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Abstract

Mammalian cells have evolved sophisticated DNA repair systems to correct mispaired or damaged
bases and extrahelical loops. Emerging evidence suggests that, in some cases, the normal DNA
repair machinery is “highjacked” to become a causative factor in mutation and disease, rather than
act as a safeguard of genomic integrity. In this review, we consider two cases in which active
MMR leads to mutation or to cell death. There may be similar mechanisms by which uncoupling
of normal MMR recognition from downstream repair allows triplet expansions underlying human
neurodegenerative disease, or cell death in response to chemical lesion.
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INTRODUCTION

The mismatch repair [MMR] system protects genomic integrity by removing mismatched,
chemically modified, or extrahelical DNA in an ATP dependent reaction. The first step of
MMR is carried out in both bacteria, yeast and in mammalian cells by MutSa-homologue
[MSH] recognition complexes, which couple lesion binding with ATP hydrolysis, and
initiate an ordered series of events leading to repair of the lesion and to mutation avoidance
[1-6]. Compromise of the MMR system in cells and tissues leads to an increase in
spontaneous mutation rate, which is typically referred to as a mutator phenotype [1-3]. The
mutational spectrum in these mismatch repair-defective tumors reflects the inability to
correct post-replicative errors throughout the genome [1-3], and result in both base
substitution mutations and microsatellite instability. For example, about 15% of patients
with hereditary non-polyposis colorectal cancer [HNPCC] have wide-spread genome
instability, characterized by changes in copy number at repetitive tracts throughout the
genome [1-6].

© 2008 Elsevier B.V. All rights reserved.

"Corresponding author: memurray.cynthia@mayo.edu, Tel: 507-284-1597, Fax: 507-284-9111.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing
this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it
is published in its final citable form. Please note that during the production process errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McMurray

Page 2

There is a second, less-well studied class of MMR defects, which does not involve mutant
forms of MMR machinery [Figure 1][4-6]. Instead, lesion binding itself induces deleterious
changes in the MMR initiation complexes that lead to defects in downstream signaling.
Defective repair arises from a deleterious conformational change typically during
recognition of complex lesions such as looped-out CAG tracts [4] or bulky lesions such as
platinum (Pt) [5, 6] or O8-methylguanine [4-6]. In these cases, the MMR system not only
fails to act as a guardian of the genome, but become causative factors, leading, for example,
to CAG expansion [7-9], the lethal mutation underlying Huntington’s Disease [HD], or to
cell death in the case of Pt or OB-methylguanine [6]. This review focuses on mechanisms by
which the native MMR proteins are co-opted to cause mutation [Figure 1]. We refer to this
process as “highjacking”.

A. A FUNCTIONAL MISMATCH REPAIR COMPLEX CAUSES
TRINUCLEOTIDE EXPANSION IN VIVO

I. A native MSH2/MSH3 complex causes CAG/CTG expansion in Huntington’s Disease and
Myotonic Dystrophy

HD is one of several progressive neurodegenerative disorders in which the underlying
mutation is an expansion in a simple trinucleotide sequence [7-9]. Expansion causes disease
when a particular base sequence is repeated beyond the normal range, interfering with the
expression or properties of a gene product [7-9]. Disease severity and onset depend on the
number of CAG repeats. As the length of the repeat grows, so also do the size of the
successive expansions and the likelihood of another unstable event [Figure 2]. In
Huntington’s disease, for example, instability and pathogenesis are not observed at 28
repeats, occur frequently at 36 repeats and are certain above 60 repeats [Figure 2]. The CAG
repeat codes for the amino acid glutamine. As the CAG repeat number grows, the growing
polyglutamine tract produces an HD gene product (called mutant huntingtin (mhtt)) with
increasingly aberrant properties that cause death of brain cells controlling movement [red,
Figure 2].

Unexpectedly, in crosses of HD transgenic mice with mice lacking MSH2, expansion of
triplet repeats was abolished in somatic tissue of their \HD/MSH2[—/—] progeny [10,11]
and their germ cells [11] [Figure 3]. This unexpected finding revealed that The MMR
recognition complex is causative for the mutation. The MMR system typically corrects
biosynthetic errors, recombination errors, and is involved as an accessory factor in a number
of other DNA repair pathways [1-3]. In eukaryotes, MMR is initiated by one of two
heterodimeric MutS homolog [MSH] complexes, MSH2/MSH6 and MSH2/MSH3, with
different but overlapping lesions specificities [12—-24][Figure 4]. The ideal substrates for
repair by MSH2/MSH3 are small, extra-helical loops [IDL], while MSH2/MSH6 prefers
single base mismatches. MSH2/MSH3 and MSH2/MSH6 can repair some single base
mismatches [17] and single base bulges [18], but MSH2/MSH3 is highly specific for repair
looped DNA lesions beyond one base [12-16, 20-24][Figure 4]. CAG hairpin loops form
with mispaired bases every third nucleotide [25], and therefore exhibit features recognized
by both MMR recognition complexes. However, in vivo, expansion of long disease-length
alleles strongly depends on MSH2/MSH3 complex rather than an MSH2/MSH6 complex
[26, 27][Figure 4]. Loss of MSH3 abrogates expansion in transgenic mice harboring the
5’CTG3’ repeat in the 3’ non-coding region of the DM transgene [26] as well as 5-"CAG-3’
tract occurring within the coding sequence of the hHD transgene [27]. In both systems, loss
of MSHS6 had marginal, tissue specific effects, which did not block expansion, but
modulated the size of the expanded tracts. The mechanism by which MSH2/MSH3 causes
expansion of TNR tracts is not understood. However, data from HD patients, bacteria, yeast,
and animals have provided hints.
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Il. Triplet repeat disorders are “single-site” mutations

