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GENETIC ANTICIPATION
A phenomenon in which disease 
severity increases and/or age of 
onset of disease decreases from 
one generation to the next.

Repeat instability is an important and unique form of 
mutation that is linked to more than 40 neurological, 
neurodegenerative and neuromuscular disorders (see 
supplementary information S1 (table)). Unlike static 
mutations, which are retained in somatic tissues and 
stably transmitted to offspring, the repeat mutation 
process is dynamic, with products that continue to 
mutate within tissues and across generations. Longer 
tracts are more likely to undergo an expansion muta-
tion than shorter tracts. As repeat tract length correlates 
with disease severity and age of onset, this phenomenon 
leads to GENETIC ANTICIPATION, a hallmark of most repeat 
disorders. Trinucleotide repeats (TNRs) form the largest 
component of a broader category of repeat-associated 
disorders that also includes tetranucleotides (dystrophia 
myotonica 2, DM2), pentanucleotides (spinocerebellar 
ataxia 10, SCA10), minisatellites (epilepsy, progressive 
myoclonic 1, EPM1; insulin, INS) and megasatel-
lites (facioscapulohumeral muscular dystrophy 1A, 
FSHMD1A) (FIG. 1a; TABLE 1. Repeat instability shows 
complex patterns between and within tissues that vary 
with developmental, epigenetic, proliferative and pos-
sibly environmental cues. In this article we focus on the 
mechanisms of repeat instability during DNA replica-
tion, repair and recombination, covering those studies 
that most closely relate to and/or explain events that 
occur in humans.

TNR instability: when, where and how?
Repeat instability probably arises through multiple 
processes that occur individually or in combination, 
depending on the tissue, proliferative status and devel-
opmental stage of the cell (FIG. 1b). Assigning any one 
DNA metabolic process as the cause of TNR instabil-
ity is difficult owing to their overlapping relationships; 
nevertheless, individual contributions can be delimited. 
For example, tract-length heterogeneity (mosaicism) 
within a tissue indicates that instability has occurred but 
does not indicate when. However, age-dependent insta-
bility, which actively accumulates in post-mitotic tissues 
(neurons), is a clear indication of instability that arises 
independently of DNA replication (genome duplica-
tion) and so must be the result of genome -maintenance 
repair. Therefore, the assignment of specific metabolic 
processes to repeat instability must consider the cell’s 
metabolic history. A proper deconstruction of repeat 
instability (minimizing complexity to maximize conclu-
sions) by an experimental system must take into account 
the complexity of the human data. Determining the 
‘when’ and ‘where’ will lead to a better understanding of 
‘how’ repeat instability occurs.

Germline instability. All TNR diseases involve muta-
tions during parent-to-offspring transmission, impli-
cating germline mutations in TNR instability (FIG. 2). 
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Abstract | Disease-causing repeat instability is an important and unique form of mutation that 
is linked to more than 40 neurological, neurodegenerative and neuromuscular disorders. DNA 
repeat expansion mutations are dynamic and ongoing within tissues and across generations. 
The patterns of inherited and tissue-specific instability are determined by both gene-specific 
cis-elements and trans-acting DNA metabolic proteins. Repeat instability probably involves 
the formation of unusual DNA structures during DNA replication, repair and recombination. 
Experimental advances towards explaining the mechanisms of repeat instability have 
broadened our understanding of this mutational process. They have revealed surprising 
ways in which metabolic pathways can drive or protect from repeat instability.
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Paternal and maternal expansion biases are evident 
and might be driven by processes that are specific to 
sperm or oocyte development. Highly specialized 
DNA metabolic activities that involve stage-specific 
expression of replication, repair or recombination 

factors, replication programmes, expression profiles 
and epigenetic modifications might contribute to germ-
line instability during gametogenesis (reviewed in REF. 1). 
Germline mutations can occur in proliferating, arrested, 
meiotic or dormant haploid germ cells, implicating not 

Figure 1 | Unstable repeat tracts and the processes associated with repeat instability. a | A schematic representation 
of the genic location of non-coding (top) and coding (bottom) disease-associated repeats (promoter, 5′ UTR, exons, introns, 
3′ UTR or other chromosomal locations (includes undetermined/unclassified locations)). The DNA, RNA and amino-acid 
sequence for each repeat is noted. For dystrophia myotonica 1 (DM1), the CTG tract is located in the 3′ UTR of dystrophia 
myotonica protein kinase (DMPK), as well as the promoter of sine oculis homeobox homologue 5 (SIX5). b | The processes 
associated with repeat instability. Instability occurs in proliferative (above the dotted line) and non-proliferative (below the dotted 
line) tissues. The DNA metabolic processes of DNA replication, repair and recombination are associated with repeat instability, 
either independently (1–3) or in conjunction with other processes (4–7). The involvement of various metabolic processes varies 
depending on tissue and developmental stage (bottom right). The numbers in the tissue and developmental status section 
correspond generally to those in the DNA metabolism section. AIB1, amplified in breast cancer 1; ARX, aristaless-related 
homeobox; CBFA1, core binding factor α1; CJD, Creutzfeld–Jakob disease; COMP, cartilage oligomeric matrix protein; DM2, 
dystrophia myotonica 2; DRPLA, dentatorubral-pallidoluysian atrophy; EPM1, epilepsy, progressive myoclonic 1; FOXL2; 
forkhead box L2; FRAXA/FRAXE/FRAXF/FRA10A/FRA10B/FRA11B/FRA16A/FRA16B, rare fragile sites; FRDA, Friedreich 
ataxia; FSHD, facioscapulohumeral muscular dystrophy; HD, Huntington disease; HDL2, Huntington disease-like 2; 
HOXA13/HOXD13, homeobox A13 and D13; HRAS, v-Ha-ras Harvey rat sarcoma viral oncogene homologue; INS, insulin; 
JPH3, junctophilin 3; KCNN3, small conductance calcium-activated potassium channel protein 3; MAB21L1, mab-21-like 1; 
OPMD, oculopharyngeal muscular dystrophy; SBMA, spinal and bulbar muscular atrophy; SCA, spinocerebellar ataxia proteins; 
VNTR, variable number tandem repeat; ZIC2, zic family member 2. 
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SPERMATOGONIA
The mitotically dividing stem 
cells of the male germ line, the 
descendants of which ultimately 
become mature sperm.

