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Abstract

Microsatellite instability (MSI) is the molecular fingerprint of a deficient mismatch repair system.

Approximately 15% of colorectal cancers (CRC) display MSI owing to either epigenetic silencing

of MLH1 or a germline mutation in one of the mismatch repair genes MLH1, MSH2, MSH6 or

PMS2. Methods to detect MSI are well established and routinely incorporated into clinical

practice. A clinical and molecular profile of MSI tumors has been described, leading to the

concept of an MSI phenotype in CRC. Studies have confirmed that MSI tumors have a better

prognosis than microsatellite stable CRC, but MSI cancers do not necessarily have the same

response to the chemotherapeutic strategies used to treat microsatellite stable tumors. Specifically,

stage II MSI tumors might not benefit from 5-fluorouracil-based adjuvant chemotherapy regimens.

New data suggest possible advantages with use of irinotecan-based regimens, but these findings

require further clarification and are not yet in routine use. Characterization of the molecular basis

of MSI CRC is underway and initial results show that mutations in genes controlling kinases and

candidate genes with microsatellite tracts are over-represented in MSI tumors. Transcriptome

expression profiles of MSI tumors and systems biology approaches are providing the opportunity

to develop targeted therapeutics for MSI CRC.

Introduction

In 1993, seminal articles reported the presence of microsatellite instability (MSI) as a

frequent molecular phenomenon in colorectal cancers (CRC).1–3 Since then, a plethora of

studies applying various approaches have characterized this molecular subtype. Tumors

harboring a deficient mismatch repair (MMR) system owing to germline, somatic or

epigenetic inactivation account for 15–20% of CRC in the USA.4,5 Although this proportion

represents a large population burden of a specific molecular phenotype, MSI has only slowly

been recognized as a clinically relevant aspect of tumor biology whereas it is an established

molecular marker for patients with suspected Lynch syndrome. This Review provides an

introduction to the molecular basis of the MMR system, the detection of MSI, and the

molecular characteristics of these tumors. In addition it focuses on the clinical features of

MSI tumors and the prognostic and predictive value of MSI. Finally, new targeted therapies

for this tumor subtype are discussed.

Molecular basis of the MMR system

Microsatellites are repetitive sequences distributed throughout the human genome and

consist of mononucleotide, dinucleotide or higher-order nucleotide repeats such as (A)n or
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(CA)n. These sequence motifs are especially prone to accumulation of mutations, mainly

due to slippage of polymerases during DNA synthesis. The most frequent errors associated

with microsatellites are base–base mismatches that escape the intrinsic proofreading activity

of DNA polymerases, and insertion–deletion loops, which are extrahelical nucleotides that

form DNA hairpins. These partnerless nucleotides occur when the first nucleotide and

template strand dissociate and incorrectly reanneal in a microsatellite. Insertions or deletions

in microsatellites located in DNA coding regions generate frameshift mutations leading to

protein truncations.6

The MMR system is responsible for the surveillance and correction of errors introduced in

microsatellites (Figure 1) and is highly conserved from bacteria to humans. MLH1, MSH2,

MSH6 and PMS2 are the main proteins involved in this system, and they interact as

heterodimers. When a mismatch is detected, three steps take place: MSH2 associates with

either MSH6 or MSH3 (forming MutSα and MutSβ complexes, respectively) and MLH1

couples with PMS2, PMS1 or MLH3 (forming MutLα, MutLβ or MutLγ complexes,

respectively). The recognition of mismatches and insertion–deletion loops is carried out by a

sliding clamp formed by the combination of a MutS and a MutL complex, which interacts

with replication factor C. Excision of hExo1 is performed by proteins such as exonuclease-1

and proliferating cell nuclear antigen. Resynthesis and religation is carried out by DNA

polymerase δ and DNA ligase.6,7 Mutations in the genes responsible for the recognition step

lead to an accumulation of errors in DNA, which results in MSI.

