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1.  ABSTRACT

Genes harboring certain trinucleotide repeat
(TNR) sequences are at risk for high-frequency mutations
that expand or contract the repeat tract.  The triplet
sequences CNG (where N = any nucleotide) and GAA are
known to cause human disease when they expand by more
than a few repeats in certain key genes.  One of the crucial
questions in the field is the mechanism (or, more likely,
mechanisms) of triplet repeat expansions and contractions.
The available evidence indicates that TNRs can change
length as a result of aberrant DNA replication in
proliferating cells.  In addition, TNR instability can arise
from gene conversion or by error-prone DNA repair
whether the cell is dividing or not, since most cell types
have recombination and repair activities.  The latter of
these three sources, DNA repair, is the subject of this
review because of some recent provocative findings.  Two
non-mutually exclusive views of DNA repair and TNR
instability predominate at this time.  One idea is that
aberrant DNA structure within TNRs blocks repair.  Thus
even cells with normal repair activities are inhibited from
preventing expansions or contractions, due to local DNA
structures formed by TNR sequences.  A pernicious second
model is that DNA repair actually contributes to TNR

instability.  This idea of pro-mutagenic DNA repair,
although seemingly counterintuitive, has support from a
number of studies.  A simple explanation is that repair is
triggered either by DNA damage in or near the TNR, or
perhaps by the aberrant TNR-DNA structure itself.
Subsequent excision of nucleotides is followed by error-
prone repair synthesis.  The idea that repair synthesis is a
culprit in expansions or contractions ties into the
established ideafz that DNA replication through TNRs
gives rise to instability.  Since DNA synthesis also occurs
during gene conversion, a common source of TNR
instability could well be the errors that arise when DNA
polymerases attempt to synthesize the problematic triplet
repeat sequence.

2.  TRIPLET REPEAT MUTATIONS AND SOURCES
OF INSTABILITY

2.1.  The curious genetics of triplet repeat expansion
diseases

Triplet repeat sequences display enigmatic
inheritance patterns in human families affected by
Huntington’s disease, Fragile X syndrome, myotonic
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dystrophy, or other diseases caused by TNR expansions.
While each disease has its own genetic characteristics,
commonalities underscore the unique nature of these
mutational patterns in affected families.  These common
features include the high frequency of mutation and the
relatively large size of many TNR mutations, compared to
other DNA microsatellites which usually undergo low-
frequency, small length changes.  While the absolute
frequency of mutation varies among TNR diseases, this
review will consider TNR mutations as a single class of
high-frequency events.  TNR instability commonly shows a
strong dependence on allele length (longer tracts are more
unstable), and also sequence, since CNG and GAA triplets
are known to expand frequently in human families.   When
the tract is imperfect, i.e. interrupted by base pair
substitutions, expansions occur significantly less often.
There is nearly always a strong proclivity towards
expansions rather than contractions in humans (but not in
most model systems).  The locus-specific nature of TNR
instability contrasts with the genome-wide instability
associated with loss of DNA repair functions.  In fact TNR
instability occurs readily in cells and tissues where DNA
repair is unaltered.  Several recent reviews (1-7) elegantly
describe replicative models of instability that will briefly be
alluded to here before focusing discussion on DNA repair
and TNR mutability.  Several reviews (2, 4, 6) highlight
structural details of TNRs, including the appropriate
citations that must be largely curtailed in the next section of
this review.

2.2.  Structural features of TNRs
These fascinating genetic traits have encouraged

many laboratories to investigate the causes of TNR
instability.  Part of the answer came from structural studies
of TNR DNA in vitro (2, 4, 6).  Single-stranded CAG,
CTG, CGG, and CCG sequences readily form hairpins with
substantial thermodynamic and kinetic stability.  CGG
hairpins can subsequently fold into a more complicated
tetraplex structure, which further increases their energetic
stability.  Alternative structures can also form in the context
of a duplex DNA.  When linear duplexes containing
CTG•CAG repeats plus flanking sequence are denatured
and reannealed, slipped-strand and loopout structures are
formed in which TNRs are extruded as single-stranded
loops.  Surprisingly, when one strand carries more repeats
than the other, heteroduplex extrusion of excess repeats
occurs at preferred locations within the microsatellite (8)
rather than being randomly distributed.  GAA repeats form
triplex structures, although a very recent report suggests
that GAA and TTC repeats can also form large hairpins
during reiterative DNA synthesis in vitro (9).  Evidence for
alternative structures in vivo, such as replicational pausing
at TNR tracts in bacteria and yeast (10, 11) and inhibition
of repair (12) is indirect but fairly compelling.  To our
knowledge, no one has definitively proven the existence of
TNR hairpins or triplexes in vivo.  Nonetheless the
correlation between the ability to assume unusual
secondary structures and the high degree of genetic
instability is a powerful argument that DNA structure plays
a major role in TNR instability.  It also helps explain the
sequence-selective, cis-acting nature of TNR mutations,
since local DNA structure at one gene would not be

expected to affect other loci in the same cell.  As described
later, DNA structure is also thought to inhibit or alter DNA
repair processes, thus explaining why TNR mutations can
be frequent in cells with normal DNA repair function.

