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Mismatch repair defects in human carcinogenesis
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Mismatch repair defects are carcinogenic. This conclusion comes some 80 years after the original description
of a type of familial colorectal cancer in which mismatch repair defects are involved, and from decades of
dedicated basic science research into fundamental mechanisms cells use to repair their DNA. Mismatch repair
(MMR) was described first in bacteria, later in yeast and finally in higher eukaryotes. In bacteria, one of its roles
is the rapid repair of replicative errors thereby providing the genome with a 100-1000-fold level of protection
against mutation. It also guards the genome by preventing recombination between non-homologous regions of
DNA. The information gained from bacteria suddenly became relevant to human neoplasia in 1993 when the RER
phenotype of microsatellite instability was discovered in human cancers and was rapidly shown to be due to
defects in mismatch repair. Evidence supporting the role of MMR defects in carcinogenesis comes from a variety
of independent sources including: (i) theoretical considerations of the requirement for a mutator phenotype as
a step in multistage carcinogenesis; (ii) discovering that MMR defects cause a ‘mutator phenotype’ destabilizing
endogenous expressed genes including those integral to carcinogenesis; (iii) finding MMR defects in the
germline of HNPCC kindred members; (iv) finding that such defects behave as classic tumor suppressor genes
in both familial and sporadic colorectal cancers; (v) discovering that MMR ‘knockout’ mice have an increased
incidence of tumors; and (vi) discovering that genetic complementation of MMR defective cells stabilizes the MMR
deficiency-associated microsatellite instability. Models of carcinogenesis now must integrate the concepts of a
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MMR defect induced mutator phenotype (Loeb) with the concepts of multistep colon carcinogenesis (Fearon and 2
Vogelstein) and clonal heterogeneity/selection (Nowell). E

2
INTRODUCTION critical ones are MutS, MutL and MutH, named after thejr

. . , ._corresponding bacterial mutator strains. It is the role of Mut&to
One of the most exciting recent advances in the field of cancer is ﬁ%%ognize and bind to the mispair or loop. It then recruits MutL Snd

discovery that mismatCh repair (MM.R) defects are CarCinogen@utH to form a complex which scans the duplex for the nearest
g_t?])éASe?gln':‘éegﬁg Say?ﬁgzégen?aeﬂggﬁjdréo(;?aégﬁgrtr;g 'n;i%' emimethylated site which MutH then nicks on the unmethyla_fed
g 9enoritand. An exonuclease then excises the nascent strand from the

instability, it is perhaps not so surprising that defects in DNA repalir. . : ; .
should be carcinogenic. In fact precedence is provided by the V\a/rl] 'I'I:k back past the mismatch. This patch is then resynthe5|zec§ and

described excision repair defects in xeroderma pigmentos ated. Much of what is known about the bacterial and mere

X . . C : recently the human system is derived from the behavior of ell
gﬁ; lhi)l\ﬂ\lgvg?/gizrm\glﬁ Lhuemd;?‘cggﬁac%gégr?;vs;lgn|f|cantly II’NONGdextracts when challenged with mismatched DNA templates

