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ABSTRACT

Trinucleotide repeat expansion is increasingly recognized as a cause of neuro-
genetic diseases. To date, seven diseases have been identified as expanded repeat
disorders: the fragile X syndrome of mental retardation (both FRAXA and FRAXE
loci), myotonic dystrophy, X-linked spinal and bulbar muscular atrophy, Hunt-
ington’s disease, spinocerebellar ataxia type 1, dentatorubral-pallidoluysian at-
rophy, and Machado-Joseph disease. All are neurologic disorders, affecting one
or more regions of the neuraxis. Moreover, five of the seven (the last five above)
are progressive neurodegenerative disorders whose strikingly similar mutations
suggest a common mechanism of neuronal degeneration. In this article we
discuss specific characteristics of each trinucleotide repeat disease, review their
shared clinical and genetic features, and address possible molecular mechanisms
underlying the neuropathology in each disease. Particular attention is paid to the
neurodegenerative diseases, all of which are caused by CAG repeats encoding
polyglutamine tracts in the disease gene protein.

INTRODUCTION

Simple sequence repeats occur commonly in the human genome. Also called
microsatellites or tandem repeats, these normally polymorphic sequences have
proved useful as markers in linkage studies. In the past five years, it has become
clear that they also underlie an entirely new class of human mutations. The
expansion of one group of simple repeats, trinucleotide or triplet repeats, is
now known to cause seven inherited disorders, a number that is likely to
continue growing (Table 1). To date, the list includes the fragile X syndrome
of mental retardation (both the FRAXA and FRAXE loci), myotonic dystrophy
(DM), X-linked spinal and bulbar muscular atrophy (SBMA), Huntington’s
disease (HD), spinocerebellar ataxia type 1 (SCA1), dentatorubral-pallido-
luysian atrophy (DRPLA), and Machado-Joseph disease (MJD).
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Table 1 Trinucleotide repeat diseases

Disease Repeat Repeat length Gene product
Spinal and bulbar muscular CAG Normal: 11 to 34 Androgen receptor
atrophy Disease: 40 to 62 (transcription factor)
Fragile X syndrome (FRA- CGG  Normal: 6 to 52 FMR-1 (RNA binding
XA locus) Premutation: ~60 to 200 protein)
Full mutation: ~200 to >2000
FRAXE mental retardation GCC  Normal: 6 to 25 ?
Disease: >200
Myotonic dystrophy CTG  Normal: 5 to 37 myotonin protein kinase
Protomutation: ~350 to 180 (serine-threonine
Full mutation: ~200 to >2000 kinase)
Huntington’s disease CAG  Normal: 11 to 34 huntingtin
Disease: 36 to 121
Spinocerebellar ataxia type 1 CAG Normal: 6 to 39 ataxin-1
Disease: 41 to 81
Dentatorubral-pallidoluysian CAG  Normal: 7 to 25 atrophin
atrophy Disease: 49 to 88
Machado-Joseph disease CAG  Normal: 13 to 36 MID1 gene product

Disease: 68 to 79

Expanded repeat mutations do not adhere strictly to rules of Mendelian
inheritance. They are unstable mutations that change size in successive gen-
erations and thus are especially intriguing to geneticists. But expanded repeat
diseases should interest neuroscientists and neurologists as well. All of these
diseases are neurologic disorders, affecting one or more regions of the neuraxis.
Moreover, five of the seven (the last five above) are progressive neurodegen-
erative disorders whose strikingly similar mutations suggest a common mecha-
nism of neuronal degeneration. In this article we discuss specific characteristics
of each trinucleotide repeat disease and then review their shared clinical and
genetic features. Finally, we address the molecular mechanisms that may
underlie the neuropathology in each disease. Particular attention is paid to the
neurodegenerative diseases, all of which are caused by CAG repeats encoding
polyglutamine tracts in the disease gene protein. [For other recent reviews, see
Bates & Lehrach (1994), Kuhl et al (1993), LaSpada et al (1994), Mandel
(1994), Ross et al (1993), and Richards & Sutherland (1994).]

GENERAL FEATURES AND CLASSIFICATION

Several generalizations can be made regarding the shared features of trinu-
cleotide repeat diseases. 1. Inheritance is autosomal dominant or X-linked. 2.
Disease severity varies widely and correlates directly with increasing repeat
length. 3. Expansions arise from CG-rich triplet repeats that are polymorphic
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Table 2 Classification of the trinucleotide repeat diseases

Type 1 Type 2
Representative disorders SBMA, HD, SCAl FRAXA, FRAXE and DM
DRPLA, MID
Repeat CAG CGG or CTG
Degree of instability Moderate; small expansions Highly unstable; prone to very
large expansions
Repeat translated into protein? Yes No
Pattern of pathology Specific neurons affected Multisystem disorders
Proposed mechanism Toxic gain of function Altered expression of gene pro-
duct or RNA

in the normal population. 4. Expanded trinucleotide repeats are unstable,
changing in size when transmitted to successive generations. In contrast, nor-
mal-sized repeats are usually transmitted stably despite their polymorphic
nature. 5. Although either further expansions or contractions may occur with
transmission of expanded repeats, expansions are more common. 6. The dis-
eases frequently show anticipation—the tendency for disease severity to in-
crease in successive generations of a family. Anticipation is explained by the
tendency for expanded repeats to further enlarge with transmission, coupled
with the fact that longer repeats correlate with more severe disease. 7. Parent-
of-origin effects are common. With several of the neurodegenerative diseases,
for example, the most severely affected individuals usually inherit the disease
from the father. In contrast, the most severe forms of myotonic dystrophy and
Fragile X syndrome are, with rare exceptions, maternally transmitted.

Despite their shared features, trinucleotide repeat diseases clearly fall into
two groups (Table 2). The first, which we have designated Type 1 (LaSpada
et al 1994), is comprised of the five progressive neurodegenerative disorders—
SBMA, HD, SCA1, DRPLA, and MJD. These disorders are essentially con-
fined to the nervous system (SBMA'’s hormonal effects excluded) and are
caused by small, constrained CAG repeat expansions that encode polyglu-
tamine tracts in the disease gene protein. These mutations likely alter one or
more properties of the disease protein, leading (as is discussed later) to a gain
of function that is particularly deleterious to neurons,

The second group, which we have called Type 2, includes DM, FRAXA,
and FRAXE. These are multisystem disorders characterized by much larger
expansions of trinucleotide repeats that fall outside the protein coding region.
To date, these have been non-CAG repeats;: CTG, CGG, and GCC in DM,
FRAXA, and FRAXE, respectively. (CTG designates the coding strand in DM;
the noncoding strand is CAG.) The underlying mechanism of disease does not
seem to be altered protein function but instead altered expression of the gene
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in at least one (FRAXA) and possibly all three diseases. These are not pro-
gressive neurodegenerative disorders; instead, CNS manifestations of Type 2
diseases may in part reflect abnormalities in brain and neuromuscular devel-
opment. Another feature distinguishing this group from CAG repeat diseases
is marked somatic mosaicism. Whereas repeat sizes vary widely in somatic
tissues from DM and FRAXA patients (Anvret et al 1993), relatively little
somatic mosaicism occurs in the CAG repeat diseases (MacDonald et al 1993,
Telenius et al 1994).