2.3.  Biological approaches provide evidence for three
sources of instability

In vivo studies of TNR instability have taken
advantage of model genetic systems in E. coli, yeast,
transgenic mice and cell lines derived from them, human
cell lines, and human sperm samples  (1-7).  These studies
provided significant evidence for three sources of TNR
mutation:  aberrant DNA replication, gene conversion, and
error-prone DNA repair.  It is important to recognize that
TNR instability may well be a combination of all three.  In
other words, these mechanisms are not mutually exclusive.
Most of the attention has focused on aberrations in DNA
replication because this seems to be a major source of
spontaneous TNR instability in proliferating cells.  Some of
the major evidence supporting replicational models include:
stalling of polymerases in vitro (13-15) and replication
forks in vivo (10, 11) at TNR tracts; the fact that TNR
mutability often displays orientation effects with respect to
the direction of DNA replication (16-21); and alterations in
TNR instability in bacterial or yeast mutants with
deficiencies in DNA replication (22-24).  Although bypass
synthesis of TNR hairpins has been frequently invoked to
explain contractions, TNR mutations and DNA bypass
polymerases have been investigated only once, for yeast
pol eta and pol zeta (25) with negative results.  In all of
these studies, the TNR mutations were apparently
spontaneous.  In other words, there is limited
experimentation on how DNA damage or cellular stress
might induce TNR instability.  This would seem to be a
fruitful area for future research, and one publication (26)
described in section 4.4, provides a useful start.

The major caveat to the replicational studies is
the requirement for cell proliferation.  In humans,
expansions and contractions can occur in key non-
proliferating tissues like brain.  Thus additional sources of
instability are likely.  The structural idiosyncrasies of TNR
DNA, such as slipped-strand and loopout structures, almost
certainly contribute to the instability problem in both
proliferating and non-proliferating cells (8).  For example,
slipped TNR homoduplexes arise in non-proliferating cells,
while slipped-intermediate heteroduplexes can occur
whether proliferation is occurring or not.  Considering the
impact of unorthodox DNA structures on TNR mutations,
and the likelihood that at least some instability occurs in the
absence of cell proliferation, there is considerable interest
in how DNA metabolizing enzymes aside from DNA
polymerases contribute to the mutational potential of TNR
sequences.  The rest of this review will focus on error-
prone DNA repair as a source of triplet repeat mutations.
As described later, there is considerable controversy over
the possible connection between repair and TNR instability.
There are ample opportunities for advancement of this
field, especially in terms of developing detailed molecular
mechanisms and introducing biochemical exploration of
how DNA repair might become error-prone and thus
contribute to TNR mutability.
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Figure 1.  Kinetic partitioning model for TNR-containing
DNA flaps, derived in part from (33-36).  The upper left
panel shows a 5’ flap within a TNR-containing stretch of
DNA.  The flap is presumably formed by strand
displacement by a DNA polymerase.  If the flap folds
quickly (left-hand column), FEN1 activity is precluded and
ligation can occur.  This leads to an expanded top strand,
which can be converted to an expanded duplex in the next
round of synthesis.  An alternative possibility is that FEN1
binds to the flap prior to its folding and can cleave the ss-
dsDNA junction (right panel).  This enzymatic action
would thereby prevent expansion.  FEN1 might also gain
access to a flap generated by enzymatic or thermal
unwinding of a hairpin; in other words, an unligated hairpin
from the left panel could conceivably be unfolded to allow
processing by FEN1.

One drawback in the field of TNR instability is
that there is no standardized definition of instability in
terms of the frequency or size of TNR mutations that
qualifies as unstable.  Individual laboratories (including
ours) tend to use their own, somewhat descriptive,
definitions of instability that are often determined by the
sensitivity limits of the assays being used.  Another
limitation of model systems is that contractions almost
always predominate.  It has been difficult to recapitulate the
proclivity towards expansions seen in affected human
families.  However, expansion bias has been observed in
reports for certain model systems (21, 27-31), most of
which specify  cis- and trans-acting factors that are
important in determing mutation bias.  Thus the reader
should be aware of differences between systems when
evaluating what factors do or do not contribute to
instability.

3.  FEN1, FLAP ENDONUCLEASE

3.1.  FEN1 as an anti-expansion factor
A key finding in 1997 helped trigger the idea that

FEN1, a flap endonuclease involved in DNA replication
and repair, might provide a key to understanding TNR
instability.  Kolodner and colleagues (32) showed that yeast

mutants lacking the homologous protein Rad27 give rise to
many duplication mutations.  They hypothesized that flap
structures in the mutant could reanneal to the template
DNA at regions of microhomology and then be ligated into
the newly replicated chain.  This would lead to duplication
of the intervening sequence in the next round of replication.
By inference, the flap processing activity of Rad27 in wild
type yeast cells is a powerful mutation prevention system,
and FEN1 in higher organisms would provide a similar
function.  This finding stimulated Gordenin and colleagues
(33) to propose that flaps containing triplet repeat
sequences fold into hairpins, thus blocking the cleavage
activity of FEN1/Rad27, which works optimally on single-
stranded flaps.  By this model, the creation and folding of
flaps within a TNR undergoing DNA synthesis is a major
source of expansions.  The model does not directly address
contractions.

3.2.  Biochemical and genetic interactions of
FEN1/Rad27 and TNRs

A simple model to describe FEN1/Rad27 activity
at TNR-containing flaps is shown in figure 1.  Flaps
become kinetically partitioned into either folded hairpins
that escape nuclease activity or are captured by the enzyme
in a single-stranded form and cleaved.  This idea is derived
largely from elegant in vitro analyses of FEN1 (34-36)
showing that oligonucleotide flaps with structured TNRs
inhibited, but did not completely abolish, cleavage by the
enzyme (34, 35, 37).  One study (37) found that FEN1
cleaved a CTG repeat flap better than the corresponding
CAG repeat substrate, although  another report (34) showed
similarly reduced levels of cleavage by both sequences.
Experiments that included DNA ligase I with FEN1
suggested a competition between the two enzymes (36) in
accordance with figure 1.  However the appearance of
expanded and non-expanded DNA products were
irrespective of enzyme concentrations, suggesting that,
before enzyme addition, DNA structural intermediates were
present in the substrate oligonucleotides which helped
dictate the outcome (36).  A very recent publication (38)
takes this work one step further and suggests that flaps and
bubble structures can equilibrate, and that FEN1 uses
endonuclease activity to prevent expansions.  The
important inference from these studies is that expansion can
occur even in cells where FEN1/Rad27 are functional, due
to the folding propensity of TNR-containing flaps.