FULL MUTATION
The expanded repeat tract that 
is typically associated with 
disease. The term is often used 
to distinguish this event from 
an individual who has the shorter 
premutation or proto-mutation 
expansions that are not 
associated with disease.

PREMUTATION
A repeat tract of a length that 
rarely leads to disease symptoms. 
However, the possibility for 
further repeat-length expansion 
to occur on transmission is high 
as a result of the longer repeat 
length. The term applies to 
disorders such as Huntington 
disease and fragile X syndrome. 
The term proto-mutation applies 
to dystrophia myotonica 1, for 
which individuals might (or 
might not) eventually develop 
symptoms. 

CpG ISLAND 
A sequence of at least 200 bp 
with a greater number of CpG 
sites than expected for its GC 
content. These regions are often 
GC rich, associated with genes 
and typically undermethylated.

PARENTOFORIGIN EFFECT
The increased proportion 
of paternal or maternal 
disease-causing transmission 
to offspring. This effect is 
molecularly explained by 
a paternal or maternal 
repeat-expansion bias in 
the germ line.

only meiotic recombination but also DNA replication 
and repair in germline repeat instability1.

Paternal expansion bias. The paternal expansion bias 
that is characteristic of most CAG (polyGlu) disor-
ders (FIG. 2a; see also supplementary information S1 
(table)) might result from pre-meiotic mutations 
during mitotic cycles of spermatogenesis. In a study 
of patients with Huntington disease (HD), CAG 
expansions had occurred before meiosis, as they 
were already present in mitotic diploid germ cells2 
and might have arisen at any time from primor-
dial germ cell segregation in utero through to the 
life-long, post-pubertal, SPERMATOGONIAL stem cell 
divisions1. Furthermore, the increase in expansions 
with increasing paternal age for numerous transgenic 
CAG/CTG mice supports continuing instability in the 
post -pubertal male germ line, probably through errors 
of replication and/or repair during the pre -meiotic 
proliferative stages of spermatogonial divisions3–6. 
Although paternal expansion bias is often attributed to 
the greater number of mitotic divisions for male game-
togenesis, other spermatogenic-specific processes, such 
as stage-specific alterations in the levels and activity of 
various repair proteins, might also contribute.

Maternal expansion bias. In contrast to male germ 
cells, oogenic meiosis begins in utero, arrests for years 
(through birth and puberty), resumes only minutes 
before ovulation and is not completed until after 
fertilization. Also in contrast to post-meiotic male 
germ cells that are virtually void of proteins, arrested 
oocytes are primed with DNA repair and recombi-
nation activities, which can lead to age-related TNR 
instability, as observed in spinocerebellar ataxia 1 
(SCA1) transgenic mice7. Therefore, the maternal 
expansion bias that is observed in fragile X syndrome 
(FRAXA; also known as fragile site mental retarda-
tion 1, FMR1) (FIG. 2b) and dystrophia myotonica 1 
(DM1) might be linked to the highly extended time 
for oogenic meiosis.

CGG expansions are present in the germ cells 
of female fetuses with FULL MUTATIONS from FRAXA 
PREMUTATION mothers. These mutations probably arose 
by meiotic (recombination) events, rather than post-
zygotic cellular divisions before fetal primordial germ 
cell segregation8, as length mosaicism is rare in many 
premutation-to-full mutation transmissions (which 
are expected to arise through cell divisions)9. So, 
the FRAXA expansion mutation might occur in the 

grand maternal uterus during oogenesis within the 
developing maternal fetus, and is only revealed on 
transmission of the oocyte to her progeny (FIG. 2b).

Both pre-meiotic (in the grand maternal uterus) 
and post-zygotic events probably contribute to the large 
DM1 CTG expansions (>1,000 repeats) that arise by 
maternal transmission. Expansions that are present in 
prophase I immature oocytes might have arisen at any 
time after maternal zygote formation, which implicates 
either genome-duplication errors, genome-maintenance 
errors during quiescence or recombination during 
prophase I in the expansion process10,11. Post-zygotic 
expansions are not evident in 3-day embryo blasto cysts 
(100–120 cells) that are derived from DM1 oocytes 
or DM1 sperm, but high levels of inter-tissue CTG 
instability arise in the second trimester10,12. So, the 
DM1 expansion mutation might occur in the grand 
maternal uterus during oogenesis (before completion 
of meiosis I) within the developing maternal fetus and 
is revealed on transmission of the oocyte to the off-
spring. In addition to germline instability there is also 
somatic instability that begins after the thirteenth week 
of fetal development of that offspring and during their 
adult life. Together these two processes contribute to 
the large maternal expansions.

Paternal contraction bias. A strong paternal contrac-
tion bias is evident for expanded repeats in patients 
with spinocerebellar ataxia 8 (SCA8), Friedreich ataxia 
(FRDA) and FRAXA, and, in the third case, might be 
related to CpG methylation. In fact, all males with 
full-mutation FRAXA have only CGG premutations 
in their testis and sperm13. These males inherited a 
single maternally expanded allele that experiences 
germ-cell-specific CGG contractions between 13 and 
17 weeks of fetal development8. Premutation repeats in 
testes and sperm are unmethylated, which is in contrast 
with methylated full expansions in all other tissues13, 
suggesting that the contraction process is coupled 
with an escape from aberrant CpG methylation and 
selective growth of the FMRP-expressing male germ 
cells8. The recently demonstrated protection against 
replication-mediated CGG contractions by meth-
ylation is consistent with the active contractions that 
arise in proliferating paternal primordial germ cells14. 
Male germline-specific, methylation-associated CGG 
contractions might also apply to the FRAXE, FRAXF, 
FRA10B, FRA11A and FRA16B loci, each of which is 
associated with aberrantly methylated CGG expan-
sions15. Other TNRs that show paternal contrac-
tions16–18, such as CAG, CTG or GAA repeats, cannot 
be methylated, but these repeats are embedded within 
CpG ISLANDS. Whether CpG methylation (or its absence) 
in the flanking regions of the SCA8, DM1 or FRDA 
repeats contributes to contractions in the male germ 
line is not known. It has been suggested that disease-
causing contractions of the CpG-rich D4Z4 mega-
satellite is linked with aberrant CpG methylation in 
the germ line19. Further germline-specific epigenetic 
modifications might define both mutational bias and 
PARENTOFORIGIN EFFECTS.

