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Abstract

DNA mismatch repair is a conserved antimutagenic pathway that maintains genomic stability 

through rectification of DNA replication errors and attenuation of chromosomal rearrangements. 

Paradoxically, mutagenic action of mismatch repair has been implicated as a cause of triplet repeat 

expansions that cause neurological diseases such as Huntington disease and myotonic dystrophy. 

This mutagenic process requires the mismatch recognition factor MutSβ and the MutLα (and/or 

possibly MutLγ) endonuclease, and is thought to be triggered by the transient formation of unusual 

DNA structures within the expanded triplet repeat element. This review summarizes the current 

knowledge of DNA mismatch repair involvement in triplet repeat expansion, which encompasses 

in vitro biochemical findings, cellular studies, and various in vivo transgenic animal model 

experiments. We present current mechanistic hypotheses regarding mismatch repair protein 

function in mediating triplet repeat expansions and discuss potential therapeutic approaches 

targeting the mismatch repair pathway.
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INTRODUCTION

The Unstable Genome

DNA is routinely damaged by exogenous agents such as UV and ionizing radiation or 

various types of chemicals (1). Even cellular DNA that might be inaccessible to such agents 

is nevertheless subject to damage generated endogenously by reactive oxygen species that 
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are by-products of normal cellular metabolic activity (2). In recent years, there has been 

increasing recognition of another form of endogenous DNA stressor that is encoded within 

the primary structure of the DNA itself: unusual DNA conformations (3).

Although right-handed B-DNA is the presumptive predominant isoform of the DNA double 

helix in vivo, several types of non-B-form secondary and tertiary structures have been 

identified (4–6). These conformations include left-handed Z-DNA, bent DNA, cruciforms, 

hairpin loops, triplex DNA, sticky DNA, G tetraplexes, and slipped-strand structures. Such 

structures occur transiently, and their formation, in general, is driven by two factors: the 

energy of negative supercoiling and the sequence composition of the DNA segment (4). 

Although eukaryotic chromosomes are linear, and therefore not nominally topologically 

constrained, waves of negatively supercoiled DNA are routinely generated behind an open 

replication origin or a transcription bubble (7). Negative supercoiling can also be produced 

during chromatin remodeling upon dissociation of histones from nucleosomes that normally 

sequester superhelical tension (4). Thus, a range of DNA metabolic processes transiently 

create DNA topological conditions that are conducive to the formation of supercoil-

dependent DNA structures.

Repetitive DNA sequences are particularly prone to adopting unusual DNA secondary 

structures (6, 8, 9). Because such elements are scattered throughout prokaryotic and 

eukaryotic genomes and constitute roughly 50% of the human genome, it is conceivable, 

even likely, that non-B-DNA structure formation occurs frequently during the lifetime of an 

organism (10). In fact, a substantial body of literature supports the idea that non-B-DNA 

conformations have profound effects on biological processes, notably DNA metabolic 

activities. Inhibitory as well as stimulatory effects of DNA structural transitions on 

transcription initiation and DNA replication have been documented in prokaryotic and 

eukaryotic systems (11–13). Although some DNA secondary structures are likely to be 

important for regulation of gene expression (12), they may also have deleterious 

consequences, as exemplified by DNA triplet repeats that cause more than two dozen 

hereditary neurological disorders (3).

Triplet repeats, like most repetitive DNA, are polymorphic due to their inherent genetic 

instability, which in turn has been attributed to the propensity of such sequences to adopt 

hairpin-loop and slipped-strand structures during DNA replication, recombination, and 

repair. Although such DNA conformations are normally recognized as lesions and rectified 

by processes such as DNA mismatch repair, structures that either dysregulate or elude 

recognition by DNA mismatch repair can lead to expanded repeat tracts that are pathogenic.

In this review, we consider the role of DNA mismatch repair in mediating the genetic 

instabilities of triplet repeat sequences. We also discuss the involvement of DNA 

conformations adopted by repetitive DNA, as well as their involvement in dysregulation of 

normal repair processes.

DNA Repeat Instability and Hereditary Neurological Diseases

Copy number changes within short tandem repeat sequences cause more than 30 human 

hereditary central nervous system (CNS) disorders. These include some of the more 
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common neurodegenerative diseases, such as fragile X syndrome (FRAXA) and myotonic 

dystrophy type 1 (DM1), as well as rare ones such as Friedreich's ataxia (FRDA) and 

amyotrophic lateral sclerosis (ALS) (3, 14–17). The vast majority of such diseases are 

caused by expansions within (predominantly GC-rich) trinucleotide repeat tracts, although 

disease-causing instabilities of tetra-, penta-, hexa-, and dodecanucleotide repeats have been 

documented as well (Figure 1) (3, 14–17). Also, pathologies caused by DNA repeat 

polymorphisms have been identified in animals (18) and plants (19).

Unstable triplet repeat elements are found within coding sequences of genes, or they may be 

located in (5′ or 3′) untranslated regions or within introns (Figure 1) (3, 14–17). Typically, 

unaffected individuals harbor relatively short repeat tracts that are stably maintained from 

one generation to the next and display little size variation between different tissues of the 

same individual. However, certain individuals carry premutation alleles (Figure 1) with 

repeat tracts longer than those in the unaffected population, but are nonetheless 

nonpathogenic. Such alleles frequently become unstable and expand to the full mutation 

over successive generations, resulting in disease. The inheritance pattern of such diseases is 

characterized by a progressive decrease in patient age at disease onset and in increased 

severity of disease symptoms, a phenomenon called anticipation (3, 14–17). Affected 

individuals not only display intergenerational repeat expansions but also are characterized by 

somatic expansions that result in repeat-length heterogeneity across different tissues (15, 20, 

21). Insofar as these expansions occur in disease-relevant tissues, somatic repeat instability 

may affect disease progression and severity.

Although repeat expansion diseases are caused by a common type of mutation, the 

mechanisms underlying their pathogenesis vary significantly. This point is underscored by 

the observation that, whereas in disorders such as Huntington's disease (HD), spinal and 

bulbar muscular atrophy (SBMA), and several types of spinocerebellar ataxias (SCAs) an 

increase of even a few repeat units can be sufficient to trigger phenotypic changes, symptom 

onset in other diseases such as DM1, FRAXA, and FRDA requires an increase in repeat 

length by hundreds of units (15, 21). The former set of diseases is caused by CAG·CTG 

repeats (see the sidebar titled Nomenclature) that encode a polyglutamine tract, expansion of 

which results in a toxic polypeptide (22). By contrast, repeat expansions in noncoding 

regions (as in the latter group) tend to be large, with some spanning more than 10,000 repeat 

units. Moreover, the magnitude of repeat expansion can influence the nature of the disease 

itself. Thus, a moderately expanded CGG·CCG repeat (55–200 repeats) in the FMR1 gene 

causes fragile X–associated tremor/ataxia syndrome (FXTAS) and an increased risk of 

fragile X–associated premature ovarian insufficiency (FXPOI), whereas massively expanded 

CGG·CCG repeat tracts composed of more than 200 units cause FRAXA (16). Likewise, 

whereas a GAC·GTC repeat expansion in the cartilage oligomeric matrix protein (COMP) 

gene results in multiple epiphyseal dysplasia, contraction of the same repeat causes 

pseudoachondroplasia (23).

On the basis of pathological mechanisms, triplet repeat disorders can be categorized as loss-

of-function or gain-of-function diseases. FRAXA and FRDA are the best-characterized 

examples of loss-of-function diseases, wherein expansion of CGG·CCG and GAA·TTC 

repeats, respectively, results in epigenetic changes within the corresponding genes, 
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culminating in heterochromatin-mediated transcriptional silencing of these genes (24). Thus, 

decreased levels of FMRP and frataxin polypeptides, respectively, are hallmarks of FRAXA 

and FRDA. By contrast, a large number of diseases are characterized by a toxic gain of 

function at the level of RNA (e.g., DM1, DM2, FXTAS, and FXPOI) and/or protein (e.g., 

HD and SBMA) (16, 22, 25). Moreover, protein toxicity can also result from aberrant 

polypeptides generated by repeat-associated anomalous translation initiation at non-ATG 

codons (26).

