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Advances in clinical and molecular understanding of the FMR1
premutation and fragile X-associated tremor/ataxia syndrome

Randi Hagerman, MD1 and Paul Hagerman, MD, PhD2

1Department of Pediatrics and the MIND Institute, University of California, Davis, School of
Medicine, Sacramento, California 95817
2Department of Biochemistry and Molecular Medicine, University of California, Davis, School of
Medicine, Davis, California 95616

Summary
Fragile X syndrome, the leading heritable form of cognitive impairment, is caused by epigenetic
silencing of the fragile X (FMR1) gene consequent to large expansions (>200 repeats) of a non-
coding CGG-repeat element. Smaller, “premutation” expansions (55–200 repeats) can give rise to
a family of neurodevelopmental (ADHD, autism spectrum disorder, seizure disorder) and
neurodegenerative (FXTAS) clinical phenotypes through an entirely distinct molecular mechanism
involving increased FMR1 mRNA production and toxicity. Basic cellular, animal, and human
studies have helped to elucidate the underlying RNA toxicity mechanism, while clinical research
is providing a more nuanced picture of the spectrum of clinical involvement. Whereas advances on
both mechanistic and clinical fronts are driving new approaches to targeted treatment, two
important issues/needs are emerging: to define the extent to which the mechanisms contributing to
FXTAS also contribute to other neurodegenerative and medical disorders, and to redefine FXTAS
in light of its differing presentations and associated features.

Introduction
Many neurologists are not aware of the stark distinction between the neurodevelopmental
disorder, fragile X syndrome (FXS), and the neurodegenerative disorder, fragile X-
associated tremor/ataxia syndrome (FXTAS). They tend to conflate these mechanistically
and clinically distinct entities because both arise from mutated forms of the fragile X mental
retardation 1 (FMR1) gene. Although both disorders are caused by expansions of a
trinucleotide (CGG) repeat element in a non-coding portion of the gene, FXS is caused by
expansions to greater than 200 CGG repeats, whereupon the gene undergoes methylation-
coupled silencing. The consequent lack of the FMR1 protein (FMRP) – important for proper
synapse development and function – causes intellectual disability and an autism spectrum
disorder (ASD) in most males; and similar, albeit less severe intellectual and behavioral
problems in females.

By contrast, FXTAS is clinically manifest almost exclusively among carriers of premutation
repeat expansions (55 to 200 CGG repeats), where the FMR1 gene remains fully active;
indeed, the gene generally expresses elevated levels of its mRNA,1 which is thought to
result in CGG-repeat–induced toxicity of the mRNA and the adult-onset neurodegenerative
disorder.2–5 Thus, although FXS and FXTAS are caused by CGG-repeat expansions within
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the same gene, they affect different groups of individuals (i.e., possessing full mutation
versus premutation alleles), are clinically apparent at opposite ends of the age spectrum, and
arise through entirely different pathogenic mechanisms (gene silencing and RNA toxicity,
respectively). The current review will focus on advances in our understanding of clinical
involvement among carriers of premutation alleles, which include but are not limited to
those with FXTAS.

Premutation Involvement
In the years before the discovery of the FMR1 gene in 1991, and for some years thereafter,
carriers of premutation alleles were considered to be clinically unaffected; their importance
as a group being that female carriers of premutation alleles often had children with the
genetic disorder, FXS. With the discovery of the gene, the basis of this propensity was
recognized as being due to instability of the CGG-repeat, with dramatic premutation-to-full
mutation expansions occurring during matrilineal transmission. However, shortly after
discovery of the gene, Cronister et al.6 reported that there was a much higher incidence
(~20%) of early ovarian failure (before age 40) in female carriers relative to the general
population (~1%). Fragile X-associated primary ovarian insufficiency (FXPOI) is now
known to be the leading cause of early menopause in the general population.7 Additional
forms of involvement among carriers of premutation alleles were identified throughout the
1990s. Psychiatric problems, including depression and anxiety, gained recognition during
this period,8 though these clinical features were initially considered to be related to the stress
of raising children with FXS. More extensive controlled studies utilizing validated
psychiatric clinical interviews, such as the Structured Clinical Interview for DSM-IV
Disorders (SCID),9 have established that depression and/or anxiety occur in approximately
40% of carriers.10–14 We now know that carriers are intrinsically more vulnerable to
depression and anxiety, because these problems can occur prior to having children affected
by FXS.10, 14 However, this intrinsic vulnerability is also sensitive to the stress of raising a
child with FXS and/or caring for a parent with FXTAS.15–17

The discovery of FXTAS in 20013, 4 brought a new, more disturbing dimension to
premutation involvement. FXTAS is a progressive neurodegenerative disorder involving
core features of intention tremor and gait ataxia, with associated white matter disease and
global brain atrophy.2, 4, 5, 18–21 The identification of FXTAS helped to validate earlier
reports of nebulous emotional or neuropsychiatric involvement in premutation carriers,
essentially by anchoring the severe end of a spectrum of clinical involvement experienced
by carriers of premutation alleles.