MSI has been observed in diverse tumor types, including colorectal, gastric, endometrial,

ovarian and sebaceous carcinomas, as well as glioblastoma and lymphomas.8,9 First

discovered in CRC, the MSI phenotype continues to serve as the hallmark of defective

MMR since the observation that germline mutations in MLH1, MSH2, MSH6 and PMS2 are

responsible for a genetic predisposition to CRC known as Lynch syndrome or hereditary

nonpolyposis CRC (HNPCC).10,11 In addition, a heritable somatic methylation of MSH2 has

been reported, which is caused by a deletion of the last exon of EPCAM, which is adjacent

to MSH2.12 Lynch syndrome is an autosomal dominant disease that accounts for 2–3% of

total CRC.4,5,13 If germline mutations are harbored in MMR genes, cumulative risk of

developing CRC is 60–70% in men, and 30–40% in women; the cumulative risk of

developing endometrial cancer is 40–80%.5,14,15 However, most cases of MSI CRC are

owing to hypermethylation of MLH1.16 Several population-based studies have reported that

the prevalence of MSI in CRC ranges from 8% to 20%, although these values might differ

according to stage distribution.5,13,17,18 MSI is more common among stage II (~20%) than

stage III (~12%) CRC,19 and is even less frequent among stage IV CRC (~4%).20 In

addition, two small retrospective studies suggest that MSI tumors are more frequent in

African American (20–45%) and Egyptian (37%) populations.21–23 Although the prevalence

could vary between populations, it is clear that the MSI phenotype represents a clinically

meaningful proportion of CRC.

Detection of MSI

MSI is detected by PCR amplification of specific microsatellite repeats (markers). The

presence of instability is determined by comparison of the length of nucleotide repeats in

tumor cells and normal cells. Normal DNA is typically extracted from adjacent normal

mucosa. This technique was initially performed with denaturing acrylamide gels and

radiolabeled primers; however, this process has been made easier with fluoresceinated

primers and capillary electrophoresis (Figure 2).24,25 In the late 1990s, a consensus

conference established a panel of microsatellite markers with appropriate sensitivity and

specificity to diagnose MSI CRC. This reference panel, known as the Bethesda panel,

included five microsatellite loci—two mononucleotides (BAT25 and BAT26) and three
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dinucleotides (D5S346, D2S123 and D17S250). Some clinical and research laboratories

have expanded this panel to ten markers.8,26 Three categories of MSI have been established

based on the following criteria: MSI-high (MSI-H), indicating instability at two or more loci

(or > 30% of loci if a larger panel of markers is used); MSI-low (MSI-L), indicating

instability at one locus (or in 10–30% of loci in larger panels), and microsatellite stable

(MSS), indicating no loci with instability (or < 10% of loci in larger panels). MSI-L cases

usually only show instability for dinucleotide markers, so the assessment of dinucleotides

alone could lead to the misclassification of MSS or MSI-L CRC as MSI-H. On the contrary,

mononucleotides BAT25 and BAT26 are nearly monomorphic, so in the absence of normal

control tissue, MSI determination could be based entirely on these.25 Therefore, the

Bethesda panel has a sufficient combination of markers for MSI detection, but newer

commercial kits now include a predominance of mononucleotide markers with improved

sensitivity.

Immunohistochemical analysis of MMR proteins has become a popular alternative to detect

MSI in the clinical setting and as a complement to the genetic testing of Lynch syndrome.

Antibodies against MLH1, MSH2, MSH6 and PMS2 proteins provide insight into the

functionality of the MMR system. Lack of expression of one or more of these proteins is

diagnostic of deficient MMR, and determines which gene is most likely to harbor a germline

mutation or to have been inactivated by another mechanism. Interpretation of the

immunohistochemical pattern takes advantage of the dependent expression of specific

heterodimers in the molecular diagnostic workup of CRC, as illustrated in Table 1.11 As an

example, CRCs that lack expression of MLH1 and PMS2, but retain expression of MSH2

and MSH6, represent deficient MLH1 expression (Figure 3). In this situation, absent

expression of PMS2 is simply a consequence of the defective MLH1. Whether the

deficiency of MLH1 is caused by inactivation of the gene by promoter hypermethylation or

a germline mutation that causes Lynch syndrome requires further investigation, but

immunohistochemistry directs the workup to concentrate on MLH1 rather than the other

MMR genes.