Approaches ranging from in vitro biochemistry to transgenic animal studies have identified 

several cis and trans factors that affect repeat stability (3, 5, 15, 17, 20). The general 

consensus is that DNA metabolic processes such as replication, repair, recombination, and 

transcription that involve transient separation of complementary DNA strands, or exposure 

of a single DNA strand, can initiate a cascade of events that culminates in repeat-length 

changes (3, 15, 17, 21, 27). DNA single strands containing certain repetitive sequences form 

stable non-B-DNA conformations—as discussed below, such structures are critical 

intermediates of all repeat instability models. These conformational DNA lesions may be 

further processed by DNA repair systems, potentially exacerbating repeat instability (3, 15, 

17). Because repeat expansion is the first step in the pathogenesis of the aforementioned 

diseases, elucidation of the molecular mechanisms of repeat instability would greatly 

advance the development of therapies aimed at arresting or perhaps even reversing disease 

progression.

DNA Mismatch Repair

DNA mismatch repair is a conserved process that stabilizes the genome by correcting DNA 

replication errors, attenuating chromosomal rearrangements, and mediating the cellular 

response to certain types of DNA damage (28–31). The best-understood function of 

mismatch repair is its role in the rectification of mismatches generated during DNA 

synthesis (32). Because the mechanisms of Escherichia coli and human DNA mismatch 

repair have been discussed at length in several recent reviews (28–31), here we discuss only 

aspects relevant to triplet repeat instability.

The postreplicative function of mismatch repair requires it to not only recognize the 

mismatch, but also distinguish between the newly synthesized (and, therefore, error-

containing) strand and the template strand. In E. coli, mispairs are recognized by MutS, 

which, along with its eukaryotic homologs, belongs to the ABC (adenine nucleotide–binding 

cassette) transporter family of ATPases. The E. coli protein hydrolyzes ATP with a turnover 

of 2 to 24 min−1 (28). The strand direction of mismatch repair relies on N6-adenine 

methylation at d(GATC) sites in the E. coli genome; postreplicative repair is directed to the 

transiently unmethylated nascent strand. MutS- and MutL-dependent activation of the MutH 

endonuclease generates a single-strand break on the unmethylated strand of a 

hemimethylated d(GATC) site, which may be located 5′ or 3′ to the mispair, as much as 1 kb 

or more distant. This strand break serves as an entry point for DNA helicase II and 

exonuclease activities that degrade the nascent strand until the mismatch is removed.

Biochemical, genetic, and structural studies have demonstrated that the eukaryotic MutS 

homologs (MSHs) have evolved a modular approach toward DNA lesion recognition and 
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processing. This modular system allows for the detection of specific lesions by distinct 

heterodimeric species composed of different MSH polypeptides (33, 34). Yeast and human 

MSH2 forms a heterodimer in solution with MSH6 (MutSα) or MSH3 (MutSβ). Both 

heterodimers display ATPase activity with turnover numbers ranging from 0.2 to 14 min−1 in 

the absence of DNA (28). In the human system, MutSα is the predominant species, 

accounting for ~85% of cellular MSH2 in proliferating cells (35, 36). MutSα recognizes and 

initiates removal of base–base mispairs, a subset of insertion–deletion loops, and certain 

types of lesions caused by DNA damaging agents, whereas MutSβ almost exclusively 

recognizes loops.

The mechanism of mismatch repair strand directionality in eukaryotes has been the subject 

of intense investigation for more than two decades (28, 30, 37). Unlike that in E. coli, 
mismatch repair in eukaryotes does not rely on DNA methylation to establish strand 

directionality. However, in vitro studies have indicated that a DNA end (at a strand break or 

a gap) is sufficient to direct the mismatch repair machinery to that strand. Recent discoveries 

in the human system have shed light on the mechanistic bases of strand directionality (38–

40), and these results have significant implications for the mechanism of triplet repeat 

expansion, as discussed below (in the section titled Dysregulation of Strand-Directed 

Activation of the MutLα Endonuclease by Triplet Repeat Secondary Structures). Mismatch 

recognition by MutSα or MutSβ is followed by recruitment and activation of a latent 

endonuclease function in MutLα (MLH1·PMS2) in the presence of (a) ATP and (b) DNA-

loaded replication sliding-clamp proliferating cell nuclear antigen (PCNA) (39, 41). The 

resulting single-strand breaks are restricted to the newly synthesized DNA strand and 

bracket the mismatch on both the 3′ and 5′ sides. The exquisite strand directionality of this 

reaction is conferred by the orientation of PCNA loading onto the DNA and is mediated by a 

physical interaction between MutLα and PCNA (39). Mismatch removal then occurs by 

processive 5′-to-3′ hydrolytic activity of MutSα-activated Exo1, which is loaded at MutLα-

catalyzed 5′ strand breaks or at the 5′ ends of Okazaki fragments on the lagging strand of 

DNA replication (42, 43). Biochemical experiments have also suggested an alternate 

mechanism for mismatch removal involving synthesis-driven strand displacement by DNA 

polymerase δ (44).

In both the E. coli and human systems, resynthesis of the gap formed by exonucleolytic 

removal of the error-containing strand occurs with high fidelity, thus ensuring integrity of 

the genetic information. The replication error correction function of the DNA mismatch 

repair system enhances the fidelity of DNA replication by ~100–1,000-fold (28–31).

Paradoxically, mismatch repair has been implicated as a mutagenic agent in two cases. First, 

somatic hypermutation of variable regions of immunoglobulin loci in B cells generates 

immunoglobulin diversity and requires the involvement of MutSα (45, 46). Mismatch repair 

also enhances the efficiency of class-switch recombination, a mutagenic process that 

underlies the generation of a multiplicity of immunoglobulin isotypes in mature B cells (46, 

47). As discussed herein, the genetic instabilities of triplet repeat sequences exemplify a 

second mutagenic role for DNA mismatch repair and involve MutSβ, MutLα, and possibly 

MutLγ (21, 48, 49). These discoveries pose an extraordinary conundrum, as mammalian 

cells have seemingly co-opted an antimutagenic pathway to drive mutagenesis.
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MISMATCH REPAIR CAUSES TRIPLET REPEAT INSTABILITY

Studies in E. coli

The idea that a genome-stabilizing DNA repair process such as mismatch repair could be the 

cause of certain types of mutations is completely counterintuitive. However, there is 

increasing recognition that mismatch repair plays a mutagenic role not only in DNA repeat 

expansion (48, 50) but also in somatic hypermutation and class-switch recombination—

mutagenic processes that generate immunoglobulin diversity (46). The earliest 

demonstration that DNA mismatch repair could be mutagenic came from the prescient 

observation that E. coli strains defective in mutS, mutL, or mutH displayed dramatically 

reduced levels of instability of plasmid-borne CTG·CAG repeats (51). Analyses of the 

products of repeat instability revealed two types of instability—small and large repeat-length 

changes (52–55). Small changes were proposed to occur due to formation of extrahelical 

extrusions that are one to eight repeats in size (3–24 nt), and they are more frequent when 

the mismatch repair system is inactivated. By contrast, large changes were suggested to be 

mediated by hairpin loops composed of more than eight repeats and preferentially occur in 

mismatch repair–proficient cells.

