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The FMRI gene is involved in two different syndromes:
Fragile X syndrome and Fragile X-associated tremor/ataxia
syndrome (FXTAS). Fragile X syndrome is a childhood
disease and is associated with mental retardation as the
main clinical characteristic, whereas FXTAS develops in
men and women over 50 years of age. FXTAS represents
a new form of inclusion disorder with a high prevalence

in the general population. The neurologic phenotype of
FXTAS includes intention tremor and ataxia. Associated
features are dementia, parkinsonism, neuropathy, and
autonomic dysfunction. Elevated FMR/ transcripts have
been proposed as the molecular basis of the pathogenic
mechanism leading to FXTAS. This review discusses recent
developments in the clinical phenotype, prevalence and
screening, animal models, and molecular mechanisms of
RNA-based pathogenesis in FXTAS.

Introduction

Fragile X syndrome represents the most common inherited
form of mental retardation and is almost exclusively caused
by an expansion of a CGG repeat in the 5" untranslated
region of the FMR1 gene. In the normal population, the
CGG repeat is polymorphic and ranges from 5 to 55 CGGs,
with an average length of 30 CGG units [1]. Fragile X
patients have more than 200 CGG units that are usually
hypermethylated, and the methylation extends to the adja-
cent promoter region of the FMR1 gene [2-4]. As a conse-
quence, the gene is transcriptionally silenced and the gene
product, the Fragile X mental retardation protein (FMRP), is
absent. The lack of FMRP in neurons is the cause of the men-
tal retardation in Fragile X patients [5-7]. Unmethylated
expansions of 55 to 200 CGG units, called premutations
(PM), are found in both male and female individuals and
may expand to a full mutation (FM) only upon maternal

transmission to the next generation. The risk of transition is
dependent on the size of the PM; the smallest CGG repeat
number known to expand to a FM is 59 repeats [8]. Next to
PM alleles, CGG repeats within the “gray zone” of 40 to 54
CGG repeats have been identified and shown to be slightly
unstable upon transmission. However, they have never been
observed to expand to a FM in a single step.

Individuals with a PM do not exhibit the classical
phenotype of Fragile X syndrome and were initially
thought to be asymptomatic, although a number of studies
have reported mild learning disabilities and social phobias
or anxiety disorders in a small subgroup of PM carriers
[9,10¢]. In addition, approximately 20% of female PM
carriers manifest premature ovarian failure [11]. Recent
studies have reported male individuals with alleles in the
PM range with increased FMR1 mRNA levels that are up to
eightfold higher than normal and with (mildly) reduced
FMRP levels [12¢,13,14]. The elevated FMR1 transcript
levels were positively correlated with the number of CGG
repeats [15]. The question of whether these elevated FMR1
mRNA levels and slightly reduced FMRP levels result in a
mild Fragile X phenotype was challenged by the recent
description of older males carrying a PM who exhibit a
unique neurodegenerative syndrome characterized by pro-
gressive intention tremor and ataxia, named Fragile X-asso-
ciated tremor/ataxia syndrome (FXTAS) [16,17,18ee¢,19].

Clinical Phenotype

Clinical phenotype in symptomatic male patients

In the initial description of the neurologic phenotype of
PM carriers, the action tremor was the first sign related to
FXTAS, followed by ataxia; however, later studies point to
ataxia as the major symptom [20ee]. More advanced cases
may be accompanied by progressive memory and executive
function deficits, anxiety, parkinsonism, peripheral neuro-
pathy, essential tremor, and autonomic dysfunction
(impotence, bowel incontinence, urinary incontinence,
and hypertension) [18ee]. Significant dementia has been
observed in a limited number of patients [20ee,21¢]. All
symptomatic patients say that the onset of symptoms
started in their 50s or later with a further progressive
course; however, the cognitive decline shows a high
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variability between affected individuals. Cognitive func-
tioning may be stable for several decades or patients may
suffer from severe dementia within 2 years after onset of
the first symptoms [18ee]. A logical explanation for this
variability is the genetic background of the different indi-
viduals. Magnetic resonance imaging (MRI) studies (T2
signal) of the brain of symptomatic adult male PM carriers
showed characteristic imaging, including dilated ventricles;
hyperintensities of the middle cerebellar peduncle (MCP);
cerebellar white matter lateral, superior, and inferior to the
dentate nuclei; and volume loss involving the pons,
mesencephalon, cerebellar cortex, cerebral cortex, white
matter of the cerebral hemispheres, and corpus callosum
[18e¢,22]. On the basis of a detailed clinical and radiologi-
cal survey, Jacquemont et al. [18ee] have proposed diag-
nostic criteria for definite FXTAS that include (next to an
FMR1 PM allele as mandatory criterion) the presence of
intention tremor and/or ataxia as major clinical finding,
and the MCP features as the major radiologic finding. A
recent clinical study reported two cases that fulfilled the
diagnostic clinical criteria, but FXTAS was excluded by
direct genetic testing [23]. This illustrates that increased T2
signal in the MCP per se is not specific for FXTAS and
emphasizes the importance of including the mandatory
criterion for the presence of an FMR1 PM allele to prevent
diagnostic errors. Neurohistologic studies on autopsy
brains of symptomatic PM carriers demonstrated degenera-
tion in the cerebellum, including Purkinje cell loss, Berg-
man gliosis, spongiosis of the deep cerebellar white matter,
and the presence of eosinophilic intranuclear inclusions in
both neurons and astroglia throughout the brain and in
ependymal cells [21e,24]. Furthermore, these inclusions
showed a positive reaction with antibodies against ubig-
uitin, components of the proteasome Hsp70, and of-crys-
tallin, which suggests a link with the proteasome
degradation pathway [17,21e,24]. Finally, it should be
noted that older adult individuals carrying a FM never
develop the characteristic clinical symptoms of FXTAS.

