughput array technology, bioinformatics and a
systems biology approach are increasingly being used to
identify aberrant genes and pathways that may serve as
targets for inhibition in cancer cells. One such study
recently found that MSI CRC cells were sensitive to
inhibitors of the PI3K-AKT-mTOR pathway,62 although
the clinical significance of this finding awaits confirma-
tion. Another recent therapeutic strategy is to identify
synthetic lethal relationships, where the simultaneous
inhibition of two different regulatory pathways leads to
cell death.63 This approach has been used successfully in
the clinic for the treatment of BRCA-1-deficient and
BRCA-2-deficient breast and ovarian cancers with poly
(ADP-ribose) polymerase (PARP) inhibitors.64 CRC with
deficient MMR may also be suited to this strategy,
although preliminary in vitro data failed to show a
differential response to PARP inhibitors between MSI
and MSS CRC cell lines.65 A synthetic lethal relationship
has been found between MSH2 deficiency and treatment
with methotrexate,66 giving rise to a phase II trial in
metastatic CRC patients with demonstrated loss of
MSH2 expression or with an MSH2 germline mutation.
Yet another approach for the selective treatment of MSI
CRC is to exploit the chromosomal stability of MSI
tumors, which is predicted to increase their sensitivity to
taxanes. The chromosomal instability and anti-tubulin
response assessment (CINATRA) trial has been initiated
to test whether MSI tumors are more responsive to
patupilone, a novel microtubule-stabilizing agent.67

ROUTINE MSI SCREENING FOR THE
DETECTION OF LYNCH SYNDROME

Although both the prognostic and predictive significance
of MSI in routine clinical practice are still being debated,
there is strong evidence to support the value of this
marker for the detection of families with hereditary
nonpolyposis colorectal cancer, now more commonly
referred to as Lynch syndrome. This familial cancer
syndrome has been estimated to account for 1–2 percent
of all CRC cases in the population (Table 2).68–75 The
young age of disease onset in mutation carriers (average
of <45 years) highlights the importance of identifying
these individuals so that they and other affected family
members can benefit from increased surveillance and
early cancer detection. Until recently, the clinical factors
of young age and family history of cancer were used to
identify patients for referral to specialized family cancer

clinics where they could undergo further evaluation and
possible germline testing. However, the low rates of
referral by clinicians to these clinics and the low rates of
attendance by patients76 have led to concerns that as
many as 80 percent of mutation carriers in the popula-
tion remain undetected.77–79 This, in turn, has led to calls
for the establishment of population-based screening
programs based upon the laboratory tests of MSI or
immunohistochemistry (IHC), or both, for MMR
protein expression.79

IHC tests for expression of the four major MMR
proteins (MLH1, MSH2, PMS2, and MSH6) have been
the preferred option by routine anatomical pathology
laboratories because of their long experience with this
technique. The test is relatively straightforward to
perform and the demonstration of complete loss for the
MLH1-PMS2 or MSH2-MSH6 protein pairs is an accu-
rate indicator of deficient MMR and MSI. The sur-
rounding normal colonic mucosa and stromal tissue
serves as internal positive controls. Cases that exhibit
incomplete loss of expression, also described as clonal or
heterogeneous expression, are more difficult to inter-
pret. In these instances it is strongly recommended that
MSI analysis should be conducted to assist with the
interpretation.80 Results from our laboratory and others
have shown that tumors from patients with MMR ger-
mline mutations can sometimes show incomplete loss of
MMR protein expression,80–82 potentially leading to an
incorrect diagnosis. For this reason, our laboratory
favors MSI testing as the initial screen for population-
based detection of Lynch syndrome amongst younger
CRC patients.75

All the large population-based studies published to
date for the screening of Lynch syndrome have used MSI

Table 2 Population-based studies that used microsatellite
instability as the initial screening test to detect cases of Lynch
syndrome

Author Country N
Frequency of Lynch

syndrome (%)