Prevalence of the Premutation
The premutation allele is relatively common in the general population, with estimates of
prevalence dependent upon the population being assessed. In Israel, approximately 1 in 113–
157 females is a carrier.22 In Spain, estimates of carrier prevalence (1 in 130 females and 1
in 250 males; n=5,235; CGG repeat: range, 10–77; modal value, 30) utilized newborn
bloodspots collected previously as part of the national newborn screening program, which
were provided to the investigators as consecutive, de-identified samples, thus largely
avoiding sample bias.23 In a Wisconsin study, the corresponding numbers were 1 in 151
females and 1 in 468 males (n=6,747; CGG repeat: range, 9 to 135; modal value, 31);24 this
population-based sample (saliva-derived DNA) was restricted to high-school graduates, thus
introducing a possible bias toward reduced prevalence. In a more recent bloodspot screening
study in California, 1 in 209 females and 1 in 400 males were found to be carriers
(n=14,207; CGG repeat: range, 6 to 44; modal value, 30).25 This last study was subject
mainly to a bias associated with consent procedures for newborn screening, although a
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subset of the sample was tested anonymously after de-identification of the newborn blood
spot.25

Neurodevelopmental Problems Associated with the Premutation
Accompanying the growing awareness of clinical involvement in adult carriers of
premutation alleles is an increasing appreciation of neurodevelopmental problems, which are
more common among boys with the premutation who may suffer from a higher rate of
attention deficit hyperactivity disorder (ADHD), shyness, social deficits, autism spectrum
disorders (ASD), and (occasionally) intellectual disability.26–29 The prevalence of
developmental/behavioral problems, including ASD or ADHD, is higher in boys who
present clinically with a behavioral problem than in other family members identified with
cascade testing (ASD 8%; ADHD 30%).26, 27, 30

It is not known at present why some carriers, but not others, will experience some form of
neurodevelopmental involvement; nor is it possible to predict, based on the presence or
absence of neurodevelopmental features, whether an individual will eventually develop
FXTAS. Although the severity of amygdala dysfunction in young adult males12 and the age
of onset of FXTAS31, 32 both correlate with the premutation CGG-repeat expansion,
penetrance remains incomplete. This observation suggests that additional genetic,
epigenetic, and environmental factors influence disease formation. Premutation carriers with
larger CGG repeats are more likely to have mild deficits in FMRP, developmental
problems,28 and manifest altered amygdala function.12 Deficits in FMRP lead to up-
regulation of the mGluR5 system33 and down-regulation of the GABAA system,34 resulting
in an excitatory/inhibitory imbalance that is observed in the premutation mouse-model
neurons.35 In this regard, a recent transcranial magnetic stimulation (TMS) study36

demonstrated that asymptomatic adult women with the premutation have reduced GABAA-
mediated intracortical and afferent inhibition from the cerebellum to the primary motor
cortex, compared to age-matched controls. It is possible that these GABAA deficits
predispose carriers to the ADHD symptoms experienced by approximately 30% of boys
with the premutation.26, 27 The GABAA deficits can also lead to a higher frequency of burst-
type firing in networks of cultured premutation mouse neurons,35 which likely represents the
basis for the increased rate of seizures (8 to 13%) in carriers.27, 37, 38 Moreover, the presence
of seizures is significantly associated with the development of ASD in boys with the
premutation.27 The association between seizures and ASD is also found in other
neurodevelopmental disorders including tuberous sclerosis and neurofibromatosis.39 These
data suggest that early treatment of seizures is important in premutation carriers and in other
disorders associated with autism or ASD.

Clinical and Radiological Features of FXTAS
The original descriptions of FXTAS emphasize a presentation of intention tremor and/or gait
ataxia with an onset typically between 60–65 years of age.3, 4, 40 Intention tremor and ataxia
are generally considered the core features of FXTAS and are currently major diagnostic
criteria for FXTAS (table 1).4, 41 Diagnostic criteria also include memory problems and EF
deficits. Additionally, Brunberg et al.18 recognized that the middle cerebellar peduncle
(MCP) was a distinctive feature of the white matter disease detected by T2 FLAIR MR
imaging in those with FXTAS. Because this MCP finding was highly specific (albeit not
unique) to FXTAS, it was designated as a major criterion for the diagnosis of definite
FXTAS. The MCP sign is found in approximately 60% of men,5, 19 and those with FXTAS
and the MCP sign are likely to have more severe cognitive deficits and a longer history of
symptoms than those without the MCP sign.5 The MCP sign is seen in only 13% of women
with FXTAS.19 Additional common neuroimaging signs of FXTAS include white matter
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hyperintensities in the pons, insula, splenium of the corpus callosum (CC), and
periventricular region.2, 21, 42, 43 In addition, thinning of the CC,2 cerebellar atrophy,44 and
white matter abnormalities, as assessed by diffusion tensor imaging (DTI), particularly
involving frontocerebellar tracks, can be seen in those with FXTAS and in adult
asymptomatic premutation carriers who do not have FXTAS.45–47 These findings suggest
that the RNA toxicity initiates brain changes well before the onset of FXTAS.

Although neuropathy was recognized early as a common clinical problem in those with
FXTAS,4 it was not included in the initial diagnostic criteria. Subsequently, neuropathy was
established as a common early symptom in carriers who later developed FXTAS,48–50 and
was observed in 81% (18/22) of patients with FXTAS.2

Poston and co-workers51 noted a generalized reflex myoclonus in a 60-year old patient with
FXTAS, and showed that tapping deep tendons in the arms or legs with a reflex hammer
resulted in single jerks of the neck, trunk, abdomen, and arms. This same reflex myoclonus
occurred when stroking the palm or soles with a key.51 In our experience, this finding is
common with advances cases of FXTAS, particularly with frontal release signs such as a
snout reflex.

Parkinsonism is a minor diagnostic criterion of FXTAS4 and has been subsequently
documented in 67% of 22 individuals with FXTAS.2 Single photon emission computerized
tomography (SPECT) studies of the nigrostriatal system, specifically the dopamine
transporter density (DAT), have shown deficits with significantly reduced uptake of [123I]
FP-CIT in the putamen bilaterally in patients with FXTAS.52–54 These findings demonstrate
not only cerebellar problems, but also basal ganglia dysfunction in FXTAS, though
dopaminergic dysfunction is not always present in those with FXTAS.55

Typically, the age of onset of FXTAS is in the early 60s, and presents with onset of
tremor.40 However, DTI findings suggest that there are asymptomatic changes in the brain
associated with the pathologic changes of FXTAS well before the onset of tremor or
ataxia.45–47 Typical early symptoms include neuropathy and erectile dysfunction, or other
autonomic symptoms such as episodes of hypotension; however, occasionally cognitive
decline is the initial symptom.56 Juncos and colleagues57 found that an essential tremor can
last for years or sometimes decades before the onset of ataxia, which then marks a stage of
more rapid decline. Subsequently falls begin 6 years, use of a cane 15 years, and death 21
years after initial symptoms, on average.40 In the Leehey et al. study,40 life span post-
diagnosis of FXTAS ranged from 5 to 25 years.