These observations led to a model wherein the DNA mismatch repair system has two 

opposing effects on triplet repeat stability (52, 53). One, canonical recognition and 

rectification of small extrahelical extrusions by the mismatch repair system, results in 

maintenance of repeat integrity. The second and opposite effect of mismatch repair is an 

error-prone attempt at repairing such extrusions that causes large changes in triplet repeat 

length. Although triplet repeat deletions outnumber expansions in the E. coli system, this 

model nonetheless provides a framework for understanding the mutagenic action of 

mismatch repair, and several features of this model have been recapitulated in other systems, 

as discussed below.

Mismatch Repair Effects on Triplet Repeat Instability in Transgenic Mouse Models

A mutagenic role for eukaryotic mismatch repair in both somatic and intergenerational 

CTG·CAG triplet repeat expansion has been identified in animal models for HD and DM1 

(56–65). Transgenic inactivation of the MSH2 gene in such mice resulted in stabilization of 

expanded CAG·CTG tracts, 110–120 repeats long, located within exon 1 of the HTT 
(huntingtin) gene (56, 57). Similar results have been obtained with DM1 transgenic animals 

harboring more than 300 CTG·CAG repeats; MSH2 deficiency results in a net reduction in 

repeat expansion (60, 61). That MSH2 plays an active catalytic role in this process was 

established by the observation that repeat expansions are severely attenuated in DM1 

transgenic mice harboring mutations in the ATPase domain of MSH2 (66). Examinations of 

repeat lengths in DM1 and HD transgenic mice with a defective MSH3 gene unequivocally 

established a role for MutSβ in causing triplet repeat expansion (58, 63–65). By contrast, 

genetic inactivation of MSH6 increased somatic repeat instability, suggesting that MutSα 

may function in an antimutator role by preventing the occurrence of repeat expansions (58). 

Evidence for a role for MutLα in CTG·CAG repeat expansion has come from the 

observation that DM1 transgenic mice defective in PMS2 display dramatically lower levels 

of repeat expansion in somatic tissues (62). Moreover, defects in MLH1 and MLH3 (which 
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encode MLH1·MLH3 or MutLγ) also elicited similar effects in an HD transgenic mouse 

(49). These findings strongly suggest that triplet repeat expansions occur by a complex 

mutagenic process involving several mismatch repair proteins, with one or more contributing 

in a catalytic capacity.

Although early studies (57) suggested that MSH2-dependent expansions in transgenic 

animals may occur exclusively in postmeiotic haploid cells, subsequent findings in both 

humans and transgenic mouse models have clearly established that premeiotic expansion 

events are a major cause of triplet repeat instability (61, 67). These results seemingly suggest 

a role for mitotic processes such as DNA replication in repeat expansion.

However, consistent with observations in humans, substantial CTG·CAG repeat length 

variability has been documented in a DM1 transgenic mouse, with no direct correlation 

observed between the size of the expanded allele and the proliferative capacity of the tissue 

(68). These findings suggest that the probability of repeat expansion is not strictly a function 

of the number of rounds of DNA replication. In fact, high levels of CAG·CTG repeat 

instability have been observed in terminally differentiated postmitotic neurons in multiple 

HD mouse models (69). Repeat instabilities and MSH3 protein levels were strikingly higher 

in neuronal versus nonneuronal cells in both HD mice and human HD patients, lending 

support to the idea that high levels of MutSβ can cause triplet repeat instability in 

nondividing cells (69). Although mismatch repair is closely associated with the replication 

machinery (70–72), recent findings (discussed in the sections titled Dysregulation of Strand-

Directed Activation of the MutLα Endonuclease by Triplet Repeat Secondary Structures and 

Mismatch Repair Activity on Small Extrahelical Triplet Repeat Loops in Resting DNA) have 

suggested a plausible mechanism whereby mismatch repair may act in a mutagenic manner 

on nonreplicating DNA (38–40, 73, 74).

Recent studies have also demonstrated that MSH2 plays a pivotal role in mediating 

CGG·CCG repeat instability in a FRAXA transgenic mouse model (75). Likewise, 

experiments in FRDA transgenic mice have yielded evidence supporting involvement of 

MSH2, MSH6, and MLH1 in promoting GAA·TTC repeat expansion (76, 77). By contrast, 

PMS2-deficient transgenic mice display enhanced levels of GAA·TTC repeat expansion, 

suggesting that PMS2 plays a canonical mutation prevention role in this process (76, 78).

Mismatch Repair Effects on Triplet Repeat Instability in Cell Culture Systems

In agreement with the transgenic animal studies discussed above, short inhibitory RNA 

(siRNA)-mediated knockdown of MSH2 or MSH3 (but not MSH6) expression results in 

robust attenuation of CTG·CAG repeat instability in human cancer cell lines (79, 80), 

indicating a role for MutSβ in repeat instability in terminally differentiated cells. Because 

undifferentiated embryonic stem (ES) cells are believed to better reflect cellular states 

during early embryonic development, and given that induced pluripotent stem (iPS) cells 

share several molecular features with ES cells (such as comparably high DNA repair levels) 

(81–83), more recent work has employed these cell types for repeat instability studies. 

Human ES cells derived from HD and DM1 patients display high levels of repeat instability, 

which is attenuated upon terminal differentiation, an event that is accompanied by 

downregulation of several mismatch repair genes (84). DM1 patient–derived iPS cells also 
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display length-dependent expansion of CTG·CAG repeats at the DM1 gene locus, which is 

attenuated by small hairpin RNA (shRNA)-mediated MSH2 knockdown (85).

Evidence for a role for mismatch repair in triplet repeat expansion in FRDA has come from 

efforts to reprogram fibroblasts derived from FRDA patients into iPS cells (86). Expansion 

of the endogenous GAA·TTC repeat element at the FXN(frataxin) locus in such cells is 

length dependent and accumulates with increasing cell passages. shRNA-mediated silencing 

of MSH2 and MSH6 expression in these cells attenuates GAA·TTC repeat expansion. Also, 

cellular MSH2 and MSH6 preferentially associate with expanded but not short GAA·TTC 

repeat tracts, as found by the chromatin immunoprecipitation assay (86). Similarly, shRNA-

mediated knockdown of MSH2 or MSH3 also inhibits GAA·TTC repeat expansion in 

human embryonic kidney cells harboring a stably integrated expanded GAA·TTC repeat 

transgene (87). Furthermore, pyrrole-imidazole polyamides (PAs) that are known to 

specifically interact with GAA·TTC repeats impede repeat expansion by displacing the 

associated MSH2 protein from the repeat locus (88, 89).

In summary, a compelling body of evidence from diverse experimental systems implicates 

mismatch repair as a cause of the genetic instabilities of triplet repeat sequences. To 

understand the mechanisms of the mutagenic function of mismatch repair, investigators have 

supplemented these genetic approaches with mechanistic studies, which we consider in the 

following section.

RECOGNITION AND PROCESSING OF TRIPLET REPEAT STRUCTURES BY 

MISMATCH REPAIR

Strand Slippage and Hairpin-Loop Formation by Triplet Repeat Sequences

Fifty years ago, Kornberg et al. (90) demonstrated that E. coli DNA polymerase I could 

catalyze synthesis of higher–molecular weight DNA polymers from shorter self-

complementary single-stranded templates composed of repeating dinucleotides. Formation 

of these products was attributed to strand slippage during DNA polymerization. Iterative 

DNA synthesis in this manner was also observed with repeating trinucleotide templates (91), 

providing the first evidence for triplet repeat expansion in vitro. Almost simultaneously, 

Streisinger et al. (92) proposed DNA strand slippage as a mechanism for frameshift 

mutagenesis, leading to the now widely accepted view that the DNA sequence itself may be 

a vital determinant of mutagenesis (1, 3, 4, 8).