Aaltonen68 Finland 509 2.0
Salovaara69 Finland 535 3.4
Samowitz70 USA 1066 0.86
Percesepe71 Italy 336 0.3
Cunningham72 USA 257 1.9
Pinol73 Spain 1222 0.9
Hampel74 USA 1066 2.2
Schofield75 Australia 1344† 0.83

†Consecutive colorectal cancer cases from patients aged <60 years at
diagnosis.
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as the initial screen, rather than IHC (Table 2). This
approach has yet to be widely adopted, however, due to
the relatively recent introduction of molecular testing in
routine pathology laboratories. In parallel with the need
for MSI testing, there are increasing demands for poly-
merase chain reaction-based screening of somatic muta-
tions in KRAS, BRAF, and EGFR, for example, relating
to the use of novel targeted therapies. Most of the larger
pathology service providers have now gained valuable
experience in the molecular testing of solid tumors,
often using archival, paraffin-embedded tumor tissues.
This advancement of technical expertise should facilitate
the implementation of routine MSI testing in CRC.
Aside from being a biomarker for responses to certain
targeted therapies, BRAF mutation status is also a very
useful tool to distinguish between cases of familial and
sporadic MSI CRC.83,84

The proportion of MSI CRC with an underlying
germline MMR gene mutation has been estimated to
decrease from 80–90 percent for <40-year-old patients
to 68 percent for 40–49-year-old patients and to 17
percent for 50–59-year-old patients.75 While most CRC
in mutation carriers arise before the age of 60 years,
some do occur in older patients.85 This has led to debate
concerning the recommended cut-off age for population-
based MSI screening.85,86 Ideally, all CRC patients would
be tested for MSI, BRAF mutation, and IHC, regardless
of family history of cancer. So-called red flag cases
showing MSI, BRAF wild type, and loss of MMR
expression would then be referred to familial cancer
clinics for germline testing. In practice, however, budget
constraints and the lack of expertise for MSI and BRAF
testing in many routine pathology services will restrict
the ability to roll out population-based screening for
Lynch syndrome.

CONCLUSIONS

MSI is a distinctive molecular phenotype seen in about
15 percent of sporadic CRC and in almost all tumors
from individuals with Lynch syndrome. Early studies of
this phenotype were confounded by the lack of a stan-
dardized panel of markers, the slow recognition of
mononucleotide repeats as the most suitable markers
and the use of MSI-L terminology. A pentaplex panel
comprising five mononucleotide repeats is gradually
finding widespread use as the gold standard for the
evaluation of MSI status. However, a major issue that
has received little attention to date is the fact that MSI
tumors can develop along either the CIN or CIMP path-
ways of CRC. The overall phenotype of these tumors

may therefore be influenced more by their underlying
CIN or CIMP background than by the MSI itself. This
biological heterogeneity has not been considered in most
studies to date on the prognostic and predictive signifi-
cance of MSI in CRC. Although MSI appears to be
associated with better prognosis, questions about the
strength and independence of this association mean that
it is unlikely to be of clinical value for the stratification
of early-stage CRC patients. The predictive significance
of MSI for a response to 5-FU remains controversial and
more work is required to determine whether the CIN
and CIMP subgroups show differential responses. The
predictive significance of MSI for other chemotherapeu-
tic agents is difficult to assess because these are usually
given in combination. Deficient MMR in tumors with
MSI may serve as a target for novel therapies based
upon synthetic lethal strategies. Finally, MSI is a very
useful marker for population-based screening of CRC
patients to help identify individuals and families with
Lynch syndrome.

ACKNOWLEDGEMENTS

Work in the authors’ laboratories was supported by
grants from the National Health and Medical Research
Council of Australia, the Cancer Council of Western
Australia, and Pathwest.

REFERENCES

1 Ionov Y, Peinado M, Malkhosyan S, Shibata D, Perucho
M. Ubiquitous somatic mutations in simple repeated
sequences reveal a new mechanism for colonic carcinogen-
esis. Nature 1993; 363: 558–61.