THE DISEASES

Here we review the clinical, neuropathologic, and genetic features of each
disease. First, the five Type 1 diseases are presented in order of discovery,
followed by the Type 2 diseases.

X-Linked Spinal and Bulbar Muscular Atrophy

SBMA, or Kennedy’s disease, is a rare progressive neuromuscular disorder
characterized by proximal muscle weakness, atrophy, and fasciculations (Ken-
nedy et al 1968). The X-linked pattern of inheritance, adult onset, and bulbar
involvement distinguish it from autosomal forms of spinal muscular atrophy
(Harding et al 1982). Because SBMA patients often have signs of androgen
insensitivity (gynecomastia, reduced fertility, and testicular atrophy), the an-
drogen receptor (AR) gene became a candidate gene for SBMA once it was
mapped to the same region of the X chromosome (Fischbeck et al 1991). La
Spada et al (1991) found that a trinucleotide repeat, (CAG), was expanded in
the first exon of the AR gene in all SBMA patients but never in controls. This
CAG repeat normally encodes a polyglutamine tract of 11-34 amino acids in
the AR protein. In SBMA patients, the polyglutamine tract is lengthened to
40-62 amino acids.

SBMA is characterized pathologically by degeneration of anterior horn cells,
bulbar neurons, and dorsal root ganglion cells (Sobue et al 1989). The AR is
expressed in these neurons as well as in several other regions of the brain.
What role androgens play in the normal function and viability of motor neurons
is presently unclear, although Yu (1989) showed that androgens can attenuate
neuronal degeneration following axotomy.

Huntington’s Disease

Probably the most common Type 1 disease, HD is an autosomal dominant
neurodegenerative disorder characterized by involuntary movements, cogni-
tive impairment, and emotional disturbance (Harper et al 1991, Wexler et al
1991). Symptoms of HD usually first appear in the third to fifth decades, but
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may begin in childhood or after age 60. Anticipation is not uncommon, and
juvenile-onset cases are usually paternally transmitted.

As with all CAG repeat disorders, adult-onset HD begins insidiously and
progresses slowly. The first motor sign of HD is usually chorea—uncontrolled
flickering movements that become widespread and disabling as the disease
progresses. In advanced disease, rigidity, bradykinesia, and dystonia may sur-
face. Juvenile-onset disease differs from adult-onset disease in that juvenile
patients often present with a combination of parkinsonian signs, dystonia,
chorea, and seizures.

Degenerative changes in HD are most marked in the striatum. Cell death
follows a gradient in three axes, occurring first in the tail of the caudate nucleus,
then proceeding mediolaterally through the caudate and dorsolaterally through
the putamen (Vonsattel et al 1985). Early in disease, there is selective degen-
eration of the most prevalent striatal neurons, the GABAergic medium spiny
neurons that give rise to the striatal output to the globus pallidus and substantia
nigra. In advanced stages neuronal loss becomes widespread, involving the
cortex and cerebellum.

In 1983, the HD gene was mapped to chromosome 4 (Gusella et al 1983).
Ten years later, the defective gene was identified after an intensive collabora-
tive effort (Huntington’s Disease Collaborative Group 1993). The defect is an
expanded trinucleotide CAG repeat within the coding region of a large novel
gene whose gene product is called huntingtin. The CAG repeat encodes a
polyglutamine tract 11 to 34 amino acids long in normal individuals and 36
to 121 in HD patients (Andrew et al 1993, Duyao et al 1993, Huntington’s
Disease Collaborative Group 1993, Novelletto et al 1994, Snell et al 1993;
reviewed in Goldberg et al 1994). A smaller polymorphic CGG repeat lies
immediately 3’ to the CAG repeat and encodes a polyproline stretch in the
protein. The HD gene is critical for embryonic development, as targeted
disruption of the gene results in embryonic lethality (Nasir et al 1995).

The primary structure of huntingtin does not provide obvious clues to its
function. However, much information already exists on possible biochemical
defects in HD [reviewed in Beal (1992) and Wexler et al (1991)]. Positron
emission tomography studies, for example, have demonstrated decreased
glucose metabolism in the basal ganglia of HD patients and asymptomatic
at-risk individuals, and proton NMR spectroscopy has shown increased
lactate in the brains of symptomatic patients. These findings suggest that
neuronal energy metabolism is impaired in HD, and this may play a role in
the neurodegenerative process. Beal (1992) has proposed that impaired
energy metabolism underlies the cell death in many neurodegenerative dis-
orders. Altered bioenergetics may result in slow excitotoxic injury as neurons,
depleted of energy and partially depolarized, become vulnerable to the
excitatory amino acid glutamate. Support for this model in HD has come
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from animal studies in which injections of either N-methyl-D-aspartate re-
ceptor agonists (e.g. quinolinic acid) or the mitochondrial toxin 3-nitro-
propionic acid result in pathologic changes resembling those seen in HD
(Beal et al 1993, Ferrante et al 1993).

Spinocerebellar Ataxia

SCALl is an autosomal dominant neurodegenerative disease characterized by
ataxia, ophthalmoparesis, and weakness (Harding 1993, Schut 1954). It is
one of several genetically distinct disorders comprising the autosomal domi-
nant cerebellar ataxias (Harding 1993, Rosenberg 1995), a group that includes
at least one other trinucleotide repeat disorder, MJID (or SCA3). Many of
the dominant hereditary ataxias may prove to be trinucleotide repeat disor-
ders.

Like other CAG repeat disorders, SCA1 usually begins in the third to fifth
decades and progresses over 10 to 20 years, although it can appear in childhood
or much later in life. Anticipation has been reported (Schut 1954); juvenile-
onset cases most often occur with paternal transmission. The disease typically
begins with cerebellar signs such as clumsiness and ataxia but progresses to
include dysarthria, bulbar dysfunction, oculomotor disturbance, and pyramidal
tract signs. In its late stages, the disease may include dystonia and choreoathe-
tosis, but dementia and parkinsonian signs are uncommon (Ranum et al 1994).
Neuropathologic findings include neuronal loss in the cerebellum (principally
Purkinje cells) and brain stem and degeneration of spinocerebellar tracts. Little
is known about biochemical abnormalities in this disease.