Strand slippage has recently been invoked to explain the pathogenic instability of triplet 

repeats in the human genome, wherein transient separation of the two complementary DNA 

strands during replication, transcription, recombination, or repair was suggested to provide 

an opportunity for misalignment of the strands upon reannealing (93). Furthermore, because 

triplet repeat tracts are more flexible than random sequence DNA and are therefore believed 

to sequester the energy of negative supercoiling, triplet repeats have been suggested to 

preferentially undergo supercoil-driven strand separation (94). During DNA replication, 

misaligned strand intermediates are thought to occur with greater facility on the lagging 

strand [due to its higher degree of “single-strandedness” (95)], providing an explanation for 
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the replication orientation–dependent expansions and contractions of CTG·CAG, 

CGG·CCG, and GAA·TTC repeat tracts that have been documented in E. coli, 
Saccharomyces cerevisiae, and mammalian cells (96–106). In fact, strand slippage within 

triplet repeat tracts has been inferred from anomalous electrophoretic migration and electron 

microscopic visualization of denatured and reannealed DNAs composed of such repeats 

(107, 108). Evidence for strand slippage has also emerged from analyses of in vitro and in 

vivo products of triplet repeat DNA syntheses (55, 109–113). Moreover, anti–DNA junction 

antibodies have been used to infer the existence of slipped-strand structures within expanded 

CTG·CAG repeat tracts in tissues of DM1 patients (113). Noncanonical T:T, A:A, C:C, and 

G:G base pairing within CTG, CAG, CGG, and CCG repeat–containing slipped-strand 

structures enhances the self-complementarity of such sequences and facilitates formation of 

stable intrastrand hairpin-loop structures in vitro (114–120). Therefore, formation of such 

secondary structures may stabilize slippage-mediated strand misalignment (93, 95, 121). 

Slipped-strand structures or hairpin loops that escape rectification by repair processes would 

then be fixed during the next round of DNA replication, thus resulting in genetic instability 

(Figure 2) (93).

An alternative mechanism for the genesis of hairpin loops has invoked oxidative DNA 

damage as an initiator of strand slippage within CTG·CAG repeats (21, 122). According to 

this view (Figure 2), guanine residues within CTG·CAG repeats are particularly susceptible 

to oxidative DNA damage, resulting in 7,8 dihydro-8-oxoguanine (8-oxoG) lesions. The 

action of 8-oxoG DNA glycosylase 1 (OGG1) generates an abasic site, which in turn is a 

substrate for apurinic/apyrimidinic endonuclease 1 (APE1). The resulting strand incision 

serves as an entry point for strand-displacement DNA synthesis by a DNA polymerase. The 

unwound strand can then form a stable hairpin-loop structure. Such secondary structures 

may escape rectification by forming long-lived complexes with MutSβ, thereby leading to 

repeat expansion (21). Experimental support for OGG1 involvement in CTG·CAG repeat 

expansion comes from the observation that inactivation of the OGG1 gene in transgenic 

mice that also carry an expanded CAG·CTG repeat allele at the HD gene locus dramatically 

suppresses further age-dependent expansions of these repeats (122). However, it is not 

known whether MSH2, MSH3, and OGG1 are epistatic to one another for this phenotype; 

thus, it remains to be determined whether MutSβ and OGG1 act in concert or independently 

of one another to generate triplet repeat expansions.

As noted above, slipped-strand structures and hairpin loops are believed to be mutagenic 

intermediates for expansion and deletion of triplet repeats. Early in vitro electrophoretic 

mobility shift studies suggested that the MSH2 polypeptide could bind slipped-strand 

structures formed by long CTG·CAG repeats (123). However, it is now known that MSH2 is 

active only in complex with MSH6 or MSH3 (124–129). Furthermore, amino acid residues 

that make critical contacts with DNA and that confer lesion recognition specificity to the 

heterodimer reside almost exclusively within the MSH6 and MSH3 polypeptides (33, 34). 

Also, as noted above, mouse genetic data have implicated MSH2 and MSH3, but not MSH6, 

in triplet repeat expansion. Therefore, more recent biochemical studies have focused on the 

ability of purified MutSβ, a bona fide mismatch recognition factor, to recognize defined 

extrahelical extrusions within triplet repeat tracts.
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Large Triplet Repeat Extrahelical Extrusions Are Processed by a Mismatch Repair–
Independent Pathway in Human Cell Extracts

To understand the molecular events that govern recognition, processing, and repair of triplet 

repeat structures, investigators have developed several in vitro biochemical assays. These 

assays have employed circular or linear DNAs containing extrahelical extrusions composed 

of (CTG)n or (CAG)n on one DNA strand. The circular substrates either were covalently 

closed or harbored a strand break located 3′ or 5′ to the extrusion, either on the same strand 

or on the opposite strand. The fate of such extrahelical extrusions has been investigated both 

in cell-free extracts and in reconstituted systems composed of purified proteins (40, 130–

133). These studies have focused on three major questions. First, what types of extrahelical 

extrusions provoke recognition by the mismatch repair pathway? Second, which mismatch 

repair proteins are required for recognition and/or processing? Third, how does recognition 

and/or processing of extrahelical extrusions by mismatch repair result in triplet repeat 

expansion?

The general consensus is that extrahelical loops composed variously of (CTG)5,10,15,20,25 or 

(CAG)5,10,15,20,25 are rectified efficiently by extracts prepared from mismatch repair–

proficient HeLa cells, and that this process requires the presence of a 5′ strand break (130, 

134, 135). Products of repair contain genetic information corresponding to that of the 

continuous strand, suggesting that this strand serves as a template for DNA resynthesis. This 

repair process is also supported by extracts derived from human cell lines deficient in 

functional MSH2 or MSH3 and MLH1 (130, 134, 135), suggesting that 5′ strand break–

directed rectification of extrahelical loops harboring five or more CTG or CAG units does 

not require MutSα, MutSβ, MutLα, MutLβ, or MutLγ.

Although the mechanistic basis of this mismatch repair–independent loop-rectification 

process remains to be clarified, available evidence suggests the existence of a strand incision 

activity that generates strand breaks in the vicinity of the extrahelical extrusion. It has been 

proposed that rectification of large (five or more repeats) extrahelical CTG or CAG loops 

occurs by concerted action of this incision activity and other postulated helicase and/or flap 

endonuclease activities (134, 135). An alternative view posits that mismatch repair–

independent loop rectification may also occur by an excision repair process carried out by 

as-yet-unknown exonucleases (130, 134). Notably, both 5′ strand break–directed and strand 

break–independent (but heterology-directed) excision and repair of nontriplet repeat 

extrahelical loops have been documented in nuclear extracts of mismatch repair–proficient 

and –deficient mammalian cell lines (136–138), and evidence for a heterology-dependent 

incision activity is also available (138). Furthermore, mismatch repair–independent and 

MSH2-dependent (nontriplet repeat) loop repair pathways have been identified in S. 
cerevisiae, and the former has been partially reconstituted from purified proteins (139). 

However, whether this multiplicity of loop repair pathways represents distinct molecular 

processes is not known. Nonetheless, studies directed at understanding the extent to which 

the sequence composition of the extrahelical loop (i.e., triplet repeat versus nontriplet repeat) 

influences the nature of the activities involved in its processing would present an instructive 

avenue of investigation.
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In contrast, heteroduplex DNAs harboring a (CAG)20 or (CTG)20 extrahelical loop, as well 

as a 3′ strand break on the same strand or the complementary strand, are generally refractory 

to rectification by extracts prepared from HeLa cells (130). This finding has led to the 

suggestion (Figure 2) that a subset of extrahelical loops formed during other DNA metabolic 

processes such as replication may “escape” rectification by repair processes. The unrectified 

extrahelical segment can then be incorporated into the primary structure of the DNA, 

thereby leading to expanded repeat tracts. Interestingly, extrahelical loops composed of 

(CTG)10, (CAG)10, (CCG)10, (CGG)10, or a hairpin loop–forming palindromic sequence are 

inefficiently repaired in S. cerevisiae (140, 141), suggesting that base-pairing within a loop 

may render such secondary structures resistant to repair. It is not clear why an extrahelical 

loop that is efficiently rectified by a 5′ nick–directed process might be refractory to repair 

when the strand break is located on its 3′ side. One possibility, considered below, is that 

MutSβ associates with and entraps extrahelical loops (the so-called MutSβ entrapment 

model), thereby preventing their removal.