In HD patients, expansion is largely limited to the long disease-length alleles, which are rare
elsewhere in the genomes of normal individuals. The “single-site” pattern of mutation in HD
patients is distinctly different from that found in patients with hereditary non-polyposis
colon cancer [HNPCC][28]. Therefore, expansion in HD patients could not be readily
explained by mutations in the MMR machinery. In HNPCC patients, mutations in MMR that
compromise MMR integrity result in widespread microsatellite instability [mutator
phenotype] because the mutated MMR proteins do not function properly at most post-
replicative lesions in the genome [28]. In contrast, instability in HD patients occurs only in
the disease allele and not elsewhere in the genome. The same is true for FRDA and other
triplet diseases. Based on these data, the repair defect in trinucleotide diseases is unlikely to
reflect faulty function of the mutated repair machinery. More likely, expansion arises from
the inability of the normal repair machinery to work at specific sites. Specifically, in such a
model, mismatch repair proteins would be expected to operate normally at most sites in the
genome, but act improperly at specific sites, i.e., the long disease-length triplet allele. Such a
model is consistent with the fact that HD patients develop striatal pathology and
neurodegeneration due to the expanded allele, but are not prone to cancer relative to the
unaffected population.

lll. Stable hydrogen bonding blocks repair of hairpin loops in vivo

While the animal data unambiguously pointed to MMR as a causative factor in the
expansion mutation, the involvement of MMR was counterintuitive. Expansion, by
definition, is a process in which “extra” DNA is incorporated into the DNA template, yet the
cellular role for MSH2/MSH3 is to excise heteroduplex DNA [1-6]. These apparently
conflicting data raised the issue that MMR might recognize heteroduplex loops, but fail to
excise the lesion and carry out repair. Several lines of evidence suggested that such a model
was possible in vivo. Moore and co-workers [29] forced recombination in yeast at the His
locus to produce stable heteroduplex loops from at least 10 different triplets [including
CAG, CTG, GTT and ATT]. Heteroduplex loops generated from triplets capable of forming
stable hairpin structures were maintained as loops and escaped repair, while loops formed
from non-structure forming triplets [e.g. GTT] were efficiently removed from the genome
[29]. By making the appropriate point mutations, TNR tracts with base substitutions
designed to destabilize hairpin structures were also repaired efficiently. These data
suggested that repair of hairpins is blocked through stable hydrogen bonding and active
formation of secondary structure, not just the trinucleotide sequence [29][Figure 5]. The
latter analysis was performed in cells undergoing meiosis. However, in another line of
investigation, the same conclusion was reached by experiments in proliferating yeast cells
[30-33]. Using a 5-fluororotic acid selection method, LaHue and co-workers quantified the
frequency of expansions in vivo for a number of triplet repeat tracts CAG, CTG [30, 31],
GTT, GAC [32], and CGG [33]. Their analysis revealed that triplet repeats capable of
forming secondary structures increased the frequency of expansion in yeast anywhere from
5-1000-fold [30-33]. Equivalent repeat tracts lacking the capacity to form secondary
structure did not expand in vivo and the mutation frequency could not be distinguished from
background.

These data indicated that not only were heteroduplex structures able to form in vivo, but they
constituted the key intermediates in the expansion mechanism [34]. Physical analyses over
the years have confirmed that structure-forming ability is a common feature among
expansion capable sequences. To name a few, CAG or CTG [25] and CGG [35] formed
stable stem-loop structures comprising a repeat unit of two GC pairs and a mismatched pair.
The mutation underlying Friedreich’s Ataxia [FRDA] is a GAA repeat which can form a
pyrimidine-purine-pyrimidine (YRY) or purine-purine-pyrimidine (RRY) triple helix
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containing non Watson-Crick pairs [33, 35—-38]. Similar to hairpins, the triplex structures
mediate intergenerational instability in 96% of transmissions in FRDA patients [35]. Several
structures have been reported for CGG and CCG and more complex minisatellites [such as
telomeres] including i-motif [39], e-motif [40] and quadruplex DNA [41].

mechanisms by which MMR might cause CAG expansion

A role for MMR in mediating expansion, however, was far from clear. It made sense that if
heteroduplex looped DNA could form in vivo, it could serve as a substrate for MMR. What
mechanisms might allow structures to form in duplex DNA, however, and the role of MMR
in this process were not obvious. MMR cooperates in many cellular repair processes in
addition to its functions in post-replicative MMR [1-6]. At CAG repeats, for example,
hairpins have been reported to form at the site of single-strand breaks [27, 42, 43], at origins
of replication [44], during recombination [45-48], or by polymerase slippage during
proliferation [49-54, 43]. Pearson and colleagues, in this issue, discuss some of these
mechanisms. Although initially an overwhelming list of possibilities, these mechanisms can
be broadly grouped into two functional classes, those that depend on cell proliferation and
those that depend on break-dependent replication. However, the requirement for MMR has,
at least in part, been successful in pointing to those mechanisms most likely to operate in
mammalian cells [7-9, 54].

MMR is designed to correct post-replicative base mismatches and loops [1-6]. Thus,
slippage during cell proliferation was one of the earliest models for expansion [7-9, 49, 50,
52-58]. In fact, a defect in canonical processing of hydrogen-bonded loops is an attractive
model for expansion. During replication, the TNR units can misalign resulting in an
extrahelical DNA loop that increases TNR length if it occurs on the daughter strand, and a
decrease in TNR length if it occurs on the template strand [7-9, 54] [Figure 5]. In both
prokaryotic and eukaryotic models, it is well established that microsatellite instability is
sensitive to the length of the repeat [7-9, 51-55], to its structure forming potential [25, 29—
37, 54], and to its proximity to the origin of replication [44]. DNA loops are the preferred
substrate for MSH2/MSH3, and are the intermediates for expansion [7-9]. Thus, a role for
MSH2/MSH3 in faulty processing during post-replicative repair was consistent with both
the lesion specificity of MSH2/MSH3 [1-3, 14-24] and its requirement for expansion in
vivo. However, several observations indicated that inhibition of post-replicative MMR repair
per se was not the source of the expansions. Yeast and bacteria have been used to examine
the effect of proliferation on TNR expansion [7-9, 54]. Theoretically, expansion should
occur if slippage is on the daughter strand. [7-9]. However, deletions of TNR tracts are
favored over insertions during proliferation in yeast and bacteria by a factor of 10-1000 in
wild type cells [30-32, 55, 56]. Moreover, the deletion bias is relatively independent of the
MMR [55-57].