containing base—base mispairs and small labpsl Q). s
Comparison of the human MMR system to the bacterial system
82@5@%;%1%@3? Il;l\l giéﬂ.llggaTCH REPAIR reveals extensive similarities. Most importantly, both provide the
genome with a 100-1000-fold level of protection agaifist
Long before the discovery of its involvement in human cancefutations arising during DNA replication(21). Both systems S
MMR was extensively studied in bacteria and yeast. Mismatdtirect repair to the newly replicated DNA strand, require multigle
repair was originally described in bacteria which are able to repgipmponents and can excise the nascent strand in either dirgktion
mispair containing bacteriophagés,(4). One role of MMR is  to the mismatch. A major difference between the two systeriis is
to recognize and repair mistakes made by the DNA polymeradéat the human system has multiple homologues for each bacfgrial
during replication 15,16). The bacterial system determinescomponent (Tablel). Homologues oMutS include hMSH2 E
which base(s) is incorrect by cueing on the fact that thgwuman nutS homologue 2) 1,2,22), GTBRG-T mismaitch
error-containing nascent DNA strand is transiently unmethylatebinding potein) (67), andhMSH3 £3). The gene products of
While the system requires 10 independent components, thieSH2 andsTBPbind the mismatch as a heteroduplex (6). It is
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not yet fully clear how the newlutS homologue,h MSH3  mutations which did occur, they occurred three orders of
participates in the reaction. Multiple homologued/otL also  magnitude more frequently at homopolymeric runs of 6 bases
existincludindhMLH1 (human MutL homologue 1)§,4), PMS1  than at runs of 2 base¥/}, a finding previously noted by Kunkel
(post-neiotic sgregation 1) §), and PMS2 (5). The MutL  (31). In addition to an increased mutation rate at the selectable
homologuesMLH1 anchPMS2also bind as a heterodupl&d)  hprtreporter gene, the mutator phenotype also results in increased
after the initial binding to the mismatch by MatSheterodimer. mutations in a receptor for T@-{RII), which functions as a
tumor suppressor gene in RER colon cané&€Q). TGFB RII

is a gene at risk in this genetic background as its coding region

Table 1.Human MMR genes contains a 10 base polyadenine repeat, which is the site of

frameshift mutations in over 90% of RER colon cangggiQ). Y
Bacterial MMR Human gene Chromosomal Germline Reference s
homologue localizatio® mutationd %
V)
MUS FMSHZ 2p16 Yes 12 DEFECTS IN MMR UNDERLIE THE MUTATOR g
PHENOTYPE AND MICROSATELLITE INSTABILITY =
GTBP 2p16 - 7 )
3
hMSH3 - - z It is now known that defective MMR is the underlying defegt
MutL hMLH1 3p21 Yes 3.4 responsible for both the microsatellite instability and the -
hPMS1 243133 v creased mutation rate in at least some RER cancers. As discussec
fol= es one role of MMR is immediately to recognize and repair residual
hPMS2 7p22 Yes 5 loops (and base-base mispairs) following replication so that
microsatellites are maintained in essentially all cells at g‘we
aChromosomal localization in humans. germline length. Clearly, the microsatellite instability in sorge

bReport of germline mutations in humans. Dash signifies not yet reported. RER cancers can be explained by the presence of underlying
MMR defects (4}42) because the microsatellites stabilize g
length when genetically complemented with a chromoso(gne
CHARACTERISTIC OF THE RER PHENOTYPE The critcal unanswered question is whether microsatetiite
) ) o , ) instability is an absolute surrogate marker for defective MMR sfich
The first c!ue that defective MMR is important in carcinogenesighat all RER cancers will ultimately prove to be mutant in sope
was the discovery of the RER€tication Erors) phenotype of  component of MMR. This remains a possibility because while many
microsatellite instability in sporadic and inherited colon cancekeR cancers are known not to carry a defect in one of the four
(25-27). Microsatellites are normally stable repefitive genetiGyiginally identified MMR genes, only a subset of genes involve&in
Because of their repeating nature they are particularly prone AGernatively, it is conceivable that these cancers may ultimatelgbe

slippage §0-32) during replication which results in a small 100p infoynd to harbor underlying defects in other DNA repair systems.
either the template or nascent DNA strand. Despite these replicative >

