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Simple sequence repeats occur throughout the human 
genome. In 1991 an expansion of one of these repeats, 
a trinucleotide (CAG) repeat in the gene that encodes 
the androgen receptor, was discovered in patients with 
a neurodegenerative disorder: spinal and bulbar mus-
cular atrophy (SBMA)1. The repeat, which normally 
consists of 13–30 CAGs, lengthens to 40 or more CAGs 
in patients with this disease. Over the few years that 
followed, at least another 20 disorders were identified 
as trinucleotide repeat diseases2 TABLE 1. Disorders 
that have triplet repeat expansions in non-coding 
regions typically cause a loss of gene function or toxic 
effects at the mRNA level, whereas those that occur in 
coding regions result in an expanded polyglutamine or 
polyalanine tract in the protein product, which causes 
the protein to become toxic, with or without the loss 
of its normal function. Therefore, development of 
therapeutics for non-coding disorders has focused on 
restoring gene function or compensating for the loss 
of its function, whereas therapy for coding disorders 
is directed towards ameliorating the consequences of 
the toxic protein.

Although much progress has been made in under-
standing the molecular and cellular mechanisms that 
underlie each disease, effective treatments have not 
yet been developed. Nevertheless, the field is poised 
to develop new therapeutics in the coming years as 

a result of increasing insights into the pathophysiol-
ogy of repeat expansion. Here we present current 
approaches to the development of therapeutics for 
repeat expansion disorders, with an emphasis on 
the most intensely studied disorders with preclinical 
and/or clinical data.

Non-coding trinucleotide repeat disorders
Non-coding expanded repeats include CGG, GCC, 
GAA, CTG and CAG. The type of repeat and its loca-
tion within the gene defines each disorder and its 
pathophysiology. Because these disorders might result 
from a loss of function, one approach to treatment is 
through gene replacement, although as more becomes 
known about the normal function of the relevant gene 
products, new targets for compensatory intervention 
are being identified.

Friedreich ataxia. Friedreich ataxia (FA) is the most 
common inherited ataxia TABLE 1. Most patients 
have a homozygous GAA-repeat expansion within 
the first intron of the frataxin gene, which results in 
a deficiency of frataxin mRNA and protein. Frataxin 
levels are inversely correlated with the length of the 
GAA repeat in the shorter of the two alleles that 
are carried by the patient3. Loss of frataxin leads 
to accumulation of mitochondrial iron, increased 
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Abstract | The underlying genetic mutations for many inherited neurodegenerative disorders 
have been identified in recent years. One frequent type of mutation is trinucleotide repeat 
expansion. Depending on the location of the repeat expansion, the mutation might result 
in a loss of function of the disease gene, a toxic gain of function or both. Disease gene 
identification has led to the development of model systems for investigating disease 
mechanisms and evaluating treatments. Examination of experimental findings reveals 
similarities in disease mechanisms as well as possibilities for treatment.
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OPENLABEL TRIAL
A clinical trial in which both 
subjects and investigators know 
which drug is being tested and 
the doses that are being used.

DOUBLEBLIND TRIAL
A study in which neither the 
investigator nor the subject 
know whether a medication or 
placebo is being used for any 
given subject, so as to prevent 
subjective bias on the part of the 
subject or investigator.

PLACEBOCONTROLLED
The use of an inactive substance 
or treatment that seems to be 
the same as, and is given in the 
same way as, an active drug or 
treatment being tested. The 
effects of the active drug or 
treatment are compared with 
the effects of the placebo.

susceptibility to oxidative stress and a reduction in 
oxidative phosphory lation that is due to a deficiency 
of mitochondrial proteins that contain iron–sulphur 
clusters4. Although the primary function of frataxin 
is not completely clear, the cellular defects that result 
from its deficiency point to targets for intervention 
(FIG. 1).

It is likely that free-radical formation and oxidative 
stress underlie the pathophysiology of FA5, and for 
this reason antioxidants have been investigated as a 
potential therapy. Idebenone, a short-chain analogue 
of coenzyme Q10 (ubiquinone), has been shown to 

decrease lipid peroxidation and enhance mitochondrial 
energy production6. Several clinical trials of idebenone 
have resulted in a reduction of cardiac hypertrophy in 
patients with FA, but without significant improvement 
in neurological function7. By selecting patients who 
are in the early stages of the disease and who are closer 
in age an OPENLABEL, 1-year trial did show improve-
ment in neurological function8. These results indicate 
that idebenone might be a beneficial treatment for 
FA, although further DOUBLEBLIND, PLACEBOCONTROLLED 
studies that focus on quality of life and neurological 
outcomes are needed.