Mismatch Repair– and Strand Break–Dependent Processing of Small Extrahelical Triplet 
Repeat Loops

Although attempts to demonstrate mismatch repair–dependent processing of large 

extrahelical extrusions composed of five or more CTG or CAG repeats have proven elusive, 

there is now compelling evidence demonstrating that small (one to four triplet repeats) 

extrahelical extrusions are in fact rectified by the mismatch repair pathway (40, 131, 132). 

Circular heteroduplex DNAs harboring a strand break placed either 5′ or 3′ to a (CTG)1 or 

(CTG)3 extrusion are efficiently rectified by mismatch repair–proficient HeLa cell extracts 

(131). By contrast, extracts prepared from LoVo cells are severely compromised in this 

activity, which can be restored by supplementation with purified MutSα or MutSβ (131). 

Interestingly, efficient 5′ nick–directed repair of a (CTG)1 extrusion was observed in MSH6-

deficient HCT-8 cell extracts (131), showing that whereas MutSα may be dispensable for 

this process, MutSβ is required.

Because nick-directed rectification of (CTG)1 or (CAG)2 loops is severely compromised in 

extracts of MLH1-deficient 293T human embryonic kidney cells and HCT-116 cells, 

respectively (40, 132), one may surmise that, in addition to MutSβ, an MLH1-containing 

MutL homolog heterodimer also plays a critical role in the repair process. Extracts of 293T 

cells can be rendered capable of repairing 5′ and 3′ heteroduplexes with (CTG)1 extrusions 

by expression of a transfected wild-type copy of MLH1. Furthermore, the inability of 

PMS2-deficient HEC-1 cell extracts to support 3′ nick–directed repair of a (CTG)1 extrusion 

suggests that the heterodimer required for this process is MLH1·PMS2 (MutLα), and not 

MLH1·PMS1 (MutLβ) or MLH1·MLH3 (MutLγ). Direct evidence for MutSβ and MutLα 

involvement in loop rectification comes from the observation that efficient 5′ and 3′ nick–

directed repair of a (CAG)2 extrusion can be restored to extracts of HCT-116 (defective in 

MLH1 and MSH3) only by supplementation with both purified MutSβ and MutLα; neither 

protein alone is sufficient in this regard (40).

Extracts of 293T-derived cell lines that express MLH1 variants harboring mutations in the 

ATPase domain are defective in 5′ and 3′ nick–directed rectification of (CTG)1 extrusions 

Iyer et al. Page 11

Annu Rev Biochem. Author manuscript; available in PMC 2016 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(132), establishing that MutLα plays a catalytic rather than structural role in this process. 

Furthermore, the inability of an endonuclease-inactive MutLα derivative to restore 5′ and 3′ 

(CAG)2 loop repair capacity to an HCT-116 cell extract demonstrates that strand incisions 

catalyzed by MutLα are a critical intermediate in the MutSβ-dependent processing of small 

triplet repeat loops (40).

Intriguingly, HCT-116 extracts supplemented with purified MutSβ and MutLα also support 

efficient rectification of a (CAG)2 extrahelical extrusion located on a covalently closed 

circular DNA (40). The observation of a strand break–independent but mismatch repair–

dependent loop rectification pathway has implications for triplet repeat expansion in 

nondividing cells, as discussed in the section titled Mismatch Repair Activity on Small 

Extrahelical Triplet Repeat Loops in Resting DNA.

Recognition of Triplet Repeat Extrahelical Extrusions by MutSβ and Initiation of Mismatch 
Repair

Unlike base–base mismatches, which are exclusively recognized and processed by a MutSα-

dependent repair pathway, extrahelical loops can be recognized by either MutSα or MutSβ. 

Although there are no documented studies comparing the triplet repeat–binding properties of 

MutSα versus MutSβ, there is good agreement that DNA substrates harboring loops 

composed variously of (CAG)1,2,3,4,7, or 13 or (CTG)1,2,3,4, or 13 are recognized by MutSβ 

with high affinity in vitro. Dissociation constants for these interactions range from 4 to 35 

nM, depending on the DNA length, analytical method, buffer conditions, and sequence 

context (40, 63, 142, 143). These affinities are comparable to those determined for MutSβ 

recognition of insertion loops composed of (nontriplet repeat) extrahelical (TG)1 or 

(CA)1–12 (Kd values from 2 to 24 nM) (63, 142, 144, 145). Thus, the sequence composition 

per se of such extrahelical loops seemingly does not influence their recognition by MutSβ. 

Furthermore, varying the number of trinucleotide units from one to four (3 to 12 nt) within 

CAG or CTG loops did not substantially alter the DNA-binding affinity of MutSβ (40). 

Thus, the events that determine the transition from an error-free to an error-prone mismatch 

repair process probably occur after recognition of a triplet repeat extrahelical loop by 

MutSβ.

The molecular events subsequent to mispair recognition by MSHs depend largely on their 

ATP hydrolytic activities, as evidenced by the large number of Lynch syndrome (hereditary 

nonpolyposis colorectal cancer) mutations that cluster within the ATP hydrolytic center of 

MSH2 (34; see http://www.insight-group.org/). ATP binding and/or hydrolysis is believed to 

be a prerequisite for recruitment of MutL homologs, and ATP-dependent movement of MutS 

or MutS–MutL homologs along the DNA helix is thought to be required for activation of 

nuclease activities at the strand-discrimination signal (28, 30, 31). In fact, ATP-driven 

dissociation of MSHs from a mismatch has been documented in the E. coli, Thermus 
aquaticus, yeast, and human systems, and these proteins display a dramatic reduction in 

affinity for a mispair under conditions that permit ATP hydrolysis (28, 30, 31). Furthermore, 

placement of physical barriers between the mispair and the strand-discrimination site 

strongly attenuates the activation of downstream nuclease activities by MutS (146). Thus, 
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factors that inhibit MutSβ dissociation from a mispair may be expected to attenuate its 

rectification.

Accordingly, the MutSβ entrapment/hairpin escape model (50, 63, 143) posits that CAG 

extrahelical loops escape repair by forming long-lived DNA–protein complexes with MutSβ 

that fail to dissociate in the presence of ATP, an effect postulated to be due to inhibition of 

the ATP hydrolytic activity of MutSβ upon association with the CAG loop. Such unrectified 

loops may then be incorporated into the primary structure of the DNA, resulting in repeat 

expansion. Like other MSHs, MutSβ displays weak ATPase activity; ATP hydrolytic 

turnover numbers in the absence of DNA range from 1.6 to 5 min−1 (63, 142, 144). There is 

general agreement that heteroduplex DNA stimulates ATP hydrolysis by MutSβ by two- to 

sevenfold (63, 142, 144), which is consistent with the known stimulation of the ATPase 

activities of bacterial MutS and eukaryotic MutSα by both hetero- and homoduplex DNA 

(28). However, at odds with the predictions of the MutSβ entrapment model is that there is 

no clear experimental support for the proposed inhibitory effects of CAG loops on the 

MutSβ ATPase activity (63, 142, 144). Furthermore, MutSβ readily dissociates from both a 

(CA)4 loop and a (CAG)13 extrusion containing heteroduplex upon addition of ATP, as 

found by electrophoretic mobility shift assay (133). Nonetheless, note that although all 

studies on nucleotide effects on MutSβ have been carried out with a (CAG)15 or (CTG)15 

loop, processing of triplet repeat extrusions containing more than five repeats occurs in a 

mismatch repair–independent manner in human cell extracts (discussed above). Thus, the 

relevance of the nucleotide studies discussed above to MutSβ-dependent processing of triplet 

repeat extrusions in vivo remains uncertain.