Molecular features of MSI tumors

The MSI phenotype is strongly associated with mutations in specific oncogenes and tumor

suppressor genes, especially BRAF and MRE11A and relative deficiencies in others such as

KRAS. The majority of CRC is characterized by genetic instability that arises through loss

or gain of chromosome arms, chromosomal translocations or gene amplifications (Figure 4),

and are, therefore, termed chromosomal instable (CIN) tumors.27 The multistep model of

adenoma progression to carcinoma proposed by Fearon and Vogelstein nearly two decades

ago outlines the contribution of somatic mutation events to the pathogenesis of CRC and

continues to serve as a meaningful, although incomplete, model of the development of CIN

tumors (Figure 4a).28 By contrast, MSI CRCs tend to show a stable karyotype (CIN

negative), and genetic instability in this subtype of CRC primarily reflects variation in

microsatellite tracts owing to a defective MMR system (Figure 4b). More than 30 genes

have mutations arising in microsatellite repeats in deficient MMR tumors, and these genes

are implicated in diverse cellular functions and pathways. Some examples are the DNA

repair proteins MRE11A and hRAD50, the growth factors TGFB receptor II and IGF

receptor II, the pro-apoptotic factor BAX, the mismatch repair genes MSH3 and MSH6 and

the histone modifier HD2.29 Although mutations in these pathways are not unique to MSI

CRC, the importance of the resultant events could lead to ways of exploiting these specific

genes and pathways as potential drug targets and/or markers of sensitivity to therapies.

Kinase mutations are attractive for clinical researchers because of their notable contribution

to tumorigenesis and potential therapeutic value. BRAF, for example, encodes a serine–
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threonine kinase that acts upstream of MAPKK1 and MAPKK2 in response to RAS signals,

and is an essential component of the RAF/MEK/ERK/MAPK kinase cascade. BRAF

mutations are present in 10% of CRC and are mutually exclusive with KRAS mutations.30,31

Most of these mutations are located in a hotspot located in exon 15 that leads to a V600E

single-amino-acid substitution. Strikingly, BRAF mutations in colorectal tumors are more

frequent in sporadic MSI tumors caused by hypermethylation of MLH131,32 than in the

hereditary cases. Moreover, clinicians have taken advantage of the absence of BRAF

mutations in Lynch syndrome cases to rule out the sporadic origin of MSI tumors displaying

a genetic background.33,34 Overall, this fact highlights the strong association that exists

between sporadic MSI and the presence of the BRAF mutation expressed in V600E.

Although positive results on BRAF testing guides clinicians away from a diagnosis of Lynch

syndrome, it does not entirely exclude the possibility.35–37 KRAS mutations, on the other

hand, are more likely to be observed in MSS (CIN) cancers than MSI tumors, which is

consistent with the original description of these mutations as early key events leading to

intermediate adenomas within the pathogenesis of sporadic CRC.28 Indeed, KRAS

mutations are present in approximately 40% of colorectal primary tumors.38 Thus, MSI

tumors generally have fewer KRAS mutations than MSS tumors, and the mutational pattern

differs in CIN versus MSI cancers.

In addition to these specific mutational profiles, a description of the genomic landscape of

CRC points to the PI3K pathway as a ‘driver’ of tumorigenesis.39 Initially, PIK3CA was the

focus of attention because it has a key regulatory role in this pathway and was reported to be

mutated in 30% of colorectal tumors.40 Subsequent studies found lower mutation rates (10–

20%) in different populations, although most of these studies only examined mutational

hotspots in exons 9 and 20.41–47 Furthermore, other genes controlling kinases with a less

prominent role in this signaling pathway (such as PDK1, AKT2, PAK4, IRS2, INSRR and

ERBB4) and the PTEN gene are also mutated in CRC, raising the point that approximately