Table 1 | Triplet repeat expansion disorders

Disease Symptoms Gene Locus Protein

Non-coding repeats

Friedreich ataxia Ataxia, weakness, 
sensory loss

FXN 9q13–q21.1 Frataxin

Fragile X syndrome A Mental retardation FMR1 Xq27.3 Fragile X mental 
retardation 1 protein

Fragile X syndrome E Mental retardation FMR2 Xq28 Fragile X mental 
retardation 2 protein

Dystrophia myotonica 1 Weakness, 
myotonia

DMPK 19q13 Dystrophia myotonica 
protein kinase

Spinocerebellar ataxia 8 Ataxia Antisense to 
KLHL1

13q21 Undetermined

Spinocerebellar ataxia 12 Ataxia PPP2R2B 5q31–q33 Regulatory subunit of the 
protein phosphatase PP2A

Huntington disease-like 2 Chorea, dementia JPH3 16q24.3 Junctophilin 3

Polyglutamine disorders

Spinal and bulbar muscular 
atrophy 

Weakness AR Xq13–q21 Androgen receptor

Huntington disease Chorea, dementia IT15 4p16.3 Huntingtin

Dentatorubral-pallidoluysian 
atrophy

Ataxia, myoclonic 
epilepsy, dementia

DRPLA 12p13.31 Atrophin 1

Spinocerebellar ataxia 1 Ataxia SCA1 6p23 Ataxin 1

Spinocerebellar ataxia 2 Ataxia SCA2 12q24.1 Ataxin 2

Spinocerebellar ataxia 3
(Machado–Joseph disease)

Ataxia SCA3/MJD 14q32.1 Ataxin 3

Spinocerebellar ataxia 6 Ataxia CACNA1A 19p13 α1A-voltage-dependent 
calcium channel subunit

Spinocerebellar ataxia 7 Ataxia SCA7 3p12–p13 Ataxin 7

Spinocerebellar ataxia 17 Ataxia TBP 6q27 TATA box binding protein

Polyalanine disorders*

Oculopharyngeal dystrophy Weakness PABPN1 14q11.2–q13 Poly(A)-binding protein 2

Congenital central 
hypoventilation syndrome

Respiratory 
difficulties

PHOX2B 4p12 Paired-like homeobox 2B

Infantile spasms Mental retardation, 
epilepsy

ARX Xp22.13 Aristaless-related 
homeobox, X-linked

Synpolydactyly Limb malformation HOXD13 2q31–q32 Homeobox D13

*Polyalanine expansions have also been reported among mutations in other genes, including RUNX2 (runt-related transcription 
factor 2) in cleidocranial dysplasia, ZIC2 (Zic family member 2) in holoprosencephaly, HOXA13 (homeobox A13) in hand–foot–
genital syndrome, and FOXL2 (forkhead box L2) in type II blepharophimosis, ptosis, and epicanthus inversus syndrome. Small 
aspartic acid repeat expansions have been reported among other mutations in the COMP (cartilage oligomeric matrix protein) 
gene in patients with multiple epiphyseal dysplasia.
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PHASE II CLINICAL TRIAL
A study that is carried out to 
obtain more safety data and 
preliminary data on the 
effectiveness of the drug for a 
particular indication in patients 
with the disease or condition. 
Phase II studies help to 
determine the feasibility of 
larger-scale definitive trials.

PHASE I CLINICAL TRIAL
An initial clinical study that 
involves small numbers of 
healthy human volunteers and 
small doses to assess safety, 
metabolism and excretion of 
a drug.

LYMPHOBLASTS 
Immature white blood cells.

DENDRITES
Short and typically highly 
branched extensions of the 
neuronal cell body that form 
synaptic contacts with the 
terminals of other neurons and 
allow the transmission of nerve 
impulses between cells.

Future clinical trials of idebenone in FA need to also 
consider drug dosing. Preliminary studies in FA and 
other diseases indicate a dose-related effect9 and recent 
trials indicate that idebenone can be administered at 
much higher doses than those used previously, without 
dose-limiting toxicity (N.A.D., unpublished observa-
tions). On the basis of these findings, we are proceed-
ing with a PHASE II CLINICAL TRIAL of high-dose idebenone 
in patients who have FA.

Further modification of the ubiquinone structure 
can lead to more potent antioxidants by enhancing 
their concentration in the mitochondria. For example, 
a lipophilic, cationic side chain on the ubiquinone 
derivative mitoquinone (MitoQ) allows it to accumu-
late within mitochondria10, and it is substantially more 
potent than idebenone in protecting FA fibro blasts from 
oxidative stress11. MitoQ is currently being studied in 
PHASE I CLINICAL TRIALS.

Excess iron accumulation in mitochondria might 
have a role in FA pathogenesis, because free iron 
can enhance free-radical formation12. Therefore, 
iron -chelation therapy has also been considered as a 
potential therapeutic intervention. However, unless 
such chelation preferentially targets mitochondrial 
iron, normal cellular stores would be depleted. 
Pyridoxal isonicotinoyl hydrazone (PIH) mobilizes 
mitochondrial iron selectively13. A recently devel-
oped PIH-derivative shows promise as a potential 
therapeutic agent14.

Despite being promising, antioxidant and chela-
tion therapies do not address the primary biochemi-
cal defect in FA: frataxin deficiency. Recently, several 
compounds including cisplatin, haemin and sodium 
butyrate have been shown to enhance frataxin gene 
expression15,16. The mechanism of gene induction by 
these compounds is unclear, although sodium butyrate 
is known to induce gene expression by inhibiting his-
tone deacetylation. Histone modulation has become an 
area of research interest for various diseases, including 
haemoglobinopathy, cancer and neurodegeneration, 
and might become more effective as precise histone 
deacetylase (HDAC) targets are identified.