mistakes which occur in all cells, microsatellites are normally stable
in length because of the efficiency of the MMR system. HowevelNHERITANCE OF MISMATCH REPAIR DEFICIENCY
RER cancers have lost the strict maintenance of microsatellgeND THE PROPENSITY TO CANCER DEVELOPMENT
length, and this phenotype appears to be quite conB@prvery P
fundamental unresolved issues remain in the diagnosis of a tumokeseditary non-polyposis colorectal cancer (HNPCC or Lyngh
RER. These include the degree to which the microsatellite hagndrome)46), is a familial colon cancer syndrome which is ntﬁv
shifted relative to the normal allel2g], whether just one or more being ascribed to defects in MMR5] some 80 years after thg—
than one locus needs to be shifted to diagnose the tumor as RERginal description of the first affected family7j. HNPCC is 3
what the optimal set of most informative loci &€){and whether inherited as an autosomal dominant trait, and at the cell levetthe
that set is only optimally sensitive for diagnosing RER in specifiassociated MMR deficiency is generally that of a classic turaor
tumor types. The pathologic characteristics of RER colorectal canserppressor genet). Individuals in MMR-defect-associated:
(CRC) relative to non-RER CRC has been well descritigd ( HNPCC kindreds inherit one mutant MMR allele and tumars
Having recognized that instability exists in microsatellites, onarising in such individuals generally have acquired a ‘secondﬁ‘nit’
unresolved problem was why instability of microsatellites whiclin that gene 4,3,49). HNPCC family members’ adenoma§
are almost always non-coding should contribute to carcinogeneggnerally (57%) show microsatellite instability consistent Withgn
This was explained through data generated by us and oth&®R deficient state§0,51) suggesting that MMR deficiency is-
which show that RER colorectal cancer cells also exhibit andeed an early event in colon carcinogenesis in these kindfgds.
increased mutation rate in endogenous expressed genedn addition to their involvement in HNPCC, MMR defects hate
so-called ‘mutator phenotype?1,36). Sequence analysis of the also been demonstrated in a substantial portion of sporadic §RC
mutations in a selectable reporter geBig3g) shows that the and adenomas as well7,52,53). In fact, microsatellite instability ™
mutator phenotype is not just the predictable frameshift mutationsay even be present in aberrant crypid, the earliest putative
consistent with known microsatellite instability, but rathemdenoma precursor lesion. The majority of HNPCC cases are due
includes substantial numbers of base substitutions equal tommunderlying defects in eithstSH2or MLH1. However, many
number to the frameshifts. Interestingly, a novel hotspot wasmses have not been associated with defects in any of the four
discovered which may reflect a spontaneous ‘signature’ sequencglicated genes. The relative contributions of the human MMR
of the underlying defect3{). Also, among the frameshift genes to HNPCC and sporadic CRC is shown in Fiyure
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Figure 1. MMR defects in HNPCC (56) and Sporadic CRC (34). The contribution of the MMR genes to sporadic CRC is derived from their incidence in |ntﬁ\/|dua

who are less than 35 years of age and hence may be an overestimate of their overall contribution to sporadic CRC. %:
2
2
Table 2.Cancers with documented mismatch repair defects THERAPEUTIC IMPLICATIONS OF MMR DEFICIENCY 3
: : Perhaps the most |mportant implication of the mvolvemenéof
Cancer site Genes involved Reference MMR deficiency in cancer is for therapy. Early reports co@
Colon, HNPCC MSH2 1,2,55,56 mented on the slightly better prognosis of RER cancers treated

conventionally 26,64). Specifically, those witMLH1 defective 3

MLH1 3,4,49,56,57
cancers show a modest 20% improved survival rate relative to
PMS1, PMS2 5,56 sporadic CRCH5). As the heterozygous state is functionaffy
Colon, sporadic MSH2 2,34,52,55 MMR competent and the tumor is MMR incompetent, in thegry
MLH1L 3452 an ideal selective clinical agent would be one to which MMR
deficient cells are uniquely sensitive. Some of the earl@st
GTBP 6.7 discovered MMR deficient cell lines were isolated by th§|r
Endometrial, sporadic MSH2 58 significant resistance to the alkylating agent, MNNG-68).
MSH3 23 The resistance to MNNG appears to be a common feature of
Turcot's syndrome MLHL PMS2 59 MMR deficiency ¢1). In addition to their resistance to MNNG,
' they appear to be slightly more resistant to cispléfip While =
Muir-Torre MSH2 60 highly preliminary, one agent to which the MMR deficient ce%
Uterine sarconta MSH2 61 may be more sensitive is camptothecin, a topmsomerage I
. . inhibitor (70). It was found that ahMLH1-deficient line was »
Ovarian serous cystadenocarcindmaMSH2 62