40% of colorectal tumors have alterations in one of the PI3K pathway genes.48 MSI tumors

were initially thought to have more mutations in PIK3CA than in MSS CRC,40,47 but these

results have not been confirmed. Discrepancies could be related to differences in tumor

stages, ethnicity and numbers of exons screened. PTEN, which is the only tumor suppressor

in this pathway, is not only mutated, but also epigenetically silenced with high frequency in

MSI tumors.48,49

Gene expression profiling of MSI tumors

Several groups have studied the differences in gene expression between MSI and MSS in

tumors50–54 and cell lines55 by use of high-throughput technologies. Most of these studies

excluded tumors displaying MSI-L or grouped them with MSS cases.50,51,53 In addition,

only one of these studies included sufficient Lynch syndrome cases to enable assessment of

the differences in gene expression between familial and sporadic MSI cases.54 The diversity

of the genetic profiles generated from these studies could be related to technical differences

in experimental approaches, selective reporting of fractions of differentially expressed

transcripts, or true differences in the expression profiles of the tumors represented in these

studies.56 This topic has been highlighted because trials evaluating the prognostic

performance of gene signatures in breast cancer now drive important clinical trials, such as

MINDACT (NCT00433589) and the TayloRx trial (NCT00310180).57 Table 3 summarizes

the data generated from five groups describing gene profiles for MSI tumors. The partial

overlap of the gene list is notable, especially since many were generated on the same

platform. Moreover, enrichment analyses derived from these profiles have shown that the

overlapping features of the expression patterns are linked to immune responses and

interleukin pathways. These two pathways are related to the high numbers of tumor-

infiltrating lymphocytes observed in MSI tumors.58 This observation is consistent with the
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strong immune response that MSI tumors elicit in the host, which can be observed

histologically.

In contrast to the small overlap of gene lists assessed in some papers, high levels of

reproducibility and concordance between several MSI data sets have also been reported.59

Reanalysis of published datasets with new normalizations of the original expression data has

yielded a common level of significance for all of the data sets (P=<0.05). Moreover, this

high level of concordance was extended to the comparison of tumor samples and established

cell-line counterparts. These results highlight three principles of gene expression profiling

studies: direct comparison of expression results generated from different samples sets,

laboratories and platforms could give a false sense of inconsistency; the limited numbers of

samples of any individual expression profiling study emphasizes the importance of public

access to the original expression data; and further statistical method development is

warranted to improve meta-analytic approaches for large expression data sets and the

optimal way to combine them. This last point is especially critical, not only for expression

analysis in MSI CRC, but also for other relatively small subtypes such as Lynch Syndrome

cases as well as sporadic MSI cancers with or without BRAF mutations. Power calculations

show that a minimum of 56 tumors per group is needed to achieve a false discovery rate of

<5% for a signature of 200 genes with a twofold difference between two groups.56 This

sample size is large for these subtypes, for which incidence is <15% of all CRC. Therefore,

meta-analyses combining gene expression data of samples from different sources and studies

would make these comparisons more feasible.

Finally, high-throughput technologies could help to provide more information on two

important issues: what forms of gene expression are different between familial and sporadic

MSI tumors, and whether MSI-L is a separate subtype to MSS and, therefore, whether MSI

follows a trimodal distribution (MSI-H versus MSI-L versus MSS) or a bimodal distribution

(MSI versus MSS).25 Until this latter point is clarified, the combining of MSI-L with MSS

for outcome studies remains reasonable given that MSI-L cases resemble MSS tumors rather

than MSI tumors.

Features and applications of MSI

A recognizable clinicopathological profile of MSI tumors has been established from clinical

studies. CRC displaying MSI tend to be right-sided and diagnosed at lower pathological

stages compared with MSS cancers. Regarding the age at diagnosis, sporadic MSI cases are

generally diagnosed in older patients (> 70 years of age), and familial cases are younger (<

50 years of age) and show a U-shaped age distribution.60 Under the microscope CRC

generally have high histological grades, mucinous phenotypes with prominent numbers of

tumor-infiltrating lymphocytes, a lack of dirty necrosis and a Crohn-like host response.