Fragile X syndrome. Fragile X syndrome is caused by 
an expansion of a CGG repeat in the 5′ UTR of the 
fragile X mental retardation gene (FMR1). The result-
ing CpG hypermethylation at the FMR1 promoter17 
reduces FMR1 transcription (FIG. 2).

Attempts have been made to reactivate FMR1 
transcription by removing the transcriptional block-
ade that is induced by excess promoter methylation. 
LYMPHOBLASTS from patients who have fragile X syn-
drome are treated in vitro with the DNA-demethylating 
agent 5-azadeoxycytidine (5-aza), and have increased 
levels of FMR1 mRNA and protein18. However, there 
are two limitations to using a demethylation approach. 
First, long-term use of 5-aza is highly toxic, although 
less toxic compounds that have a similar mechanism of 
action might be developed in the future. Second, 5-aza 
must be incorporated into dividing cells to exert its 
effects, so it is not likely to be suitable for post-mitotic 
neurons. Nonetheless, other compounds might be 
able to reduce the methylation of the FMR1 promoter. 
Fragile X lymphoblastoid cell lines that are exposed to 
l-carnitine or acetyl-l-carnitine show a mild decrease 
in FMR1 promoter hypermethylation19, but without 
increased transcription.

The inactive, hypermethylated FMR1 gene is associ-
ated with hypoacetylated histones20. Treatment of lym-
phoblasts from fragile X patients with HDAC inhibitors 
has been reported to cause a modest increase in tran-
script levels, although not to the level seen with demeth-
ylating agents21. However, when HDAC inhibitors were 
used in combination with the demethylating agent 5-aza, 
transcript levels increased 2–5 fold compared with those 
obtained with 5-aza alone, which indicates that DNA 
methylation and histone deacetylation might work syn-
ergistically to silence genes, with methylation having a 
dominant role. Therefore, HDAC inhibitors might have 
a complementary adjunctive role in future therapy.

The downstream effects of FMR1 protein deficiency 
correlate with the clinical deficits in learning and 
memory. An FMR1 knockout mouse has mild learn-
ing deficits and morphologically abnormal DENDRITES22, 
which are similar to those seen in fragile X patients23. 
Abnormal electrophysiological properties of neurons in 
the knockout mouse are consistent with altered synaptic 
development and plasticity24, and these have been linked 
to abnormal group 1 metabotropic glutamate receptor 
(mGluR) signalling, which primarily involves mGluR5. 

Figure 1 | Friedreich ataxia: pathogenesis and points of intervention. The expanded GAA 
repeat in the frataxin gene (FXN) results in reduced levels of the frataxin protein, which probably 
has a role in mitochondrial iron transport (A), iron–sulphur cluster assembly (B), and protection 
from free radicals (C), by increasing SOD activity. Consequently, therapeutic targets include 
enhancement of FXN transcription (1), selective mitochondrial iron chelation (2), enhancement of 
ATP generation to compensate for the lack of iron–sulphur proteins in the respiratory chain (3) 
and free-radical neutralization (4). Ac, acetylation; CI–CIV, class I–IV respiratory chain proteins; 
HDAC, histone deacetylase; SOD, superoxide dismutase. 
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The failure of muscle to relax 
immediately after voluntary 
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ANTICIPATION
The tendency of certain 
diseases to have an earlier age of 
onset and increasing severity in 
successive generations.

It has been speculated that antagonists of this receptor 
might ameliorate the symptoms of fragile X syndrome25. 
Indeed, mGluR antagonists can correct neuroanatomi-
cal and behavioural defects in a Drosophila model 
of fragile X syndrome26. Overall, these compounds 
warrant further investigation as possible treatments for 
this disorder.

Myotonic dystrophy. Previous clinical trials for dys-
trophia myotonica 1 (DM1) have focused on sympto-
matic treatment to relieve either the MYOTONIA or the 
effects of muscle degeneration. Many drugs studied 
so far, including selenium and vitamin E, baclofen, 
nifedipine, creatine monohydrate and testosterone, 

have failed to demonstrate a definite beneficial effect 
(for a review see REF. 27). Other compounds such as 
phenytoin, carbamazepine, tocainide, impiramine 
and DHEA-S, had some clinical benefit, although 
these studies generally had few subjects and were not 
placebo-controlled, making the observations difficult 
to interpret (for a review see REF. 27).

The genetic mutation in DM1 is an expanded CTG 
trinucleotide repeat in the 3′ UTR of the protein kinase 
gene DMPK (dystrophia myotonica protein kinase)28. 
The expanded CTG repeat is unstable, with a tendency 
to increase in length with intergenerational transfer, 
resulting in a highly variable phenotype and ANTICIPATION. 
The CTG expanded transcript forms nuclear inclusions 
and sequesters specific RNA-binding proteins such as 
the muscleblind protein, which leads to a reduction in 
their activity29. Phylactou and colleagues have dem-
onstrated the potential therapeutic effect of removing 
the expanded repeat region with trans-splicing group I 
intron ribozymes that modify the 3′ end of the DMPK 
transcript, both in vitro and in vivo30. Recently, phar-
macotherapy that has a more immediate potential has 
been demonstrated in a new cell-based model of DM1. 
This cell line, which carries a 250-CTG repeat in the 
3′ UTR of a luciferase reporter gene, shows gene effects 
in cis and cytotoxicity. A chemical compound library 
screen showed that DHEA-S and bioflavonoids are able 
to ameliorate both cis-effects on gene expression and 
cytotoxicity 31. The exact mechanism that underlies these 
effects is unclear. Although it is known that flavonoids 
have potent antioxidant capacity, they also have various 
other biological activities32. Certain flavonoids can acti-
vate the class III, or sirtuin, family of HDACs33 that has 
recently been shown to increase cellular stress defences 
and can ameliorate toxicity in models of Huntington 
disease (HD)34. It is therefore possible that, in this cell-
based model system for DM1, flavonoids function by 
modulating epigenetic factors that are similar to those 
involved in other triplet repeat expansion disorders.