Recent studies have documented a number of new symptoms associated with FXTAS, as
outlined in table 2. Olfactory dysfunction has not been previously reported, but was found in
80% of patients with definite FXTAS.57 As individuals progress from the possible through
definite stages of FXTAS, these symptoms in table 2 become more common. In late stage
FXTAS, for instance, problems with swallowing, urinary and bladder incontinence, sedation
in the day, and muscle weakness are more common.40, 57, 72, 73

Neuropsychological Deficits
Some FXTAS-associated cognitive problems, including memory and/or executive function
deficits, are often present at the time an individual exhibits tremor and ataxia;5, 74–77

however, many men with FXTAS have a history of attention problems in childhood that
may have led to a diagnosis of ADHD.26, 27, 78 Women with the premutation also have an
increased rate of ADHD prior to the onset of FXTAS.79 Sevin et al.52 surveyed all known
carriers over 50 years of age in France and identified many with cognitive decline without
obvious motor deficits. Grigsby et al.75 also reported executive function deficits in a
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subgroup of older carriers who did not have tremor or ataxia. Hunter et al.80 reported that
the presence of executive function deficits is not a significant finding in carriers who are
under age 50. However, their conclusion stands in contrast to other reports76, 78, 81 where
such deficits were found to be increased in premutation carriers without FXTAS, including
some under age 50. The difference in these findings is related to different measures used to
detect executive function deficits,—the Behavior Dyscontrol Scale is very sensitive to these
deficits in carriers and the Hunter study did not use this measure.74–76 Yang et al.77 showed
that the executive function deficits in FXTAS patients correlated with Event Related
Potential (ERP) changes, particularly in P3 with reduced amplitude and latency on an
auditory “oddball” paradigm. The P3 component of the ERP is known to relate to selective
attention, attention orienting to salient or unexpected events, and to working memory.
Smaller P3 amplitudes correlated with higher CGG repeats and higher FMR1 mRNA levels
in those with FXTAS. The executive function and visual spatial processing deficits
deteriorated over time, leading to a broader cognitive decline, although Brega et al.76, 82

have documented that the executive function deficits mediate the other secondary cognitive
changes in learning, memory, and visual spatial processing.

Neuroimaging studies have corroborated the ERP findings with volumetric studies,
demonstrating significant atrophy in several frontal brain regions, including the dorsomedial
and dorsolateral prefrontal cortex, the orbitofrontal and anterior cingulate cortex, and the
medial parietal (precuneus) and superior parietal cortex.44 Executive function deficits are
also documented in a functional MRI study83 of a verbal working memory task in carriers.
The authors found reduced activation in core working memory areas, right ventral inferior
frontal cortex, and left premotor/dorsal inferior frontal cortex for both premutation carriers
with and without FXTAS, compared to healthy controls.

Seritan et al.84 have shown that 42% with late stage FXTAS develop significant cognitive
decline and meet diagnostic criteria of dementia. Dementia is far less common in women,84

though in a recent neuropathology study of eight women with the premutation, four were
diagnosed with dementia prior to death, and almost all had some neuropathological features
of Alzheimer’s disease at autopsy.85 All eight cases possessed intranuclear inclusions,
although the diagnosis of FXTAS was not recognized before death in approximately half of
the cases.

Pathogenesis of Premutation Disorders and FXTAS
Triggering events

Evidence accumulated to date strongly favors a triggering event involving sequestration of
one or more proteins by the expanded CGG repeat in the FMR1 mRNA 5′UTR (figure 1a)
(recent reviews:86, 87, 88). By analogy with protein sequestration in myotonic dystrophy
(recent reviews:89, 90), the RNA “toxicity” in FXTAS is thought to involve the sequestration
of one or more RNA binding proteins, thus reducing their capacity to carry out their normal
functions. Candidate proteins include hnRNP A2/B1,91, 92 Pur α,93, 94 Sam68,95 and
DGCR8.96, 97 For all of these proteins, there is evidence for in vitro association with CGG-
repeat-containing RNA, as well as in vivo evidence of a functional role in mediating effects
of the CGG-repeat RNA. However, for none of these candidates, except perhaps DGCR8, is
there a compelling functional linkage to FXTAS neurodegeneration, underscoring the need
for continued research. Although there exists strong evidence for the role of Pur α in
mediating neurodegeneration in Drosophila, it has not been detected in the intranuclear
inclusions in murine models (reviewed in:98), and its presence in human inclusions remains
inconclusive.91, 98 In contrast to the situation with Pur α, there is growing evidence for a
role of hnRNP A2/B1 in mediating at least some aspects of neurodegeneration, not only in
Drosophila,92, 99, 100 but also in cultured rat neurons,101 where the RNA binding protein is
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thought to facilitate mRNA dendritic transport. Although a number of candidates as protein
mediators of the CGG-repeat mRNA toxicity exist, more work needs to be done in
mammalian systems to clarify their respective roles, if any, in the pathogenesis of
premutation-associated disorders, including FXTAS. Finally, it should be noted that while
the preponderance of evidence favors the CGG-repeat–mediated, protein-sequestration
model, other models for RNA toxicity have been proposed. These include the possibility that
the CGG-repeat–containing RNA initiates a conformational transition in one or more
proteins that possess prion-like domains,86 analogous to amyloid plaque formation in
Alzheimer’s disease; or that non-ATG (RAN) translation is occurring, yielding altered
polypeptide products that could themselves lead to aggregation and neuronal toxicity.102–104