The discovery of the genetic defect in SCA1, mapped earlier to chromosome
6, was facilitated by specifically screening genomic DNA for trinucleotide
repeats. This screening identified a trinucleotide CAG repeat that is expanded
in all SCAL1 patients (Orr et al 1993). The SCAI1 repeat is in the protein coding
region of a novel gene, ataxin-1, and encodes a polyglutamine tract 6 to 39
repeats long in normal individuals versus 41 to 81 repeats long in affected
individuals (Matilla et al 1993, Orr et al 1993, Ranum et al 1994). Predicted
to be 87 kDa, ataxin-1 has no significant homology to other known proteins
(Banfi et al 1993). One unusual feature of the ataxin-1 gene is that its transcript
contains very large 5 and 3" untranslated regions. The 5’ region contains seven
small exons and is subject to alternative splicing. These features suggest that
the transcriptional and translational regulation of ataxin-1 is highly compli-
cated. Untranslated regions of the ataxin-1 transcript could have biologic
activity of their own, as has been shown for several 3’ untranslated regions of
mRNAs (Rastinejad & Blau 1993).

Whereas the expanded SCA1 repeat is an uninterrupted sequence of CAG
repeats, the normal SCA1 allele is usually interrupted midway by one to three
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CAT trinucleotides (Chung et al 1993). These interruptions are thought to
contribute to allele stability. Similar interruptions have been found in the
FRAXA repeat (Eichler et al 1994, Fu et al 1991).

Dentatorubral-Pallidoluysian Atrophy

The sixth trinucleotide repeat disease to be identified, DRPLA is a rare neuro-
degenerative disorder characterized by ataxia, choreathetosis, dementia, myo-
clonus, and epilepsy (Naito and Oyanagi 1982, Smith et al 1958). Although
DRPLA has clinically been divided into three subtypes—myoclonic-epilepsy,
pseudo-Huntington’s, and ataxic-choreoathetoid forms—the distinctions are
not precise, and more than one form may be seen in a family. There is
anticipation, with the severe early-onset cases most often paternally transmitted
(Koide et al 1994, Komure et al 1995, Nagafuchi et al 1994b, Takahishi et al
1988). As with HD, DRPLA in juvenile-onset patients differs from the disease
in adults: Younger patients are more likely to display progressive myoclonic-
epilepsy and deteriorate more quickly.

The neuronal degeneration in DRPLA is widespread but particularly severe
in the globus pallidus, dentatorubral system, and subthalamic nucleus (Luys
body) (Neumann 1959, Takahishi et al 1988). Though DRPLA can resemble
HD clinically, it usually is distinguished pathologically from HD by the pres-
ence of dentatorubral atrophy and the absence of significant striatal atrophy.

Because DRPLA shares clinical and genetic features with SCA1 and HD,
two groups of investigators hypothesized that it, too, might be a trinucleotide
repeat disorder, and analyzed a gene on chromosome 12 that had previously
been shown to contain a polymorphic CAG repeat (Koide et al 1994, Nagafuchi
et al 1994b). This CAG repeat proved to be expanded in all DRPLA patients,
from its normal range of 7 to 25 copies to an expanded range of 49 to 88
copies (Koide et al 1994, Komure et al 1995, Nagafuchi et al 1994b). The
repeat encodes a polyglutamine tract in the middle of a novel protein predicted
to be 124 kDa (Nagafuchi et al 1994a). In addition to the polyglutamine tract,
the predicted DRPLA gene product (also called atrophin-1) contains small
homoproline and homoserine tracts upstream of the polyglutamine tract, and
two stretches of arginine-glutamate dipeptides and one of alternating histidines
downstream. Though the function of the DRPLA gene product is unknown,
the dipeptide sequences are reminiscent of similar stretches found in a group
of nuclear RNA-binding proteins and in components of the spliceosome (SR
proteins).

DRPLA is most prevalent in Japan, where it has been extensively charac-
terized. Since the discovery of the DRPLA repeat, Burke et al (1994) have
determined that the Haw River Syndrome (HRS), a dominant neurodegenera-
tive disease affecting a large African-American family in North Carolina, is
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also DRPLA. Though the genetic defect is identical, HRS differs clinically
from other DRPLA in that it combines features of pseudo-Huntington’s and
myoclonic-epilepsy and is characterized by generalized seizures without myo-
clonus (the two are usually seen together in DRPLA). The pathology in HRS
also involves more neuraxonal dystrophy, basal ganglia calcification, and
demyelination than is typically seen in most DRPLA patients (Burke et al
1994). These differences illustrate that additional genetic factors may influence
the phenotypic expression of this and, perhaps, other trinucleotide repeat
diseases.

Machado-Joseph Disease

One of the more common forms of spinocerebellar degeneration, MJD is often
clinically indistinguishable from SCA1 (Harding 1993, Rosenberg 1992). This
recently discovered expanded repeat disorder had already been assumed by
many to be a CAG repeat disease because of its clinical and genetic charac-
teristics (autosomal dominance, variable phenotype, progressive nature, and
usual adult onset with anticipation). The genetic defect was identified by
directly searching for candidate CAG repeat genes. Screening a brain cDNA
library, Kawaguchi and colleagues (1994) isolated a cDNA that mapped to a
region of chromosome 14 where MJD had already been localized. This cDNA,
MIJD1, contains a CAG repeat that is expanded in MJD patients and encodes
a polyglutamine tract in the predicted gene product. In the limited number of
normal and affected individuals screened so far, the CAG-polyglutamine repeat
is 13 to 36 repeats in normal alleles and 68 to 79 repeats in disease alleles. A
small hydrophilic protein of 359 amino acids, the predicted MJD1 gene product
is unique among Type 1 disease genes in that its polyglutamine tract lies near
the carboxyl terminus. Other than the polyglutamine tract, it contains no
obvious homology to other known proteins.

Fragile X Syndrome

Named after a folate-sensitive fragile site (the FRAXA locus) on the X chro-
mosome, this X-linked disorder is the most common cause of inherited mental
retardation. The mental retardation can vary from mild to severe and is asso-
ciated with dysmorphic features such as enlarged ears, head, and testicles
(Nussbaum & Ledbetter 1989). Although pathologic studies have demonstrated
hypoplasia of the cerebellar vermis and white matter changes, no distinctive
biochemical or cellular abnormality has been noted in the brain or elsewhere
(Reiss et al 1991, Wisniewski et al 1991),

Until the discovery of the underlying mutation in fragile X, several aspects
of its inheritance pattern were puzzling, including the fact that hemizygous
males may be phenotypically normal (20%), yet females carrying the mutant
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allele are often affected (30%) (Sherman et al 1985). The risk of disease
increases from one generation to the next, a phenomenon known as the Sher-
man paradox (Sherman et al 1985). This paradox is now explained by the
tendency of the trinucleotide repeat to further expand with transmission (Fu
et al 1991).

Cloning of the fragile site revealed that the primary genetic defect in fragile
X syndrome is an expanded (CGG), repeat (Kremer et al 1991, Oberle et al
1991, Verkerk et al 1991). The repeat is found in the 5 untranslated region of
a gene called FMR-1 (Figure 1) (Ashley et al 1993a). In the normal population,
the repeat exists as a stable polymorphism of between 6 and 52 repeats, with
a mode of 30. Repeats between 35 and 55 repeats fall into a gray zone in which
alleles may be stable or unstable, depending on whether AGG triplets interrupt
the CGG repeat (Eichler et al 1994). In FRAXA families, the repeat is expanded
over a broad range, from premutations of ~60-200 repeats to full mutations
of several thousand repeats or more. Expansions in the premutation range
usually do not cause disease but are highly prone to expand to the full mutation,
resulting in the full-blown manifestations of disease. Expansion is associated
with increased methylation of both the repeat and an adjacent CpG island,
leading to transcriptional silencing of the gene (Bell et al 1991, Hansen et al
1992, Pieretti et al 1991, Sutcliffe et al 1992). The CGG repeat expansion and
subsequent methylation likely account for the chromosomal fragility at the
FRAXA locus.