Table 1 | Nucleotide repeat lengths within the human genome

Repeat type Unit size Array size (in a normal population)

Megasatellite Several kb Up to several hundred kb

Satellite 5–171 bp 100 kb to several Mb

Minisatellite 6–64 bp 0.1–20 kb range

Microsatellite (includes 
trinucleotide repeats)

1–4 bp Hundreds of bp

The data are from REF. 162 and the Tandemly Repeated (Satellite) DNA web site. 
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Tissue-specific somatic repeat instability
Tissue-specific somatic repeat instability has been 
observed in many but not all repeat diseases and is 
evident as tract length variations within or between tis-
sues (FIGS 1b,2c; see also supplementary information S1 
(table)). The timing, pattern and tissue selectivity of 
somatic instability vary between repeat disorders. For 
example, instability can be detected in adult but not 

fetal HD and spinal and bulbar muscular atrophy 
(SBMA) tissues20,21, in contrast to FRAXA instabil-
ity, which is evident only in early fetal tissues and not 
postnatally13,22,23. Contractions of the expanded FRDA 
GAA tract accumulate in lymphocytes throughout a 
patient’s life24. In DM1 inter-tissue instability becomes 
apparent in fetuses at 13–16 weeks12,25 during the 
rapid fetal growth of the second trimester12, and for 

Figure 2 | Germline and somatic instability. a | Paternal transmission. Transmission of a Huntington disease (HD) premutation 
(intermediate allele) to the male fetus is shown. Expansions in the sperm could be transmitted, resulting in the onset (in 
adulthood) of HD in offspring of a premutation father. b | Maternal transmission. Transmission of a fragile X syndrome (FRAXA) 
premutation to full mutation might occur during either oogenesis or early post-zygotic events. FRAXA males have fully 
methylated expanded CGG in all tissues except sperm, where only unmethylated premutation lengths exist. c | Somatic 
instability. Variations in repeat lengths between tissues can occur during multiple stages of development. For most trinucleotide 
repeat disorders, a high degree of somatic instability occurs early in development, which for dystrophia myotonica 1 (DM1) 
continues to occur during postnatal growth in blood. Instability in the brain might also continue to occur throughout the lifetime 
of the individual for HD, spinocerebellar ataxia 1 and 3 (SCA1/SCA3) and dentatorubral-pallidoluysian atrophy (DRPLA). 
d | Transmission of a FRAXA CGG premutation through the female germ line (yellow circle) can result in males having 
unmethylated premutation lengths, methylated full-mutation FRAXA males or ‘high-functioning’ males who are mosaic for 
methylation and CGG-repeat length. Despite the differences in repeat length and methylation status within the somatic tissue of 
these individuals, only unmethylated premutation lengths are present in their testes (pale yellow circles) and sperm.
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some tissues expansions continue through a patient’s 
life. Furthermore, the very large CTG expansions in 
DM1 muscle seem to occur during the proliferative 
cell divisions of muscle, and might cease following 
terminal differentiation and cell quiescence26,27. The 
expansions in highly proliferative lymphocytes over 
the lifetime of patients who have DM128 and the 
larger expansions in tumours of those patients and 
DM1 mice provide a further link between expan-
sion and cell proliferation, which indicates a role for 
genome-duplication processes29–31. As there seems to 
be no simple association between cell division and 
instability32,33, tissue-specific cis-elements and/or 
trans-factors probably determine the stability of a 
given locus. In fact, tissue-specific repeat instabil-
ity might be linked to the activity of repair systems, 

replication programme, epigenetic marks, chromatin 
packaging or transcription levels of the disease gene 
— all of which can differ between genetic loci, vary 
between tissues, and change throughout development 
and ageing34–36.

Instability in the CNS. Extensive analysis of repeat insta-
bility in the CNS for various disease loci has revealed 
crucial insights into the roles of cis-elements, trans-
factors and genome-maintenance repair. A contribu-
tion of DNA replication to CNS repeat instability is 
possible, but unlikely. Non-replication processes must 
be involved because repeat length varies in brains of 
numerous CAG transgenic mice, and repeat instability 
was seen in one GAA mouse after the postnatal ‘brain 
growth spurt’ (in mice replication peaks 6–17 days 
after birth; whereas in humans the brain growth spurt 
ends at birth)31,32,37–42. In fact, many but not all CAG 
diseases show age-dependent instability in the brains 
of patients43–45, further supporting a role for genome-
maintenance repair in repeat instability over the course 
of a patient’s life.

Most of the polyGlu diseases in humans and in mouse 
models show some overlap in their pattern of instability 
across brain subregions (for example, the longest tracts 
are in the striatum or cerebrum, the shortest are in the 
cerebellum), which possibly reflects the developmen-
tal history of each subdivision. Although inter-region 
length variations are common, there is only limited 
CAG-length heterogeneity within a single brain region 
(see also BOX 1). Analysis of individual cell types in the 
brains of patients who have dentatorubral-pallidoluysian 
atrophy (DRPLA) revealed different degrees of length 
heterogeneity between neuronal subtypes, with tracts 
that are shorter and longer than those in the blood46,47. 
Cerebellar granular cells had shorter CAG tracts and the 
lengths were less variable than in Purkinje or cerebral 
neuronal cells. Glial cells showed more CAG instabil-
ity than neurons, which indicates that proliferation, at 
least in glia, might contribute to instability. Cell-death-
induced neurogenesis and proliferation could enhance 
CAG expansions48. The brain region-specific and cell 
type-specific CAG instability observed in humans and 
polyGlu mouse models might have arisen through a 
shared developmental history for each subdivision; 
because the tract length of the precursor cell(s) that 
seeded a given neural or glial region determined the 
ultimate stability pattern in that region49; and/or because 
tissue-specific or cell-specific trans-factor(s), such as 
DNA repair, determine instability patterns37,50,51.

Expansion of CAG tracts in transgenic mouse brains 
seems to require the mismatch repair (MMR) proteins 
MSH2, MSH3 and PMS2 REFS 5,6,31,41,52. Recent 
in vitro evidence revealed that human neuron-like cell 
extracts can process slipped CAG/CTG DNA mutagenic 
intermediates in an error-prone manner that can lead to 
expansions53. Deciphering which factors are responsible 
for inter-tissue length heterogeneity is a challenge given 
the complex cellular make-up of neural and muscle 
tissues and because the capacity for repair changes on 
differentiation, development and ageing34,35.

Box 1 | Role of instability in disease pathogenesis?