In vivo tests of the model have occurred primarily
in rad27 null mutants of S. cerevisiae and the results
generally support the model as shown.  While TNRs show
some instability in wild type cells, in rad27 mutants
instability is increased by up to several hundred fold (34,
39-42).  Loss of Rad27 function results in approximately
equal numbers of expansions and contractions, primarily
due to increases in expansion rates (34, 39).  Some of the
expansions in the nuclease-deficient background are
substantially longer than the original TNR tract (34).  It is
interesting to note that  expansions in the rad27 mutant are
not limited to hairpin-forming TNR sequences; expansions
of (CTA)25 for example showed a similar fold increase as
(CTG)25, although the absolute rate of instability was
significantly higher for CTG repeats in both wild type and
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Figure 2.  Models describing the role of MR in large TNR stability.  A.  A TNR hairpin forms during DNA synthesis.  The
hairpins are refractory to the MR machinery and contractions and expansions occur, unchecked by MR.  B.  Msh2/Msh3 complex
recognizes and binds mismatches within the TNR hairpin.  Binding stabilizes the hairpin and the lesion persists; thus expansions
and contractions are proposed to occur in an Msh2-dependent manner.  C.  MR recognizes and excises small, slipped-register
loops formed by polymerase slippage.  Following excision, hairpins can form within the single stranded TNR region.  Subsequent
repair synthesis across the shortened template results in a MR-induced contraction.  D.  The MR system recognizes mismatched
bases near a TNR hairpin.  MR proteins load onto free DNA termini and initiate coexcision of the mismatch and hairpin, thus
reducing TNR instability by removing expansion/contraction precursors.

mutant strains (34).  White et al (41) observed a 10-fold
elevation in CGG tract expansion frequency in a rad27
strain compared to wild type.  Thus expansions of CNG
repeats in yeast are partially blocked when Rad27 is
present.  Interestingly, TNR contractions are also elevated
in rad27 mutants (34, 39-42), although the relative rate
increase is not as large as for expansions.  This point is
notable since contractions probably occur via hairpin
formation on the template strand; it is not obvious how the
presence or absence of Rad27 processing of flaps on the
newly synthesized strand would affect contractions. This is
one indication that the situation might be more complex
than is currently appreciated.

3.3.  Complexities and unanswered questions
While these studies provide compelling evidence

that FEN1/Rad27 is a powerful anti-expansion activity,
several complexities remain.  For example, FEN1 is
modulated by interaction with factors such as PCNA (see
for example (43, 44), plus FEN1 is covalently modified by
acetylation (45).  How does modulation affect the ability of
FEN1 to act at TNR sequences in vivo?  Another
complexity is that additional or alternative functions
besides FEN1 may influence the outcome of flap folding
versus flap cleavage.  If so, these other functions require
identification and characterization.  Yeast Dna2 may be a
good candidate based on its enzymatic properties (46-48),
although dna2-1 mutants did not affect CAG repeat
instability (24).  Another candidate is DNA polymerase
delta; yeast experiments suggest that the 3’ to 5’
exonuclease activity of polymerase delta is redundant with
Rad27/FEN1 in some aspects of Okazaki fragment
processing (49).  A third complexity is the pleiotropic
nature of yeast with rad27 null mutations.  For example,
these mutants are hypermutators at TNRs (34, 39-42), but

they also cause frequent mutations at other microsatellite
repeats (50, 51) and in non-repeating sequences (32, 52).
Most alleles of rad27 are hyperrecombinant (52),
presumably due to alternative flap processing that leads to
double-strand breaks (53).  rad27 null strains also show
altered processing of telomeres (54), and so on.  This
pleiotropy suggests that rad27 effects at TNRs might be
indirect as well as direct, making interpretation of data
more complicated.  For example it is thought that rad27
mutations lead to strand breaks which are subsequently
processed by recombinational repair (33, 55).  Thus
recombination, not the lack of Rad27 per se, might be the
mutagenic event.  A final complexity in the FEN1 story is
that mutations in FEN1 were not observed in Huntington’s
disease patients, suggesting that loss of FEN1 was not the
explanation for CAG tract expansions in these individuals
(56).  For these reasons, a welcome addition to the field
will be more refined experiments in yeast and in
mammalian cells, perhaps with more subtle rad27 or FEN1
mutants, plus additional biochemical characterization to
better determine the role of this interesting protein in TNR
mutability.

4.  MISMATCH REPAIR

4.1.  Small and large TNR tract alterations arise
differently

The precise role of mismatch repair (MR) in TNR
instability is perplexing and controversial.  One source of
debate is the definition of mutation sizes that define TNR
instability.  TNR mutations are characterized by both large
and small changes in tract size.  Small TNR mutations are
defined for the purposes of this review as
additions/deletions of one to three repeats (three to nine
base pairs).  Typically, these small mutations occur due to
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polymerase slippage events during DNA replication,
whereas large mutations are generated by  alternatively
structured intermediates.  In some cases, a small TNR
change may be relevant to human disease.  For example,
expansion of (CAG)35 to (CAG)36 at the HD locus might
mean the difference between normal and a disease life to a
Huntington’s family member.  In general, human TNR
diseases are the consequence of the larger TNR mutations;
thus large TNR mutations comprise a more biologically
relevant form of TNR instability.  Nonetheless both size
classes are considered here to help delineate the
controversy over the role of MR on TNR instability.