FRAXE The fragile site associated with the CGG repeat in FMR-1 is designated
FRAXA. More recently Knight et al (1993) showed that a second folate-sen-
sitive fragile site (FRAXE) 600 kb distal to FRAXA contained a (GCC), repeat
that is expanded in mildly retarded individuals. This second, less common site
was demonstrated when cytogenetic screening uncovered a few affected fami-
lies lacking the expanded FRAXA repeat and instead expressing the nearby
FRAXE fragile site. The degree of mental retardation in these families seems
milder than in FRAXA patients, although the sample size is small (Knight et
al 1993). In the few FRAXE-positive families screened so far, the FRAXE GCC
repeat is enlarged to greater than 200 copies in all mentally retarded males. In
contrast, normal unrelated males have a trinucleotide repeat that is 625 copies
in length. What gene the FRAXE trinucleotide resides in and how it causes
disease are still unknown.

OTHER FRAGILE SITES Recently, two more folate-sensitive fragile sites,
FRAXF and FRAI6A, were cloned. The FRAXF site, located on the X chro-
mosome ~1200 kb distal to FRAXA, is a GCC repeat that is normally 6-29
repeats but expanded to 300-500 repeats in patients expressing the fragile site
(Parrish et al 1994, Ritchie et al 1994). Whether the FraXF site is associated
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Type 1 Diseases

(CAG/polyglutamine disorders)

11-34 (SBMA)

11-34 (HD)
6-39 (SCA1)
7-25 (DRPLA)
13-36 (MJD)

40-62 (SBMA)

36-121 (HD)
41-81 (SCA1)
49-88 (DRPLA)
68-79 (MJD)

Type 2 Diseases

Fragile X Syndrome

6-52 CGGs

KH domains RGG box

~60 to 200 CGGs

full mutations
~200 to >2000 CGGs

. . . 5-37 CTG:
myotonin-protein  kinase s

kinase domain coiled coil region

protomutations
~50 to 180 CTGs

full mutations
~200 to >2000 CTGs

Figure 1 Location of expanded repeats in Type 1 and 2 trinucleotide repeat disorders. Shown are
a schematic composite of the Type 1 disease genes and the FMR-1 and myotonin protein kinase
genes. Arrows depict transcription start sites, and shaded boxes depict protein coding regions.
Striped boxes indicate the repeat; the ranges of normal and expanded repeats are indicated for each
disease. (In FMR-1, the KH domains and RGG box are predicted to be RNA-binding motifs.)

with human disease is still unclear, although a few affected males have shown
developmental delay.

FRAI6A (chromosome 16) is the first autosomal fragile site to be cloned
(Nancarrow et al 1994), As in FRAXA, FRAXE, and FRAXF, the molecular
basis for the FRAIG6A site is a normally polymorphic (CCG), repeat that is
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grossly expanded (1000-2000 repeats) in individuals expressing the fragile
site. When expanded, the FRA16A locus and an adjacent CpG island become
hypermethylated like the other fragile sites. Hypermethylation seems to be a
consequence of expansion (Nancarrow et al 1994). FRA16A and other autoso-
mal fragile sites are not associated with any known disease, perhaps because
they have not been observed in homozygous form.

The striking similarities of the four cloned fragile sites suggest that all
folate-sensitive fragile sites are due to expanded repeats. If resultant hyper-
methylation of the repeat is itself the cause of the observed chromosomal
fragility at these sites, then the sequence of the repeat must always contain the
CpG dinucleotide.

Myotonic Dystrophy

An autosomal dominant disease, DM is characterized by progressive weakness
and myotonia, often in association with cataracts, cardiac arrhythmias, endo-
crinopathy, and cognitive impairment (Harper 1989). The range in clinical
severity is remarkably broad, and anticipation is common (Ashizawa et al
1992, Harley et al 1992, Harper et al 1989). Classic DM typically first appears
in the second or third decades, with variable weakness and clinically evident
myotonia (repetitive, rapid muscle firing after forceful contraction). Some
patients, however, may be completely asymptomatic carriers or have only mild
signs of disease, such as cataracts and electromyographically detectable myo-
tonia. At the other extreme are patients, nearly always the offspring of affected
women, who present with severe manifestations at birth (congenital DM).
These patients are floppy as babies and usually mentally retarded. Pathologic
studies of adults reveal distinct, but not specific, myopathic changes; in con-
trast, congenital cases show muscle fiber changes that suggest arrested devel-
opment (Sarnat & Silbert 1976).

An international effort led to the identification of the defective gene on
chromosome 19 (Aslandis et al 1992, Brook et al 1992, Buxton et al 1992, Fu
etal 1992, Harley et al 1992, Mehadevan et al 1992). The defect is an expanded
trinucleotide (CTG),, repeat in the 3’ untranslated region of a gene called
myotonin-protein kinase (Figure 1). Only 5 to 37 CTGs long in normal indi-
viduals, the CTG repeat is enlarged from ~50 to greater than several thousand
repeats in affected individuals. As in fragile X, smaller protomutations (~50-
180 repeats) cause mild or no disease but have a high probability of expanding
to much larger repeats (~200 to >3000) in the next generation. The largest
repeats (>1500) are associated with congenital DM. No mutations other than
the expanded repeat have been identified in patients with DM, although a few
cases without detectable CTG expansion have been reported (Thomton et al
1994).
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REPEAT INSTABILITY: CLINICAL ASPECTS

The discovery of expanded repeats has had an immediate clinical and scientific
impact. The tests used for detecting expanded repeats are highly sensitive and
specific [for example, see Kremer et al (1994)]. They permit certainty in
diagnosis and eliminate the need for expensive ancillary tests (Redman et al
1993). Because the PCR-based repeat test is technically simpler and cheaper
than the linkage analysis previously used for HD, requests for presymptomatic
HD testing have recently increased. [Guidelines for HD testing were recently
revised and may prove applicable to other trinucleotide repeat disorders (Bro-
holm et al 1994, Hersch et al 1994).] In the near future, the ability to determine
carrier status in presymptomatic individuals should facilitate trials aimed at
disease prevention and may help researchers detect early biochemical changes
in presymptomatic patients.

The discovery of expanded repeats has helped explain many of the unusual
characteristics of these diseases (discussed individually below): variable phe-
notype, anticipation, parent-of-origin effects, and sporadic disease. In addition,
repeat testing has helped determine the full range of clinical manifestations in
each trinucleotide disorder. For example, amid the confusing nomenclature
and overlapping syndromes of the hereditary ataxias, testing for the SCAl
repeat has better defined the clinical manifestations of SCA1 (Ranum et al
1994).