In contrast to dystrophia myotonica 1 — in which differences that are as great as 1,000 
repeats can occur between the affected tissue (muscle) and blood — the degree to which 
somatic instability contributes to the neurodegenerative polyGlu diseases is not obvious. 
In attempting to correlate repeat instability in the CNS with vulnerable brain 
regions37,43,51,146, a low frequency of minor repeat length changes (±1–23 repeats) has 
been reported, with only rare examples of individual cells having incurred large 
expansions (≥1,000 repeats)44. With the exception of Huntington disease (HD)147 and 
Machado–Joseph disease148, all studies revealed a poor correlation of CAG instability 
with cell degeneration, which indicates that somatic instability does not contribute to 
pathogenesis. Alternatively, cells that incurred the largest expansions might have been 
those that degenerated and are no longer available for CAG-length analysis44.

Is the correlation of somatic instability with susceptibility to degeneration the best 
measure of a potential contribution to pathogenesis? Neural degeneration (cell loss) is 
probably the principal cause of disease, but is probably not the only cause. For example, 
both the gain of function and partial loss of function of the expanded polyGlu proteins 
have been proposed as sources of disease149,150. Many of the polyGlu genes are 
ubiquitously expressed within and outside the CNS, including cells that do not 
degenerate. It is possible that some of the clinical symptoms arise from aberrant 
function(s) of the mutant polyGlu protein in tissues that do not degenerate. In fact, the 
ubiquitin–proteasome pathway is perturbed in both skin and the brain of patients with 
HD both before and after the onset of neurodegeneration151. Moreover, non-neural HD 
cells have a progressive pathology, including dysmorphic cells with aberrant nuclear 
morphology, multiple micronuclei, large vacuoles, numerous centrosomes, reduced 
mitotic index and increased aneuploidy152. Considering the prolonged disease course 
of many of the illnesses, it is likely that the neurons experience long periods of neuronal 
dysfunction before cell death. PolyGlu expansions can selectively induce transcriptome 
alterations that can lead to neural dysfunction before degeneration153. In fact, some 
patients with HD and transgenic mice with expanded polyGlus show neurological 
symptoms in the absence of neurodegeneration154–157. Biochemical functions of 
polyGlu proteins can be modulated by minor increases in the length of the polyGlu 
tract, which are likely to have a graded effect on natural and aberrant protein 
functions158,159. Proteins that have variant repeat numbers, even within the ‘normal’ 
ranges, might lead to clinical symptoms (reviewed in REFS 160,161). However, 
although minor CAG/polyGlu length alterations might have clinical effects, it is 
unlikely that the ablation of somatic instability will eliminate disease. In mouse 
models for HD somatic CAG expansions in the brain are MSH2-dependent, with no 
instability in its absence — an abrogation that delays neural pathology (nuclear mutant 
protein accumulation) by ~5 months41. It should be considered that these mice contain 
109 repeats at birth, whereas most human patients with HD inherit 40–50 repeats and 
the relative contribution of somatic instability in disease progression might be very 
different. Better appreciation of the normal functions of the non-expanded protein 
products for each disease will enhance our understanding of the pathogenesis and of 
the potential contribution of somatic instability to pathogenesis.
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LINKAGE DISEQUILIBRIUM
A measure of genetic 
associations between alleles at 
different loci, which indicates 
whether allelic or marker 
associations on the same 
chromosome are more common 
than expected. 

Not all CAG/CTG disease loci share tissue-specific 
patterns of instability. For example, distinct brain 
region instability patterns occur between DRPLA, 
MJD (Machado–Joseph disease)/SCA3 and SCA1 
REF. 54. Although the SBMA tract is stable in the CNS 
it is unstable in muscle55; this is in contrast to neuronal 
instability of some TNR disorders, such as DRPLA. 
Similarly, the high degree of instability in muscle of 
patients who have DM1 and SBMA contrasts with the 
muscle that shows the lowest instability in HD and 
DRPLA45,55,56. In contrast to CAG/CTG diseases (HD, 
SCA1, SCA2, SCA3, DRPLA and DM1), in which repeat 
tracts are shorter in the cerebellum, the FRDA GAA is 
recalcitrant to contractions in the cerebellum relative 
to other brain regions57, and might even be subject to 
expansions, as has been shown in transgenic mice40. 
There is no length mosaicism in the CNS of FRAXA 
patients — apart from ‘high functioning’ FRAXA meth-
ylation mosaics — who show dramatic levels of CGG 
brain-region heterogeneity13,23,58. Together, these vari-
ations in patterns of repeat instabilities indicate that in 
addition to tissue-specific or cell-specific trans-factors, 
gene-specific cis-elements also modulate the degree 
and pattern of repeat instability in the CNS.

Cis-elements and TNR instability
Cis-elements that might affect instability can be both 
internal (repeat sequence, tract length and purity) and 
external (flanking sequence elements, nucleosomes, CpG 
methylation and replication origins) to the repeat tract 
(reviewed in REF 36). That only certain repeat sequences 
become unstable might relate to sequence-specific DNA 
structures that are thought to be crucial for instability. 
TNR sequences can form slipped-stranded, quadruplex, 
triplex, sticky DNAs and intra-strand hairpins. Slipped-
stranded structures are widely proposed to be mutagenic 
intermediates of repeat instability. Although they are 
likely to occur during mutation events, there is so far no 
evidence that these exist in vivo.

Instability is intrinsically connected to repeat length, 
as only tracts above a stability threshold (~34 repeats) 
become unstable. Interruptions can significantly alter 
this process; for example, SCA1 CAG tracts that are 
as large as 39 repeats with a single CAT interrup-
tion are somatically stable, whereas alleles that have 
40 ‘pure’ repeats are unstable59. The influence of repeat 
sequence, tract length and purity on the propensity of 
slipped-structure formation correlates with their effect 
on genetic instability, further implicating slipped DNAs 
as mutagenic intermediates of instability60 during DNA 
metabolism.