Clinical phenotype in symptomatic female patients
Thus far, the description of FXTAS in female PM carriers is
limited. It is assumed that female PM carriers are less likely
to develop FXTAS because the neurons in which the nor-
mal X chromosome is active may have a (partly) protective
effect. Indeed, a recent study demonstrated a correlation
between the severity of clinical signs and the X-inactivation
ratio in two sisters with FXTAS [25¢]. Both women, how-
ever, had milder symptoms than typical symptomatic male
patients and both lacked the cognitive decline. The less
severe symptomatology, including lack of dementia, was
also observed in two other studies presenting female PM
carriers with FXTAS [10e,26]. Interestingly, a neurohisto-
logic study on the autopsy brain from one symptomatic
female PM carrier revealed ubiquitin-positive intranuclear
neuronal and astrocytic inclusions, as have been described
for symptomatic PM male carriers [10e].

Prevalence of FXTAS and Screening

The number of CGG repeats in the general population is
polymorphic, with an average of 29 to 30 repeats. PM alle-
les are frequent in the general population, with previous
estimated prevalence of 1:259 females and 1:813 males
[27]. In fact, earlier studies actually showed a higher preva-
lence of PM alleles (1:100 females) [28,29]. The true inci-
dence of this new neurologic syndrome among male
Fragile X PM carriers remains to be established; however,
initial reports on the penetrance of FXTAS in a family-
based study suggest a prevalence of 1:3000 men aged 50
years and older in the general population with a lifetime
risk of FXTAS [30e]. This would implicate that FXTAS is one
of the most common single-gene forms of gait ataxia and
tremor in older males. As a consequence, it can be pro-
posed that older men with ataxia and tremor should be
screened for the FMR1 PM. These studies are in progress
and the first results have been reported (Table 1). In sum-
mary, successful screening has only been achieved in the
group of ataxia patients who initially were referred for test-
ing of the spinocerebellar ataxia (SCA) genes and who
were found to be negative. Apparently, because ataxia is
one of the main cardinal features of FXTAS, the group of
SCA patients most closely resembles the FXTAS phenotype.
Notably, despite the typical presence of tremor and associ-
ated features like parkinsonism, screening among patients
with idiopathic Parkinson’s disease (PD), multiple system
atrophy (MSA), or essential tremor (ET) did not reveal any
individual with a FMR1 PM allele. Apparently, the contri-
bution of the FMR1 PM alleles in the pathogenesis of idio-
pathic PD, MSA, or ET is limited. However, large-scale
epidemiologic studies of the prevalence of FXTAS in the
general population are required to make conclusive state-
ments about the contribution of the FMR1 PM alleles to
the movement disorders of aging.

Molecular Mechanisms Underlying FXTAS
The molecular basis of FXTAS has been linked to the
elevated FMR1 mRNA levels in cells from carriers of the
PM [16,21e,31]. Such an RNA gain-of-function model has
also been proposed for several triplet repeat-related ataxias
(SCA 8, 10, and 12) and myotonic dystrophy (DM1 and
DM2) [32]. The pathogenic untranslated repeat mutations
in DMs have helped us attain major insights into the
underlying molecular mechanisms. The CUG and CCUG
repeat expansions within the untranslated part of the DM
transcripts sequester CUG-binding proteins and three
different forms of muscleblind protein, and the depletion
of free muscleblind protein results in altered splicing and
abnormal function of several genes, including the insulin
receptor, cardiac troponin, chloride channel, Tau protein,
and myotubularin [32].

A similar mechanism of a dominant RNA gain-of-
function has been proposed for FXTAS (Fig. 1), in which the
elevated FMR1 transcripts, containing an expanded CGG



EXTAS: A Progressive Neurologic Syndrome Associated with Fragile X Premutation e Willemsen et al.