Another issue was the size of the slipped structures. Loop size formed by replication
slippage is small since the energy requirements for unpairing more than a few bases is larger
than for duplex formation [58]. Since the size of any one slip is inconsistent with the tract
increases observed in human disease, it has been suggested that expansion could arise if
multiple slips occur along the CAG template [59]. Indeed, it has been widely reported in
primer extension assays in vitro that triplet repeats inhibit polymerase progression and
pausing along the tract [49, 50]. In vitro, both 5’CAG and 5’CTG inhibit polymerase
progression [49, 50], and slippage should occur equally on the daughter and template strand.
Yet, expansions are infrequent and, in bacteria and in yeast, there is a strong deletion bias
during cell proliferation. Constraints during proliferation, at least in a simple model, do not
favor slippage on the daughter strand (7-9, 51, 53). Moreover, slippage should occur
whether polymerase passage occurs on the leading or lagging orientation, yet there is an
orientation-dependence to expansion in vivo. 5’-CTG or 5’CGG repeats have greater
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susceptibility to deletions when they serve as a template for lagging strand DNA synthesis.
However, as the leading strand template, 5°-CTG or 5 CGG repeats are relatively stable
[31, 49-54, 60-65]. Thus, it is not obvious why slippage should be limited to only one
orientation if the same sequence is being copied [66]. If some aspect of the lagging strand
configuration promotes slippage, there is no compelling explanation for why it should be
limited to the template strand. Recent in vitro experiments have provided, however, at least
one explanation [60].

In those experiments, both 5’CAG and 5’CTG repeats inhibits polymerase progression, but
5’-CAG is the most severe [60]. The impediment occurs only on the leading strand because
SSB protein eliminates the impediment on both sequences [60]. This outcome indicates that
the instability would be driven on the leading strand, consistent with the observation that
instability is greater when 5°CTG is in the lagging strand. Thus, the DNA synthesis rate
becomes slower than the helicase unwinding rate when 5’CAG is the leading template and
threatens functional coupling. To avoid uncoupling, the DNA polymerase pushes away and
passes over a small tract of 5’-CAG DNA in the leading strand template, saving synthesis
time, and the unreplicated 5’-CAG hairpin on the leading strand template is trapped after
polymerase passage, The trapping of loops may explain why MSH2/MSH3 has only modest
effects on deletion, and why deletion is favored over insertions during replication. This
study supports previous measurements in which leading strand can produce deletions [52],
and 5’CTG can inhibit polymerase progression [49, 50]. However, such a model argues
against a mechanism in which MSH2/MSH3 causes expansion during post-replicative
repair.

Although there are notable exceptions [69—70], most CAG tracts in proliferating HD patient
fibroblasts are also stable or delete trinucleotide repeats even in the presence of an intact
MMR system [71-73]. Thus, a simple replication slippage model is not entirely consistent
with the requirement of MSH2/MSH3 in causing expansion. MSH2/MSH3 is needed for
somatic age-dependent expansion in HD and DM animals [43]. However, at least in HD
animals, expansion occurs in post-mitotic neurons well after replication has ceased [43, 74].
Simple slippage during proliferation, although it occurs, does not mediate the expansion
observed in human disease, nor does it predict the deletion bias observed in rapidly
replicating bacteria and yeast [54].

Replication could, however, cause expansion in the context of strand break repair [Figures 6
and 7]. Indeed, several lines of evidence supported this hypothesis. CTG tracts appear to be
fragile sites. In one assay, a system was developed in which breakage within the CAG/CTG
tracts could be corrected to restore expression of a selectable marker that promoted survival
in the presence of 5-fluoroorotic acid. Indeed, breakage occurred at CAG tracts of 130 but
not at smaller tracts, and the frequency of recombination increased with the length of the
repeat [45]. Moreover, RAD1 and FEN-1 had the most impact on the insertion events. Given
the fact that FEN-1 has functions in both replication and recombination, these data
suggested that expansion might occur during gap-filling synthesis in recombination by
single strand annealing to repair breaks in DNA [45]. Other recombination assays have
yielded similar conclusions. For example, in yeast, a chromosomal site was engineered to
harbor a single HO endonuclease site. After cleavage, the HO-induced chromosomal break
can be corrected by gene conversion from a plasmid containing homologous sequences and
a CAG/CTG tract [46]. Surviving cells repaired the site using the plasmid as the sequence
donor. Both expansion and contraction were observed at the chromosomal break. However,
in the same cell, only deletions were found within CAG or CTG repeats of the replicating
donor plasmid [46]. Thus, increases in tract length expansion were associated exclusively at
the chromosomal break site.

DNA Repair (Amst). Author manuscript; available in PMC 2011 November 14.
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Taken together, the results from simple organisms suggested that replication could
contribute to expansion in the context of break repair [45, 46, 74—77]. Stalling of polymerase
during replication has long been associated with strand breaks. Recently, two-dimensional
gel analysis of replication intermediates has provided compelling evidence that polymerase
indeed stalls on tracts of CAG repeats [74], CGG repeats [75], and GAA repeats [76] in
vivo, and, under these conditions, the rate of expansion increases. These key experiments
provide an integrated model for expansion, which accounts for aspects of replication,
fragility, and break repair. Explicit break-dependent mechanisms for expansion might be
envisioned to include recombination [7-9][Figure 6], replication re-start [77] [Figure 6], or
single strand break repair [42, 43][Figure 7].