Small TNR mutations are normally prevented by
the MR system.  As with other microsatellites, MR plays a
corrective role in rectifying small TNR loops that arise
during replicative synthesis.  An increase in small
expansions and contractions in response to MR defects is a
well-documented phenomenon for virtually all
microsatellites, including TNRs.  In yeast and E. coli,
TNRs display an increased frequency of small expansions
and contractions when MR is inactive (57-61).  Thus the
role for MR in preventing small TNR insertions and
deletions seems clear-cut.

4.2.  Evidence that secondary structure evades MR in
yeast

Complications arise regarding MR’s influence on
the frequency of large TNR mutations, as three very
different sets of conclusions have been reached from
studies in yeast, E. coli, and mice.  These conclusions are
1) MR does not affect large TNR expansions or
contractions in yeast; 2) MR accelerates TNR contractions
in bacteria; 3) MR is required for expansions in mice.  The
yeast data will be considered first.  A simple model
summarizing this data (figure 2A) presumes that hairpins
form during DNA synthesis and these expansion and
contraction precursors persist in the cell because the MR
machinery does not repair them.  Whether the hairpin
evades MR at the recognition event or at some downstream
step is a question that remains to be answered clearly.  The
Petes group illustrated that TNRs capable of forming
hairpins are inefficiently repaired during meiosis, whereas
repair was seen for sequences incapable of hairpin
formation (12).  Since MR is active during meiosis, the
inference is that MR failed to repair the structured loops.
Moreover, additional yeast studies with mitotically-
dividing cells showed that the MR system does not affect
the frequency of large contractions (19, 61) or large
expansions (20, 41, 61, 62).  Presumably hydrogen bonding
within TNR hairpins allow the lesions to escape repair
(figure 2A).  Although to our knowledge the blocking
effect of TNR hairpins on MR proteins has not been
examined biochemically, MR is known to be ineffective at
correcting hairpins formed by palindromic sequences
during yeast recombination (63, 64).  However placement
of a hairpin-forming palindrome near a well-repaired
mismatch leads to efficient correction of both alleles in
yeast (65).  This observation indicates that a hairpin is
repairable if MR can be initiated nearby.  Evidence for
MR-mediated co-excision of a mismatch and a TNR
hairpin are described in section 4.5.  In agreement with the

yeast data, studies from human cell culture (66) also failed
to show an MR effect on TNR instability.  Mutations in
hMLH1 or hMSH2 did not result in significant expansion,
within the limits of detection, of the TNRs at the
endogenous myotonic dystrophy or Fragile X loci.
However the TNR tract lengths used in this study were
relatively short, so the possibility remains that human MR
might affect instability of long alleles.

4.3.  Evidence for Msh2-dependent TNR instability: a
gap repair model

Since TNR instability in humans has been most
extensively documented during transmission from parent to
child, it raises a pertinent question; does TNR instability
occur during meiosis or are most mutations generated by
other mechanisms prior to or after meiosis?  This point is
relevant in helping distinguish between replication,
recombination, and repair as major sources of instability.
Evidence from human genetics suggests that most
instability associated with transmission between
generations may not occur during meiosis per se, but
during prezygotic mitotic divisions (67, 68) or
postzygotically (69).  Additional evidence in mice supports
this assertion.  Kovtun and McMurray (70) investigated
instability of a (CAG)117 tract at the HD locus of transgenic
mice.  Using PCR-mediated amplification and tract size
analysis, they observed that most male germline expansions
are limited to the post-meiotic haploid germ cell.  This
evidence suggests neither replication nor recombination is a
causative factor for murine germline expansions;
alternatively another synthetic event such as gap repair
must be responsible.  In a similar vein, Kaytor et al (71)
concluded that recombinational repair, rather than
replication or unequal sister chromatid exchange, best
explains SCA1 CAG repeat instability in oocytes of
transgenic mice.