These features can be successfully combined to predict the likelihood of the presence of

MSI in tumor samples.17,58,61

The MSI phenotype has three major clinical applications. Prognosis of CRC, prediction of

response to chemotherapeutic agents, such as 5-FU and irinotecan, and genetic assessment

of Lynch syndrome.

Prognostic value of MSI in CRC

Gryfe et al.17 reported the first cohort of patients in whom the prognostic importance of

defective MMR was demonstrated. MSI tumors had a more favorable prognosis and were

less prone to lymph node and distant metastatic spread than MSS tumors. These results have

been corroborated by many subsequent studies, such as that in the large series reported by

Watanabe et al.62 Individual clinical data from a total of 32 studies were considered in a
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meta-analysis that included 7,642 cases, where 1,277 of these displayed MSI. The meta-

analysis confirmed the prognostic advantage of MSI.63 Moreover, a presentation at the

ASCO 2009 Annual Meeting reported that the prognostic value of MSI is more prominent in

stage II than stage III cases.19 Despite the reproducibility of these data, they have not been

routinely incorporated into practice for MSI to inform patients about their prognosis or to

guide therapeutic decision-making.

MSI as a predictor of therapeutic efficacy

The value of MSI as a predictive marker of response to 5-FU, irinotecan and other

chemotherapeutic agents remains controversial Conflicting results have been published

during the past decade and are summarized in Table 2.61,65–74 Elsaleh et al.66 described the

value of MSI as a marker of response to 5-FU. In this study, MSI was associated with better

response than MSS cancers to a 5-FU-based regimen, but this observation seems not to be

supported by subsequent studies. Several factors might explain the divergence in results,

such as in the Elsaleh et al. study the sample size was too small to show an effect of

chemotherapy treatments in patient subgroups stratified by MMR status. This point has been

addressed in a meta-analysis that confirmed the lack of predictive value of MSI for

outcomes with 5-FU regimens;74 the retrospective and single institutional nature of most of

the studies included different methods and criteria to evaluate the presence of MSI across

the studies; the inadequate interpretation of the data might all have been contributing factors

to this result. Interpretation of data is particularly relevant as these studies analyzed the

effects of 5-FU in patients with MSI-H CRC. Ideally, predictive data analysis should be

performed for every tumor subtype. This method would approximate a clinical trial where

the intervention group is compared with the control group, stratified by MMR status. This

approach has been effectively utilized in several studies, but not all studies of MSI.65,69,70,73

Attention should be brought to the results presented by Sargent et al. at the 2008 ASCO

Annual Meeting.73 This large retrospective study includes samples obtained from six

randomized, controlled trials analyzing the benefit of 5-FU-based adjuvant chemotherapy in

stage II and III CRC. Regimens combining oxaliplatin, irinotecan and oral fluoropyrimidines

were excluded. In addition, analysis of the efficacy of 5-FU in MSI cases were restricted to

stage II patients as administration of adjuvant chemotherapy to stage III patients is currently

the standard of care. Sargent et al. concluded that 5-FU has no advantage over no 5-FU and

might even be harmful for stage II cases displaying MSI,73 however, these findings were

interpreted specifically for stage II cancers and generalization to other stages might not be

possible. Adjuvant combined chemotherapy with a 5-FU-based regimen remains the

standard of care in patients diagnosed as having stage III disease, regardless of MSI status.

An ongoing clinical trial is exploring the roles of MSI and 18q loss as predictive factors to

guide therapeutic decisions on the use of adjuvant therapy for stage II cases (ECOG-

E5202).75 The study design has, however, been challenged, given that the results from the

PETACC-3 study show that loss of 18q has no prognostic value for stage II CRC.19

Therefore, definitive interpretation of the value of MSI as a predictive factor for 5-FU-based

chemotherapy based on this trial will be difficult.