To what degree mechanisms deduced from model organisms operate in mammalian cells
remains an unresolved question. Patient fibroblasts containing long repeats do not lack
repair proteins. Thus, their role in causing expansion is difficult to test. Further, tests of
expansion among cell types have not always painted a consistent picture due to the fact that
the effects of strand breaks cannot be separated from the effects of replication in
proliferating cells [67-72, 78-80]. However, the use of transgenic animals has been
particularly informative [70, 80-86]. Loss of MSH2 stops expansion in germ cells and in
somatic cells during development in animals [10, 11, 26, 70, 80, 81], and, as widely
observed, leads to deletion during intergenerational transmission in mouse models of HD
[70, 80, 81, 84]. Interpretation of these effects is debatable, but it appears that, in the
absence of MSH2, recombination in the germ cells, or cell proliferation early in
embryogenesis is the source of the deletion events. Results from transgenic animals argue
against the former [11, 81-87]. While loss of MSH2 blocked expansion in HD or DM
animals, loss of RAD 52, RAD 54, and Ku in DM mice has no effect on expansion of the
CTG repeat [81]. Thus, TNR expansion requires MMR, but does not require enzymes
generally needed for homologous recombination or non-homologous end-joining in animals.
Since expansion occurs in post-mitotic neurons of HD animals and in DRPLA patients,
these results suggest that replication is also not required for expansion and, most often,
results in deletion [43, 73]. Exclusion of these mechanisms indicates that expansion in
animals may arise in the context of single strand break repair, as a consequence of base
excision repair [BER], or potentially from nucleotide excision repair [NER][Figure 7]. To
date, there is little evidence to support a NER mechanism, but removal of oxidative DNA
damage by BER appears to be a relevant model for expansion, at least in somatic cells [43].

In HD mice, age-dependent expansion at the HD locus occurs concomitantly with the
accumulation of oxidative DNA damage [43], and expansion can be directly induced under
conditions of oxidation in mammalian cells that, otherwise, would not expand their repeats
in culture [43]. Importantly, loss of 7,8-dihydro-8-oxo-guanine-DNA glycosylase [OGG1], a
DNA glycosylase responsible for removal of oxidized guanines, suppresses expansion in
HD mice [43] [Figure 7]. Suppression in HD animals is not observed for other glycosylases
tested. Single strand breaks are intermediates of BER. Thus, age-dependent somatic
mutation associated with HD implicate repair of single strand breaks as part of the
mechanism. Since oxidation occurs throughout life, progressive somatic expansion could be
envisioned to occur by a toxic oxidation cycle [43], and provides a plausible mechanism by
which expansion might occur in post-mitotic neurons. The role for MSH2/MSH3 in removal
of oxidative DNA damage is not entirely understood. However, MSH2 null animals
suppress expansion in the presence of OGG1 [11], OGG1 null animals suppress expansion
of their repeats in the presence of MSH2 [43], and loss of MSH2 results in tract deletion [70,
80, 81]. Thus, MSH2 and OGG1 are likely to operate in the same mechanistic pathway.
There is a large body of literature, which implicates the MMR system in the removal of
oxidative DNA damage [87]. Thus, it is possible that physical or functional interactions
between the MSH2/MSH3 and OGGL1 can cooperate to cause expansion in somatic cells
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[Figure 7]. Further testing will address whether such a mechanism is correct or whether
putative interactions between the two repair proteins would be relevant during
intergenerational transmission.

MMR in Loop stabilization?

While the exact mechanism that generates looped intermediates is not well understood,
expansion, by definition arises from incorporation of DNA loop intermediates into genomic
DNA. In that regard, MSH2/MSH3 might cause expansion by either failing to correct post-
replicative slippage errors, or by stabilizing a looped intermediate at a break. Although far
from clear, current in vivo and in vitro data suggest that the latter is more likely. In one
report, circular plasmids were hybridized to single stranded complementary DNA to create
long circular templates in which a primer tail existed on one site of the plasmid [88]. Single
strand breaks were placed on either side of a preformed hairpin trapped between the primer
and the break. These plasmid templates were incubated with repair-competent cell extracts,
and the fate of the preformed CAG and CTG loops was followed in vitro during polymerase
passage. For trapped loops, expansion in vitro depended on the position of the hairpin with
respect to the break [88]. In contrast to mouse models, however, expansion in vitro was
independent of MSH2, as cell extracts lacking MSH2 had no effect on loop processing [88].
Since the loops were preformed and trapped in the substrates in the in vitro system, a role
for MSH2/MSH3 forming the loop could not be tested directly. However, the fact that
changes in the CAG tract length occurred in the absence of MSH2 argues that MMR is not
required in vitro once the hairpins are formed. Overall, the requirement for MSH2 in vivo
and its dispensable nature in vitro tend to support the notion that MSH2/MSHS3 is involved
in generating the loop intermediate. A loop stabilization model is attractive since it is
consistent with in vivo results that expansion depends on MSH2 in animals, and in its
absence, failure to stabilize loops results in CAG tract deletion as it is transmitted in
subsequent generations.