Dysregulation of Strand-Directed Activation of the MutLα Endonuclease by Triplet Repeat 
Secondary Structures

The mismatch-specific, MutSα/β-dependent activation of the MutLα endonuclease on 

nicked DNA heteroduplexes occurs in a strand-directed manner, with incision restricted to 

the strand containing the preexisting break (39, 41). By contrast, on covalently closed 

heteroduplexes harboring an unpaired bubble, MutLα-catalyzed incision occurs without 

strand bias (39). Because PCNA is loaded unidirectionally on DNAs containing a strand 

break, and without evident orientation bias on DNAs containing a bubble or a strand 

extrusion, the orientation of DNA-loaded PCNA determines the strand directionality of the 

MutLα endonuclease. These findings have led to an alternative model wherein triplet repeat 

extrahelical extrusions may facilitate PCNA loading in either orientation, thus dysregulating 

the strand directionality of the MutLα endonuclease function (38, 39).

Consistent with these predictions, closed circular DNAs harboring extrahelical extrusions 

composed of (CTG)1–3 or (CAG)1–3 support efficient loading of PCNA in the presence of 

replication factor C (RFC) and ATP (40). Addition of MutSβ and MutLα to these reactions 

resulted in robust strand incision activity that occurred on either DNA strand. Incision 

reactions required catalytically functional MutLα, given that substitution of the wild-type 

MutLα with an endonuclease inactive mutant was ineffective. The extent of strand incision 

activity strongly correlated with the efficiency of PCNA loading on these DNAs; (CTG)2–3 

or (CAG)2–3 was the optimally sized extrusion. That the MutLα catalyzed non-strand-
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specific incisions have downstream effects is evidenced by the repair DNA synthesis 

observed on both DNA strands of closed circular heteroduplexes harboring a (CAG)2 

extrusion incubated in an HCT-116 extract supplemented with MutSβ and MutLα (40). 

These results demonstrate a dramatic dysregulation of the strand directionality mechanism 

that targets mismatch repair to the appropriate strand. Although MutSα and MutSβ display 

overlapping mispair recognition specificity (28, 31), activation of the MutLα endonuclease 

on triplet repeat–containing extrusions was not supported by MutSα (40), providing direct 

molecular evidence for the preferential involvement of MutSβ in triplet repeat processing.

Mismatch Repair Activity on Small Extrahelical Triplet Repeat Loops in Resting DNA

As noted above, pathogenic expansion of triplet repeats occurs not only intergenerationally 

but also in differentiated somatic cells. In fact, MSH3 is highly expressed in human and 

mouse postmitotic neurons, and MSH3 protein levels correlate with the degree of instability 

of an expanded CTG·CAG repeat transgene (69). However, because mismatch repair is 

generally considered a postreplicative process (28, 30, 31), it was unclear how MutSβ- and 

MutLα-dependent CTG·CAG repeat expansions could possibly occur in nondividing cells.

The finding that extrahelical extrusions composed of CTG or CAG repeats can provoke not 

only their recognition by MutSβ but also non-strand-specific activation of the MutLα 

endonuclease (dysregulated strand directionality) may have implications for triplet repeat 

expansion in nondividing cells. Release of sequestered superhelical tension during 

chromatin-remodeling activities, or the formation of a transcription initiation complex, may 

generate conditions conducive to DNA unwinding, and the consequent formation of 

extrahelical triplet repeat extrusions by strand slippage. Such structures may then serve as 

sites for dysregulated PCNA loading (Figure 2) and for activation of MutLα incision on 

either DNA strand. The resulting gaps may facilitate repeat expansion by reiterative DNA 

synthesis. Alternatively, catastrophic overlap of the gaps could result in double-strand 

breaks, the repair of which may involve an error-prone DNA synthetic process. It has also 

been suggested (40) that the MutLα-catalyzed incisions may serve as initiation sites for 

strand-displacement synthesis, resulting in an unwound strand that may be entrapped by 

MutSβ, as postulated by the MutSβ entrapment/hairpin escape model (Figure 2).

PROPOSED MODELS FOR MISMATCH REPAIR INVOLVEMENT IN TRIPLET 

REPEAT EXPANSION

As discussed above, two major models have been proposed to explain the mutagenic role of 

mismatch repair in triplet repeat expansion. The Mutsβ entrapment/hairpin escape model 

posits that CAG or CTG extrahelical extrusions form hairpin structures that are recognized 

by MutSβ (50, 63, 143). Hairpin binding by MutSβ is proposed to be associated with a 

reduction in its ATPase activity, thereby attenuating ATP-driven translocation of MutSβ 

along the DNA and consequently inhibiting nuclease activation at the strand-discrimination 

site. This model has several attractive features. First, because CTG hairpin formation 

requires as few as five repeats (147), this mechanism accounts not only for the massive 

expansions observed in DM1 but also for the small expansions and contractions 

characteristic of polyglutamine tract diseases such as HD. Second, because CTG extrahelical 
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loops are thermodynamically stabilized by intrastrand T:T base pairing (147, 148), such 

extrusions would be expected to be more likely to escape rectification than a corresponding 

CAG loop when they occur on the nascent lagging strand of DNA replication. Thus, this 

model accounts for the known dependence of triplet repeat instability on sequence 

orientation relative to a DNA replication origin (96, 105, 106).

However, the observation (130, 134, 135) that triplet repeat extrusions are rectified 

efficiently from a 5′ DNA end is at odds with the MutSβ entrapment/hairpin escape model. 

On one hand, given that both 5′ and 3′ DNA ends are present on every Okazaki fragment, 

loops that escape 3′ repair are likely to be efficiently rectified by a 5′ end–directed process. 

Thus, how such loops might escape repair on an Okazaki fragment is unclear. On the other 

hand, such extrusions may escape processing when 3′ end–directed repair is the only viable 

option, as is possible on the nascent leading strand. However, although evidence for triplet 

repeat instability due to leading-strand hairpin formation is available (149), the lagging 

strand is nevertheless believed to be the predominant source of strand-misalignment errors 

(96, 102, 105, 106). A second weakness of this model is that DNA–protein interaction 

studies have failed to uncover compelling evidence for the formation of a trapped complex 

composed of MutSβ and a triplet repeat extrusion. Lastly, the inhibitory effects of triplet 

repeat loop binding on the ATP hydrolytic function of MutSβ are unsupported by substantial 

evidence (50, 63, 142–144).

Perhaps the most compelling argument against the MutSβ entrapment model is that it does 

not account for a role for MutLα (or MutLγ) in mediating triplet repeat expansion. As noted 

above, CTG·CAG repeat expansions in a transgenic model for DM1 require not only MutSβ 

but also PMS2, which harbors the endonuclease domain of MutLα. Also inconsistent with 

the MutSβ entrapment model is the finding that mutations in the conserved ATPase domain 

of MSH2 that abolish ATP binding and hydrolysis by MutSβ also strongly attenuate 

CAG·CTG repeat expansions in an HD transgenic mouse (66, 143). These results indicate 

that factors that act downstream of mismatch recognition play critical roles in the repeat 

expansion process.

By contrast, the so-called dysregulated strand directionality model, discussed above, 

accounts for both MutSβ and MutLα function in triplet repeat expansion. This mechanism is 

also consistent with the lack of involvement of MutSα in this process. Furthermore, the non-

strand-directed activation of the MutLα endonuclease at triplet repeat extrusions would be a 

facile explanation for the observed triplet repeat expansion in postmitotic neurons and other 

differentiated nondividing cells. Loading of PCNA in either orientation at extrahelical 

extrusions formed by strand misalignment during DNA replication may also result in 

potentially mutagenic MutLα activation in dividing cells. In either case, incisions or double-

strand breaks that ensue could lead to error-prone DNA repair synthesis. Notably, 

recombinational repair of double-strand breaks within long CTG·CAG repeat tracts have 

been documented in E. coli and mammalian cells (150–155). Moreover, chromosome 

rearrangements induced by expanded GAA·TTC repeats in mitotic yeast are believed to 

occur by recombinational repair of double-strand breaks within such sequences, and this 

process requires the endonuclease function of MutLα (156). A weakness of the dysregulated 
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strand directionality model is that changes in triplet repeat tract length via this mechanism 

have not yet been demonstrated.