2 Thibodeau SN, Bren G, Schaid D. Microsatellite instability
in cancer of the proximal colon. Science 1993; 260: 816–
19.

3 Aaltonen LA, Peltomäki P, Leach FS et al. Clues to the
pathogenesis of familial colorectal cancer. Science 1993;
260: 812–16.

4 Parsons R, Li GM, Longley M et al. Hypermutability and
mismatch repair deficiency in RER+ tumor cells. Cell 1993;
75: 1227–36.

5 Hemminki A, Peltomäki P, Mecklin JP et al. Loss of the
wild type MLH1 gene is a feature of hereditary nonpoly-
posis colorectal cancer. Nat Genet 1994; 8: 405–10.

6 Kane MF, Loda M, Gaida GM et al. Methylation of the
hMLH1 promoter correlates with lack of expression of
hMLH1 in sporadic colon tumors and mismatch repair-
defective human tumor cell lines. Cancer Res 1997; 57:
808–11.

7 Markowitz S, Wang J, Myeroff L et al. Inactivation of the
type II TGF-II receptor in colon cancer cells with microsat-
ellite instability. Science 1995; 268: 1336–38.

266 B Iacopetta et al.

© 2010 Blackwell Publishing Asia Pty Ltd Asia–Pac J Clin Oncol 2010; 6: 260–269



8 Duval A, Hamelin R. Mutations at coding repeat sequences
in mismatch repair deficient human cancers: toward a new
concept of target genes for instability. Cancer Res 2002;
62: 2447–54.

9 Park J, Betel D, Gryfe R et al. Mutation profiling of mis-
match repair-deficient colorectal cancers using an in silico
genome scan to identify coding microsatellites. Cancer Res
2002; 62: 1284–8.

10 Hugo H, Cures A, Suraweera N et al. Mutations in the
MYB intron I regulatory sequence increase transcription in
colon cancers. Genes Chromosomes Cancer 2006; 45:
1143–54.

11 Giannini G, Rinaldi C, Ristori E et al. Mutations of an
intronic repeat induce impaired MRE11 expression in
primary human cancer with microsatellite instability.
Oncogene 2004; 23: 2640–7.

12 Boland CR, Thibodeau SN, Hamilton SR et al. A National
Cancer Institute workshop on microsatellite instability for
cancer detection and familial predisposition: development
of international criteria for the determination of microsat-
ellite instability in colorectal cancer. Cancer Res 1998; 58:
5248–57.

13 Bacher JW, Flanagan LA, Smalley RL et al. Development
of a fluorescent multiplex assay for detection of MSI-high
tumors. Dis Markers 2004; 20: 237–50.

14 Murphy KM, Zhang S, Geiger T et al. Comparison of the
microsatellite instability analysis system and the Bethesda
panel for the determination of microsatellite instability in
colorectal cancers. J Mol Diagn 2006; 8: 305–11.

15 Tomlinson I, Halford S, Aaltonen L, Hawkins N, Ward R.
Does MSI-low exist? J Pathol 2002; 197: 6–13.

16 Perucho M, Correspondence RE, Boland CR et al. A
National Cancer Institute workshop on microsatellite
instability for cancer detection and familial predisposition:
development of international criteria for the determination
of microsatellite instability in colorectal cancer. Cancer Res
1999; 59: 249–56.

17 Zhou XP, Hoang JM, Li YJ et al. Determination of the
replication error phenotype in human tumors without the
requirement for matching normal DNA by analysis of
mononucleotide repeat microsatellites. Genes Chromo-
somes Cancer 1998; 21: 101–7.

18 Hoang JM, Cottu PH, Thuille B, Salmon RJ, Thomas G,
Hamelin R. BAT-26, an indicator of the replication error
phenotype in colorectal cancers and cell lines. Cancer Res
1997; 57: 300–3.

19 Pyatt R, Chadwick RB, Johnson CK, Adebamowo C, de la
Chapelle A, Prior TW. Polymorphic variation at the
BAT-25 and BAT-26 loci in individuals of African origin.
Implications for microsatellite instability testing. Am J
Pathol 1999; 155: 349–53.