VI. Hijacking biochemical functions of Mismatch Repair

Whatever the precise mechanisms for loop formation, MSH2/MSH3 fails to process them
faithfully. If MSH2/MSH3 causes expansion by stabilizing looped DNA, then such a model
implies that the MSH2/MSH3-hairpin complex is dysfunctional in signaling repair. Indeed,
recent analysis of the MSH2/MSH3-CAG hairpin complex reveals that CAG/CTG hairpin
binding suppresses most of the biochemical functions required for lesion recognition and
initiation of MMR [27]. To carry out repair, all MSH complexes must bind DNA, bind ATP,
hydrolyze ATP, and properly couple DNA binding and ATP hydrolysis to signal
downstream components of the MMR machinery [1-6]. The structural features of the MSH
proteins are exquisitely designed to carry out these functions [18, 89-91][Figure 8]. MSH
proteins contain two conserved Walker-type nucleotide binding domains in their carboxy-
termini [18, 89-91]. Walker A and Walker B motifs have been shown to both bind and
hydrolyze ATP [89-96], which is essential for recognition and repair of lesions in DNA.
Nucleotide binding is structurally linked to DNA binding located in two domains at the N-
terminus [18, 89-91]. Although the subunits of bacterial MutS are identical, DNA binding
creates an asymmetry between them, in which one subunit is in direct contact with a
mispaired base and the other making few non-specific or no contacts with the
phosphodiester backbone [18, 89-91]. In MutS and in MSH2/MSHS, the subunit that
contacts DNA contains a conserved phenylalanine [Phe] residue that stacks onto a single
mispaired DNA base, and is essential for its efficient repair [97]. How lesion recognition is
coupled to ATP binding is not well understood. However, crosslinking experiments have
recently demonstrated that MSH2 binds ADP with high affinity, while MSH6 binds ATP
with high affinity [98], and each nucleotide binds with half-site occupancy [93-96, 98, 99].
There is general agreement that transient double occupancy in MutS and MSH2/MSH6 is
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possible. However, there is no general agreement as to the role of double occupancy states in
mediating MMR [ADP/ADP, ATP/ADP, or ATP/ATP], and as to what liganded state
correlates with specific functions in MMR [98, 99]. Crosslinking experiments have led to
the suggestion that the ATP/ATP bound state in MSH2/MSH®6 forms an ATP hydrolysis-
independent clamp, which allows sliding and movement away from the lesion to signal
repair [20, 98]. Far less is known about MSH2/MSH3. However, MSH3 that is unable to
bind or hydrolyze ATP results in a mutator phenotype [1-6]. Thus, nucleotide binding
within the subunits of MSH2/MSH3 will also be key in regulating mismatch recognition and
downstream signaling during MMR [1- 6].

Since in all MSH recognition complexes, disruption of nucleotide binding and hydrolysis
prevents faithful repair, it is significant that binding of MSH2/MSH3 to the CAG hairpin
inhibits its ATPase activity, alters its binding stoichiometry to DNA, and changes its
nucleotide affinity [27]. All of these changes in MSH2/MSH3 require the A/A mispaired
bases in the stem of the hairpin [27]. Placement of A/A mismatches within a duplex DNA
does not inhibit the ATPase activity of MSH2/MSH3 indicating that the structure of the
hairpin not just its sequence appears to be required for the inhibitory effects. Surprisingly,
inhibition of ATPase activity occurs without significant alterations in DNA binding affinity
relative to loop templates typically corrected by MSH2/MSH3 [27]. Thus, the DNA-induced
repair defect in MSH2/MSH3 appears to be an “uncoupling” of DNA binding from ATP
hydrolysis at the CAG hairpin site. The detail or extent of the conformational changes
induced in MSH2/MSH3 by hairpin binding is unknown. However, candidate defects
include loss of bending and sliding away from the lesion [20-23, 98]. For MSH2/MHS,
binding to single base mismatches introduce a 60° DNA bend at the site of the mismatch
[18, 89-91], which is facilitated by intercalation of a conserved phenylalanine residue in the
DNA binding site. The bending appears to be a critical step in recognition, and bent to
unbent transitions have been reported during recognition of DNA lesions by MSH2/MSH6
[100]. In contrast, inhibition of ATP hydrolysis in the MSH2/MSH3-hairpin complex is
independent of the length of the template, suggesting that the hairpin prevents sliding off the
lesion [27]. MSH2/MSHS3, once bound, appears to be “stuck” to the hairpin, which may
prevent bending and flexibility in the DNA needed for regulation and coupling. An
uncoupling model predicts that MSH2/MSHS3 recognizes the mispaired bases in the hairpins
stem, but, once bound, fails to correct them. In such a model, the mismatch repair system
would operate normally at most sites in the genome, but its normal lesion binding function is
“hijacked” to cause expansion at the site of CAG hairpin formation.

Although 5’-CAG and 5’-CTG have the same dependence on MSH2/MSH3, it has been
debatable as to whether the same mechanism of expansion applies to all triplet repeats. A
confounding issue is the size of repeat tract changes, which differ depending on whether the
triplet repeat exists in a coding or a non-coding region of a gene. 5’-CAG is the only triplet
found in the coding sequence of genes. For 5’CAG tracts, the size of the repeat expansions
is small (3—15 repeats). In contrast, triplet tracts located in non-coding regions (5’CTG and
5’CGG) can expand up to thousands. The basis for these size differences is not entirely
clear. However, in the coding region of genes, very long 5’CAG tracts serve as a template
for an increasingly toxic gene product, which may not support life. Thus, it is generally
suspected that the smaller 5’CAG expansions are the result of “selection” rather than a
different expansion mechanism relative to non-coding repeats. In other words, repeat tracts
in both coding and non-coding regions may undergo large expansions, but the larger
expansion of coding tracts would not be detected since cells expressing the expanded gene
products would not survive. Beyond size differences, there are striking similarities among
expanding triplets including a common dependence on MSH2/MSH3, a comparable
expansion threshold, and the frequent and progressive growth of the repeat. Thus, the
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mechanism postulated to cause CAG expansion in HD is likely to play roles in the other
triplet repeats, although that hypothesis will bear further testing.