Consistent with previous observations that S. cerevisiae MLH1·MLH3 (MutLγ) plays a role 

in MutSβ-dependent repair (157), a MutSβ-stimulated endonuclease function has recently 

been identified in MutLγ; this activity may be independent of PCNA and RFC (158, 159). In 

light of the finding that MLH3 deficiency stabilizes long CAG·CTG repeat tracts in HD 

transgenic mice (49), future studies addressing the potential involvement of MutLγ in 

MutSβ-dependent mutagenic repair of triplet repeats are definitely warranted.

TRIPLET REPEATS, CHROMATIN DYNAMICS, AND MISMATCH REPAIR

As discussed above, DNA metabolic processes that require strand separation promote 

secondary-structure formation by triplet repeats. However, because eukaryotic DNA 

metabolic enzymes carry out their cellular function in the chromatin context, their access to 

DNA is influenced by nucleosome localization, repositioning, and disassembly. Therefore, 

factors that modulate chromatin structure are likely to play a role in the DNA 

conformational transitions that drive repeat instability, and cause other downstream effects 

such as transcriptional gene silencing. Furthermore, chromatin dynamics are “encoded” by a 

range of covalent histone modifications (160). Thus, such epigenetic signals may also 

influence DNA structural changes within triplet repeat tracts.

Expanded CTG·CAG repeat tracts are among the strongest-known histone-binding sequence 

elements (161), and cause drastic alterations in the local chromatin structure at the DM1 

gene locus (162). Likewise, although expanded (and methylated) CGG·CCG and expanded 

GAA·TTC repeats exclude nucleosomes in vitro (163–165), these sequences adopt tightly 

condensed heterochromatin configurations in vivo that mediate the gene-silencing effects 

underlying the pathogenesis of both FRDA and FRAXA (24, 166, 167). Attenuation of gene 

expression by expanded GAA·TTC repeats in FRDA cell lines and mouse models is 

associated with hypoacetylation of histones H3 and H4, and can be reversed by treatment 

with histone deacetylase (HDAC) inhibitors (168, 169).

Although purified MutSα can recognize a nucleosome-associated G:T mismatch (170), 

inhibitory effects of histones on in vitro rectification of such mismatches are well 

documented (171, 172). Thus, histone-associated triplet repeat sequences are likely to pose 

an even more potent thermodynamic barrier to processing by the mismatch repair pathway. 

Recent findings have suggested that the interaction between chromatin-modifying factors 

such as CAF-1 and MutSα (172, 173), or epigenetic modifications such as trimethylation of 

histone H3 at lysine 36 (H3K36me3) (174), alleviates histone-mediated inhibition of base–

base mismatch repair, although whether these factors are sufficient to overcome the 

chromatin condensation effects elicited by triplet repeat sequences remains unknown. 

Moreover, H3K36me3 may mediate recruitment of MutSα to chromatin via an interaction 

with the chromatin-binding PWWP domain of MSH6. Nevertheless, because MSH3 does 

not possess a PWWP domain (175), alternative mechanisms for recruitment of MutSβ to 

chromatin must exist.

Iyer et al. Page 16

Annu Rev Biochem. Author manuscript; available in PMC 2016 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to their effects on gene silencing, HDAC inhibitors also strongly attenuate 

CTG·CAG repeat expansions in S. cerevisiae and in human astrocyte cell lines (80, 176). 

Although the mechanistic bases of these effects have yet to be elucidated, siRNA-mediated 

dual knockdown of either MSH2 and HDAC3 or MSH2 and HDAC5 in human astrocytes 

results in a CTG·CAG repeat expansion phenotype that is indistinguishable from that of the 

single knockdown of MSH2, MSH3, HDAC3, or HDAC5. These findings have been 

attributed to a genetic interaction between MSH2, MSH3, HDAC3, and HDAC5, and 

suggest that the proteins encoded by these genes act in the same pathway in modulating 

expansion of CTG·CAG repeats (80, 176). However, the molecular details of these 

interactions are not known.

Thus, the connections between triplet repeat instability, chromatin structure, histone 

modifications, and DNA repair systems are just beginning to be addressed. Considering the 

effects of repetitive DNA on chromatin structure, the number of potential histone variants, 

and covalent modifications, it is clear that spatial and temporal changes in the epigenetic 

environment almost certainly play an important role in influencing the action of DNA repair 

systems, thereby affecting the instability of these repeats. Moreover, DNA-loaded PCNA 

may remain on the chromosome after completion of DNA replication (177, 178). Thus, 

DNA-loaded PCNA might render mismatch repair mutagenic.

MISMATCH REPAIR AS A THERAPEUTIC TARGET FOR NEUROLOGICAL 

DISORDERS

Although divergent pathogenic processes underlie the etiology of diseases as diverse as HD 

and DM1, these conditions are nonetheless caused by a common type of mutation: triplet 

repeat expansion (3). Therefore, therapeutic targeting of the shared molecular processes that 

cause repeat expansion may yield treatments that could benefit a wider patient population. 

Because MutSβ-dependent mismatch repair causes triplet repeat expansion in multiple 

neurodegenerative diseases, MutSβ and its partner proteins could be suitable therapeutic 

targets (15), especially for attenuating somatic expansions that contribute to the 

pathogenicity of these diseases. However, a key consideration is that the drug must 

specifically inhibit MutSβ-dependent repair but be without effect on MutSα-dependent 

processes, given that MutSα function is required for mutation avoidance and cancer 

prevention (28). The relatively low affinity MutSβ–MutLα interaction (Kd ≈ 0.25 μM) may 

be a reasonable target because the interaction between MutS and MutL homologs is required 

for mismatch repair (145, 179); moreover, as discussed above, MutLα has been implicated 

in triplet repeat expansion (40, 62, 132). Further investigation of the mechanism of MutSβ-

mediated mismatch repair will undoubtedly identify other protein–protein interactions or 

activities that could also be viable targets for inhibitor development.

A second therapeutic approach involves inhibiting the interaction of DNA-binding proteins 

with triplet repeat DNAs. In fact, pyrrole-imidazole PAs bind GAA·TTC repeats with high 

affinity (Kd = 0.1 nM) (88), and partially attenuate GAA·TTC repeat expansions in iPS cells 

derived from FRDA patients (89). This effect is thought to be due to disruption of non-B-

DNA structures by interaction between PAs and GAA·TTC repeats, thereby circumventing 
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mutagenic mismatch repair of these sequences. These compounds also alleviate the gene-

silencing defect that underlies FRDA pathogenesis (88).

A third possibility may be to target enzymes that modulate chromatin structure. This strategy 

has been employed to attenuate repeat expansion in model systems (80, 176). Small 

molecules targeting the acetyltransferases and deacetylases that regulate the acetylation 

status (and, consequently, the activities) of mismatch repair factors could also be used to 

indirectly attenuate mismatch repair function.