Polyglutamine expansion diseases
This family of disorders involves expansion of trans-
lated CAG repeats in the disease genes, resulting in 
expanded polyglutamine tracts in the respective pro-
teins. Although the expanded polyglutamine tract itself 
can be toxic, it is in the context of the full-length protein 
that the distinctive selective neuronal loss occurs. This 
might be due to specific interactions that are mediated 
by the flanking regions35–37. Transgenic animal studies 
have supported a toxic gain-of-function mechanism 
that leads to neuronal dysfunction and death, although 
recent evidence indicates that loss of normal protein 
function might also have a role in disease pathogene-
sis38,39. Although the normal functions and pathological 
effects of the disease proteins are not completely clear, 
there seem to be common pathways that could be 
exploited in the development of therapeutics (FIG. 3).

Protein misfolding and aggregation. Aggregation of 
the disease protein is a feature that is shared between the 
polyglutamine disorders. Cleavage studies indicate that 

Figure 2 | Promoter inactivation and transcriptional 
repression in fragile X syndrome. The expansion of a CGG 
repeat in the 5′ UTR of the fragile X mental retardation 1 (FMR1) 
gene results in hypermethylation of the repeat region (upper 
panel), which recruits methyl-DNA-binding proteins, such 
as methyl-CpG-binding protein 2 (Rett syndrome) (MECP2) 
and methyl-CpG-binding domain protein (MBD) that repress 
transcription. These proteins also recruit histone-modifying 
enzymes, including histone deacetylases (HDACs), which 
further repress transcription (lower panel). Ac, acetylation.
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PROTEASOME
A cytosolic protein complex 
that degrades proteins that have 
been marked for destruction by 
the ubiquitylation pathway. 

CORTEX
The superficial layer of grey 
matter that is involved in higher 
functions, including initiation 
of voluntary movements, 
cognition and emotion.

STRIATUM
The region of the brain that 
receives excitatory input from 
the cortex, thalamus and 
midbrain. It has a pivotal role in 
modulating motor activity and 
higher cognitive function.

the expanded polyglutamine tract imparts a new three-
dimensional conformation to the mutated proteins. It is 
likely that the misfolded proteins acquire a toxic function 
through aberrant protein interactions. The mutant pro-
teins are probably targeted for degradation, as they are 
often conjugated to ubiquitin, both in cell models and 
patient tissues40,41. When the cellular capacity to process 
the mutant proteins is exceeded, the proteins become 
clustered into insoluble protein aggregates. Inhibition 
of the PROTEASOME enhances aggregation, whereas over-
expression of specific chaperone proteins that aid in 
protein folding reduces aggregate formation and tox-
icity42,43. In line with these observations, activation of 
the heat-shock response using the drug geldanamycin 
reduces aggregate formation in cell models44.

Other compounds that have been reported to 
reduce polyglutamine aggregation and toxicity include 
benzothiazoles45 and Congo red46. When Congo red 
was administered to an R6/2 mouse model of HD vari-
ous aspects of the disease phenotype, including protein 

aggregation, were significantly reduced47. Trehalose is 
another compound that was found to prevent protein 
aggregation in a screening assay48. HD mice that were 
fed trehalose had significantly fewer inclusions in the 
CORTEX and STRIATUM and showed behavioural improve-
ment.

Biological agents have also been shown to inhibit 
aggregation by binding to proposed interaction sites. 
Antibodies to the polyproline region of the mutant 
huntingtin protein blocked aggregation and cell death 
in a cell model49. Similarly, a bivalent huntingtin-binding 
peptide suppressed aggregation and polyglutamine 
toxicity in a Drosophila HD model50.

Polyglutamine toxicity might be enhanced through 
crosslinking by transglutaminase51,52. Treatment of HD 
mice with cysteamine, a competitive transglutaminase 
inhibitor, reduced the severity of disease and increased 
survival53. However, the inclusions did not change 
histologically following treatment, which indicates 
that cysteamine might not function through trans-
glutaminase inhibition, but rather by upregulating 
chaperone expression54 or inhibiting caspases55. Recent 
genetic evidence supports a role for transglutaminase in 
polyglutamine toxicity that is independent of aggregate 
formation56, which indicates that transglutaminase is 
still a viable target for intervention. Overall, inhibition 
of aggregate formation has been a reasonable screening 
target that has yielded some promising compounds 
worthy of further investigation.