VII. Lesion specificity: MSH2/MSH3 but not MSH/MSH6 causes expansion

Both MSH2/MSH3 and MSH2/MSH6 bind and hydrolize ATP to initiate MMR, the
hijacking model does not readily explain why the CAG expansion displays an unexpected
specificity for MSH2/MSH3, while MSH2/MSHS6 has little effect. MSH2/MSH3 has a
higher affinity and specificity for insertion/deletion DNA loops [IDL] composed of 2-13
bases [15, 22] and branched DNAs [101] [Figure 4]. However, the hairpin lesion also
contains multiple mispaired bases within its stem, offering a number of preferred substrates
for MSH2/MSHBS. Thus, the structural basis for the specificity of expansion on MSH2/
MSH3 is unclear. The DNA binding domain of MSH2/MSH3 differs significantly from its
MSH2/MSH®6 counterpart [18, 89-91, 102]. While the Phe residue of MSHS6 is required for
stacking onto the mispaired base, MSH3 has a lysine in the analogous position. Thus, repair
by MSH2/MSH3 and MSH2/MSHS, even for the same lesion, is unlikely to occur by the
same mechanism.

Although MSH2/MSH3 and MSH2/MSH6 share a common MSH2 subunit, lesion
specificity for the expanded CAG site may also be influenced by differences in the
interactions with the MSH2 subunit with MSH3 and MSH6. For human MSH2/MSHS, the
MSH2 subunit makes no contact with DNA even within the phosphodiester backbone [92],
and, in yeast, loss of DNA binding Domain | of MSH2 has little effect on repair activity of
MSH2/MSH®6 [102]. However, loss of the same domain in MSH2 inactivates MMR and
recombination activities of MSH2/MSH3 in yeast [102]. Furthermore, when the DNA-
binding domain of MSH3 is switched for the DNA-binding domain of MSHS, the resulting
chimera complements the mutator phenotype of MSH3[—/—] strains in vivo [16]. However,
when the MSH6 DNA-binding domain is switched for the MSH3 DNA-binding domain,
neither MSH3 nor MSH6 deletion mutants were competent in repair [16]. These data
suggest that the MSH3 and MSH6 subunits are both structurally and functionally different.
Thus, the dependence of expansion on MSH2/MSH3 and not MSH2/MSH6 may reflect
aspects of the normal lesion specificity of MSH2/MSH3 for looped DNA. A DNA-induced
conformational change in MSH2/MSH3 may uncouple MSH2/MSH3 from signaling
canonical MMR. Instead, the protein-DNA complex may divert signaling to an alternative
pathway, which repairs the CAG/CTG site inefficiently. Understanding the role of MSH2/
MSH3 will be aided by mapping occupancy of nucleotide within its subunits, as well as
detailed structural analysis of the MSH2/MSH3-hairpin complex.

B. CHEMICAL LESIONS

Repair deficits such as the one mediated by MSH2/MSH3 in HD are reminiscent of
mismatch repair defects in which the normal MSH2/MSH6 complex dissociates normal
coupling and signals cell death at some lesions. MSH2/MSHG6 recognizes a variety of
damaged DNA substrates and complex lesions including the common alkylation lesion
mismatches O8-methylguanine-C and O8-methylguanine—T [4-6, 103, 104]. Agents that
methylated bases in DNA by an SN1 mechanism, such as N-methyl-N’-nitro-
N’nitrosoguanididne [MMMG] and N-methyl-N-nitrosourea [MMU] are mutagenic and
cytotoxic [4-6, 103, 104]. The O%-methyl-G [08-meG] DNA adducts induce cell cycle
arrest and apoptosis in a manner requiring the DNA mismatch repair [MMR] proteins
MutSa and MutLp [1-6]. MSH2/MSH6 also recognizes mismatches containing 8-
oxoguanine [87] and cis-Platinum [Pt][105-107]. The most abundant lesion generated by
cisplatin is 1,2-d[GpG] intrastrand cross-link formed by the cross-linking of a platinum
residue with the N-7 atom of two adjacent guanine residues [105]. This lesion can give rise
to a compound lesion, namely an intrastrand adduct in one strand and a mismatch in the
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other [106]. Such compound lesions arise from the misincorporation of a base opposite the
platinated guanine of the 1,2-intrastrand cross-link during replication bypass [106]. Pt
treatment is widely used for treatment of ovarian cancer, and in this case, the cytotoxic
properties are an advantage [4-6, 104].

As with the CAG expansion mutation, MMR-dependent signaling at chemical lesions is
thought to occur through molecular mechanisms that differ from those required for normal
post-replicative mismatch repair [4-6]. For example, the ATP-dependent biochemical
properties of Escherichia coli MutSa, differs when the protein interacts with a DNA
oligonucleotide containing a GT mismatch versus a more complex lesion [108]. MutS
exhibits substantial affinity for cisplatin 1,2-d[GpG] intrastrand cross-link with a mispaired
thymine opposite the 3’ platinated guanine, whether or not it binds ATP [108]. Similar to the
effects of CAG hairpin binding on MSH2/MSH3 function [27], Pt binding inhibits MutSa
ATPase activity to a rate equivalent to that induced by nonspecific homoduplex DNA [108].
Loss or mutations of MSH2, MSH3, and MSH6 typically result in a 2- to 4-fold increase in
lesion tolerance [109], which contributes significantly to the failure of cancer therapy [109,
110]. Thus, biochemical properties induced by Pt are remarkably similar to those imparted
by the CAG hairpin on MSH2/MSH3.