In many repeat disorders, the inherited expansion 
mutations are in LINKAGE DISEQUILIBRIUM with closely 
linked DNA markers, which indicates that these 
chromosomal backgrounds might contain external 
(to the repeat) intralocus cis-elements that predis-
pose, or drive, TNR expansions. The existence of 
interlocus-specific external cis-elements is supported 
by the fact that identical repeat sequences can show 
different levels of instability at different loci36,61,62. 
Further evidence for the contribution of cis-elements 

comes from mouse models in which mice generally 
require larger repeat tracts (>100 repeats) than humans 
to show instability3,63. However, the inclusion of large 
amounts of flanking human genomic sequence allows 
instability for moderate repeat lengths in some mouse 
models (45–78 repeats)38,64–66, which indicates that ele-
ments within these flanking sequences drive instabil-
ity. Furthermore, mice that carry a single integration 
of a large CTG repeat with minimal human flanking 
sequence had remarkably different patterns of instabil-
ity4 depending on the insertion site. Mice with larger 
amounts of patient-derived flanking sequence (45 kb) 
show high levels of instability for all insertion sites64,67. 
Selective exclusion of flank sequences has highlighted 
their importance for instability66. Together these obser-
vations demonstrate that cis-elements in humans and 
mouse models can influence instability.

CpG methylation, a cis-element, might stabilize 
the expanded CGG tracts of FRAXA. The period of 
somatic CGG instability in FRAXA is restricted to 
early embryonic and fetal development, and ends at 
a time that coincides with the aberrant methylation of 
the expanded CGG alleles13,22,23,68,69. The FRAXA male 
gonads that escape aberrant methylation continue to 
contract the CGG tract. Similarly, methylation status 
is tightly correlated with active somatic contractions in 
FRAXA methylation mosaics23,70–72 (FIG. 2d). The effects 
of methylation on repeat instability might extend to 
other loci that also show aberrant CpG methylation of 
expanded CGG tracts15.

A mechanistic link between CpG methylation and 
protection from replication-mediated CGG-repeat 
contractions has been demonstrated in primate cells14. 
Expression of a CpG methylase protected various human 
repeat sequences from contractions during replication 
in bacteria73, including many repeats that are void of 
methylatable CpG sites, indicating the involvement 
of CpG sites that flank the repeats. CpG methylation 
regulation, through exposure to a methylation inhibi-
tor, might directly or indirectly affect CTG instability 
in patients with DM1 (expansions) and rodent cells 
(contractions) that harbour expanded CTG tracts74; 
the significance of the direction of the effect is unclear.

DNA methylation alters DNA structure, protein 
binding, cellular activity and differentiation, implicat-
ing a complex mechanism through which CpG meth-
ylation might alter repeat instability. Locus-specific 
epigenetic CpG methylation status might be a signal 
that defines the timing, tissue and pattern of repeat 
instability of a particular genomic site.

Other external cis-elements include nucleosome 
and replication origin positioning. Expanded CTG and 
CGG repeats favour and disfavour nucleosome assem-
bly, respectively75,76, and the similarity between the sta-
bility threshold (35 repeats) and the length of DNA in 
a nucleosome (146 bp) also favours the involvement of 
nucleosomes in repeat instability. The loss of a DNaseI 
hypersensitive site near the expanded CTG tract that is 
associated with DM1 also supports the contribution of 
altered chromatin to instability77. Although the poten-
tial cis-elements of chromatin structure77,78, GC content, 
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OKAZAKI FRAGMENT
Short DNA fragments 
(~140 nucleotides for primates) 
that are produced on the 
lagging strand of the replication 
fork during discontinuous DNA 
replication; these fragments are 
eventually processed (to remove 
the RNA primer) and ligated to 
form the mature full-length 
lagging nascent strand.

CpG density61,62, transcription levels55 and replication 
alterations14,79 have been suggested to affect TNR 
instability, the exact nature and interaction between 
cis-elements and TNR instability remains unclear.

Replication
The association of TNR instability with proliferation, 
strongly supports a role for replication in repeat insta-
bility25,27,80; in fact, proliferation and/or replication are 
required for instability in several model systems81–83. 
The formation of unusual DNA structures and DNA 
slippage during lagging-strand synthesis might facili-
tate instability (FIG. 3a). Support for the involvement of 

the lagging strand in TNR instability comes from the 
similarity between the instability threshold and OKA

ZAKI FRAGMENT length, the altered instability of repeat 
tracts in yeast rad27/fen1 mutants (flap exo- or endo-
nu cleases that are involved in Okazaki processing), 
and from the propensity of replication-forks to pause 
at repeat tracts. Treatment of DM1 patient cells with 
drugs that alter replication-fork progression affects 
the ongoing CTG expansion, leaving the normal DM1 
allele and other repeat loci unaltered82. These data 
strongly support, at least in DM1, a role for the per-
turbation of replication-fork dynamics (reviewed in 
REF. 79) in TNR instability.

Figure 3 | DNA metabolic processes associated with repeat instability. a| Replication-associated instability. Replication 
across the hairpin might result in expansions or deletions for nascent or template hairpins, respectively. Alterations in the 
Okazaki initiation zone (OIZ) relative to repeat and Okazaki initiations might influence the formation of hairpins. An advancing 
replication fork that is stalled by hairpin formation will require another process for restart. b | Repair-associated instability can 
be associated with genome duplication and maintenance. Following replication forks stalling, the induction of a double-strand 
break (DSB) (first column) or fork reversal (second column) might result in length alterations being maintained during proceeding 
rounds of replication. During genome maintenance, the presence of a DSB or a nick within the repeat tract might lead to 
strand fraying and trinucleotide-repeat-specific structures. Failure of repair to correct the alteration will result in length 
differences. c | Recombination-mediated instability. Homologous recombination between allelic repeats might occur with or 
without the exchange of flanks. Gene conversion might occur after DSB or replication-fork blockage. Single strands from the 
broken repeat invade the sister tract, allowing for completion or restart of synthesis. During this period, hairpins or reiterative 
synthesis might occur, prompting repeat-length changes. Circles represent Holliday junctions.
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The location of replication origins relative to 
the repeat tract might be crucial for instability in 
proliferating cells. Switching the location of the 
origin (origin switch) determines the direction of 
replication through the repeat and in turn defines 
the lagging-strand template; factors that affect repeat 
tract stability in several model systems. An unclear 
association of TNRs with regions of active replica-
tion84 indicates a complex relationship that is beyond 
simple replication direction.