Such a mechanism has been proposed for expanded hexanucleotide (G4C2)-repeat alleles of
the C90RF72 gene, a genetic cause of frontotemporal dementia and amyotrophic lateral
sclerosis (FTD/ALS). Recently, Todd et al.104 have demonstrated the presence of RAN
translation products from the FMR1 mRNA involving initiation of protein synthesis
upstream of the CGG repeat and a shift in codon frame (CGG-to-GGC). The resulting
peptide includes a polyglycine-containing peptide and additional downstream peptide
sequence. The relative importance of this mechanism to FXTAS neurodegeneration awaits
further study. However, it is interesting to note that a premutation mouse model105 that
presumably does not support RAN translation104 displays significant Purkinje cell dropout,
as is the case with FXTAS in humans.

Features of cellular dysregulation
Although there are myriad possibilities for downstream domains of cellular dysregulation –
processes that actually make the cells sick – suggested by the above-mentioned protein
candidates, two general processes are beginning to emerge as core mediators of cellular
dysregulation and dysfunction; specifically, altered mitochondrial function106–108 and
altered calcium (Ca2+) regulation35 (figure 1b). Evidence for mitochondrial dysfunction
exists for both cultured fibroblasts from adult premutation individuals with and without
FXTAS, and from postmortem brain tissue from FXTAS patients. Several general features
are apparent,106 including lower oxidative phosphorylation capacity, lower mitochondrial
levels, and higher precursor-to-mature ratios of several nuclear-encoded subunits of electron
transport complexes, indicative of a defect in mitochondrial protein import. This
mitochondrial functional deficiency may explain the evidence of increased oxidative stress
in CNS tissue.107 In this regard, Qurashi et al.,109 observed an accumulation of transcripts
from stress response genes in the Drosophila model of the premutation, suggesting a cellular
response to oxidative stress, and/or to mitigate an inflammatory response; such
inflammatory or immune-mediated processes do co-occur in those with FXTAS at a higher
rate than expected in the general population.49, 68, 70, 85, 110, 111

More recently, Kaplan et al.108 demonstrated that hippocampal neurons from premutation
knock-in mice (~170 CGG repeats) have fewer mitochondria, with lower mitochondrial
mobility and higher rates of basal oxygen consumption and proton leak. Importantly, these
hippocampal neurons were obtained from neonatal mice, which do not manifest any overt
features of neurodegeneration. Mitochondrial dysfunction could be a very early feature of
the incipient processes that may eventually lead to FXTAS in adulthood.

Also evident in the neonatal period are abnormalities of neuronal morphology and network
activity (mouse hippocampal neurons), as well as altered Ca2+ regulation.35, 112

Remarkably, the burst-type firing observed with the premutation mouse neurons on multi-
electrode arrays, perhaps related to the heightened seizure activity in childhood for
premutation carriers, is completely reversed with mGluR5 antagonists, or the GABAA
receptor positive modulator, allopregnanolone.35 These observations suggest that there are
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overlapping downstream pathways between premutation and full mutation disorders, even if
the initial triggering events (RNA toxicity; FMRP deficiency) are distinct.

Additional factors leading to neurodegeneration and FXTAS
One of the puzzling aspects of the neurodegenerative process leading to FXTAS is why it
only affects some individuals with a given CGG-repeat size, whereas others appear to be
spared. This issue is of particular importance, since essentially all mice that carry
comparably sized CGG repeats do demonstrate early developmental neuronal cell
dysfunction, and later inclusion formation, but they do not suffer the debilitating
neurodegenerative process experienced by a portion of humans who are premutation
carriers. Part of the answer to this apparent paradox is likely to involve additional genetic
and/or environmental factors, such as smoking,7 environmental toxins,113 toxicity from
general anesthesia,114, and chemotherapy,115 which would be expected to aggravate any
underlying neuropathology; moving an intrinsically sub-clinical neuronal dysfunction to an
overt neurodegenerative process (figure 1c). Clearly, much more work is needed in this area,
since a better understanding of these added stressors may lead to better preventive measures.

Although RNA toxicity appears to be the dominant mechanism for pathogenesis in FXTAS,
several alternative models have been proposed. First, the RNA may trigger a conformational
transition in one or more proteins that harbor prion-like domains, leading in turn to a
propagating protein aggregate along the lines of amyloid plaque formation in Alzheimer’s
disease.86, 116 In this regard, King et al.116 noted that hnRNP A2/B1, which is found in the
intranuclear inclusions of FXTAS,18, 31, 91, 92 ranks among RNA recognition motif proteins
as highly “prionogenic”; it has a high potential to form prion-like protein aggregates. By
analogy with the prionogenic proteins, TBP43 and FUS, which form aggregates in the
degenerating motor neurons in amyotrophic lateral sclerosis (ALS), King et al.116 proposed
that the expanded CGG repeat in the FMR1 mRNA might trigger such an aggregation of
hnRNP A2/B1. However, in contrast to the exclusively intranuclear inclusions of FXTAS,
essentially all of the prionogenic proteins listed by King et al.116 form cytoplasmic
aggregates,(see also:86) which have never been observed in FXTAS patients. Moreover, in a
Drosophila model of FXTAS that displays neuronal degeneration, and nuclear and
cytoplasmic inclusions, overexpression of hnRNP A2/B1 actually suppresses the
neurodegenerative phenotype.92

A second issue related to the pathogenic mechanism in FXTAS is what role, if any, is played
by lowered FMRP levels in the upper premutation range. Low FMRP levels cannot be the
driving factor in premutation-associated disease, since FXTAS and FXPOI are not present in
the fully methylated full-mutation range, where FMRP levels are markedly reduced or
absent. Moreover, Hashem et al.117 demonstrated that CGG expression, as RNA, is
necessary and sufficient to produce the characteristic intranuclear inclusions of FXTAS and
the associated neuronal cell death, under conditions where FMRP levels are unchanged from
normal wild-type levels. Notwithstanding the fact that FMRP levels are unlikely to lead to
the neurodegenerative phenotype, lowered FMRP levels could still contribute to the severity
of premutation-associated disease, particularly in those domains of clinical involvement that
relate to cognitive and/or behavioral dysfunction.