Within the mouse system MR appears to be a
contributing factor in TNR instability.  Data from three
studies suggest the provocative conclusion that the
Msh2/Msh3 heterodimer appears to be an active contributor
to repeat expansion in mice, contrary to the normal role of
MR in preventing mutations.  Two groups have illustrated
via Msh2-/- knockout strains that TNR expansions in mice,
both germline and somatic, are dependent on Msh2 protein
(70, 72).  In addition, the Wieringa group examined the role
of each of the MR heterodimers, Msh2/Msh3 and
Msh2/Msh6, using Msh3-/-  and Msh6-/- knockouts (73).
They observed that somatic expansions of a (CTG)84 allele
were eliminated in the Msh3-/- strain, consistent with the
hypothesis that the Msh2/Msh3 dimer is contributory to
TNR expansions.  In contrast, an increase in expansion
frequency was seen in the Msh6-/- background, suggesting
that the mouse Msh2/Msh6 complex somehow helps
prevent expansions.  One caveat to the idea of Msh2-
dependent repair in late stages of spermatogenesis is the
report that the mRNA and protein levels of Msh2 and Pms2
are severely reduced in postmeiotic spermatids (74),
although Msh3 mRNA levels remain high late into
spermatogenesis.  Clearly the timing of the putative
contribution of MR to TNR instability remains to be
resolved.
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The biochemical mechanism of Msh2-dependent
TNR instability is still unclear.  The various groups (70, 72,
73) advocate a model (figure 2B) where an Msh2-
dependent complex binds to and stabilizes TNR hairpins.
The results of van den Broek et al (73) indicate that the
Msh2/Msh3 heterodimer binds the hairpins.  Perhaps the
base-base mismatches that occur at every third position
within the stem of TNR hairpins are the binding target (70).
This binding is proposed to stabilize the hairpin, allowing
the lesion to persist and then be utilized as an expanded
template during subsequent DNA synthesis.  This model
seems most appealing for relatively small slipouts that
might not have sufficient length to survive cellular
nucleases without protection from a binding protein.  The
anti-expansion function of the Msh2/Msh6 heterodimer was
suggested (73) to arise through competitive binding of
Msh2 by Msh6, thus reducing the availability of the pro-
mutagenic Msh2/Msh3 complex.  An important caveat of
this model is that the TNR hairpin binding affinities of the
Msh2/6 and Msh2/3 heterodimers have not yet been
determined.  The sole paper that examined TNR hairpin
binding (75) utilized Msh2 protein without either of its
Msh3 or Msh6 partners.  Additional TNR hairpin binding
studies using the Msh2/6 and Msh2/3 complexes would be
a worthwhile addition to the field.

It is not yet clear how much of the total
expansion capacity in mice is msh2-dependent, nor is it
known whether this effect is part of a mismatch repair
response per se.  Alternatively, the results might be due to a
specialized function of msh2 and its heterodimeric partner
msh3 that does not require other mr proteins.  For example,
the mcmurray group speculates that msh2 binding and
hairpin stabilization occurs during gap repair of single-
strand or double-strand breaks (70).  To help distinguish mr
and gap repair models, mouse studies with some of the
mutl homolog knockouts such as mlh1 or pms2 should help
establish which model better explains the apparent
triggering of expansions.  Another key question is whether
human msh2 provides a similar pro-expansion function as
indicated by the mouse studies, but the appropriate human
cell culture studies with long tnr tracts in msh2+/+ and
msh2-/- backgrounds have yet to be reported.  Specific mr
assays with hairpin-containing substrates would also be
informative.

4.4.  Error-prone repair synthesis during MR
Interesting observations in E. coli also suggest

that MR contributes to TNR instability, but primarily
through facilitating contractions.  Several studies showed a
higher frequency of large TNR contractions in wild type as
compared to MR-deficient strains (57-60, 76).
Furthermore, Parniewski et al (57) determined that the
frequency of the MR-dependent large contractions is
directly proportional to the length of the TNR tract.  These
results implicate a model (figure 2C) where TNR
contractions arise during normal MR.  With this model,
MR recognizes and induces excision of one repeat (three
base) TNR loopouts that typically arise during replication
due to polymerase slippage.  Excision results in a stretch of
single stranded DNA and the repeats within are capable of
folding into a stable hairpin.  Repair synthesis across this

shortened template generates a contractive lesion and
subsequent rounds of replication result in a contraction.
This model, however, does not provide a simple
explanation for expansions due to MR action, as has been
inferred from the mouse studies described earlier.

Collectively, the evidence from E. coli suggests
that the action of MR is a significant route for the
formation of contractive hairpins.  An important
implication of this error-prone repair synthesis model is
that any MR-mediated excision event resulting in a single
stranded TNR region could increase TNR instability.  Thus
one could envision that DNA damage or mismatched bases
within or near a TNR tract could elicit an error-prone
response by MR.  Hashem and Sinden (26) observed that
treatment of E. coli with DNA damaging agents or with
anticancer agents induced deletion of expanded repeats.
Induction of deletions required heavy dosing of the cells
such that survival was only 10-50%.  Presumably deletion
occurs through repair of DNA damage within TNR;
however the role of DNA repair in this system was not
specifically addressed.  The concept of repair-induced TNR
instability would be further validated with evidence
illustrating that TNR instability is increased when MR is
specifically elicited to repair the TNR or a nearby region.

4.5.  MR-dependent stabilization of interrupted TNRs:
a coexcision model

Observations from human genetics noted that
interrupted alleles containing one to three base pair
substitutions are genetically stable, whereas expanded
alleles show the loss of one or more interruptions.  This
finding indicates that interruptions stabilize repeats, but no
direct tests had examined the stabilization mechanism.
There is now evidence that MR is the major stabilizing
factor.  Experiments utilizing interrupted TNR alleles in
yeast illustrate that significantly more expansions occur in
the absence of MR (62).  Also, stabilization of interrupted
alleles was mismatch specific, as predicted by a MR-
dependent model, since poorly recognized C-C mispairs
failed to stabilize the interrupted TNR even in wild type
strains.  In addition, by utilizing a specific yeast msh2 allele
which encodes a protein proficient in mismatch binding but
deficient in the downstream functions, the Lahue group
illustrated that TNR stabilization requires the downstream
effects of Msh2 and not merely Msh2 binding (62).  While
MR clearly provides most of the stabilization in these
experiments (about 20-fold), there was also a minor (two to
five-fold) stabilizing influence that was MR-independent.
The interruptions likely reduce the hairpin stability by
increased mispairing in the stem (77).