20 Pastrello C, Baglioni S, Tibiletti MG et al. Stability of
BAT26 in tumours of hereditary nonpolyposis colorectal
cancer patients with MSH2 intragenic deletion. Eur J Hum
Genet 2006; 14: 63–8.

21 Suraweera N, Duval A, Reperant M et al. Evaluation of
tumor microsatellite instability using five quasimonomor-
phic mononucleotide repeats and pentaplex PCR. Gastro-
enterology 2002; 123: 1804–11.

22 Xicola RM, Llor X, Pons E et al. Performance of different
microsatellite marker panels for detection of mismatch
repair-deficient colorectal tumors. J Natl Cancer Inst 2007;
7: 244–52.

23 Samowitz WS, Curtin K, Ma KN et al. Microsatellite insta-
bility in sporadic colon cancer is associated with an
improved prognosis at the population level. Cancer Epide-
miol Biomarkers Prev 2001; 10: 917–23.

24 Ward RL, Turner J, Williams R et al. Routine testing for
mismatch repair deficiency in sporadic colorectal cancer is
justified. J Pathol 2005; 207: 377–84.

25 Malesci A, Laghi L, Bianchi P et al. Reduced likelihood of
metastases in patients with microsatellite-unstable colorec-
tal cancer. Clin Cancer Res 2007; 13: 3831–9.

26 Malkhosyan SR, Yamamoto H, Piao Z, Perucho M. Late
onset and high incidence of colon cancer of the mutator
phenotype with hypermethylated hMLH1 gene in women.
Gastroenterology 2000; 119: 598.

27 Jass JR. HNPCC and sporadic MSI-H colorectal cancer: a
review of the morphological similarities and differences.
Fam Cancer 2004; 3: 93–100.

28 Clark AJ, Barnetson R, Farrington SM, Dunlop MG. Prog-
nosis in DNA mismatch repair deficient colorectal cancer:
are all MSI tumours equivalent? Fam Cancer 2004; 3:
85–91.

29 Ahuja N, Mohan AL, Li Q et al. Association between CpG
island methylation and microsatellite instability in colorec-
tal cancer. Cancer Res 1997; 57: 3370–4.

30 Iacopetta B, Watanabe T. Predictive value of microsatellite
instability for benefit from adjuvant fluorouracil chemo-
therapy in colorectal cancer. Gut 2006; 55: 1671–
2.

31 Poynter JN, Siegmund KD, Weisenberger DJ et al. Molecu-
lar characterization of MSI-H colorectal cancer by MLHI
promoter methylation, immunohistochemistry, and mis-
match repair germline mutation screening. Cancer Epide-
miol Biomarkers Prev 2008; 17: 3208–15.

32 Chai SM, Zeps N, Shearwood AM et al. Screening for
defective DNA mismatch repair in stage II and III colorec-
tal cancer patients. Clin Gastroenterol Hepatol 2004; 2:
1017–25.

33 Wang C, van Rijnsoever M, Grieu F et al. Prognostic sig-
nificance of microsatellite instability and Ki-ras mutation
type in stage II colorectal cancer. Oncology 2003; 64:
259–65.

34 Popat S, Hubner R, Houlston RS. Systematic review of
microsatellite instability and colorectal cancer prognosis.
J Clin Oncol 2005; 23: 609–18.

35 Morris M, Platell C, de Boer B, McCaul K, Iacopetta B.
Population-based study of prognostic factors in stage II
colonic cancer. Br J Surg 2006; 93: 866–71.

MSI and colorectal cancer 267

© 2010 Blackwell Publishing Asia Pty LtdAsia–Pac J Clin Oncol 2010; 6: 260–269



36 Morris EJ, Maughan NJ, Forman D, Quirke P. Who to
treat with adjuvant therapy in Dukes B/stage II colorectal
cancer? The need for high quality pathology. Gut 2007; 56:
1419–25.