Neuropathology
One of the hallmarks of FXTAS is the presence of intranuclear inclusions in neurons and
astrocytes throughout the CNS of affected individuals.18, 118 The inclusions are tau- and
synuclein-negative, but do contain FMR1 mRNA119 and several additional proteins that,
when sequestered, are expected to exacerbate cellular dysregulation and thus potentiate
FXTAS.97 Although women and men with FXTAS possess similar numbers of neuronal
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inclusions, women appear to have far fewer astrocytic inclusions for reasons that are not
understood at present.85 There is a strong, positive correlation between CGG-repeat number
and inclusion load,31 and an earlier onset of the neurodegenerative disorder.32, 120

Surprisingly, given the presumed CNS basis of the disorder, more recent studies have
revealed the presence of the intranuclear inclusions throughout the PNS, including the
paraspinal ganglia, pericardiac ganglia, and myenteric plexus.121, 122 Intranuclear inclusions
are also observed in the adrenal gland (cortex and medulla), pituitary, islets of Langerhans,
thyroid, heart, and testicular Leydig cells.60, 121, 122 The presence of intranuclear inclusions
throughout the PNS and in multiple non-nervous tissues raises two important points
regarding FXTAS pathogenesis: First, their broad distribution indicates that the
mechanism(s) leading to FXTAS and, presumably, the broader range of premutation
phenotypes, are operating outside of the CNS. For instance, autonomic dysfunction (e.g.,
orthostatic hypotension, impotence), commonly occurring before the onset of tremor or
balance problems, may reflect inclusions in pericardial ganglia and testicular Leydig cells,
respectively.60 Similarly, inclusions in the cardiac tissue and pericardial ganglia likely
reflect a disease process that results in cardiac arrhythmias.122 Moreover, FXPOI could arise
as a direct consequence of dysfunction in critical peripheral tissues (e.g., HPA axis).122

Second, the presence of inclusions indicates that the core elements of cellular dysregulation
are not limited to the CNS, and therefore may be studied in samples and cultured cells from
those tissues (e.g., fibroblasts).123

Neuropathology reports for FXTAS cases have been helpful in gaining an understanding of
the co-occurrence of other disorders, including Lewy body dementia, Alzheimer’s disease,
and multiple sclerosis.18, 85, 111, 124, 125 In particular, the added cell stress associated with a
second CNS disorder would be expected to exacerbate the cellular dysregulation that
potentiates FXTAS, as through commonalities of mitochondrial dysfunction (figure
1b).106–108 Going forward, investigation of common/overlapping neuropathological
mechanisms between FXTAS and other CNS disorders will increase our shared
understanding of the variability of disease expression and progression in both FXTAS and
the other disorders.

Expanded Spectrum of Clinical Involvement Associated with the
Premutation

Our understanding of the core and associated features of FXTAS has expanded to include a
spectrum of neurological, psychological, endocrine, and immune-related characteristics that
occur with increased frequency in FXTAS cases (denoted by an asterisk (*) in table 2); and
other symptoms that are commonly seen in those with FXTAS have not yet been assessed in
comparison to age-matched controls. Moreover, carriers without clinical evidence of
FXTAS may also have some of these features, though less frequently than those with
FXTAS.49 Thus, an emerging view of FXTAS is that it is one end of the spectrum of clinical
involvement that spans the entire age range. The core neurological features originally
described in FXTAS occur in approximately 40% of male carriers,126 and in approximately
16% of female carriers over the age of 50 years,13, 49, 69 although penetrance has been less
well documented in women.72, 126–128 In both men and women, penetrance increases with
age. Women with FXTAS have less white matter disease and brain atrophy on MRI, and less
dementia in late-stage FXTAS than men.19, 84 One important caveat to the above
percentages is that they were generally ascertained through families with known FXS
probands, which biases the allele size-distribution toward larger expansions, and hence
greater propensity for clinical involvement of premutation carriers.129

Precisely who will develop FXTAS and/or other forms of premutation clinical involvement
is likely related to background genetic predisposition and/or negative environmental factors
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(figure 1c) such as environmental toxins, chemotherapy, drug and alcohol abuse, and
surgery.113, 115 Chemotherapy can exacerbate white matter disease and FXTAS
symptoms,115 and women who smoke develop FXPOI earlier than non-smokers,7 likely due
to additional oxidative stress. Based on our observations, there appears to be a more rapid
deterioration of FXTAS symptoms in those addicted to alcohol or narcotics, in some
instances due to addiction to opiates that were originally used to control neuropathic pain or
fibromyalgia; narcotics have been shown to exacerbate white matter disease.130–132 Even
pain control with marijuana can exacerbate white matter disease.133 The onset of FXTAS
often occurs after a prolonged general surgery in aging premutation carriers in our
experience. Some types of general inhalant anesthesia are intrinsically toxic to neurons,114

and may therefore exacerbate the underlying neuronal pathology associated with FXTAS.