Repeat Size and Clinical Correlation

For each trinucleotide repeat disease, there is a correlation between increasing
repeat size and disease severity. This is best illustrated for Type 1 disorders,
where larger repeats generally lead to earlier onset illness. In SCA1 (Figure
2) 66% of the variability in age of onset is accounted for by repeat length (Orr
et al 1993, Ranum et al 1994). In other CAG repeat disorders it is slightly
lower, for example, ~50% in HD (Andrew et al 1993, Doyu et al 1992, Duyao
et al 1993, Igarishi et al 1992, Koide et al 1994, LaSpada et al 1992, Nagafuchi
et al 1994, Novelletto et al 1994). As this correlation implies, juvenile-onset
patients usually carry the largest repeats. Longer repeats are also associated
with other aspects of disease, including earlier age of death in HD (Andrew
et al 1993), more rapidly progressive disease in SCA1 (Orr et al 1993, Ranum
et al 1994), and expression of the progressive myoclonus epilepsy subtype in
DRPLA (Koide et al 1994, Nagafuchi et al 1994b).

It is important to note that repeat length accounts for only part of the
variability in disease onset. Disease severity must partly be determined by
other factors, including genetic background (Burke et al 1994, Ranum et al
1994). For this reason, clinicians should not use repeat length to predict disease
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80

AGE OF ONSET
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Figure2 Inverse correlation between SCA1 repeat length and age of disease onset. InSCAL, 66%
of the variability in age of onset is accounted for by repeat length. Other Type 1 diseases show a
similar correlation between repeat length and age of onset. [Reprinted from Ranum et al (1994),
with Dr. Ranum’s permission.]

severity. At best, repeat length is only a partial predictor of age of onset, and
for the most frequently observed lengths in HD (40-50 repeats), it is a poor
predictor.

Type 2 disorders also show a correlation between repeat length and disease
severity. In DM, for example, asymptomatic carriers typically have 60 to 120
repeats; classic adult-onset patients 200 to 400 repeats; childhood-onset pa-
tients 500 to 1500 repeats; and congenital DM 750 to >2000 repeats (Harley
et al 1992, Redman et al 1993, Tsilfidis et al 1992). And in fragile X, the most
profoundly retarded patients nearly always demonstrate dramatic repeat ex-
pansions, whereas smaller expansions cause milder disease (Fu et al 1991,
Pieretti et al 1991). However, the correlation seen in these disorders is far from
perfect. The lack of a precise correlation may be due in part to the extensive
and variable somatic mosaicism seen in DM and fragile X. Repeat lengths are
usually measured in peripheral blood, which may not accurately reflect repeat
length in the most affected somatic tissues, such as muscle (Anvret et al 1993).
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Sporadic Disease

Before direct DNA testing, patients were occasionally seen with the clinical
features of HD but without a family history of disease. Testing has now
confirmed that these sporadic cases, up to 3% of all HD, are due to trinucleotide
expansion of the HD gene (Goldberg et al 1993, Myers et al 1993). In other
Type 1 disorders the frequency of sporadic cases is unknown but is probably
no greater. Sporadic HD cases arise from a small pool of intermediate size
alleles (30-38 trinucleotides) that are larger than those in the general popula-
tion but smaller than those in most patients. These meiotically unstable, inter-
mediate repeats are analogous to asymptomatic premutations of FRAXA and
DM. Not large enough to cause disease in the carrier, they still carry the risk
of expanding into the disease range when transmitted to the next generation.
Most if not all sporadic HD is paternally transmitted.

Parent-of-Origin Effect

For several Type 1 diseases (HD, DRPLA, and SCA1), severe juvenile-onset
cases are usually paternally transmitted. This is due to greater repeat instability
with paternal transmission (male bias) (Andrew et al 1993, Chung et al 1993,
Koide et al 1994, Komure et al 1995, LaSpada et al 1992, Nagafuchi et al
1994, Novelletto et al 1994). With paternal transmission, intergenerational
changes are larger (4 to 40 trinucleotides, versus typically just a few with
maternal transmission), and expansions outnumber contractions (the reverse
may be true for maternal transmission). Hence affected males are more likely
to transmit a greatly enlarged CAG repeat of the size that typically causes
juvenile-onset disease. Analysis of repeat size in sperm from HD patients
suggests that this male bias is due to repeat instability during spermatogenesis
(Duyao et al 1993, MacDonald et al 1993, Telenius et al 1994). Germ line
instability in males also probably explains why sporadic cases of HD are
paternally transmitted.

Congenital DM is nearly always maternally transmitted despite a male bias
in the generation of new DM alleles (Ashizawa et al 1992, Bergoffen et al
1994, Wieringa 1994). This seems to occur, at least in part, because of con-
straints on the size of the repeat transmitted by males. An affected male with
a very large CTG repeat—the size that might cause congenital DM—itransmits
a much smaller allele, usually in the premutation range. This may be due to
selection against larger alleles during spermatogenesis. Since the dramatic
expansions of CTG repeats appear to occur postzygotically in early embryo-
genesis (Jansen et al 1994, Wieringa 1994), it may instead be the case that the
smaller repeats in sperm derive from embryonic tissues that did not undergo
expansion. The end result is that affected females alone are able to transmit a
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large repeat that with further expansion (meiotically or postzygotically) leads
to congenital DM.

Similar mechanisms may help explain the fact that only maternally trans-
mitted FRAXA repeats progress to full mutations. As in DM, affected FRAXA
males with a full mutation contain only premutation alleles in their sperm
(Reyniers et al 1993), and the dramatic FRAXA expansions appear to occur
postzygotically early in embryogenesis (Nelson & Warren 1993, Wohrle et al
1993). Postzygotic expansion may occur exclusively on maternal FRAXA
alleles, suggesting that a form of imprinting also contributes to the parental
bias in transmission (Sutherland & Richards 1993).

REPEAT INSTABILITY: GENETIC ASPECTS

The major determinant of repeat instability appears to be repeat length itself.
Normal-sized repeats have a low mutation rate that shows some length de-
pendency [for example, a three- to fourfold increase in the mutation rate for
the AR CAG repeat when going from 20-22 repeats to 28-31 repeats (Zhang
et al 1994)]. However, only when repeats reach a critical size threshold, as
they have in disease families, do they become highly unstable. Evidence
suggests that this threshold is a stretch of roughly 35 uninterrupted trinu-
cleotides. At the FRAXA locus, for example, marked instability begins when
uninterrupted CGG repeat length reaches 34-38 repeats (Eichler et al 1994).
This size coincides well with the upper limit of normal repeats for other
trinucleotide repeat diseases (34, 34, 39, 25, 36, and 37 for SBMA, HD, SCAL,
DRPLA, MJD, and DM, respectively). Moreover HD repeats of 30-38 con-
stitute a pool of intermediate alleles that are predisposed to expand into the
disease range, further suggesting that the critical threshold is in this range.