37 Salama P, Phillips M, Grieu F et al. Tumor-infiltrating
FOXP3+ T regulatory cells show strong prognostic
significance in colorectal cancer. J Clin Oncol 2009; 27:
186–92.

38 Frey DM, Droeser RA, Viehl CT et al. High frequency of
tumor-infiltrating FOXP3(+) regulatory T cells predicts
improved survival in mismatch repair-proficient colorectal
cancer patients. Int J Cancer 2010; 126: 2635–43.

39 Aebi S, Fink D, Gordon R et al. Resistance to cytotoxic
drugs in DNA mismatch repair-deficient cells. Clin Cancer
Res 1997; 3: 1763–7.

40 Meyers M, Wagner MW, Hwang HS, Kinsella TJ, Booth-
man DA. Role of the hMLH1 DNA mismatch repair
protein in fluoropyrimidine-mediated cell death and cell
cycle responses. Cancer Res 2001; 61: 5193–201.

41 Elsaleh H, Joseph D, Grieu F, Zeps N, Spry N, Iacopetta B.
Association of tumour site and sex with survival benefit
from adjuvant chemotherapy in colorectal cancer. Lancet
2000; 355: 1745–50.

42 Ribic CM, Sargent DJ, Moore MJ et al. Tumor
microsatellite-instability status as a predictor of benefit
from fluorouracil-based adjuvant chemotherapy for colon
cancer. N Engl J Med 2003; 349: 247–57.

43 Des Guetz G, Schischmanoff O, Nicolas P, Perret GY,
Morere JF, Uzzan B. Does microsatellite instability predict
the efficacy of adjuvant chemotherapy in colorectal cancer?
A systematic review with meta-analysis. Eur J Cancer
2009; 45: 1890–6.

44 Kim GP, Colangelo LH, Wieand HS et al. Prognostic and
predictive roles of high-degree microsatellite instability in
colon cancer: a National Cancer Institute–National Surgi-
cal Adjuvant Breast and Bowel Project Collaborative
Study. J Clin Oncol 2007; 25: 767–72.

45 Jover R, Zapater P, Castells A et al. Mismatch repair status
in the prediction of benefit from adjuvant fluorouracil che-
motherapy in colorectal cancer. Gut 2006; 55: 848–55.

46 Storojeva I, Boulay JL, Heinimann K et al. Prognostic and
predictive relevance of microsatellite instability in colorec-
tal cancer. Oncol Rep 2005; 14: 241–9.

47 Carethers JM, Smith EJ, Behling CA et al. Use of
5-fluorouracil and survival in patients with microsatellite-
unstable colorectal cancer. Gastroenterology 2004; 126:
394–401.

48 Boland CR. Clinical uses of microsatellite instability testing
in colorectal cancer: an ongoing challenge. J Clin Oncol
2007; 25: 754–6.

49 Sinicrope FA, Sargent DJ. Clinical implications of micro-
satellite instability in sporadic colon cancers. Curr Opin
Oncol 2009; 21: 369–73.

50 Van Rijnsoever M, Elsaleh H, Joseph D, McCaul K,
Iacopetta B. CpG island methylator phenotype is an inde-

pendent predictor of survival benefit from 5-fluorouracil in
stage III colorectal cancer. Clin Cancer Res 2003; 9: 2898–
903.

51 Sargent D, Marsoni S, Monges G et al. Defective mismatch
repair as a predictive marker for lack of efficacy of
fluorouracil-based adjuvant therapy in colon cancer. J Clin
Oncol 2010; 28: 3219–26.

52 Ng K, Schrag D. Microsatellite instability and adjuvant
fluorouracil chemotherapy: a mismatch? J Clin Oncol
2010; 28: 3207–10.

53 Fink D, Nebel S, Aebi S et al. The role of DNA mismatch
repair in platinum drug resistance. Cancer Res 1996; 56:
4881–6.

54 Fink D, Zheng H, Nebel S et al. In vitro and in vivo
resistance to cisplatin in cells that have lost DNA mismatch
repair. Cancer Res 1997; 57: 1841–5.