The molecular model for stabilization of
interrupted repeats (figure 2D) entails that MR recognizes
mismatches which occur due to the noncomplementarity of
the interrupted bases.  Upon mismatch recognition, the MR
machinery excises both the mismatch and the hairpin, using
the nearby DNA terminus as a recognition site for the
newly synthesized strand.  In the absence of MR, excision
does not occur and the expansion precursors persist.  This
model predicts that contractions would not be as well-
stabilized by interruptions or by MR, because free termini
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are not normally present on the template strand; therefore
MR cannot load onto and repair the hairpins that lead to
contractions.  Corroborating contraction data were also
reported for interrupted TNRs in yeast (62).  One appeal of
this model is the parallel with evidence from palindromic
hairpins (65), which indicates that a hairpin is repairable if
MR can be initiated nearby.  A slight variation of this idea
(62) is that the mismatch might reside within the TNR
hairpin, rather than in the duplex; however the mismatch
still stimulates co-excision of the hairpin, leading to its
removal.  Another significant inference from the model in
figure 2D is the interesting idea that MR helps prevent
neurodegenerative diseases by inhibiting TNR expansions
from interrupted alleles, in addition to MR’s well-known
anticancer activity.  This model remains to be tested in
human cells, to see if the principle applies to a higher
system than yeast.

5.  DOUBLE-STRAND BREAK REPAIR AND
GENETIC RECOMBINATION

Double-strand break repair (DSBR) proteins are
active in processing broken chromosomes.  In addition,
many of these proteins are also active during genetic
recombination, especially in meiotic cells, where exchanges
are generally accepted to be instigated by double-strand
breaks.  Therefore we will evaluate together the potential
roles of DSBR and recombination on triplet repeat
mutagenesis.  Some relevant break repair studies were
described in section 4.3.

It is important to recognize that in human
families affected by TNR instability, there is little or no
evidence for crossing-over as a source of instability.  For
example, flanking markers are rarely if ever exchanged in
conjunction with expansions.  Also the length of the
shorter, non-disease causing allele is almost always left
unaltered when the long allele undergoes expansion.  These
observations argue quite strongly against a reciprocal
crossing-over mode of instability.  Therefore gene
conversion events are the most frequent target of
experimental studies because gene conversion, defined as
the non-reciprocal exchange of sequence information
between alleles, provides a satisfactory explanation of the
genetic observations.

5.1.  Gene conversion in E. coli and in mitotic yeast cells
Work with E. coli promotes the idea that, at least

for CTG•CAG sequences, TNR mutations can arise from
gene conversion events.  In experiments where cells carried
two different CTG•CAG plasmids, cointegrates were
observed that were associated with frequent expansions
(78, 79).  Instability in this system was tract length-
dependent, required the recombination proteins RecA and
RecBCD, was biased towards expansions, and was reduced
by interruptions in the repeat tracts.  Curiously there was no
evidence of recombination between like plasmids, even in
high copy; it would seem that if the CTG•CAG repeats are
the major stimulus for recombination, then repeats on two
plasmid molecules in the same cell would also be prone to
instability, regardless of the nature of the vector sequences.
Little or no instability was observed for repeats of

CGG•CCG, GAA•TTC, or GTC•GAC (78), even though
these sequences are capable of forming unusual secondary
structures (2, 4, 6) and they are unstable in humans (1-7)
and yeast (80, 81).

Assuming that these gene conversion
experiments in E. coli recapitulate at least some of the
instability in human tissues, the bacterial results provide a
mechanism of instability in non-proliferating human cells,
since nearly all cells harbor recombination activities
whether the cells are dividing or not.  In contrast,
experiments in yeast, for example, suggest that spontaneous
mitotic recombination plays a limited role in TNR
instability.  Two labs reported that loss of RAD52 function,
which catalyzes the great majority of mitotic gene
conversion in yeast, has no detectable effect on CTG•CAG
tract instability (19, 20, 40).  If CTG•CAG expansions or
contractions occur via recombination in yeast, the rad52
strains would be expected to show a decrease in instability,
but this was not seen.  There is one important note
regarding this issue for the expansion data of Zakian and
colleagues (40, 80).  Their system involves expansion-
associated chromosome fragility in yeast.  Expansions lead
to a higher likelihood of fragility in or near the TNR tract.
The expansion step of this process, assayed by Southern
blotting, was reported to not involve RAD1, RAD50,
RAD51, or RAD52 for CTG•CAG tracts (40).  Subsequent
recombinational processing of the DSB leads to deletions
of the TNR tract plus several kilobase pairs of flanking
DNA.  The DSB processing was significantly reduced in
strains harboring mutations in these recombination genes
(40, 80).  Thus molecular processes leading to expansions
are genetically distinct from the recombinational repair of
Fragile sites.

5.2.  Meiotic recombination in yeast
Since meiotic recombination occurs with high

frequency, recombination enzymes that are error-prone at
TNRs would be expected to generate substantial levels of
expansions or contractions.  In part to test this idea, three
studies compared the frequency of meiotic and mitotic
TNR alterations in yeast cells (41, 82, 83).  There were
either no significant changes in CGG repeat instability
compared to mitotically growing cells for tracts up to 74
repeats long (41) or there were 4- to 10-fold increases in
TNR mutation frequency (with contractions comprising the
majority of events) for CAG•CTG tracts up to 79 repeats
(82, 83).  An additional study with (CAG)78 repeats (84)
did not directly compare mitotic and meiotic instability, but
data from an earlier mitotic study from the same laboratory
(17) suggest similar levels of instability in both types of
experiments.  Since genetic recombination in yeast is
elevated about 1,000-fold in meiosis compared to mitosis
(85), these findings indicate that while TNR instability can
increase during meiosis, overall the levels of instability do
not correlate well with induction of meiotic recombination
in yeast.  This conclusion is rather striking since long CAG
repeats can stimulate frequent double-strand breaks that
map to the repeat allele (83, 86), although Schweitzer et al
(84) describe findings that did not support frequent DSBs at
CAG tracts.  If meiotic recombination events were error-
prone, it would seem that the DSBs in the repetitive
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sequence would provide an excellent opportunity for a high
frequency of expansions or contractions, yet this prediction
is not borne out by available evidence in meiotic yeast
cells.