Once beyond this threshold length, trinucleotide repeats are highly mutable.
For example, FRAXA alleles of 60-69 repeats have a 17% chance, and repeats
greater than 90 a nearly 100% chance, of expanding to the full mutation when
maternally transmitted (Fu et al 1991). In Type 1 disorders, where expansions
seem constrained (perhaps because the repeat is translated into protein), a more
modest degree of instability is observed during transmission (Andrew et al
1993, Chung et al 1993, Duyao et al 1993, Huntington’s Disease Collaborative
Group 1993, Koide et al 1994, LaSpada et al 1992, Nagafuchi et al 1994b,
Novelletto et al 1993, Orr et al 1993, Snell et al 1993). In Type 2 diseases, a
second size threshold exists (~60-70 uninterrupted repeats), beyond which
repeats are prone to undergo hyperexpansion to the full mutation of several
thousand repeats (Eichler et al 1994).

The existence of a similar threshold size for all trinucleotide repeat diseases
suggests a common mechanism to expansion. Slipped-strand mispairing during
replication has been proposed (Eichler et al 1994, Richards & Sutherland 1994)
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as a mechanism of mutation that could account for several features of trinu-
cleotide expansion: Expansions and contractions occur in a polarized manner
and by multiples of three base pairs, and interruptions within the repeat seem
to confer stability. Okazaki fragment slippage during replication would provide
an explanation for both small changes in repeat length (as seen in Type 1
repeats and Type 2 premutations) and the enormous hyperexpansions seen in
Type 2 disorders. During replication of a threshold length repeat (~35 pure
repeats), slippage could occur from only one end of the Okazaki fragment (the
other end being anchored outside the repeat), resulting in small to moderate
expansion. During replication of longer repeats (~70 repeats), the likelihood
of Okazaki fragment synthesis beginning and ending within a repeat would
increase. Thus slippage could occur from both ends of the unanchored Okazaki
fragment, resulting (after several rounds of replication) in hyperexpansion.
DNA mismatch repair mechanisms likely play a role in correcting errors caused
by slippage, since defects in mismatch repair lead to increased simple sequence
repeat instability in both yeast and humans [for review, see Modrich (1994)].

Although slipped-strand mispairing offers a testable model of DNA expan-
sion, it leaves many questions unanswered. In Type 1 disorders, for example,
why is marked repeat instability confined to the male germ line? Are the
dramatic expansions of Type 2 repeats truly limited to an early point in
embryogenesis, and if so, why? How do we reconcile the fact that for expanded
repeats, further expansions outnumber contractions, while for normal repeats,
contractions are more common (Zhang et al 1994)? And why, in mice con-
taining a human AR transgene (Bingham et al 1995), is the expanded CAG
repeat stably transmitted? Taken together, these questions make it clear that
factors other than repeat length must play a significant role in repeat instability.
[For more thorough discussions, see Eichler et al (1994), Nelson & Warren
(1993), Richards & Sutherland (1994).]

MOLECULAR MECHANISMS OF TRINUCLEOTIDE
REPEAT DISEASES

Fragile X

The mechanism of disease is more clearly understood for fragile X than for
other trinucleotide repeat disorders. The fragile X phenotype is due to de-
creased expression of the FMR-1 protein (Pieretti et al 1991). As the CGG
repeat number increases in the 5’ region of the FMR-1 gene, mRNA and protein
levels decrease, and the fragile X syndrome worsens (Sutcliffe et al 1992).
The degree of methylation correlates with disease severity, and hypermethy-
lation may itself cause transcriptional silencing of the FMR-1 gene (Bell et al
1991, McConkie-Rosell et al 1993, Nelson and Warren 1993, Pieretti et al
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1991). A further argument that loss of FMR-1 expression underlies disease is
that small chromosomal deletions encompassing the FMR-1 gene also lead to
a fragile X phenotype (Gedeon et al 1992, Hirst et al 1995, Wohrle et al 1992).
Transcriptional silencing seems to be the principle cause of decreased FMR-1
expression, but translational inhibition may also play a role with the largest
repeats (Feng et al 1995).

What is the role of FMR-1, the expression of which seems critical to normal
brain function and development? FMR-1 is a member of a family of RNA-
binding proteins (Ashley et al 1993b, Siomi et al 1993, Verheij et al 1993). It
can bind its own and other human fetal brain mRNAs (Ashley et al 1993b),
and alternatively spliced forms exist with distinct RNA-binding properties
(Hoogeven et al 1994). The RNA-binding property of FMR-1 appears critical,
as the fragile X phenotype can be generated by a point mutation that alters a
highly conserved amino acid that is critical for RNA binding in related proteins
(DeBoulle et al 1993). FMR-1 is widely expressed in fetal and adult tissues,
most abundantly in neurons (Devys et al 1993). In the developing brain, FMR-1
is found initially in proliferating and migrating cells and later in differentiating
neurons, with the highest levels in nucleus basalis magnocellularis and hippo-
campus (Abitbol et al 1993).

RNA-binding proteins are involved in the processing, transport, and trans-
lational control of mRNAs [see Simpson & Emeson (1996) in this volume].
Altemnative splicing of transcripts helps to establish the intricate spatially and
temporally restricted patterns of gene expression found in the brain. In addition,
the targeting, localization, and translational control of mRNAs in subcellular
domains of neurons (dendrites, for example) adds a further level of complexity
to the regulation of neuronal gene expression. Which of these functions FMR-1
serves is presently unknown. Studies of FMR-1 knockout mice, which display
several phenotypic features of fragile X (Dutch-Belgian Consortium 1994),
should help determine whether there is a specific class of RNAs that have
processing, localization, or translation controlled by the FMR-1 protein.

The mechanism of disease in FRAXE may be similar to that in FRAXA.
FRAXE disease severity also correlates with increasing repeat size and hyper-
methylation of a nearby CpG dinucleotide island (Knight et al 1993). It has
been proposed that hypermethylation reduces expression of an as yet uniden-
tified gene.

Mpyotonic Dystrophy

The DM gene product was given the name myotonin-protein kinase because
sequence analysis showed it to have homology to members of the serine-
threonine protein kinase family (Pizzuti et al 1993, Wieringa 1994). Experi-
ments with recombinant protein have confirmed that it has kinase activity,
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phosphorylating itself and other substrates at threonine and serine residues,
although initial studies suggest that it differs from related serine-threonine
protein kinases (Dunne et al 1994). Its amino acid sequence predicts both an
a-helical coiled coil region and a hydrophobic domain near the carboxyl
terminus. In muscle, the protein is predominantly localized to the neuromus-
cular junction (van der Ven et al 1993), although it is expressed elsewhere in
muscle and in brain and heart (Jansen et al 1993). Several alternatively spliced
RNAs exist that differ principally in the 5" and 3 regions of the transcript,
leaving the kinase domain intact (Fu et al 1993). Although differential RNA
processing occurs with this gene, what role it plays in the tissue-specific
expression and function of myotonin-protein kinase is unknown (Pizzuti et al
1993).