55 Müller CI, Schulmann K, Reinacher-Schick A et al. Predic-
tive and prognostic value of microsatellite instability in
patients with advanced colorectal cancer treated with a
fluoropyrimidine and oxaliplatin containing first-line che-
motherapy. A report of the AIO Colorectal Study Group.
Int J Colorectal Dis 2008; 23: 1033–9.

56 Jacob S, Aguado M, Fallik D, Praz F. The role of the DNA
mismatch repair system in the cytotoxicity of the topoi-
somerase inhibitors camptothecin and etoposide to human
colorectal cancer cells. Cancer Res 2001; 61: 6555–62.

57 Fallik D, Borrini F, Boige V et al. Microsatellite instability
is a predictive factor of the tumor response to irinotecan in
patients with advanced colorectal cancer. Cancer Res
2003; 63: 5738–44.

58 Vilar E, Scaltriti M, Balmaña J et al. Microsatellite insta-
bility due to hMLH1 deficiency is associated with increased
cytotoxicity to irinotecan in human colorectal cancer cell
lines. Br J Cancer 2008; 99: 1607–12.

59 Bras-Gonçalves RA, Rosty C, Laurent-Puig P, Soulié P,
Dutrillaux B, Poupon MF. Sensitivity to CPT-11 of
xenografted human colorectal cancers as a function of
microsatellite instability and p53 status. Br J Cancer 2000;
82: 913–23.

60 Bertagnolli MM, Niedzwiecki D, Compton CC et al. Mic-
rosatellite instability predicts improved response to adju-
vant therapy with irinotecan, fluorouracil, and leucovorin
in stage III colon cancer: cancer and Leukemia Group B
Protocol 89803. J Clin Oncol 2009; 27: 1814–21.

61 Vilar E, Mukherjee B, Kuick R et al. Gene expression pat-
terns in mismatch repair-deficient colorectal cancers high-
light the potential therapeutic role of inhibitors of the
phosphatidylinositol 3-kinase-AKT-mammalian target of
rapamycin pathway. Clin Cancer Res 2009; 15: 2829–39.

62 Vilar E, Gruber SB. Microsatellite instability in colorectal
cancer – the stable evidence. Nat Rev Clin Oncol 2010; 7:
153–62.

63 Kaelin WG Jr. The concept of synthetic lethality in the
context of anticancer therapy. Nat Rev Cancer 2005; 5:
689–98.

268 B Iacopetta et al.

© 2010 Blackwell Publishing Asia Pty Ltd Asia–Pac J Clin Oncol 2010; 6: 260–269



64 Fong PC, Boss DS, Yap TA et al. Inhibition of poly(ADP-
ribose) polymerase in tumors from BRCA mutation carri-
ers. N Engl J Med 2009; 361: 123–34.

65 Vilar E, Chow A, Raskin L et al. Preclinical testing of the
PARP inhibitor ABT-888 in microsatellite instable colorec-
tal cancer. J Clin Oncol 2009; 27: 11028 (abstract).

66 Martin SA, McCarthy A, Barber LJ et al. Methotrexate
induces oxidative DNA damage and is selectively lethal to
tumour cells with defects in the DNA mismatch repair gene
MSH2. EMBO Mol Med 2009; 1: 323–37.

67 Swanton C, Caldas C. Molecular classification of solid
tumours: towards pathway-driven therapeutics. Br J
Cancer 2009; 100: 1517–22.

68 Aaltonen LA, Salovaara R, Kristo P et al. Incidence of
hereditary nonpolyposis colorectal cancer and the feasibil-
ity of molecular screening for the disease. N Engl J Med
1998; 338: 1481–7.

69 Salovaara R, Loukola A, Kristo P et al. Population-based
molecular detection of hereditary nonpolyposis colorectal
cancer. J Clin Oncol 2000; 18: 2193–200.

70 Samowitz WS, Curtin K, Lin HH et al. The colon cancer
burden of genetically defined hereditary nonpolyposis
colon cancer. Gastroenterology 2001; 121: 830–8.