Finally, the predictive value of MSI for 5-FU-based therapies has been confounded by

reports of increased sensitivity to this drug in tumors displaying high hypermethylation in

CpG islands (known as CIMP-High phenotype).76 Such divergence could be related to the

fact that the CIMP-H subtype includes other tumors with molecular features that are

different to MSI, such as hypermethylation of MGMT.77

Evidence on the effects of irinotecan in MSI tumors is continuing to emerge, but is still

considered preliminary.52, 79–81 Irinotecan is a semisynthetic, water-soluble camptothecin

analog, originally isolated from bark of the tree Camptotheca acuminata. This chemotherapy
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agent is a potent inhibitor of the topoisomerase I enzyme. Topoisomerase I generates a

transient nick in one of the DNA strands during replication and transcription, which allows

the DNA to relax. Irinotecan binds to the DNA-topoisomerase I complex and traps it, thus

preventing religation of the DNA. The replication and transcription machinery collides with

the DNA–topoisomerase I complex, generating a double-strand break. If this dysfunction is

unresolved by the DNA repair system, it eventually leads to apoptosis and cell death.78

Double-strand breaks are repaired through two different models: homologous recombination

and nonhomologous end joining. Homologous recombination is activated after replication

when a second identical DNA copy is available, making this pathway error-free.

Nonhomologous end joining occurs when no DNA template is available and this system is

prone to errors. Mechanisms involved in homologous recombination are complex and

beyond the scope of this Review, but the function of the MRN complex (MRE11A,

hRAD50 and NBS1) in this pathway should be highlighted owing to its potential role in the

response to irinotecan.

Four preclinical studies have suggested that MSI cell models are especially sensitive to

irinotecan compared with their proficient counterparts.52,79–81 Although the molecular basis

of this increased sensitivity remains partially elusive, MSI CRC cell lines tend to accumulate

mutations in microsatellites located in an intron–exon boundary poly-T(11) repeat in

MRE11A and in a coding poly-A(9) tract in hRAD50. Cell lines harboring these mutations

also show a particularly high sensitivity to irinotecan.52 Moreover, elegant functional work

by Rodriguez et al.81 shows that MRE11A deficiency or mutations promote sensitivity to

camptothecins. The MSS CRC cell line SW-480 was treated with small interfering RNA

directed to MRE11A or was stably transfected, leading to a frameshift mutation in the

MRE11A gene. Transfected cells were more sensitive to camptothecins than their wild-type

counterparts. These experiments provide evidence that secondary mutations genes that

control repair of double-strand breaks are the cause of the increased sensitivity rather than

the abnormal MMR itself. An abnormal MMR system does not, however, always result in

MRE11A deficiency. Mutations in this gene are detected in 70–85% of MSI tumors,82,83

making MSI an imperfect surrogate marker for increased sensitivity to irinotecan.

Four clinical studies have analyzed the activity of irinotecan in MSI CRC. The first is a

retrospective study analyzing a cohort of 72 patients with metastatic CRC treated with

irinotecan in a single institution and stratified by microsatellite status.84 The second study is

a prospective analysis of a cohort of 702 stage III patients included in the CALGB protocol

89803, evaluating the efficacy of a combination of agents (irinotecan, 5-FU and folinic acid)

compared with a weekly bolus of 5-FU as adjuvant therapy. Predictive analysis showed a

trend towards a higher benefit of MSI-H tumors treated with the combined regimen in terms

of 5-year disease-free survival, although it did not reach significance. Patients with MSS

tumors were not likely to obtain any benefit with the addition of irinotecan to 5-FU.85 Data

presented by Tejpar et al. at the 2009 ASCO Annual Meeting, however, did not confirm this

observation. Tejpar et al. 86 performed a retrospective analysis of 1,254 patients included in

the PETACC3 trial to study the effect of the folinic acid, 5-FU and irinotecan regimen as

adjuvant therapy compared with the de Gramont infusional 5-FU and folinic acid regimen in

stage II and III patients. Among 188 MSI-H cases, those treated with irinotecan did not

demonstrate improved survival. The third study is a retrospective review of the data from the

CAIRO trial, which includes sequential treatments containing irinotecan for stage IV

CRC.20 Unfortunately, because only a limited number of the CRC cases were MSI tumors

(14 of 515) and both treatment arms included irinotecan at some point, clear interpretation of

the MSI data was no possible. Finally, a meta-analysis on the effect of chemotherapy in

stage IV patients displaying MSI, including the studies by Fallik et al. and the CAIRO trial,

did not achieve enough power to draw any conclusions about the effect of irinotecan-based
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regimens.87 Therefore, more studies need to be carried out to clarify the role of

chemotherapy regimens containing irinotecan in MSI tumors.