Considerable focus has been directed at understanding the pathophysiology
of muscle dysfunction in DM. Myotonia occurs in a number of rare inherited
and acquired diseases. The underlying mechanism varies depending on the
disorder, for example, chloride channel mutations in myotonia congenita and
sodium channel mutations in hyperkalemic periodic paralysis (reviewed in
Ptacek et al 1993). The primary electrophysiologic defect in DM is still un-
known, although abnormal regulation of sodium channels has been proposed.
The DM gene’s kinase activity raises the possibility that in DM, myotonia may
be due to altered phosphorylation of protein(s) involved in the muscle action
potential (the sodium channel, for example) or excitation-contraction coupling.
The normal endogenous substrates of myotonin protein kinase, however, have
not yet been identified.

The muscle defects in DM cannot be due to changes in the protein itself,
since the trinucleotide repeat lies in the 3’ untranslated region of the gene. Are
they instead due to changes in the level of gene expression? Efforts to answer
this question have been inconclusive. Studies performed with different tech-
niques have shown either decreased or increased mRNA levels and reduced
or essentially unchanged myotonin protein levels (Fu et al 1993, Novelli et al
1993, Sabouri et al 1993). These discrepancies need to be resolved before it
can be determined whether altered expression plays a role in the pathogenesis
of DM. The CTG expansion may also affect expression of other nearby genes,
particularly in the full mutation range.

The biochemical defect in DM may occur at the RNA level instead. mRNA
in the 3’ untranslated region is known to play a role in mRNA stability, cell
proliferation, and differentiation (Rastinejad & Blau 1993). A greatly expanded
GC-rich (CTG) repeat in the 3’ mRNA could perturb an important regulatory
role for this part of the message, either by distorting its normal secondary
structure or by titrating out necessary RNA-binding proteins (J Eberwine,
personal communication). Such an effect could be dominant, thus accounting
for DM’s pattern of inheritance. An expanded repeat within the transcript could
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also lead to aberrant RNA processing of the DM transcript, for which there is
some experimental evidence (Krahe et al 1994).

CAG-Polyglutamine Diseases

In all five CAG repeat diseases, expanded CAG-polyglutamine tracts of about
the same size cause neurodegeneration (Figure 3). Several findings support
the view that expansion of CAG-polyglutamine tracts leads to a gain of func-
tion that may be toxic to neurons. First, the dominant inheritance seen in these
disorders is more consistent with a gain, not loss, of function. HD in particular
is a pure dominant disorder, since patients homozygous for the disease allele
develop HD that is clinically indistinguishable from HD caused by a single
disease allele (Wexler et al 1991). [SBMA follows an X-linked recessive
pattern of inheritance, but in this case heterozygous females could be protected
by lyonization (if the toxic effect is cell autonomous) or by low androgen
levels (if the effect is ligand-dependent).] Second, in all these disorders the
disease gene is expressed in the disease state, arguing against a simple decrease
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Figure 3 The Type 1 disease gene products. Shown are schematic transcripts for each Type 1
disease gene. Large open boxes indicate the protein coding domain, and smaller striped boxes the
polyglutamine tracts. Shaded boxes represent regions of known function in the AR, and filled boxes
represent homopolymeric or dipeptide domains (specified by the single letter amino acid code).
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in gene expression as the cause of disease (Banfi et al 1994, Li et al 1993,
Nagafuchi et al 1994a, Servadio et al 1995, Sharp et al 1995, Strong et al 1993,
Trottier et al 1995, Warner et al 1992, Yazawa et al 1995). (MJD expression
in the disease state has not yet been reported.) The fact that individuals missing
one copy of the normal HD gene (because of chromosomal deletions or
translocations) do not develop HD further suggests that disease is not caused
by decreased gene expression. Third, the loss of function for one CAG repeat
gene, the AR, leads to an entirely different disease, androgen insensitivity
syndrome (testicular feminization), which does not have the neurologic mani-
festations of SBMA. Fourth, the recent development of a transgenic mouse
model for SCA1 provides direct evidence supporting a gain of function: An
expanded repeat SCAI transgene causes cerebellar degeneration, whereas a
normal repeat transgene does not (Burright et al 1995).

Any proposal to explain neurodegeneration caused by CAG-polyglutamine
repeats must take into account several facts. 1. Cell death appears to be neuron
specific despite the fact that the repeat-containing genes are widely expressed
in nonneuronal cells (Banfi et al 1994, Li et al 1993, Nagafuchi et al 1994a,
Strong et al 1993). 2. Distinct subsets of neurons die in each disorder, even
though the disease gene product is expressed throughout the brain. (The an-
drogen receptor may be an exception, since its neuronal expression is restricted
to discrete regions of the brain and spinal cord.) 3. Degeneration occurs slowly,
with little evidence of neuropathologic or biochemical abnormality before the
clinical onset of disease. 4. The presumed neurotoxicity increases with repeat
length, since longer repeats lead to earlier disease that in some cases, may
progress more rapidly. 5. The diseases are caused by dissimilar genes that lack
homology to one another outside of the CAG-polyglutamine repeats. There is
no reason, based on sequence comparison and immunolocalization studies, to
believe the encoded proteins serve similar cellular functions. 6. The gene
products are all thought or known to be intracellular proteins, suggesting that
the presumed toxic effect occurs intracellularly. Thus in summary, expansions
in a group of dissimilar, ubiquitously expressed CAG repeat genes cause
selective neurodegeneration that is dependent on the length of the CAG-poly-
glutamine repeat. Given the presumed common mechanism of neurodegenera-
tion and the ubiquitous expression of CAG repeat genes, cell-specific factors
must account for the death of certain neuronal populations in each disease.

The putative gain of function most likely occurs at the protein level, since
the CAG repeat is translated into polyglutamine in the mature protein (this has
been verified experimentally for DRPLA, HD, SBMA, and SCA1) (Servadio
et al 1995, Sharp et al 1995, Trottier et al 1995, Yazawa et al 1995). However,
a gain of function could also occur at the RNA level. For example, expanded
CG-rich triplet repeats may form stable stem loop structures that could alter
properties of the mRNA (J Eberwine, personal communication). Although the
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SCAL1 transgenic model supports a gain of function mechanism, whether this
occurs at the protein or RNA level is unknown, and both theories warrant
experimental testing.