71 Percesepe A, Borghi F, Menigatti M et al. Molecular
screening for hereditary nonpolyposis colorectal cancer: a
prospective, population-based study. J Clin Oncol 2001;
19: 3944–50.

72 Cunningham JM, Kim CY, Christensen ER et al. The fre-
quency of hereditary defective mismatch repair in a pro-
spective series of unselected colorectal carcinomas. Am J
Hum Genet 2001; 69: 780–90.

73 Pi~nol V, Castells A, Andreu M et al. Gastrointestinal
Oncology Group of the Spanish Gastroenterological Asso-
ciation. Accuracy of revised Bethesda guidelines, microsat-
ellite instability, and immunohistochemistry for the
identification of patients with hereditary nonpolyposis col-
orectal cancer. JAMA 2005; 293: 1986–94.

74 Hampel H, Frankel WL, Martin E et al. Screening for the
Lynch syndrome (hereditary nonpolyposis colorectal
cancer). N Engl J Med 2005; 352: 1851–60.

75 Schofield L, Watson N, Grieu F et al. Population-based
detection of Lynch syndrome in young colorectal cancer

patients using microsatellite instability as the initial test. Int
J Cancer 2009; 124: 1097–102.

76 Wong C, Gibbs P, Johns J et al. Value of database linkage:
are patients at risk of familial colorectal cancer being
referred for genetic counselling and testing? Intern Med J
2008; 38: 328–33.

77 Lynch HT, Riley BD, Weissman SM et al. Hereditary non-
polyposis colorectal carcinoma (HNPCC) and HNPCC-
like families: problems in diagnosis, surveillance, and
management. Cancer 2004; 100: 53–64.

78 Terdiman JP. It is time to get serious about diagnosing
Lynch syndrome (hereditary nonpolyposis colorectal
cancer with defective DNA mismatch repair) in the general
population. Gastroenterology 2005; 129: 741–4.

79 Kievit W, de Bruin JH, Adang EM et al. Current clinical
selection strategies for identification of hereditary non-
polyposis colorectal cancer families are inadequate: a meta-
analysis. Clin Genet 2004; 65: 308–16.

80 Watson N, Grieu F, Morris M et al. Heterogeneous stain-
ing for mismatch repair proteins during population-based
prescreening for hereditary nonpolyposis colorectal cancer.
J Mol Diagn 2007; 9: 472–8.

81 Mangold E, Pagenstecher C, Friedl W et al. Tumours from
MSH2 mutation carriers show loss of MSH2 expression
but many tumours from MLH1 mutation carriers exhibit
weak positive MLH1 staining. J Pathol 2005; 207: 385–95.

82 Shia J, Klimstra DS, Nafa K et al. Value of immunohis-
tochemical detection of DNA mismatch repair proteins in
predicting germline mutation in hereditary colorectal neo-
plasms. Am J Surg Pathol 2005; 29: 96–104.

83 Deng G, Bell I, Crawley S et al. BRAF mutation is fre-
quently present in sporadic colorectal cancer with methy-
lated hMLH1, but not in hereditary nonpolyposis
colorectal cancer. Clin Cancer Res 2004; 10: 191–5.

84 Domingo E, Laiho P, Ollikainen M et al. BRAF screening
as a low-cost effective strategy for simplifying HNPCC
genetic testing. J Med Genet 2004; 41: 664–8.

85 Chapelle A de la, Palomaki G, Hampel H. Identifying
Lynch syndrome. Int J Cancer 2009; 125: 1492–3.

86 Jenkins MA, Dowty JG, Hopper JL, Tucker K, Southey
MC. Letter in response to “Identifying Lynch syndrome”
by de la Chapelle et al. Int J Cancer 2010; 126: 2757–8.

MSI and colorectal cancer 269

© 2010 Blackwell Publishing Asia Pty LtdAsia–Pac J Clin Oncol 2010; 6: 260–269