5.3.  Double-Strand break repair In yeast
Haber and colleagues (42, 87) described a system

in which dsbs were induced by ho endonuclease at a
specific chromosomal site such that repair by homologous
recombination required the use of a tnr-containing plasmid
template.  For cag•ctg tracts of 5-40 repeats, the recipient
locus (suffering the dsb) showed contractions in about 20%
of the events, but no significant level of expansions were
seen (42).  When the tnr length in the plasmid donor
sequence was increased to 97-98 repeats and dsbs were
induced, expansions of +11 to +42 repeats comprised about
30% of all tnr repeat changes (87).  Thus long cag•ctg
sequences were readily expanded during dna synthesis
associated with repair of the break.  Control experiments
without induction of the endonuclease produced only
contractions.   Another important observation was that no
expansions were seen for a (caa)87 control sequence (87).
Since caa repeats do not readily form hairpins (77), this
evidence suggested that structure formation by cag or ctg
sequences was important for instability.  In support of this
idea, cell survival after dsb induction (which requires
traversal of the dsb by dna repair synthesis) was lower for
the cag•ctg tracts than for the caa•ttg control.  Richard et al
(87) went on to test the hypothesis that the yeast mre11-
rad50-xrs2 nuclease complex normally processes cag or ctg
hairpins and thus prevents at least some expansions.
Mutation of either mre11 or rad50 led to a higher
proportion of expansions compared with contractions.
Overexpression of mre11 or rad50 did not alter the ratio of
expansions to contractions, but these conditions increased
the average size of expansions to about twice that seen in
wild type controls.  Together these results suggest that
conditions that stabilize the mre11-rad50-xrs2 complex
facilitate removal of cag or ctg hairpins that occur during
dna synthesis associated with dsbr/gene conversion of these
repeats.  Thus repair synthesis associated with dsbr at tnrs
can be mutagenic.  Since mre11 shows homology to e. Coli
sbcc and rad50 to sbcd, these findings are consistent with
the observations of sarkar et al (88) that sbcc mutants
promote expansions of cag repeats in bacteria (see section
7.2).  In light of the results described earlier in e. Coli and
different yeast systems, clearly there are some interesting
issues to be resolved for gene conversion and dsbr as
avenues of tnr instability.

6.  NUCLEOTIDE EXCISION REPAIR

Interaction of nucleotide excision repair (NER)
proteins with TNRs has been examined in E. coli (58, 89,
90).  The premise of this work is that an NER damage
recognition protein (UvrA2 in this bacterium), which is
known to have a broad range of substrates, might recognize
aberrant TNR structure.  Perhaps UvrA2 binds the TNR
structure and stimulates excision repair by NER or by an
alternative pathway.  Experiments examining TNR
sequences in extensively propagated plasmids (89) showed
a substantial increase in (CTG)175 large contraction

frequency for uvrA mutants compared to wild type controls,
provided that active transcription occurred through the
TNR sequences.  This prompted the proposal (89) that
duplex opening as a result of transcription facilitates
hairpin formation, which is then destabilized by UvrA2 to
permit accurate replication.  Since the behavior of the CTG
repeats was significantly different in the uvrA mutant from
the uvrB mutant (89), these results suggest that NER per se
is not involved, but may indicate an alternative function of
UvrA2.  In support of this idea, no effect of UV irradiation
on instability was detected in wild type cells (89).  A
subsequent study (90) used genetic assays, a heteroduplex
transformation assay, and DNA binding experiments to
investigate the role of UvrA.  This study came to the
opposite conclusion, namely that deletions were less
frequent in the uvrA mutant for CTG•CAG tracts of 25 to
79 repeats.  The authors (90) suggested that differences in
tract lengths might explain the discordant results between
their work and the earlier study (89). The study by
Oussatcheva et al (90) supported the idea that UvrA2 binds
to TNR-containing loops and initiates repair, but that the
repair synthesis is error-prone and leads to deletions.  The
uvrB mutant behaved differently than the uvrA strain, and
the DNA binding studies indicated that only UvrA2 bound
to CAG-loop containing substrates.  In NER, loading of the
UvrB helicase is the next step; however for the triplet
repeat experiments (90) no evidence was seen for a
UvrB•DNA complex, even when UvrA2B was provided to
potentially load UvrB onto the DNA.   Expansions were not
described in either of these studies.  In summary, the
available evidence from E. coli (89, 90) suggests that
UvrA2 acts through a non-canonical pathway to affect
CAG•CTG deletions, but that the outcome of UvrA action
is dependent on the initial TNR length.   Tests of eukaryotic
NER for a role in TNR instability have lagged behind.  The
sole report for eukaryotic NER and TNR instability (40)
showed no increase in large expansions or contractions of
CTG repeats in a rad1 (nuclease) mutant compared to wild
type.  If eukaryotic NER contributes to expansions or
contractions, additional experiments will be needed to look
more closely at the DNA damage recognition factors which
best parallel UvrA2 in E. coli.