Shifting the location of the origin, but not the direc-
tion of replication, might also affect instability81 (origin 
shift) by altering the location of the repeat relative to the 
Okazaki initiation zone (OIZ) — the single-stranded 
region of the lagging-strand template. The influence of 
this position on the formation of mutagenic interme-
diates85 might influence instability. However, given the 
stochastic nature of Okazaki initiation sites that are large 
distances from the origin, this effect would only apply to 
origin shifts at locations that are proximal to the repeat 

Figure 4 | Mismatch repair and trinucleotide repeat instability. a | Processing single-base mismatches is accomplished with 
a mismatch repair (MMR) complex that involves MSH2 and MSH6. Insertion–deletion loops might also involve MSH2 and MSH6, 
but are more likely to use an MMR complex that contains MSH2 and MSH3. Correct and escaped repair scenarios are shown for 
both events. b | Repair of damage-induced nicks or nicks that occur during replication (Okazaki fragments) of trinucleotide 
repeats. MMR proteins that are involved might be able to correctly process the structures that are formed. Alternatively, the 
presence of the structure might result in escaped repair or error-prone repair, both ending in instability. Repair processes (correct, 
escaped and error-prone) occur independently of MSH2, MSH3, MLH1, XPF and XPG. PMS1/PMS2, post-meiotic 
segregation 1 and 2; POLB, polymerase-β; XPF/XPG, xeroderma pigmentosum, complementation group F and G.
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tract (<0.35 kb). Alternatively, cis-elements that mediate 
a change in the location of the repeat relative to the OIZ 
would influence repeat instability independent of origin 
location (fork shift). These models can be influenced 
by repeat sequence, tract size, flanking cis-elements, 
the epigenetic environment and by the accompanying 
cellular and biochemical processes (that is, expression 
of repair proteins), all of which might vary between and 
within proliferative tissues and developmental stages.

The pausing of the replication fork within the repeat 
tract, either as a cause or result of mutagenic inter-
mediate formation, has also been linked to instability. 
Biochemical86, bacterial87 and yeast88,89 studies reveal 
that pausing is influenced by repeat length, purity and 
replication direction. The recovery of paused replica-
tion forks might involve slippage events and/or double-
strand breaks (DSBs) within or proximal to the repeat 
tract. Induced DSBs lead to repeat instability90 and to 
deletions that extend into the flanking sequence91,92. 
Restarting replication forks that are paused at repeats 
might require repair and/or recombination processes, 
both of which might result in further TNR instability.

The ability of proteins, such as FEN1, to process 
replication-induced errors is crucial to expansions. 
FEN1 is a structure-specific nuclease that is required 
to process single-strand overhangs (flaps) of Okazaki 
fragments on the lagging strands of replication forks. 
TNR secondary structures inhibit FEN1 processing 
in a length-dependent manner93–95, such that liga-
tion of these products without removal of the extra 
strand-displaced repeats would lead to expansions. The 
increased frequency of CAG/CTG expansions in fen1 
null yeast and defective endonuclease (not exonuclease) 
activities supports the idea that FEN1 normally protects 
against CAG/CTG expansions96,97. The degree to which 
FEN1 influences CAG/CTG instability varies greatly 
between species: Fen1+/– mice show only a minor effect 
on instability98 with changes of ±1 to 2 repeat units97, 
which is in contrast to the near doubling of a (CTG)85 
tract in yeast95,96; whereas in flies, Fen1 deficiency has 
no effect on CAG/CTG instability99.

Other replication-associated proteins might also 
participate in TNR instability (see supplementary 
information S2 (table)). For example, the BLM or 
WRN helicase can enhance FEN1 cleavage of CTG 
flaps100. Furthermore, Dna2, a helicase, tracks along 
free ends and has flap-cleaving activity that is blocked 
by CTG structures101. Like Fen1, Dna2 might protect 
against CAG/CTG expansions, although repeat insta-
bility is unaffected in dna2 yeast mutants96,102. Other 
replication-associated proteins might contribute to 
repeat instability, but could do so more in line with 
a role in repair, such as DNA polymerases or ligase to 
complete the processing of aberrant repair tracts.

Repair
The accumulation of CAG instability in non-mitotic 
patient tissues, such as brain tissues and the altered insta-
bility in various repair-deficient mouse tissues (mitotic 
and non-mitotic)5,33,41,98 supports the involvement of vari-
ous DNA repair processes in CAG instability (see supple-

mentary information S2 (table)). Repair-mediated TNR 
instability might involve the processing (aberrant repair) 
of DNA mutagenic intermediates that are formed at 
replication forks, sites of double-strand or single-strand 
breaks, or endogenous DNA damage (for example, 
oxidative) within or near the repeat tract (FIG. 3b).

Although repair of chemically or environmentally 
induced damage has also been implicated in TNR 
instability33,103, these insults also activate several other 
cellular pathways. The contrast between the con-
sequence of genome-wide instability that is due to 
repair deficiency and locus-specific repeat instability 
implies that the cell’s ability to process repeat-specific 
mutagenic intermediates, rather than a repair-pathway 
defect, drives locus-specific instability104–107.

Mismatch repair. MMR proteins are implicated in 
CAG/CTG instability (FIG. 4b). This mutagenic role con-
trasts with the corrective repair role of these proteins at 
almost all other sequences, including non-CNG repeats. 
Strangely, the expansion mutations of CAG/CTG trans-
genes in numerous mouse models requires the functional 
MMR proteins MSH2, MSH3 and PMS2 REFS 5,41,52,108. 
A role for a MSH2:MSH3 complex in CAG/CTG insta-
bility was presumed, but not proved, on the basis of the 
increased instability in an MSH6-deficient background 
— an absence of MSH6 might increase amounts of 
MSH2:MSH3 complexes to enhance expansions31. In a 
recent report, an independent CAG transgenic mouse 
was used to demonstrate stabilization in the absence of 
MSH3, but failed to detect increased instability in the 
absence of MSH6 REF. 109. It has been shown that MSH2 
REF. 110 and MSH2:MSH3 complexes109 bind CAG hair-
pins, although the significance of this binding to either 
repair or instability remains unclear — particularly as 
the correct or escaped processing of slipped repeats 
occurs independently of either protein53 (see below). 
The MSH2:MSH3 complex directs the repair of inser-
tion–deletion loops of up to 13 nucleotides. This process 
is tightly linked with DNA-binding-dependent ATPase 
activity of MSH2:MSH3, which is regulated by a mis-
match-stimulated ADP-to-ATP exchange111. Recently 
it was suggested that the MSH2:MSH3 complex binds 
to (CAG)13 hairpins but with reduced ATPase activity 
relative to a preferred short (CA)4 loop109. One interpre-
tation of this is that the ATPase activity of MSH2 is not 
required for its role in CAG expansions. If true, crossing 
CAG transgenic mice to mice that harbour the ATPase-
defective MSH2 protein that retains full mismatch-bind-
ing activity112 would produce mismatch repair-deficient 
mice that show spontaneous CAG expansions, unlike 
MSH2 null mice52. A deficiency of PMS2, which in 
complex with MLH1 can bind ssDNA113, was also 
required for CAG/CTG expansions, but to a lesser 
degree than MSH2 or MSH3 REF. 33. So PMS2 might 
be functionally redundant with PMS1 and/or MLH3. 
Accumulation of CAG/CTG expansions in mitotic, 
non-mitotic (brain) and germline tissues depends on 
MSH2, MSH3 and PMS2 REFS 5,6,31,33,41,52. In the 
absence of MMR, CAG/CTG tracts were either mildly 
or completely stabilized31,41,52,114 or in some mice tissues 
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GENE CONVERSION
A meiotic process that involves 
the non-reciprocal transfer of 
genetic information, in which 
one allele directs the conversion 
of its sister allele.