DNA STRUCTURE AS A POSSIBLE DETERMINANT OF MUTAGENIC 

MISMATCH REPAIR

The mutagenic outcome of mismatch repair activity on triplet repeat sequences stands in 

stark contrast to the high fidelity of base–base mismatch rectification, and poses an 

intriguing question: Why is mismatch repair mutagenic for some lesions but not others? One 

possibility is that DNA secondary structures such as those adopted by triplet repeat 

sequences have a particular propensity to provoke error-prone mismatch repair. Although 

this question has not yet been addressed experimentally, recent studies (180, 181) have 

provided tantalizing clues that DNA conformational transitions may also underlie mutagenic 

processes such as somatic hypermutation and class-switch recombination (45, 46). However, 

the extent to which the putative DNA structures at immunoglobulin loci are substrates for 

the mismatch repair pathway remains unknown.

How might DNA conformational dynamics turn a mutation prevention pathway into a 

mutagenic one? Unusual DNA structures differ from normal B-DNA in possessing features 

such as single-, triple-, and quadruple-stranded DNA segments; three- and four-way 

junctions; nonpaired hairpin loops; and Hoogsteen base pairing. Some of these structural 

elements may be recognized by MutSα or MutSβ, thus triggering an error-prone repair 

process, the mechanisms of which ought to be the subject of future investigations. In fact, 

orientation-independent loading of PCNA at bubble DNA structures dysregulates mismatch 

repair strand directionality by mistargeting MutLα incision activity to either DNA strand in 

the presence of MutSα (39). Thus, some of the DNA secondary-structural elements 

mentioned above may provide sites for orientation-independent loading of PCNA, and may 

provoke non-strand-specific MutSα/β-dependent nicking by MutLα (20). Postreplicative 

formation of alternative DNA conformations could cause retention of the genetic 

information of the newly synthesized DNA strand rather than that of the template strand. 

Furthermore, strand breaks that occur in close proximity would effectively be double-strand 

breaks, thereby not only causing chromosomal fragility (29) but also providing opportunities 

for repeat expansion by double-strand break repair.

The existence of a wide variety of repetitive DNA sequences in eukaryotic genomes suggests 

that DNA conformational transitions are common during the lifetime of an organism. 

Therefore, aberrant mismatch repair of such structures is likely to have profound 

consequences, not only at the cellular level but also on the evolutionary scale. The triplet 

nature of the genetic code imposes a unique relationship between triplet repeat sequences 

and gene expression, in that such repeats are distinctive among short sequence repeats in 
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their capacity to expand and contract without altering the reading frame of a gene. Thus, the 

causative function of DNA mismatch repair in triplet repeat expansion may be a 

fundamentally important evolutionary tool used by early organisms to generate mutations in 

an incremental fashion.
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NOMENCLATURE

The DNA triplet repeating sequence CTG·CAG represents a long, monotonous tract of 

repeating CAG units in one strand and CTG units in the complementary strand. The 

sequence (always in the 5′-to-3′ direction) could equally well be represented as 

AGC·GCT or GCA·TGC. The same principle holds for the other DNA repeating 

sequences.
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SUMMARY POINTS

1. Unusual DNA structures are endogenous cellular stressors that are encoded 

within the primary structure of the DNA; they are being increasingly implicated 

in the etiology of a variety of human diseases.

2. Expansion of short, tandem repeat sequences causes more than 30 debilitating 

human hereditary neurological and neuromuscular diseases.

3. Formation of non-B-DNA structures, such as extrahelical extrusions by 

trinucleotide repeat sequences, is a driving force of repeat instability.

4. Although DNA mismatch repair is an antimutagenic pathway, activity of this 

system on the structural lesions formed by triplet repeats is mutagenic and leads 

to repeat expansion.

5. Biochemical evidence supports a role for mismatch repair in mutagenic 

processing of small extrahelical triplet repeat extrusions. By contrast, loops 

composed of five or more triplet repeat units are processed independently of 

mismatch repair.

6. Two models, which are not mutually exclusive, have been proposed to explain 

the involvement of mismatch repair in triplet repeat expansion: entrapment of 

MutSβ by extrahelical hairpins (and consequent attenuation of hairpin removal) 

and dysregulation of mismatch repair strand directionality triggered by 

extrahelical extrusions.

7. Recent findings suggest a possible modulatory role for chromatin-remodeling 

activities in mismatch repair; thus, these activities may also play a role in 

influencing triplet repeat expansion.
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FUTURE ISSUES

1. How do mismatch repair proteins trigger expansion of triplet repeat sequences? 

The development of cellular and biochemical model systems that recapitulate 

mismatch repair–dependent repeat expansion should help clarify the molecular 

processes involved. A major goal of such efforts should be the identification of 

protein factors that modulate triplet repeat expansion, with the eventual 

objective of delineating the individual contribution of each protein to this 

process.

2. Does mismatch repair function in a mutagenic capacity in the expansion of 

GAA·TTC and CGG·CCG repeats? Does mismatch repair cause expansion of 

tetra-, penta-, hexa-, and dodecanucleotide repeat tracts?

3. What are the roles of non-B-DNA conformations in initiating mutagenic 

mismatch repair?

4. Given that both somatic hypermutation and triplet repeat expansion rely on the 

mutagenic action of mismatch repair, do these processes share common 

mechanistic features?

5. What are the roles of chromatin-remodeling activities in mismatch repair–

dependent triplet repeat instability?

6. The mismatch repair pathway represents a set of molecular targets for 

development of small-molecule inhibitors that might attenuate triplet repeat 

expansion. Such inhibitors could be used to treat any neurological disorder 

wherein the repeat expansion is caused by mismatch repair.

Iyer et al. Page 31

Annu Rev Biochem. Author manuscript; available in PMC 2016 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Unstable DNA repeats and human disease. Unstable DNA repeats cause 31 human diseases. 

In some cases of multiple skeletal dysplasia, repeat contraction is pathological. Unstable 

repeats can be located in either the coding or the noncoding region [untranslated regions 

(UTRs) and introns] of a gene. Typically, the repeat element is highly polymorphic even in 

unaffected individuals (blue bars). In some carrier individuals, premutation alleles (black 
bars) predispose the subsequent generation to full expansion when transmitted. Repeat 

lengths of disease-associated alleles (red bars) vary dramatically among the diseases, and in 

extreme cases can reach several thousand copies. For brevity, only the sequence of the top 

strand of the repeating unit is depicted.
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Figure 2. 
Proposed models for mismatch repair–mediated triplet repeat expansion. Strand slippage 

during DNA metabolic processes can result in the formation of hairpin loops (top left) or 

small extrahelical extrusions (top right). Hairpin loops may also be formed by strand-

displacement DNA synthesis initiated at strand breaks caused by the concerted action of 7,8 

dihydro-8-oxoguanine 1 (OGG1) and apurinic/apyrimidinic endonuclease 1 (APE1) on 

OGG1 lesions on the DNA (top middle). The MutSβ entrapment/hairpin escape model (left) 
posits that hairpin loops trapped by MutSβ are rendered refractory to removal by DNA repair 

processes and are thus incorporated into the primary structure of the DNA after the next 

round of replication, resulting in expansion. Hairpin loops may also escape repair by other 

unidentified mechanisms. However, per the dysregulated strand directionality model (right), 
extrahelical extrusions formed by strand slippage provide sites for proliferating cell nuclear 

antigen (PCNA) loading. However, loading of PCNA in this manner occurs without regard 

to orientation. Recognition of extrahelical extrusions by MutSβ provokes MutLα-catalyzed 

endonucleolytic cleavage on one or both DNA strands by MutLα. The ensuing strand breaks 

may serve as initiation sites for DNA synthesis–driven strand displacement. Alternatively, 

MutSβ-provoked strand excision is followed by gap resynthesis, causing expansion or 

contraction depending on which strand is the template for resynthesis. If the strand breaks 

generated by MutLα are in close proximity, excision on both DNA strands would lead to a 

double-strand break. Repair of the double-strand break could then lead to expansion or 

contraction of the triplet repeat tract. Also, MutSβ-dependent MutLγ endonuclease activation 

might occur without strand bias in the vicinity of triplet repeat extrahelical extrusions, 

leading to triplet repeat instability.
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