Caspase activation and apoptosis. There is evidence 
of apoptosis (which involves caspase inactivation) in 
various neurodegenerative disorders, both in vivo and 
in vitro57. Several polyglutamine disease proteins are 
substrates for caspase cleavage58,59. Because truncation 
of polyglutamine proteins tends to increase cellular 
toxicity, blocking caspase activity might reduce toxicity 
both by reducing polyglutamine cleavage and by block-
ing apoptosis. Mutation of the caspase 3 cleavage site in 
the huntingtin protein reduces protein cleavage and cel-
lular toxicity in vitro60. Likewise, crossing HD mice with 
transgenic mice that carry dominant–negative caspase 1 
yielded double heterozygous transgenic offspring that 
had decreased cleavage of endogenous huntingtin and a 
decrease in the progression of the disease61. Disease pro-
gression was also slowed in HD mice that were exposed 
to the caspase inhibitor zVAD-fmk, a derivative of a 
synthetic tetrapeptide. More recently, it has been recog-
nized that the antibiotic minocycline prevents activation 
of caspase 1 and caspase 3 during disease progression in 
an HD mouse model62 and reduces the manifestations 
of the disease. In fact, minocycline might be broadly 
neuroprotective beyond its ability to reduce caspase 
activation63. A small clinical study indicated a benefit in 
patients with HD64, supporting the need for future larger, 
double-blind, placebo-controlled trials.

Tauroursodeoxycholic acid (TUDCA) is a hydrophilic 
bile acid with apparent antioxidant, mitochondrial stabiliz-
ation and anti-apoptotic activity. Treatment of trans-
genic HD mice with TUDCA reduced striatal atrophy 
and apoptosis, and improved the behavioural deficit65. 

Figure 3 | Mechanisms of toxicity in Huntington disease. Wild-type huntingtin is important 
for normal cellular development and has been proposed to be involved in transcriptional 
regulation of brain-derived neurotrophic factor (BDNF) (A), prevention of procaspase 9 
cleavage (B), and transport (C) and release (D) of vesicles. Mutant huntingtin is cleaved by 
proteases and might disrupt cellular processes by various mechanisms: sequestration of 
normal cellular proteins that include wild-type huntingtin (E), mitochondrial dysfunction and 
oxidative stress (F), altered neurotransmitter release and receptor function (G), activation of 
caspases that initiate the apoptotic cascade (H), and interactions with nuclear factors that 
result in transcriptional dysregulation (I). Many of these mechanisms have become targets for 
therapeutic intervention. CREBBP, CREB-binding protein.
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STRIATAL PROJECTION 
NEURONS 
These are medium sized, 
GABA-containing neurons of 
the striatum that project to the 
substantia nigra and have an 
important role in the regulation 
of movement.

Because disease manifestations might precede cell loss, 
it is likely that apoptosis occurs late in the disease as a 
consequence of accumulated toxic effects. Nonetheless, 
caspases might serve as catalysts of apoptosis by cleaving 
polyglutamine proteins into toxic fragments, which in 
turn further increase caspase activation and therefore 
amplify the toxic cascade. Further studies should refine 
our understanding of this pathogenic mechanism and 
identify optimal targets for drug treatment.

Excitotoxicity and neurotransmission. Excitotoxicity 
has been proposed to have a role in various neuro-
degenerative disorders. Injections of excitatory amino-
acid analogues into rodent brains have reproduced the 
histological and behavioural defects that are associated 
with HD66,67. Mutant huntingtin enhances neuronal 
vulnerability to receptor agonists68,69. In conjunction 
with enhanced vulnerability, neurons might also be 
exposed to elevated levels of neurotransmitters70 as a 
result of the effects of mutant huntingtin on vesicular 
proteins, exocytosis and endocytosis71. Altered levels of 
neurotransmitter receptors have also been observed in 
the pre-symptomatic HD mouse brain72. It is not sur-
prising then that various compounds have been exam-
ined for their ability to modulate the manifestations of 
the disease through receptor blockade or activation.

Several studies have focused on inhibiting glutamate 
and the N-methyl-d-aspartate (NMDA) receptor to 
prevent excitotoxicity in HD. Clinical trials in patients 
with HD using the NMDA-receptor antagonist aman-
tadine found only minimal symptomatic benefit73–75. 
Trials with other NMDA antagonists including keta-
mine and baclofen also had limited success76,77. Another 
trial using the glutamate-release inhibitor lamotrigine 
reduced abnormal movements (chorea) in patients 
with HD, but had no effect on disease progression78. 
The drug riluzole, which inhibits glutamate release 
and might modulate signal-transduction pathways and 
inactivate voltage-gated sodium channels, also reduced 
chorea in patients with HD, but motor performance 
and overall function were not improved79.