What is the normal function of polyglutamine tracts? Increasing evidence
indicates that polyglutamine domains are functionally important in regulatory
proteins and transcription factors (Gerber et al 1994). Across species as evo-
lutionarily distant as yeast, Drosophila, and humans, glutamine-rich domains
and homopolymeric polyglutamine tracts have been found in common or
ubiquitous transcription factors (e.g. TATA-binding protein, Sp1, AP1, gluco-
corticoid receptor), homeotic genes (e.g. Antennapedia), neurogenic genes
(e.g. Notch and mastermind), and other developmentally important genes (e.g.
embryonic polarity dorsal protein, couch potato) (Creusot et al 1988, Duboule
etal 1987, Kao et al 1990, Mitchell & Tjian 1989, Wharton et al 1985). Mitchell
& Tjian (1989) have proposed that polyglutamine tracts mediate transactivation
by engaging in protein-protein interactions and thereby enabling formation of
transcription activation complexes. Evidence for this hypothesis has come from
deletion experiments. The yeast regulatory protein MCM1 contains a glu-
tamine-rich region that is necessary for it to interact with the coregulatory
protein alpha 1 and activate transcription (Bruhn et al 1992). When the glu-
tamine-rich domains are deleted from Spl, this transcription factor is also
unable to form polymeric complexes and activate transcription of target genes
(Pascal & Tjian 1991). More recently, studies of polyglutamine-containing
fusion proteins directly demonstrated that polyglutamine stretches can activate
transcription, optimally with lengths of 10-30 amino acids (Gerber et al 1994).
It thus appears that polyglutamine tracts can serve as transactivation domains
that probably function by modulating interactions with both homologous and
heterologous transcription factors.

In fact, the only Type 1 disease gene product with a known function is a
transcription factor, the AR. A member of the steroid and thyroid hormone
receptor superfamily, the AR enters the nucleus upon binding androgen and
activates transcription of androgen-responsive genes (Zhou et al 1994). Its
polyglutamine tract is located in a large amino-terminal regulatory domain far
removed from the DNA-binding and hormone-binding domains (Figure 3).
The polyglutamine tract is not strictly necessary for androgen-induced gene
activation. In nonneuronal cells, transcriptional activation by AR is increased
when the polyglutamine tract is eliminated (Chamberlain et al 1994), and
decreased when the polyglutamine tract is expanded into the disease range
(Mhatre et al 1993). Whether this will also hold true in neurons or has any
relationship to a toxic gain of function in neurons is unknown.

There is no direct experimental evidence to indicate that other Type 1 disease
genes encode transcription factors. None of them contain definite DNA-bind-
ing motifs, although sequence analysis suggests atrophin may be an RNA-
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binding protein (Nagafuchi et al 1994a) and ataxin-1 localizes to the nucleus
in most neurons (Servadio et al 1995). Although huntingtin contains a sequence
resembling a leucine zipper (a motif present in one group of transcription
factors), recent studies indicate that in neurons huntingtin localizes to nerve
terminals, not the nucleus (DiFiglia et al 1995, Sharp et al 1995, Trottier et al
1995). Regardless of the function of other Type 1 disease genes, polyglutamine
stretches within these genes likely serve to modulate interactions with other
cellular proteins. Perutz et al (1994) have proposed that polyglutamine tracts
can self-associate in the form of a polar zipper, and recently provided direct
evidence supporting this model: Incorporating a small polyglutamine tract into
a normally monomeric protein caused dimers and trimers to form (Stott et al
1995).

How might expansion of a polyglutamine stretch cause neurodegeneration?
There are at least three plausible mechanisms, each involving changes in
protein-protein interactions. The first could be called the aberrant transregula-
tion model. In this model, expanding the polyglutamine tract in a regulatory
protein would alter, perhaps subtly, the strength of its interactions with other
coregulatory proteins, thereby disrupting what is normally a highly ordered
and regulated molecular cascade. For example, the AR with an expanded
polyglutamine tract might display altered binding to transcription associated
factors, causing aberrant transcriptional activation of one or more genes in
neurons. This in turn could lead to the neuron’s receiving inappropriate signals,
which in some cases may result in neuronal apoptosis (DiBenedetto & Pittman
1995).

The second model could be called the protein aggregation model. In this
model, expanding the polyglutamine tract would cause changes in protein-pro-
tein interactions that are not subtle and not necessarily restricted to normal
cointeracting proteins. Expanded polyglutamine tracts may tend to form an
extended polar zipper involving tight noncovalent interactions between pro-
teins (Perutz et al 1994). These could be nonproductive interactions that perturb
the function of any involved proteins and interfere with degradation of the
aggregated proteins. For example, the expanded AR could aggregate with itself
or with other proteins. This not only would deplete a potentially androgen-de-
pendent cell of functional AR but also might lead to the accumulation of
insoluble proteinaceous material that is deleterious to neurons. An attractive
feature of this model is that it resembles current theories to explain two other
neurodegenerative disorders, Creutzfeld Jacob disease (insoluble, protease-re-
sistant aggregates of the prion protein) and Alzheimer’s discase (aggregates
of B-amyloid and microtubule-associated proteins).

The third model, proposed by Green (1993), is the transglutaminase cross-
linking model. As polyglutamine tracts expand beyond the size normally found
in proteins (less than 30 amino acids), they may become unusually avid
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substrates for transglutaminase activity, resulting in the cross-linking of pro-
teins within neurons. Either the cross-linked proteins themselves or the insol-
uble isodipeptide that is produced during subsequent proteolysis could be toxic
to cells. Long-lived postmitotic cells, like neurons, would be most susceptible
to the accumulation of cross-linked material. For example, the expanded AR
might become cross-linked nonspecifically to itself and other proteins, effec-
tively titrating out functional AR, perturbing nuclear and cellular processes,
and leading to an accumulation of cross-linked protein or isodipeptide. Because
the conformation and nuclear transport of the AR protein is controlled by
androgen binding, the extent of cross-linking might be androgen dependent.

All three models can explain the repeat length dependence of the disease
process. One can further speculate how each of the three could be specifically
neurotoxic: In the first model one or more regulatory cascades that are neuron
specific would be perturbed, and in the second and third models the long-lived
postmitotic nature of neurons would make them uniquely susceptible to the
accumulation of aggregated or cross-linked protein. The first model, however,
would seem best at explaining the specific neuropathology seen in each CAG
repeat disease; for each disease, the affected regulatory cascade(s) would be
more important to cell survival in precisely those neurons that preferentially
die. It is more difficult to explain how an accumulation of aggregated or
cross-linked material—which should occur in most or all neurons, given the
widespread CNS expression of CAG repeat genes—could lead in each disease
to the death of different subsets of neurons. In order for the second and third
models to explain the specific neuropathology of each disease, further disease-
specific and cell-specific factors need to be invoked that result in a differential
accumulation of (or sensitivity to) aggregated and cross-linked material or
breakdown products, in distinct regions of the brain. No one has yet found
evidence for aggregated, precipitated, or cross-linked protein in any of these
diseases.

Intensive research is now underway in many laboratories to test aspects of
these models. A full understanding of the molecular mechanisms at play will
only come from research across a broad front, including transgenic and knock-
out animal models, in vitro expression systems, yeast and bacterial systems
designed to identify interacting proteins, and rigorous biochemical and immu-
nocytochemical analyses of the normal and expanded proteins. Recent suc-
cesses in creating an SCAI transgenic mode! (Burright et al 1995) and in
achieving targeted disruption of the HD gene [resulting in embryonic lethality
(Nasir et al 1995)] are promising steps in this direction.
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