Immune-mediated disorders are more common in premutation carriers than controls,
particularly hypothyroidism and fibromyalgia.49, 68, 69, 71 In a study of 55 women carriers
with FXTAS, 72·3% had at least one immune mediated disorder compared to 46·5% of
women carriers without FXTAS and 31·5% of age-matched controls.68 The estimated odds
ratio (OR) for immune mediated disorders was 2·6 (95% CI 1·2–5·6, P=0·015) for women
with FXTAS relative to premutation carriers without FXTAS; the OR of an immune
mediated disorder in carriers with or without FXTAS was also significantly higher than for
controls (OR 2·1, 95% CI 1·1–4·2, P=0·034; OR 5·5, 95% CI 2·4–12·5, P<0·001,
respectively). Often features of an immune mediated disorder are present before the
development of FXTAS, although it is unclear how the preceding immune mediated disorder
may influence the subsequent development of FXTAS. Untreated hypothyroidism can
certainly exacerbate cognitive deficits; therefore, routine screening for hypothyroidism is
recommended by the primary health care provider in aging women with the premutation
with or without neurological symptoms.49 Autonomic dysfunction as an associated feature
of FXTAS is now more readily interpretable as a consequence of involvement of the PNS,
following the observation of inclusions within PNS neurons.121, 122 The need for a
pacemaker is not uncommon among those with FXTAS, due in part to the associated
bradycardia, itself a consequence of involvement of pericardial ganglia and/or cardiac
conduction system. However, pacemakers can interfere with confirmation of FXTAS, since
their presence is a contraindication for MRI, which provides a major diagnostic criterion for
FXTAS (table 1).3 Moreover, gastrointestinal symptoms (e.g., constipation) may be related
to peripheral disease within the myenteric plexus.

Hypertension, initially reported in 60% of women with FXTAS,49 has subsequently been
found to be significantly increased in men with FXTAS (OR=3·22; P=0·0003) relative to
controls.61 Although there was a trend toward hypertension in male carriers without
FXTAS, the observation has not reached significance. The Framingham Heart Study
recently reported associated white matter findings related to hypertension.134 This study
found that an increased systolic blood pressure was linearly associated with decreased
regional fractional anisotropy and increased mean diffusivity, especially in the anterior CC,
the inferior fronto-occipital fasciculi, and the fibers projecting from the thalamus to the
superior frontal gyrus. Hypertension was also strongly associated with reduced gray matter
volumes. Therefore, to avoid an exacerbation of white matter disease in individuals with the
premutation, hypertension should be aggressively diagnosed, treated, and monitored.

FXTAS-associated psychiatric problems often begin before the emergence of tremor and
ataxia in those who develop FXTAS.10, 11, 14, 66 The increased lifetime prevalence of mood
disorders (65%) and of anxiety disorders (52%) is increased in those with FXTAS.11, 66
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Treatment of FXTAS
Currently, targeted treatments for FXTAS that can reverse the features of this disorder have
not been found. However, there are several symptom-directed treatments that can be helpful
for those with FXTAS58, 72, 135 and for family members who are impacted by the level of
care needed for these patients.136 The irritability and outburst behavior that is common in
FXTAS takes a significant toll on the care providers, who are usually spouses.136 Family
caregivers often become depressed and need treatment and counseling.136, 137 Treatment of
depression is of particular importance, since it is common in FXTAS and untreated
depression in elderly can lead to further cognitive decline.58, 72, 138

There are several anecdotal reports of partial responses for the symptomatic treatment of
intention tremor in FXTAS, including the use of beta-blockers, primidone, or
topiramate.2, 58, 72 Deep brain stimulation also was reported to be beneficial for severe
intention tremor of FXTAS in two reports,139, 140 but this method also exacerbated ataxia in
two of three cases in the latter report. Botulinum toxin A injections have also been reported
to be helpful for the treatment of tremor in FXTAS.72 Current treatments for ataxia are not
generally effective, though case reports have reported some benefit from riluzole,
varenicline, amantadine, or buspirone.72, 141 Physical therapy may also be indicated to
improve strength and stability in those with ataxia, although a controlled study has not been
performed.58 Interventions for cognitive decline in FXTAS have included memantine142 and
anticholinesterase inhibitors,72 with case reports describing positive results. Venlafaxine has
been reported to help with attention and executive function deficits, and improved
depression in a several cases, but a controlled trial has not been carried out.72, 142

Treatment for the underlying RNA toxicity of FXTAS will require further study. The
observation that allopregnanolone normalizes network activity in neurons cultured from
premutation mice,35 coupled with the observed GABAA deficit in FXTAS patients,36

suggests that a GABAA agonist will be beneficial to those with FXTAS. Moreover, at the
cellular level, an mGluR5 antagonist similarly improved neuronal network activity,35

pointing to an excitatory/inhibitory imbalance that is reminiscent of FXS. Currently, both
GABA agonists and mGluR antagonists are being studied in individuals with FXS.143, 144

Given the significant oxidative stress in cells harboring premutation alleles,35, 106, 107, 112 it
follows that antioxidants should be of some benefit as an adjunct to the treatment of
FXTAS; however, no controlled trials have been completed for antioxidants or other specific
treatment/intervention for FXTAS or, more broadly, for any form of premutation
involvement. Clearly, there is an acute need for additional treatment studies. One potential
approach for direct targeting of the underlying pathogenic mechanisms giving rise to
FXTAS would be to use synthetic oligonucleotides to degrade the expanded CGG-repeat
mRNA, thus eliminating the RNA “trigger”. Since the site of action of the CGG-repeat–
containing mRNA is likely to be intranuclear, oligonucleotides that operate within the
nucleus would be required. One encouraging example of this approach has involved the use
of a synthetic “gapmer” oligonucleotide for targeted knockdown, both in culture and in an in
vivo mouse model involving direct intramuscular delivery, of the CAG-repeat DMPK RNA
associated with DM1.145 Although this type of approach holds great potential for the
treatment of FXTAS, substantial barriers remain. In particular, since FXTAS is principally a
CNS disorder, delivery of the oligonucleotides across the blood-brain-barrier would be
required.