The limited clinical benefit found in these trials 
might be related to the complexity of NMDA-receptor 
physiology, kinetics and subunit composition. The 
NMDA receptor is a tetramer that consists of the sub-
units NR1, NR2A–D, and occasionally NR3A or B. The 
subunit composition determines the pharmacology and 
kinetics of the receptor-channel complex. The subunits 
are differentially expressed in different brain regions, 
with the NR2B subunit being predominantly expressed 
on medium spiny neurons, the most vulnerable popula-
tion of neurons in HD. Activity in NR2B-containing 
NMDA receptors is potentiated by mutant huntingtin 
in vitro80,81. Recent findings that NR2A and NR2B might 
be genetic modifiers of the age of onset of HD82 indi-
cate that use of subunit-specific antagonists of NMDA 
might be a fruitful approach to therapy. However, to be 
clinically useful a receptor antagonist should maintain 
normal function while blocking excess activation. The 
difficulty of achieving this balance might account for 
the side effects that have been seen in clinical trials so 

far, and might be in part responsible for their failure. In 
essence, a drug that has low receptor affinity and only 
binds to open channels might yield the desired effect 
of reducing excitotoxicity while minimizing adverse 
events. The drug memantine has such a profile83 and 
has recently been shown to slow down the progression 
of HD in an open-label, 2-year trial84.

There is also evidence that receptors other than 
NMDA might contribute to neuronal damage. In 
addition to the ion-channel-gated glutamate receptors 
the mGluRs can contribute to cell toxicity through 
improper activation of membrane enzymes and sec-
ond messenger systems85. The mGluR5 receptors are 
highly expressed by STRIATAL PROJECTION NEURONS and are 
involved in phosphoinositide hydrolysis, whereas the 
mGluR2 and 3 receptors serve as a negative-feedback 
control for glutamate release. Chronic administration 
of the mGluR2/3 agonist, LY379268, or the mGluR5 
antagonist, 2-methyl-6-(phenylethynyl)-pyridine, to pre-
symptomatic HD mice resulted in increased survival, 
decreased hyperactivity and mildly improved motor 
coordination86. In addition, blocking the A2A adeno-
sine receptor and the cannabinoid CB1 receptor subtype 
have neuroprotective effects in chemically induced HD 
rodent models87,88. Overall, aberrant receptor activation 
seems to have a role in polyglutamine pathogenesis, and 
mitigating this process could enhance neuronal function 
and viability, and ultimately clinical outcomes.

Oxidative stress and neuroprotection. As with excita-
tory amino acids, infusion of mitochondrial toxins into 
rodent brains can cause selective striatal neurodegen-
eration89. This observation led to the hypothesis that 
mitochondrial dysfunction has a role in HD pathogen-
esis. Several lines of evidence indicate abnormal energy 
metabolism, including reduced glucose metabolism, 
elevated lactate levels and impaired mitochondrial-
complex activity in patients with HD90,91. Defects in 
glucose metabolism reduce ATP synthesis and lead to 
the generation of free radicals and oxidative damage. 
Several agents that improve mitochondrial function or 
have an antioxidant activity have been tested in animal 
models. Various compounds, including ascorbate, 
BN8245, creatine, coenzyme Q10 with remacemide 
and α-lipoic acid, have been found to attenuate various 
aspects of the HD phenotype in transgenic mouse mod-
els92. However, most of these compounds were adminis-
tered just before or at the onset of behavioural deficits, 
which indicates that these agents might be more effec-
tive in disease prevention rather than modifying disease 
manifestations at later stages. One exception was the 
creatine study, in which treatment later in the disease 
course also had some benefit93. Because of the safety 
and potential therapeutic value of creatine, a 1-year, 
double-blind, placebo-controlled study was carried out 
in 41 patients with HD94. Functional, neuromuscular 
and cognitive status did not change significantly after 
1 year of creatine therapy, although the dosage used was 
substantially lower than that used in the previous ani-
mal studies, and the range of disease severity might have 
confounded overall analysis. A project that is funded by 
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PHASE III CLINICAL TRIAL
A study that is intended to 
gather the extra information 
about effectiveness and safety 
that is needed to evaluate the 
overall benefit–risk relationship 
of the drug. Phase III studies 
also provide a basis for 
extrapolating the results to the 
general population.

RESVERATROL
A natural compound that is 
found in grapes, mulberries, 
peanuts and other plants or 
food products, especially red 
wine, that has antioxidant, 
antimutagen and anti-
inflammatory properties.

the US National Institutes of Health is currently col-
lecting pilot clinical data on the impact of creatine on 
HD symptoms and progression by examining various 
markers to help develop more sensitive and quantifiable 
indices for future PHASE III TRIALS.

In one of the largest trials so far, the Huntington 
Study Group (HSG) conducted a randomized, placebo-
controlled study of coenzyme Q10 versus remacemide 
versus a combination of both in patients with relatively 
early-stage HD95. Although none of the treatments 
significantly changed the rate of decline in total func-
tional capacity there was a trend towards slower disease 
progression among patients that were treated with 
coenzyme Q10. On the basis of these findings the HSG 
is currently conducting a trial to examine the safety and 
tolerability of higher doses of coenzyme Q10.

Part of the benefit of coenzyme Q10 therapy might 
be that it functions not only as an antioxidant, but also 
as an electron carrier to restore the ATP deficiency that 
occurs in HD. In this regard, compounds that have a 
similar structure and function to coenzyme Q10 might 
also be of clinical use — for example, idebenone. A 
1-year, double-blind, placebo-controlled study using 
idebenone was conducted by the HSG, but no signifi-
cant difference was seen between treated patients and 
controls in functional and neurological assessments96. 
However, this study had a small sample size and the 
dose of idebenone was relatively low (270 mg a day). 
Our recent results in patients with FA indicate that 
considerably higher idebenone doses can be tolerated 
(N.A.D. and K.H.F., unpublished observations), which 
indicates that, as with coenzyme Q10, high-dose ide-
benone treatment might be worthy of further testing.