SINGLESTRAND ANNEALING
A process that is typically 
initiated after a double-strand 
break, in which regions of 
ssDNA are created to allow for 
complementary strands of sister 
chromatids or homologues to 
anneal to each other.

XERODERMA PIGMENTOSUM
A human disease that is 
characterized by extraordinary 
sensitivity to sunlight, and is 
caused by a defect in the 
ultraviolet-mutation-repair 
system.

tended to delete5,6. The variable degrees of instability and 
effects of MMR-deficiencies observed in these mouse 
models might arise as a result of specific differences such 
as tract length, integration site, replication direction, 
transcription direction and mouse strain differences, 
and/or because of the interdependence of the MMR 
proteins. Although the in vivo data clearly indicate a 
requirement for MMR proteins in CAG instability, they 
do not indicate a mechanism or pathway through which 
these proteins might function.

MSH2:MSH3 might be required for correct repair 
of slipped CTG or CAG repeats, but many mutagenic 
intermediates escape this process and lead to expan-
sions. In this case the absence of functional MMR would 
be expected to increase expansions. MSH2:MSH3 could 
bind to slipped CTG or CAG repeats that protect them 
from being repaired and in this way contribute to repeat 
expansion. In this case the absence of MMR would lead 
to correct repair and a reduction in expansions. And 
finally MSH2:MSH3 might be required to process the 
slip-outs in an error-prone manner, thereby giving rise 
to expansions. None of these scenarios is consistent with 
the mouse data, particularly the repeat contractions that 
arise in the absence of MSH2 or MSH3 REFS 5,6.

Mechanistic insights have recently been provided by 
in vitro analysis of the fidelity by which slipped CTG 
or CAG intermediates are processed by human cell pro-
teins53. Correct repair, escaped repair and error-prone 
repair were observed. Repair path depended on slip-out 
composition (CAG or CTG) and nick location (nicks in 
the same or opposite strand as the slip-outs or nicks 
upstream or downstream of the slip-outs). Importantly, 
all outcomes were independent of human MSH2, 
MSH3, MLH1, XPF or XPG proteins (FIG. 4b). Correct 
repair would stably maintain the repeat; although slip-
page mutation events might arise they are corrected and 
so not detected. Escaped repair of slip-outs could lead 
to expansion or deletion products. Although escaped 
repair might involve masking of slipped DNAs from 
repair by bound proteins, MSH2, MSH3 or PMS2 are 
not involved in this process. Interestingly, a new form of 
error-prone repair was detected in which excess repeats 
in expansion intermediates (slip-outs in a nicked 
strand) were incompletely excised — presenting a new 
way to generate expansions. Error-prone repair might 
be a source for the expansion bias that is observed in 
patients, as deletion intermediates (slip-outs that are 
opposite a nicked strand) do not yield error-prone prod-
ucts. Although neither repair outcome requires MMR 
proteins, these proteins might contribute to CAG/CTG 
expansions by driving the formation of slipped DNAs, 
possibly in conjunction with strand displacement from 
a nick by polymerase-β115 or with DNA helicases dur-
ing the unwinding or annealing of DNA strands116–120 
(FIG. 4b). Once formed, these expansion intermediates 
would be processed in an error-prone manner, the 
excess retained repeats would be incorporated as 
expansions. Interestingly, human neuron-like cell 
extracts yielded each repair outcome, supporting a 
role for these processes in CTG/CAG instability in  
post-mitotic brain cells of patients53.

 MMR and the direction of replication. Several MMR 
proteins are associated with proliferating cell nuclear 
antigen (PCNA), which probably brings these proteins 
in close contact with the replication machinery at rep-
lication forks. In some MMR-deficient bacteria and 
yeast, the contraction frequency is altered for CAG but 
not CTG lagging-strand templates, which indicates that 
the contribution of MMR to instability might depend on 
replication direction121–123 (see supplementary informa-
tion S2 (table)). Similar replication-direction-depend-
ent effects were observed for deficiencies of rad27/fen1 
and DNA ligase102,124. Differences in the ability of repair 
proteins to process the different DNA intermediates that 
are formed when replication proceeds in one direction 
versus the other (CTG versus CAG) might explain the 
sensitivity of replication to direction.

Double-strand break repair. Repair of DSBs is essen-
tial for genomic stability and cell survival. In yeast, 
TNR tracts are susceptible to DSBs, possibly through 
aberrant endonucleolytic cleavage of DNA intermedi-
ates90,125. The subsequent repair of these breaks might 
lead to instability and in some cases yields large con-
tractions of the repeat and flanking sequences90,125,126. 
Studies in bacteria, primate and rodent cells revealed 
that the repair of a DSB within a CTG/CAG-repeat tract 
can lead to large contractions that frequently include all 
or most of the repeat and some flanking non-repetitive 
sequence91,92,127. Such rare deletion events are known to 
occur only at the FRAXA locus, and might be medi-
ated by methylation and replication163. Repair of DSBs 
that are induced by replication defects associated with 
TNRs, such as slippage and fork pausing87–89, might lead 
to instability90,126,128, possibly through GENE CONVERSION 
and SINGLESTRAND ANNEALING.