Reconceptualizing and Redefining FXTAS
Since the initial definition of FXTAS focused on the core features of progressive tremor and
ataxia, and associated cognitive decline, premutation-associated features that are not
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manifestly progressive (e.g., emotional, behavioral disturbances) should not be considered
part of the FXTAS diagnosis, even though they may involve the same underlying pathogenic
mechanism(s) as the neurodegenerative phenotype. Furthermore, symptoms of intermittent
numbness and tingling, immune mediated disorders, or FXPOI, which are very common in
carriers with and without FXTAS,49 cannot currently be said to presage FXTAS.

Given the nearly universal presence of neuronal dysfunction in the neonatal premutation
mice, we propose that there is a state of cellular dysfunction (e.g., altered mitochondrial
function; disturbed calcium regulation) among carriers that potentiates the adult-onset
clinical involvement and eventual neurodegeneration, but which may not be sufficient for an
overt phenotype in the absence of one or more additional genetic and/or environmental
factors (figure 1c). Thus, symptoms of FXTAS may be precipitated by trauma, severe illness
(cancer and chemotherapy;115), prolonged surgery with general anesthesia or exposure to
toxins,113 genetic predisposition for mitochondrial dysfunction,106, 107 or the coexistence of
another disease such as multiple sclerosis49, 110, 111 or Alzheimer’s disease.85 In this regard,
Cornish et al.146 have identified a set of neuropsychological deficits, including executive
function deficits and increasing impulsivity, in older carriers that may portend FXTAS.
Moreover, Yang et al.77 have reported a subgroup of individuals with the premutation with
increasing dysfunction in DTI studies involving fronto-cerebellar circuits, which may also
point to those with the highest risk for FXTAS. However, for both of these investigations,
longitudinal studies are still needed to assess these approaches for their ability to predict
who will develop FXTAS – a critical undertaking for enabling early treatment for those who
will eventually develop the neurodegenerative disorder.

Finally, although FXTAS has been framed exclusively as a premutation-associated disorder,
the neurodegenerative features of FXTAS have been observed in a small number of
individuals with an unmethylated full-mutation allele,147 presumably a consequence of
continued production of elevated levels of FMR1 mRNA,148 and in some with a gray zone
allele (45 to 54 CGG repeats).73, 149 In addition, small intranuclear inclusions associated
with FXTAS have been reported in three males with full mutation alleles.59 Loesch et al.147

describe a 65-year-old man with a full mutation (247–480 repeats) that was completely
unmethylated, with a 3·5-fold elevation of FMR1 mRNA. This individual was a truck driver
with a borderline IQ who developed alcoholism at age 54, followed by memory deficits,
type II diabetes, stomach cancer surgery, worsening of tremor and ataxia, and eventually
dementia. His MRI was classic for FXTAS, including the MCP sign, and white matter
involvement of the pons, CC, and periventricular area.

Clearly, the current diagnostic criteria for FXTAS need to be updated, and should include
the possibility that individuals with CGG-repeat expansions that lie outside of the
premutation range can develop this disorder. The broader issue of how to define included/
excluded clinical features will also need to be revisited. In 2013, revisions to the diagnostic
criteria (table 3) will be reviewed by an international group of experts to develop a global
consensus for the revised criteria.

Conclusions and Future Research Directions
FXTAS represents the severe end of premutation-associated disorders, which include
FXPOI, developmental delays, autism spectrum disorder, ADHD, anxiety, depression, and a
variety of medical/neurological problems, such as migraines, fibromyalgia, neuropathy,
sleep apnea, hypertension, and hypothyroidism. These problems are related to RNA toxicity
caused by elevated levels of FMR1-RNA in premutation carriers. Future research directions
should focus on variable penetrance of clinical involvement, and the environmental and
genetic factors that can precipitate or prevent clinical involvement. Except for a current
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controlled trial of memantine, FXTAS-directed treatment approaches have not been
investigated. Future directions of treatment should be driven by molecular advances
regarding the triggering mechanism of FXTAS, and by targeted treatments that have the
potential to halt or reverse the neurodegeneration of FXTAS. Prophylactic interventions that
protect the brain from white matter changes and from oxidative stress should be studied.
Because the premutation is common in the general population and most carriers will be
affected with at least one premutation-associated disorder, we recommend that clinicians test
for the premutation—by ordering fragile X DNA testing—when one of the premutation
disorders is present, particularly when symptoms of tremor, ataxia, or primary ovarian
insufficiency are observed. Genetic counseling for the family is recommended if a carrier is
identified.136

Acknowledgments
This work was supported by National Institutes of Health grants R01HD036071, R01AG032115, UL1DE019583,
R01AG03119, and a National Center for Research Resources grant UL1RR024116. We thank Elisabeth Makhoul
and Michele Ono for editorial assistance in manuscript preparation. We also thank the many patients with FXTAS
and other types of premutation involvement who have taught us what we know. We are very grateful for the private
donations from families who support our research.

Conflicts of Interest: Dr. R Hagerman has received funding from Novartis, Roche, Seaside Therapeutics,
Curemark, and Forest to carry out treatment studies in fragile X syndrome or autism. Dr. R Hagerman has also
consulted with Novartis regarding treatment studies in fragile X syndrome. Dr. P Hagerman is an uncompensated
collaborator with Pacific Biosciences regarding new FMR1 sequencing strategies; he holds patents for FMR1
genotyping and protein tests.