Transcriptional dysregulation. Early changes in tran-
scription occur in several polyglutamine disorders. 
Although some of these changes might be a response 
to perturbed cellular metabolism, proteins that have 
expanded polyglutamine tracts can directly interact 
with and sequester transcription factors. CREB-binding 
protein (CBP, also known as CREBBP), p300/CBP-
associated factor (PCAF), TAFII130 (also known as 
TBP-associated factor 4 (TAF4)) and SP1 (Sp1 tran-
scription factor) have all been shown to interact with 
mutant polyglutamine proteins97. Overexpression of 
these transcription factors can overcome polyglutamine 
toxicity both in vitro98,99 and in vivo100, which indicates a 
role for transcriptional dysregulation in polyglutamine 
pathogenesis.

Several of the transcription factors that interact with 
mutant polyglutamine have acetyltransferase activity. 
Increased acetylation of histones relaxes the DNA 
structure around the nucleosome, thereby increasing 
transcription, whereas hypoacetylation represses gene 
activity101. Therefore, nuclear-factor sequestration by 
mutant polyglutamine proteins might dysregulate gene 
expression by altering the levels of histone acetylation. 
Expression of mutant huntingtin in cell culture reduces 
levels of acetylated histones H3 and H4 REFS 102,103. 
Because the balance of histone acetylation is controlled 
by histone acetyltransferases and HDACs, sequestration 

and depletion of acetyltransferases might be corrected 
by HDAC inhibition. Treatment of Drosophila and 
mouse HD models with HDAC inhibitors has been 
shown to ameliorate the disease phenotype, with 
decreased cell degeneration and increased survival and 
motor performance associated with increased histone 
acetylation102,104,105. HDAC inhibition is an attractive 
clinical target as it has been investigated for other dis-
orders that include cancer and haemoglobinopathy. 
HDAC inhibitors that are now in phase I and II clinical 
trials include phenylacetate, phenylbutyrate, valproic 
acid, suberoyl anilide hydroxamic acid, depsipeptide 
and MS-275. Many of these drugs might be limited 
in their application to triplet repeat disorders by their 
pharmacokinetic properties and/or side-effect profiles. 
However, two HDAC inhibitors, valproic acid and 
sodium phenylbutyrate, are currently FDA approved 
for treatment of other disorders, and the fact that their 
long-term use has limited toxicity106,107 makes them 
potential clinical candidates.

There are 3 classes of HDACs, with a total of 17 mem-
bers in humans, and it is possible that selective inhibi-
tion might be more effective than general inhibition 
at mitigating disease manifestations. There are several 
classes of compound with HDAC inhibitory activity108, 
and developing new selective inhibitors is an active area 
of research. Activation of certain HDACs might also 
have a role in limiting toxicity. Overexpression of Sir2, a 
member of HDAC class III, extends the lifespan of vari-
ous organisms, perhaps by deacetylating transcription 
factors of the FOXO (forkhead box, subclass O) family 
and thereby attenuating FOXO-mediated apoptosis109. 
Activation of the Sir2 gene family by the polyphenol 
RESVERATROL was shown to partially suppress the deleteri-
ous effects of mutant polyglutamine in a nematode and 
mouse neuronal culture model34. This could be a fruit-
ful area for further research as there are several other 
activators and targets in this molecular pathway.

Trophic support, transplantation and selective inac-
tivation. Neurotrophic factors contribute to neuronal 
growth and development and are released in response 
to various insults as an intrinsic mechanism of neuro-
protection. Contrary to previous results, delivery of 
nerve growth factor (NGF) from genetically modified 
rodent fibroblasts in vivo can protect neurons from the 
effects of excitotoxins110. Subsequently, other neuro-
trophic factors, including ciliary neurotrophic factor 
(CNTF), glial-derived neurotrophic factor (GDNF) and 
brain-derived neurotrophic factor (BDNF), have been 
delivered to chemically induced and transgenic HD 
models through infusion, viral vectors and engineered 
cell delivery, with varying degrees of efficacy111–118. Of 
the neurotrophic factors tested, BDNF is of particular 
interest: its production is regulated by huntingtin, and 
its levels are reduced in cultured cells and the cer-
ebral cortex of transgenic HD mice and post-mortem 
HD brains119.

Loss of neurotrophic factors could be specific to indi-
vidual polyglutamine diseases. It has been shown that 
the mutant androgen receptor decreases CBP-mediated 
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PET SCAN
A positron emission 
tomography scan. This is an 
imaging technique that relies on 
the detection of γ-rays that are 
emitted from tissues after the 
administration of a natural 
biochemical substance into 
which positron-emitting 
isotopes have been 
incorporated.

vascular endothelial growth factor (VEGF) transcrip-
tion and that motor neuron cell death can be rescued 
by treatment with VEGF in a cell model of SBMA120. 
Although phase I clinical trials, including one in 
patients with HD121, support the safety and feasibility 
of neurotrophin delivery, the choice of neurotrophin 
and the means of delivery need to be optimized, and 
long-term safety needs to be addressed.