Genetic assessment of Lynch syndrome

The role of MSI as a genetic marker of Lynch syndrome is well established in the clinic and

is now the standard of care. Both MSI detection and immunohistochemistry are highly

sensitive methods for the identification of individuals with a defective MMR system, and

guide clinicians towards informative, cost-effective genetic testing. Data are, however,

currently insufficient to enable recommendation of a strategy based on one technique or a

preferred sequence of both for the detection of MSI tumors in a population.64

Tailored therapies for MSI tumors

The development of therapeutic strategies for MSI tumors has traditionally followed a

process centered on signaling pathways. The identification of a molecular event could lead

to the development of an agent that would exploit the deficiency or the hyperactivation of

pathways owing to specific molecular events, for example, PARP-1 inhibition in BRCA1

and BRCA2 mutant breast and ovarian cancers, or KIT mutations in gastrointestinal stromal

tumors. Gene expression data have been implemented as a way to improve and refine the

drug discovery process. The identification of deregulated pathways or gene expression

profiles defining subtypes of tumors has led to the possibility of developing compounds

according to the concept of genomic-centered therapeutics.88

As an example, we have found evidence of pathway-centered signaling in MSI CRCs.89

PARP-1 inhibitors represent an attractive target in MSI tumors since there seems to be a

deficient double-strand-break repair system owing to mutations in coding microsatellites in

hRAD50 and MRE11A. The effect of PARP-1 inhibitors in MSI cell lines were, therefore,

tested and the expression level of MRE11A was correlated with drug response.89 Although

these data need to be confirmed in other settings, they suggest that specific mutations can be

used to exploit the concept of synthetic lethality in MSI tumors, which has been successful

in BRCA1-mutant breast cancers.90 Another example explores the activity of demethylating

agents in MSI cell-line models. A particular frameshift mutation of HDAC2 located in a

coding poly-A9 repeat of exon 1 determined the lack of response in MSI cells to certain

histone deacetylase inhibitors, such as trichostatin A, but not to others, such as butyric acid

and valproic acid.91 This result is due to biochemical differences that limit the access of

these drugs to catalytic sites. These two examples demonstrate that genetic instability owing

to MSI could represent an Achilles’ heel of specific subtypes of cancer that can be

therapeutically targeted.

Despite incomplete overlap, gene expression data might have the potential to identify new

therapies for MSI tumors.92 With use of a systems biology tool called Connectivity Map,

sirolimus and LY-294002—compounds that both target the PI3K-AKT-mTOR pathway—

were shown to induce gene expression changes with negative correlation to expression

patterns in MSI tumors. Sirolimus and LY-294002 were then confirmed in vitro to be

selective for MSI cell-lines. These results highlight the relevance of the PI3K-AKT-mTOR

pathway in this tumor subtype and have uncovered new potential targets for drug

discovery.92

Although CRC comprise a heterogenous group of cancers, recognition of the MSI

phenotypes draws attention to the value of understanding specific subtypes of cancer. The

data suggest it is worthwhile devoting substantial efforts towards designing clinical trials for

CRC subtypes and assessing the efficacy of compounds that have mechanisms of action

linked to specific molecular characteristics based on data generated not only from single-
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gene, but also pathway and genome-centered discoveries. An ongoing phase II clinical trial

(CINATRA) is exploring the effect of a new microtubule inhibitor patupilone (EP0906) in a

cohort of patients displaying MSI, based on the hypothesis that karyotypically stable

colorectal tumors (CIN positive) will be more sensitive to antimicrotubule agents than

karyotypically instable tumors (CIN negative).88 This study and others like it represent an

important paradigm for advancing treatment options for patients with CRC.