three- to fourfold more sensitive to this agent than its &stergell
line, which was complemented with chromosome 3 bearing a
aThe majority of underlying mutations identified were in the adenomatous polywild-type version of thehMLH1 gene. It will of course beg,
posis coli (APC) gene. imperative to show that such results can be extended to additienal
bOnly one case described. cell lines and that thiaa vitro findings will translate into tumor§
sensitivity. Moreover, it is unfortunately possible that a given
chemotherapy-based approach will be specific to only one type
In addition to the involvement of MMR deficiency in colorectalof MMR gene defect. In this vein, analysis of recently constructed
carcinoma, mutations in colorectal and other tumors are summ&nockout mice for botiMSH2(71) andPMS2(72) will be most &
ized in Table2. useful. In addition to the potential for a therapeutic windéw
One major impact of the discovery of MMR defects in HNPCGetween MMR-deficient tumor cells and MMR competeht
kindreds is the ability to perform molecular diagnosis of familynormal cells for conventional chemotherapy, gene therapy céuld
members. This is of tremendous value because clinical screenthgoretically be applied in this setting.
efforts can be focused on those individuals who carry the disease
propensﬂy mutant MMR allele rather than on the whole famlMNTERSECT'ON OF MMR AND OTHER CELL SYSTEMS
Those without the defect should be at population risk and can b
spared screening efforts and concerns. However, technical aBtzibmty of the genome is an essential aspect of survival ofthe
ethical concerns remain. Technically, there is some difficulty imdividual; however, this is balanced against mutations in @e
identifying those at risk because the entire set of genes causinggeaome which are required for evolutionary survival of the
disease is not yet known, and while there is some clustering sfecies [for a discussion, see Radetaad. (73)]. It is becoming
mutations, they are not focused on one hotspot thereby complicelear that the MMR system performs much more than the simple
ing the molecular identification of mutant allel&8)( In addition ~ function of the repair of errors made during replication. In
to these technical concerns, some patients are reluctant to hawaeteria, MMR prevents recombination between non-homologous
potential genetic deficiency become a permanent part of theegions of DNA {4), probably by inhibiting the branch migration
medical record. step {5). Additional evidence for the involvement of MMR in
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B. Mutator (e.g. mismatch repair defective) Pathway
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Figure 2. Classic versus mutator cancer pathways. Schematic incorporating the

concepts of Nowell and Fearon and Vogelstein to generate the classic pathwag-

to colon carcinogenesi®\ where each circle ¢T..) represents a subclone
during tumorigenesis. Ii8], the addition of a mutator phenotype as described
by Loeb (designated MUT) is now integrally involved in the pathway and arises
from an HNPCC heterozygous MMR mutant background (N/M, normal/mu-

tant). Note that the mutator pathway occurs more quickly because of the5.

contribution of the mutator phenotype. In the mutator pathway, the precise
timing of TGFB-RII and the involvement of other colon cancer genes are areas
of current investigation (designated by ‘?’).

recombination is that iMSH2deficient cells, which were used
to build the MSH2 defective transgenic mice, inappropriate

recombination is dramatically increased between non-homologous
vectors {1). In addition to these effects, the MMR system is also®:

involved in mediating the £checkpoint 76). Moreover, recent
evidence suggests that defects in MMR result in defects in
transcription-coupled excision repaif7y.

10.

SUMMARY

11.

MMR defects are integrally involved in carcinogenesis. Deter-

mining the exact contribution of MMR will depend first on thel2-

complete identification of all of the human homologues involve
in the process. Whether MMR defects will underlie all RE

tumors or whether defects in other DNA repair systems wili4.
explain them remains to be seen. The discovery of yet another
DNA repair system’s involvement in carcinogenesis providet>-

credence to the Loeb hypothesi&)( which postulates the

requirement of a mutator phenotype so that malignant cells can
acquire the requisite number of changes described during,

multistep carcinogenesi§'d). Incorporating the concept of a
mutator phenotype() as an early event in the Fearon/\Vogelstein
multistep colon carcinogenesi§9), and integrating these
concepts into the Nowell clonal heterogeneity/selection model
(81), results in the proposed pathway shown in Figure

19.
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