407

Table 1. Screening for FMRI premutation alleles in male patient cohorts

Frequency of Repeat Subjects with PM
Study / year Cohort premutation (> 55 CGG) size FMRI alleles, %
Macpherson et al. [33] / 2003 SCAs* 2/59 66, 87 34
Di Maria et al. [34] / 2003 SCAs* 2/28 84, 86 7.1
Milunsky and Maher [35] / 2004 SCAs* 1/167 80 0.6
Van Esch et al. [36] / 2005 SCAs* 5/122 80111 4.1
Brussino et al. [37] / 2005 SCAsT 6/143 83-109 4.2
Tan et al. [38] / 2004 SCAst 0/30 - NA
Garcia Arocena et al. [39] / 2004 ET 0/40 - NA
Tan et al. [38] / 2004 ET, APD 0/49 - NA
Deng et al. [40] / 2004 ET, PD 0/412 - NA
Tan et al. [41] / 2005 PD 0/121 - NA
Toft et al. [42] / 2004 Parkinsonism 0/414 - NA
Tan et al. [38] / 2004 MSA 0/12 - NA
Garland et al. [43] / 2000 MSA 0/40 - NA
*SCA 1, 2, 3, 6, and 7 were excluded, and age at onset was older than 50 years.
SCA 3, 6, and 7 were excluded, and age at onset was older than 50 years.
sca 1,2,3,6,7,8, 10, and 12 were excluded, and age at onset was older than 50 years.
APD—atypical Parkinson's disease; ET—essential tremor; MSA—multiple system atrophy; NA—not available; PD—Parkinson's disease;
PM—premutation; SCA—spinocerebellar ataxia.

repeat, result in the sequestration or misfolding of impor-
tant cellular proteins, including CGG-binding proteins, with
a cumulative cytotoxic effect that may lead to the formation
of intranuclear inclusions [16,31]. Whether the inclusion
formation precedes neurodegeneration or has a protective
effect, as described for the intranuclear inclusions in Hun-
tington’s disease, remains unclear [44]. Interestingly, a
recent study by Tassone et al. [45] has demonstrated the
presence of FMR1 transcripts within the inclusions isolated
from autopsy brain tissue. The origin and constitution of the
inclusions in FXTAS is poorly understood, but a possible
explanation for the elevated FMRI mRNA levels is the
increased transcriptional activity as compensatory mecha-
nism for the diminished translational efficiency of the FMR1
message, because no significant increase in FMRI mRNA
stability was observed [14]. The presence of ubiquitin,
molecular chaperones, and components of the proteasome
suggests a link with the proteasome degradation pathway
and shares common features also described for the poly-
glutamine disorders (eg, Huntington's disease) [46,47]. The
molecular mechanism in polyglutamine disorders is based
on a gain-of-function of the mutant proteins, because the
repeat is present in the coding region of the gene, whereas
the pathogenic mechanism in FXTAS is explained by an RNA
gain-of-function mediated by an expanded CGG repeat in
the noncoding region of the FMR1 gene. The cellular conse-
quences of perturbation of the ubiquitin-proteasome degra-
dation pathway in the polyglutamine disorders may include
transcriptional dysregulation of important genes, potentially
leading to neuronal cell death. The model that aggregation-
prone proteins can impede proteasome activity mediating
neuronal dysfunction and death has also been proposed as a
general model for a variety of the neurodegenerative
diseases [48].