Conclusions

MSI is a molecular subtype of CRC that displays a well-defined histopathological and

therapeutic profile that is distinct from other molecular subtypes. Molecular techniques

developed during the past two decades allow reliable detection of MSI. Although these

techniques are accessible to molecular pathology laboratories, the oncology community has

yet to fully embrace MSI detection in daily clinical routine with respect to its prognostic and

predictive role. Emerging data from well-designed clinical trials should provide further

support for clinical utility and implementation.

Drug development strategies focused on specific molecular subtypes clearly represent the

future of cancer therapeutics. Clinical trials based on molecular classifications are likely to

have stronger rationales than previously performed classical studies and will increase the

likelihood of obtaining a relevant therapeutic response, thus improving the health and well-

being of patients. MSI CRC are ideal for the implementation of this strategy owing to a

compelling rationale motivated by molecular, clinical, pathological, prognostic and

predictive studies that are already changing the practice of oncology.
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Key points

• Approximately 15% of colorectal cancers (CRC) display microsatellite

instability (MSI), and most are nonfamilial (sporadic) and caused by

hypermethylation of the MLH1 promoter

• 2–3% of all CRCs are caused by germline mutations in one of the mismatch

repair genes (MLH1, MSH2, MSH6 and PMS2)

• The MSI phenotype is characterized by right-sided location, low pathological

stage, mucinous presentation, tumor-infiltrating lymphocytes, absence of dirty

necrosis and the presence of a Crohn’s like nodular infiltrate

• MSI tumors have a good prognosis and reduced likelihood of metastasis

compared with microsatellite stable tumors, which highlights the value of MSI

as a prognostic marker in CRC

• 5-fluorouracil is the foundation of CRC therapy, but evidence suggests that this

drug offers little benefit in early MSI CRC and higher response rates are

achieved with irinotecan-based regimens

• Transcriptome expression studies that characterize MSI tumors and cell lines

have identified unique attributes of MSI cancers, and systems biology tools and

other approaches enable investigation of targeted therapies
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Review criteria

The articles for this Review were identified by searching the PubMed database for

relevant publications written in English and published before 1 May 2009 The search

terms used were “microsatellite instability”, “colorectal cancer”, “PI3K”, “BRAF”, “gene

expression profile”, “prognosis”, “5-fluorouracil” and “irinotecan”. In addition,

proceedings from ASCO conferences published before 20 May 2009 were searched for

relevant abstracts. References were chosen based on the best clinical evidence that

addressed this article’s objectives.
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Figure 2.
Capillary electrophoresis of an MSI cancer. Electropherograms of the fluoresceinated

amplification products for the loci BAT25 from normal colon mucosa (N) and colorectal

cancer tissue (T). This loci contains (A)25 repeats. Electropherograms can identify MSI CRC

by the appearance of new shorter peaks owing to the shortening of the adenine repeats in

cancer cells. The residual normal signal is under-represented with respect to the new

unstable one, as most of the analyzed tissue is composed of neoplastic cells. Abbreviations:

CRC, colorectal cancers; MSI, microsatellite instability.
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Figure 3.
Immunohistochemical patterns of mismatch repair proteins in colorectal cancer. Absent

expression of a MLH1 and b PMS2, shown at X40 and X100 in tumor cells, with retained

expression in normal colonocytes and lymphocytes. Intact expression of c MSH2 and d

MSH6 shown at 40x and 100x in tumor cells and lymphocytes. Abbreviations: L,

lymphocytes; T, tumor.

Vilar and Gruber Page 18

Nat Rev Clin Oncol. Author manuscript; available in PMC 2012 August 24.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 4.
Molecular CRC groups based on a chromosomal instability and b the mutator phenotype.

The genetic models for CRC tumorigenesis are also presented in parallel to each pathway

for tumor development. Target therapies based on molecular events are presented for MSI

tumors.
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