7.  OTHER REPAIR/PROCESSING PATHWAYS

7.1.  Repair of large loops in yeast is inhibited by
structure-forming TNRs

A 1999 paper by Petes and colleagues (12) was
influential in establishing the idea that TNR-mediated
structure escapes DNA repair in meiotic yeast cells.  The
experiment was to monitor recombination between two
alleles of the his4 gene, where one carried an insert of 10
repeats.  The repeats tested were either competent for
secondary structure when single-stranded (CTG or a
palindromic sequence) or control sequences without
structure.  The presumed recombination heteroduplex,
formed by pairing of the Watson strand from one allele
with the Crick strand of the second allele, would contain a
single-stranded loop of 30 bases.  If the loop was
unstructured, repair was efficient, as judged by a normal
inheritance pattern of the haploid progeny.  If the loop was
capable of forming a hairpin, repair became inefficient.
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The paper went on to show that structure was the inhibitory
element, not just the sequence of the loop.  Although
hairpin structures were deduced, not directly demonstrated,
the Moore et al paper (12) helped establish the idea of
structure-mediated inhibition of DNA repair.  Since MR is
active during meiotic recombination, clearly this is one
repair activity that is blunted by TNR-mediated structure.
A second pathway capable of repairing large loops during
meiosis has only been partially characterized (91, 92), and
it does not seem to correspond precisely with the standard
repair pathways.  Clearly however this meiotic loop repair
activity is inhibited by TNR-mediated secondary structure
(12).  A second yeast loop-correcting activity called large
loop repair (LLR) has been observed in logarithmically
growing cells and in cell-free extracts (93, 94).  LLR is
genetically distinct from the activity seen in meiosis;
however LLR is also sensitive to secondary structure within
the loop (94).  As few as eight looped-out CTG repeats
were sufficient to inhibit large loop repair activity, as
measured either in cell-free extracts or in vivo by
transformation with heteroduplex plasmid substrates.
Together these studies (12, 94) provide good evidence that
single-stranded TNR sequences adopt conformations that
inhibit MR and two loop repair pathways.

7.2.  Nucleases that process TNR-containing structures
Although the unusual secondary structures

adopted by TNRs are generally inhibitory to nucleases,
there is some evidence for processing of slipped-strand
structures.  These nucleases were first identified for their
activity in other functions on DNA, such as processing of
recombination intermediates, but they may also function as
nucleases when TNR sequences are present.  The SbcCD
processing function in E. coli may be one example of an
enzyme capable of cleaving DNA containing TNR loops
(88).  SbcCD is a heterodimeric complex with nuclease
activity that is important in certain recombination pathways
in E. coli.  SbcCD shares structural and functional aspects
with yeast Rad50 and Mre11 proteins, respectively (95).
Some E. coli strains lacking SbcCD activity, due to an sbcC
mutation, lead to a striking degree of CTG repeat
instability.  Lower growth temperature (25° C) favored
expansions whereas the normal 37° C growth temperature
resulted in a high frequency of CTG tract deletion.  The
reason for this striking temperature dependence is not clear.
Introduction of a wild type sbcC gene into the sbcC mutant
strains reversed the tendency towards large expansions.
Since its publication in 1998, however, this report (88) has
been followed up with only a single other paper (90) that
examined sbcC and TNRs, and the later study examined
only deletions.

There is some indirect evidence from in vitro
studies that favors the idea of structure-specific activity on
aberrant TNR conformations.  Pearson and colleagues (8)
showed that T7 endonuclease I could cleave the looped-out
strand of CAG- and CTG-containing repeats, and that this
enzyme also cleaved the junction of the loop with the non-
repeating duplex region.  Furthermore the CAG repeat-
containing loop (but not its more structured CTG
counterpart) was preferentially bound by single-strand
binding protein.  If the human proteins with similar

activities also act upon these putative mutagenic
intermediates, the direct processing of slipped-structures
may be involved in repeat instability.  It will be very
interesting to see if the human counterparts of T7 endo I
and single-strand binding protein do indeed recognize these
structures and somehow channel them into an error-prone
repair pathway.

8.  CONCLUSIONS AND PERSPECTIVES

The available evidence is fairly compelling that
DNA repair pathways respond to TNRs in one of two ways.
In some cases the aberrant structure formed by the DNA
repeat inhibits repair functions.  Examples include
FEN1/Rad27, mismatch repair in yeast and human cells,
and two different large loop repair pathways.  According to
this idea, expansions and contractions are frequent even in
normal cells because repair pathways are defeated by TNR
DNA structures.  Therefore TNR instability does not
require loss of DNA repair capacity, in distinct contrast to
hereditary cancer syndromes like XP and HNPCC that are
caused by inherited deficiencies in repair.  A second, more
dangerous role for DNA repair is that it promotes TNR
instability either through error-prone repair synthesis and/or
by stabilizing mutational intermediates.  Error-prone repair
is supported by studies of MR and NER in E. coli, MR in
mice, and gene conversion/break repair in yeast and mice.
An interesting question regarding the error-prone model is
whether repair proteins are responding directly to aberrant
TNR structures or whether DNA damage in or near the
repeat triggers excision of bases followed by error-prone
repair synthesis.  If DNA damage is the initiating factor,
can damage be somehow controlled to either minimize
expansions or perhaps to stimulate contractions?  Another
attractive area for future research is to utilize biochemical
systems to better understand the interplay between repair
and instability.  The FEN1 studies have lead the way in this
regard and they encourage more experimentation using
defined systems.  A last feature that has so far baffled the
field is why humans show a propensity towards expansions
once a TNR tract exceeds the key threshold length, whereas
model systems fail to recapitulate the prevalence of
expansions.  Perhaps differences in DNA repair between
humans and other organisms are the key to understanding
the fascinating properties of triplet repeat instability.
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