Although the specific type of lesion likely contributes to the choice of repair or cell death,
the recent crystal structure of MSH2/MSHG6 reveals that its conformation is unaltered by
binding to either a cytotoxic Pt lesion or to a repair competent GT mispaired base [91].
Furthermore, the nucleotide binding properties of MSH2/MSH6 remain unchanged when
bound to G/T mismatch base pairs [98]. Thus, the structural basis for uncoupling of lesion
binding and ATP hydrolysis by MSH2/MSHG at Pt lesions is unknown. However, molecular
modeling and mutational analysis has been informative in identifying residues that affect the
repair and cell death responses independently [106, 111-113]. The conserved glutamate in
the Phe-X-Glu DNA binding domain appears to be a key contact with cisplatin-DNA, and is
instrumental in the resulting cytotoxicity [111-113]. Mutation of this residue increases non-
specific DNA binding, and reduces cisplatin toxicity [111- 113]. In contrast, the conserved
phenylalanine that is indispensable for mismatch recognition during post-replicative repair is
not required for cisplatin cytotoxicity [111- 113]. These differences in protein~-DNA
interactions appear to be translated into localized conformational changes that affect
nucleotide requirements and inter-subunit interactions. Specifically, coupling of ATP
binding and hydrolysis is necessary for repair of G/T mismatches, but has little consequence
for the MMR-dependent damage response. In the former, the MutS conformation is
sufficient to support interaction with downstream proteins and to carry out post-replicative
repair. However, in the latter, an aberrant conformational change in the MSH-related
proteins either directly aborts coupling with MLH1/PMS2 and to the downstream MMR
machinery, or diverts the MMR-lesion complex to an alternative pathway, which is not
competent for repair.

Thus, there are distinct functional similarities in the effects of MSH2/MSH®6 at Pt lesions
with those of MSH2/MSH3 at CAG hairpins, despite the fact that one is cytotoxic and one is
mutagenic. Two models have been mainly proposed to explain the role of MMR proteins in
DNA-damage response [1-6]. The futile cycling model proposes that repetitive repair
attempts are triggered at a mispaired base opposite a persistent lesion, resulting in the
accumulation of strand breaks, which further activate cell death [114— 116]. The direct
signaling model is based on the concept that MMR proteins have two separate roles, one in
the repair of mismatches and the other in the DNA damage response [4-6, 111-116].
Indeed, MMR proteins interact with an intricate network of proteins involved in cell cycle
checkpoint and apoptotic pathways, among which are p73, ATM, CHK2, BRCA1 and
PCNA [1-6]. Checkpoint signaling in response to DNA methylation occurs during S phase
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and requires DNA replication that gives rise to O8-meG/T mispairs. DNA binding studies
reveal that MutSa specifically recognizes O8-meG/T mispairs, but not 08-meG/C. In an in
vitro assay, ATR-ATRIP, but not RPA, is preferentially recruited to O%-meG/T mismatches
in a MutSa- and MutLa-dependent manner [103]. Furthermore, ATR kinase is activated to
phosphorylate Chk1 in the presence of 0%-meG/T mispairs and MMR proteins. These results
suggest that MMR proteins can act as direct sensors of methylation damage and help recruit
ATR-ATRIP to sites of cytotoxic 0%-meG adducts to initiate ATR checkpoint signaling
[103]. Thus, MutSa may directly signal cell death under the correct conformational setting
[115, 116].

In conclusion, there are many differences between toxicity induced by chemical lesions and
those associated with disease states such as HD. Chemical exposures can directly signal
apoptoic pathways, as well as induce strand breaks in futile attempts at repair [4— 6, 115].
HD, on the other hand, is a single site mutation in which toxicity involves both synthesis of
a toxic protein and elevation of oxidative DNA damage in cells. However, both conditions
initiate from a DNA-induced conformational change in a normal mismatch repair complex
that is functionally and structurally related. The similarities raise interesting questions as to
whether there were common and measurable states by which a DNA-induced conformation
change, in an otherwise normal MMR complex, might uncouple lesion binding from ATP
hydrolysis to cause cell death.
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Figure 1. Defects of MMR leading to mutation and cell death. [top]

Mutant form of MMR machinery [nMSH] recognizes a single base G/T lesion. Blue square
indicates a mutated MSH2 recognition protein. Faulty processing of the lesion leads to
missense mutations. [bottom] Normal MSH protein [blue rings] recognizes bulky lesions. Pt
signifies platinum inter-strand crosslinking. Interaction of the MSH protein with the lesion
blocks repair. Faulty repair induces toxic strand breaks due to futile cycling, which leads to
death. Alternatively, cell death arises from direct damage signaling [arrow]. At the hairpin
site, MSH2 binds to the lesion, undergoes conformational change that inhibits faithful loop
repair. Faulty repair leaves behind unrepaired loops, which are incorporated into the DNA to
cause expansion mutations. The hairpin represents a CAG fold-back structure with an A/A
mispaired base every third nucleotide. Red dots in hairpin represent A/A mismatched base in
the stem.
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Figure 2. CAG expansion and toxicity in Huntington’s Disease

[A] Huntington’s Disease is a severe neurodegenerative disorder, which is characterized by
regional cell death. mhitt targets cells in the enkephalinergic, medium spiny neurons in the
striatum and in the cortex for death. Red regions indicate the major areas of neuronal loss in
HD patients with 36-120 CAG repeats. These brain regions control movement. C/P is the
caudate/putamen; CTX is the cortex; GP is globus pallidus; STN is subthalamic nucleus; VL
is ventrolateral thalamic nucleus; SN is substantia nigra. [B] The relationship between CAG
repeat number and HD pathophysiology. [right] Schematic representation of the HD gene:
the open bar represents the coding region of the Huntington’s gene [called huntingtin]; the
lines indicate the non-coding portions of the gene; the small red bar indicates the position of
the CAG repeat stretch located within the N-terminal portion of the coding sequence. Upside
down triangle represents increasing number of CAG repeats. Base of triangle in white
represents normal unaffected individuals with 6-29 CAG repeats. Dotted lines indicate
unaffected carriers for disease with 29-35 CAG repeats. Red part of the triangle indicates
affected individuals with 36-120 CAG repeats. [C] Schematic representation of B-sheet
conformation of the huntingtin protein harboring a long polyglutamine tract. Dotted lines
indicate hydrogen bonding.
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Figure 3. MSH2/MSH3 but not MSH2/MSH6 play a causative role in CAG expansion