Cell transplantation also offers the possibility of 
providing trophic support and restoration of neural cir-
cuitry, and therefore a substrate for functional improve-
ment. Although fetal striatal grafting into transgenic HD 
models has had mixed results122,123, several clinical trials 
have been undertaken. Eighteen months after trans-
plantation of human fetal striatal tissue, post-mortem 
examination of one patient’s brain showed that the graft 
contained neurons with appropriate connections124. 
There were no signs of inflammation or rejection, but 
clinical benefit was not evident. In another similar trial, 
cognitive and motor improvement was seen in three 
out of five patients, who also showed a partial restora-
tion of metabolic activity, as measured by carrying out 
a PET SCAN125,126, which indicates that the grafted neurons 
were not only active but functional. Some of the limita-
tions of this approach relate to the number of cells that 
survive within the graft. Grafts of stem cells127, includ-
ing autologous bone marrow cells128 and umbilical cord 
cells129 that can be produced in a larger quantity, have 
demonstrated a benefit in rodent HD models and might 
warrant testing in clinical trials. Further investigation 
into the differentiation and integration of these cells is 
now needed. It will also be important to determine how 
they perform in relation to neighbouring populations of 
cells that might still be dysfunctional.

Because the mechanism of polyglutamine disease 
involves a toxic gain of function, another possible 
treatment is to inactivate the disease gene. Support for 
this approach comes from a study of a conditional HD 
mouse model in which decreased mutant huntingtin 
expression led to improvement in the behavioural and 
pathological phenotype130. Administering antisense 
RNAs against various CAG-repeat lengths reduced 
transcript levels and rescued toxicity in a mam-
malian cell-based model of SBMA131. More recently, 
introduction of an adeno-associated virus (AAV) 
expressing short hairpin RNAs into mouse models 
of spinocerebellar ataxia 1 REF. 132 and HD133 amel-
iorated motor and neuropathological abnormalities, 
which demonstrates the feasibility of such technology 
in vivo. However, whereas the target of gene silencing 
in transgenic mice was the exogenous transgene, such 
an approach in patients might affect the wild-type 
allele as well as the mutant one38. Identification of 
disease-linked polymorphisms might allow for allele-
specific silencing and therefore maintain wild-type 
gene expression. This technique is appealing because it 
targets the underlying genetic defect. Although trophic 
support, transplantation and RNAi are all worthy of 
further investigation, they are still in early development 
and many technical issues remain to be resolved before 
clinical application.

Concluding remarks
Recent research in repeat expansion disease brings the 
goal of safe and effective treatment within sight. Although 
there are many obstacles to definitive therapy that would 
either restore normal gene function or selectively silence 
mutated ones, the tools are now available to develop 
treatments that could mitigate disease manifestations. 
Although the triplet repeat diseases are phenotypically 
diverse, there are common pathological mechanisms 
and common approaches to treatment, particularly 
for those disorders that are caused by polyglutamine 
expansion. Each of the diseases discussed here has an 
identified genetic defect and an underlying biochemi-
cal abnormality, which allows the development of assays 
for small molecule screening. A systematic approach for 
prioritizing candidate compounds that result from such 
screens is important. Secondary assays are needed to 
remove false positives and to identify compounds that 
have the desired effect; medicinal chemistry is needed to 
optimize efficacy; and judicious use of available animal 
models is needed for proof of concept and to verify safety 
and efficacy before proceeding with clinical testing.

It is useful to establish prospective guidelines in 
selecting compounds to move forward into clinical 
trials through evaluating and grading all preclinical 
data for each candidate, as has been proposed for 
Parkinson disease134. A similar analysis (SET-HD, 
Systematic Evaluation of Treatments for Huntington’s 
Disease) is being carried out by the HSG to help iden-
tify drugs that are worthy of clinical study for HD in 
the short term. These guidelines help to direct the 
clinical investigator when choosing study treatments, 
bearing in mind the other factors that must also be 
considered in trial design, which include dose, phar-
macokinetics, biomarkers, outcome measures, time of 
treatment relative to stage of disease and combination 
therapy. Studies that address these factors will increase 
the likelihood of success in developing treatments.

There are several drug candidates with reported 
efficacy across several model systems. However, the 
effects of single agents have been limited. It could be that 
combination therapies with agents that target different 
aspects of the disease mechanism will have better overall 
outcomes. There has been little preclinical evaluation of 
combination therapy for these disorders so far, and more 
systematic evaluation of such therapies is needed.

Overall, the neurological disorders that are caused by 
repeat expansion are now ready for the kind of systematic 
empirical and mechanism-based approaches that have 
been applied successfully to the development of new 
treatments for other diseases such as cancer and infec-
tious diseases. The repeat expansion diseases might not 
be prevalent enough to attract significant pharmaceutical 
investment, but the defined targets that are represented 
by their genetic and biochemical defects, the availability 
of cell-culture and animal models, and the prospects for 
treatment that could be effective across multiple diseases 
make these disorders prime targets for the development 
of therapeutics. It is likely that progress made in this field 
will be carried over to benefit patients who have other 
neurological diseases in the future.
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