Nucleotide excision repair, transcription and trinu-
cleotide repeat instability. Nucleotide excision repair 
(NER) is specific for DNA damage that is caused by 
ultraviolet light and by certain DNA-distorting lesions. 
Bacterial models indicate a role for NER in either pro-
tecting or enhancing large CTG/CAG contractions, 
phenomena that might depend on transcription, 
replication direction and repeat tract129,130. However 
human XERODERMA PIGMENTOSUM cells with defective 
NER proteins did not show repeat instability at the 
DM1, SBMA, MJD or HD loci107. Moreover, process-
ing slipped-CTG or slipped-CAG repeats by human 
proteins did not require either of the structure-specific 
nucleases XPF or XPG53.

Given that each disease-associated repeat tract is 
transcribed, transcription levels and transcription-
coupled repair (TCR, which is preferential repair of 
the transcribed strand) and differentiation-altered 
TCR might contribute to repeat instability34. Bacterial 
models revealed that transcription increased the levels 
of large TNR contractions. These effects were sensitive 
to replication direction131–133 — transcription progres-
sion might collide head-to-head or head-to-tail with 
replication forks. The positive correlation between 
transcription levels and tissue-specific instability in 
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patients who have SBMA 55 and the absence of such a 
correlation in DM1 mice32 could suggest that the effects 
of transcription on instability varies between loci.

Protein functional diversity and repair pathways. 
Given the unorthodox implication that DNA repair 
proteins might contribute to repeat instability, elu-
cidating the mechanistic role of these factors in this 
mutagenic processes is challenging, not least owing 
to the functional diversity of many repair proteins. 
For example, in addition to correcting mismatches, 
MMR proteins participate in NER, base excision 
repair, DSB repair, transcription-coupled repair, mei-
otic recombination, blocking recombination between 
non-identical sequences, single-strand annealing and 
the apoptotic response to certain DNA-damaging 
agents134. Interestingly, MMR proteins also contribute 
to locus-specific mutations that naturally occur at 
immunoglobin genes135. Whether there are mechanistic 
parallels between the mutagenic roles of MMR proteins 
in these processes and repeat instability has still to be 
determined. When looking for their mechanistic con-
tribution to TNR instability, one should avoid restrict-
ing their functional scope to the name that they hold 
(that is, mismatch), or to the functions that they have 
originally been attributed (that is, repair).

Recombination
Recombination between sequences that flank the repeat 
tract is rare in most TNR disorders136,137. Although the 
loss of many recombination proteins in many sys-
tems5,90,138 does not alter instability, limited data from 
patients, and bacterial139, yeast126 and rodent127 models 
do support a contribution of recombination to TNR 
instability. In yeast, meiotic recombination might be 
more important than mitotic events125,140,141: instabil-
ity might arise through DSBs that are induced within 
repeats by the meiotic-specific endonuclease SPO11 
REF. 142. In humans, the massive germline expansions at 
the DM1, DM2, FRAXA, SCA8, SCA10 and FRDA loci 
might involve recombination within the tract, probably 
by intrachromosomal strand annealing (between sister 
chromatids) as a result of DNA synthesis-dependent 
strand annealing (FIG. 3b). The precise role of recombi-
nation in instability is difficult to determine because it is 
difficult to detect recombination events that have break 
points within the repeat tracts.

Recombination has a more definitive role in the 
instability of repeats with unusual and/or interrupted 
configurations143. Deletions in the INS variable number 
tandem repeat minisatellite arose through a simple 
intra-allelic deletion, probably as a result of slippage 
or unequal crossover between sister chromatids with 
misaligned repeats144. By contrast, INS pre-meiotic 
germline expansions are complex, involving intra-
allelic rearrangements with extensive remodelling of the 
repeat and inter-allelic repeat exchanges. Interestingly, 
half the de novo inherited cases of facioscapulohumeral 
muscular dystrophy (FSHD) can be attributed to high 
levels of post-fertilization somatic (recombinogenic) 
mutations in the associated 3.3 kb D4Z4 megasatellite 

tract19,145. Patients who have FSHD with D4Z4 length 
heterogeneity harbour cells that have at least two dis-
tinct disease allele-contraction sizes, which supports 
the involvement of mitotic gene conversion with or 
without crossover. In addition, both intrachromosomal 
(between sister chromatids, probably through DNA 
synthesis-dependent strand annealing) and interchro-
mosomal rearrangements (between chromosome 4q 
and 10q D4Z4 repeats) can occur. Although it is often 
speculated that recombination has a greater role in 
polyalanine expansion143, there is no experimental 
evidence to favour this pathway over others, such as 
replicative slippage. In fact, the unusual configuration 
of these repeat tracts, absent in most TNR disorders, 
allows for an easier identification, analysis and tracking 
of recombination to repeat instability. 

Conclusions
Deconstructing the mechanism(s) of repeat instability 
has proved exceedingly complex; this is in part due to 
the overlapping contributions of each DNA metabolic 
process and in part due to difficulties in identifying the 
precise timing of instability. The contribution of these 
processes to instability seems to be unique not only to 
the specific developmental stage, tissue or prolifera-
tion status of the affected cell but also to the specific 
disorder.

Disease-associated repeat expansion is a phenom-
enon that seems to be uniquely human. A wide range of 
model systems, each with its own inherent strengths and 
limitations have been used to understand what ‘drives’ 
and/or maintains repeat instability. A comparison of the 
combined data that are obtained through these various 
model systems — taking into account their limitations 
— with observations from human studies will allow a 
greater understanding of the underlying mechanism(s) 
of repeat instability. Given the numerous differences 
between each repeat sequence and each disease locus, as 
well as the differences between models, generalizations 
of mechanism(s) should be made with caution.

Many challenging and important questions remain. 
Factors that contribute to tissue-specific instability, spe-
cifically in primary affected tissues of patients and/or 
appropriate non-human models (muscle, CNS and germ 
line) need to be identified. Locus-specific cis-elements 
and trans-factors that drive instability need to be iden-
tified and the timing, pattern and tissue selectivity of 
repeat instability determined. How naturally occur-
ring contractions of expanded repeat tracts arise is not 
understood, neither in the germ line nor in the soma. In 
the long term, analysis of these contractions might reveal 
a means to harness this process for clinical benefits.

Exogenous agents (genetic, RNAi, chemical, nutri-
tional, environmental or others) that specifically target 
the expansion or contraction processes in somatic and 
germline lineages remain to be identified. A long-term 
goal here is to modulate instability (levels and direc-
tions) in the hope of clinical benefits. It is likely that 
the answers to these questions will reveal surprising 
genetic and biological phenomena, and probably more 
questions.
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