[A] The CAG repeat sizes of the indicated mouse crosses used in the analysis. hHD is the
parental R6/1 animals expressing exon 1 of the human Huntington’s Disease. Crosses with
hHD lacking MSH3 or MSH6 are indicated. [B] The changes in CAG repeats sizes [mean
repeat change] for h(HD/MSH2[ —/—], hHD/MSH3[—/—], and hHD/MSH6[ —/—] animals at
15 weeks and 25 weeks, as indicated. No expansion is observed in any line at 15 weeks of
age. However, expansion is prevalent in hHD and hHD/MSH6[ —/—] animals, while no
expansion is observed in h(HD/MSH2[ —/—] and hHD/MSH3[—/—] animals. Colored bars
represent the indicated tissues.
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Figure 4. Eukaryotic mismatch repair complexes

Two eukaryotic heterodimeric proteins are homologous to the bacterial MutS, and both
share a common MSH2 subunit. MSH2/MSH3 and MSH2/MSHS6 are responsible for
recognition of lesions in DNA, but with different specificities. The MSH2/MSH6 complex
has a strong preference for repairing single base mismatches, but has very little ability to
repair small loops beyond 2 nucleotides. Both MSH2/MSH3 and MSH2/MSHG6 can
recognize single base bulges. However, MSH2/MSH3 has strong specificity for small
heteroduplex loops between 2-13 nucleotides. MSH2/MSH3 can also repair some single
base mismatches.
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Figure 5. Polymerase slippage model for expansion based on E. coli

During replication, the TNR units can misalign resulting in an extrahelical DNA loop that
increases TNR length if it occurs on the daughter strand (daughter in red), and a decrease in
TNR length if it occurs on the template strand (template in red). [A] Model for hairpin
formation during leading strand synthesis. [B] Model for hairpin formation during lagging
strand synthesis. In either model, hairpins can theoretically form on either the template or
the daughter strand (shown in red). Grey bars are random DNA bases. Green balls are
polymerase, orange ball is the helicase at the replication fork, grey balls are the single
strands binding proteins. Pink ball is primase.
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Figure 6. Break-dependent replication; expansion during gap filling synthesis

Recombination models for repeat expansions. [A] Double strand breaks are repaired on the
homologous chromosomes (shown in green and blue) and repetitive DNA strands are shown
in red. The two ends are resected to leave unpaired overhangs that can invade the
homologous chromosome or a sister chromatid. Slippage during gap filling synthesis can
generate hairpins. The strands containing the hairpin reanneal, and expansion occurs after
loop processing (in red). (B) A model for repeat instability based on fork stalling and
replication restart within the repetitive region [taken from [7] Repeat contractions (upper
pathway) occur when the machinery for the lagging-strand synthesis skips the repetitive
hairpin on the lagging-strand template. Repeat expansions (lower pathway) can occur during
replication fork reversal and restart, leading to the formation of a repetitive hairpin on the
nascent leading strand. The structure-prone strand of the repetitive run is shown in red, its
complementary strand in green, and flanking DNA in beige. DNA polymerases are shown in
blue, primers for Okazaki fragments in pink, and single-stranded-DNA-binding proteins as
grey circles. The bracketed intermediate contains a hairpin on the nascent strand, which can
be stabilized by MSH2/MSH3.

DNA Repair (Amst). Author manuscript; available in PMC 2011 November 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McMurray

Page 24

Figure 7. Excision repair models for expansion

[A] The base excision repair model for expansion. Expansion can be directly induced
under conditions of oxidation in mammalian cells. The 7,8-dihydro-8-oxo-guanine-DNA
glycosylase [OGG1](green ball), a DNA glycosylase responsible for removal of oxidized
guanines creates a single strand nick in the DNA. Together with the apo-endonucelase
(APE)(blue ball) process the end to allow polymerase (Pol in red) to undertake gap-filling
synthesis (dotted lines). The hairpins form by strand displacement together with any
slippage that might occur during synthesis. The loading of FENL1 is inhibited on the hairpin
since its 5’ end is hidden. The binding of MSH2/MSH3 stabilizes the repetitive hairpin,
preventing flap removal. The slipped-stranded intermediate is converted into an expansion
by an error-prone repair pathway. [B] The nucleotide excision repair model for
expansion. There has been no direct data to support such an NER mechanism, to date.
However, the hairpin can act as a complex lesion. After lesion recognition, a 10-20
nucleotide bubble is opened by TFIIH containing the XPB an XPD helicases followed by
XPA binding. Strand cleavage occurs on the 5’ or 3’ side of the lesion by ERCC1/XPF and
XPG, respectively. The hairpins lesion is removed, but small slipped structures form during
gap filling synthesis by the replication machinery including RFC, PCNA processivity factor,
and DNA polymerases d/e. The loops are sealed into the DNA with DNA ligase I, and
processed to generate an expansion.
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Figure 8. The Structure of MutS

[A] Crystal structure of the TAQ MutS-DNA complex. The two protein half-sites are mirror
images and form a homodimer represented by ribbon diagrams. Ribbon diagram of subunit
A. The five domains are colored blue (DNA binding, domain I), green (connector, domain
I1), yellow (lever arm, domain I11), orange (DNA binding, domain 1V) and red (ATPase
activity, domain V) from the N to the C terminus. MSH proteins contain a conserved
Walker-type nucleotide binding domain in their carboxy-termini. Walker A and Walker B
motifs have been shown to both bind and hydrolyze ATP, which is essential for recognition
and repair of lesions in DNA. Nucleotide binding is structurally linked to DNA binding
located within the N-terminus. The linker regions connect the C- and N-termini, and
connector regions connect the DNA binding domain to the linker. Secondary structures are
named in alphabetic or numeric order for [a]-helices and [B]-strands, respectively, following
their order in the primary sequence in each domain. [B] Each functional unit is
schematically represented in stick figure as a clamp. The colors represent each domain of
MutS in the half site in [A].
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