Animal Models of FXTAS

A murine and a fly model have been generated to study the
pathogenesis of FXTAS. The knock-in mouse model, in which
the endogenous mouse CGG repeat (8 CGGs) was replaced by
a human CGG repeat carrying 98 CGG units, shows moderate
CGG repeat instability upon both maternal and paternal trans-
mission [49,50ee]. To date, the repeat size has expanded close
to the critical 200 CGG repeats (Unpublished data). The brains
of expanded repeat mice were analyzed neurohistologically
and biochemically at different ages from neonatal until final
stage of life (1 to 72 weeks) [50®®]. Biochemically, elevated
Fmr1l mRNA levels (2 to 4 times normal) were already detect-
able in the first week of life. Neuropathologic analysis of the
brains showed the presence of neuronal ubiquitin-positive
intranuclear inclusions throughout the brain (Fig. 2). The
inclusions became visible at 30 weeks of age and an increase
was observed in both the number and the size of the inclusions
during the course of life, which correlates with the progressive
character of FXTAS. Next to ubiquitin, Hsp40 and the 20S cata-
Iytic core complex of the proteasome could be demonstrated as
constituents of the inclusions. Strikingly, in contrast to brains
from symptomatic FXTAS patients, inclusions were totally
absent in astrocytes. Furthermore, a correlation was found
between the occurrence of inclusions within specific brain
regions and the clinical features in symptomatic PM carriers.
Very recently, the expanded CGG repeat mouse was assessed for
cognitive, behavioral, and neuromotor performance at differ-
ent ages (20, 52, and 72 weeks). The results clearly indicate an
age-dependent decline of visual-spatial learning capacities, a
potential increase of anxiety levels, and mild neuromotor dis-
turbances in the expanded CGG repeat mouse model [51].
Importantly, this mouse model will facilitate molecular studies
to further analyze the pathogenesis of FXTAS from onset of
symptoms until the final stage of the disease.
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Figure 1. Proposed model for the molecular neuropathology in Fragile X-associated tremor/ataxia syndrome (FXTAS). 1, FMR1 transcripts
containing an expanded CGG repeat are normally incorporated in a mRNP particle and translocated out of the nucleus. 1a, The long CGG
repeat in the FMRT transcript impedes 40S ribosomal subunit migration, resulting in hampered translation. Consequently, the nerve cell
produces reduced levels of Fragile X mental retardation protein (FMRP), the gene product of the FMRT gene. 2, In response to lowered FMRP
levels, an unidentified feedback mechanism may increase the level of specific transcription factors, which results in increased transcription
of the FMRT gene. Enhanced transcription leads to elevated FMRT mRNA levels. Alternatively, long CGG tracts in the FMRT transcript may
sequester high quantities of CGG-binding proteins, and lowered CGG-binding protein levels result in an increased FMR]T transcription.

3, The nerve cell attempts to clear itself from elevated FMR1 transcript levels by employing molecular chaperones and components of the
ubiquitin-proteasome degradation pathway. If elevated FMRT transcript levels resist refolding/degradation, then intranuclear inclusions will
be formed. Ultimately, the formation of inclusions will trigger neurodegeneration by activation of neurotoxic signaling pathways. Here,
several mechanistic pathways can influence this process. Alternatively, the formation of inclusions may protect the nerve cell against the
toxic effects of elevated levels of FMRT mRNA, preventing cell death. (Adapted from Oostra and Willemsen [31]; with permission.)

The Drosophila model, in which PM CGG repeats (90
CGGs) were expressed as part of the 5" UTR of the FMR1 gene,
revealed the presence of ubiquitin-positive inclusions and a
progressive degeneration of photoreceptors in the eye [52ee].
In the fly model, inclusions were present in both nuclei and
the cytoplasm of cells from the retina. Another discrepancy
with the human neuropathologic studies is the presence of
more than one nuclear aggregate per nucleus and that the
composition of the aggregates that appeared to be more elec-
tron dense. This RNA-mediated phenotype showed a dosage-
and repeat length-dependent progression. Thus, the CGG
repeat itself can cause neurodegeneration and is not related
with the function of FMRP. Overexpression of the molecular

chaperone Hsp70 could suppress the neurodegeneration
illustrating similarities with the features of protein misfolding
disorders, including polyglutamine diseases.

These observations in the expanded-repeat mice as well
as in Drosophila models support a direct role of the elevated
levels of expanded CGG-containing transcripts in the for-
mation of the inclusions and neurodegeneration.

Therapy

No effective therapy is available for FXTAS; however, exist-
ing treatments to improve tremor and anxiety may be
clinically beneficial. Future research will focus on the
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Figure 2. Distribution of neuronal ubiquitin-positive intranuclear
inclusions in the colliculus inferior from the expanded-repeat mouse
at the age of 72 weeks by an indirect immunoperoxidase staining.

composition of the inclusions to understand the mecha-
nism of RNA-mediated neurodegeneration. Identification
of the underlying molecular abnormalities may lead in the
future to pharmacologic intervention.

Conclusions

FMR1 gene expression is involved in two important dis-
orders with distinct entities. Fragile X syndrome, a neuro-
developmental disorder and the most prevalent cause of
heritable mental retardation, is caused by the total lack of
the FMR1 gene product FMRP. An expansion of the CGG
repeat over 200 units leads to transcriptional silencing of
the FMR1 gene. Thus, in male carriers of the FM, the patho-
genic mechanism is caused by a loss-of-function disease
mechanism. In contrast, male carriers of the PM show
increased transcription of the FMR1 gene that results in
elevated levels of FMR1 mRNAs and causes a new neuro-
logic syndrome called FXTAS. Although precise estimates
for the prevalence of FXTAS in the general population need
to be determined, initial family-based studies point to a
prevalence of 1:3000 for men aged over 50 years in the gen-
eral population. The molecular basis of FXTAS is unknown;
however, a dominant RNA gain-of-function has been
proposed. Compelling evidence suggests that mutant RNA
initiates the formation of neuronal intranuclear inclusions
in which important cellular proteins are sequestered.
Depletion of these proteins may result in disturbed cellular
processes leading to cell death.
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