References
1. Tassone F, Hagerman RJ, Taylor AK, Gane LW, Godfrey TE, Hagerman PJ. Elevated levels of

FMR1 mRNA in carrier males: a new mechanism of involvement in the fragile-X syndrome. Am J
Hum Genet. 2000; 66(1):6–15. [PubMed: 10631132]

2. Apartis E, Blancher A, Meissner WG, et al. FXTAS: new insights and the need for revised
diagnostic criteria. Neurology. 2012; 79(18):1898–1907. [PubMed: 23077007]

3. Hagerman RJ, Leehey M, Heinrichs W, et al. Intention tremor, parkinsonism, and generalized brain
atrophy in male carriers of fragile X. Neurology. 2001; 57(1):127–130. [PubMed: 11445641]

4. Jacquemont S, Hagerman RJ, Leehey M, et al. Fragile X premutation tremor/ataxia syndrome:
molecular, clinical, and neuroimaging correlates. Am J Hum Genet. 2003; 72(4):869–878.
[PubMed: 12638084]

5. Juncos JL, Lazarus JT, Graves-Allen E, et al. New clinical findings in the fragile X-associated
tremor ataxia syndrome (FXTAS). Neurogenetics. 2011; 12(2):123–135. [PubMed: 21279400]

6. Cronister A, Schreiner R, Wittenberger M, Amiri K, Harris K, Hagerman RJ. Heterozygous fragile
X female: historical, physical, cognitive, and cytogenetic features. Am J Med Genet. 1991; 38(2–3):
269–274. [PubMed: 2018071]

7. Sullivan SD, Welt C, Sherman S. FMR1 and the continuum of primary ovarian insufficiency. Semin
Reprod Med. 2011; 29(4):299–307. [PubMed: 21969264]

8. Franke P, Maier W, Hautzinger M, et al. Fragile-X carrier females: evidence for a distinct
psychopathological phenotype? Am J Med Genet. 1996; 64(2):334–339. [PubMed: 8844076]

9. Derogatis, LR. Symptom Checklist-90-R (SCL-90-R): Administration, Scoring, and Procedures
Manual. Minneapolis: National Computer Systems; 1994.

10. Roberts JE, Bailey DB Jr, Mankowski J, et al. Mood and anxiety disorders in females with the
FMR1 premutation. Am J Med Genet B Neuropsychiatr Genet. 2009; 150B(1):130–139. [PubMed:
18553360]

11. Bourgeois JA, Seritan AL, Casillas EM, et al. Lifetime prevalence of mood and anxiety disorders
in fragile X premutation carriers. J Clin Psychiatry. 2011; 72(2):175–182. [PubMed: 20816038]

Hagerman and Hagerman Page 12

Lancet Neurol. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



12. Hessl D, Wang JM, Schneider A, et al. Decreased fragile X mental retardation protein expression
underlies amygdala dysfunction in carriers of the fragile X premutation. Biol Psychiatry. 2011;
70(9):859–865. [PubMed: 21783174]

13. Rodriguez-Revenga L, Madrigal I, Alegret M, Santos M, Mila M. Evidence of depressive
symptoms in fragile-X syndrome premutated females. Psychiatr Genet. 2008; 18(4):153–155.
[PubMed: 18628675]

14. Seritan A, Bourgeois J, Schneider A, Mu Y, Hagerman R, Nguyen DV. Ages of Onset of Mood
and Anxiety Disorders in Fragile X Premutation Carriers. Curr Psychiat Rev. 2013; 9(1):65–71.

15. Seltzer MM, Barker ET, Greenberg JS, Hong J, Coe C, Almeida D. Differential sensitivity to life
stress in FMR1 premutation carrier mothers of children with fragile X syndrome. Health Psychol.
2012; 31(5):612–622. [PubMed: 22149120]

16. Bailey DB Jr, Raspa M, Bishop E, et al. Health and economic consequences of fragile X syndrome
for caregivers. J Dev Behav Pediatr. 2012; 33(9):705–712. [PubMed: 23117595]

17. Hunter JE, Leslie M, Novak G, et al. Depression and anxiety symptoms among women who carry
the FMR1 premutation: impact of raising a child with fragile X syndrome is moderated by CRHR1
polymorphisms. Am J Med Genet B Neuropsychiatr Genet. 2012; 159B(5):549–559. [PubMed:
22573456]

18. Brunberg JA, Jacquemont S, Hagerman RJ, et al. Fragile X premutation carriers: Characteristic
MR imaging findings in adult males with progressive cerebellar and cognitive dysfunction. Am J
Neuroradiol. 2002; 23(10):1757–1766. [PubMed: 12427636]

19. Adams JS, Adams PE, Nguyen D, et al. Volumetric brain changes in females with fragile X-
associated tremor/ataxia syndrome (FXTAS). Neurology. 2007; 69(9):851–859. [PubMed:
17724287]

20. Adams PE, Adams JS, Nguyen DV, et al. Psychological symptoms correlate with reduced
hippocampal volume in fragile X premutation carriers. Am J Med Genet B Neuropsychiatr Genet.
2010; 153B(3):775–785. [PubMed: 19908235]

21. Loesch DZ, Kotschet K, Trost N, et al. White matter changes in basis pontis in small expansion
FMR1 allele carriers with parkinsonism. Am J Med Genet B Neuropsychiatr Genet. 2011;
156B(4):502–506. [PubMed: 21445959]

22. Toledano-Alhadef H, Basel-Vanagaite L, Magal N, et al. Fragile-X Carrier Screening and the
Prevalence of Premutation and Full-Mutation Carriers in Israel. Am J Hum Genet. 2001; 69:351–
360. [PubMed: 11443541]

23. Fernandez-Carvajal I, Walichiewicz P, Xiaosen X, Pan R, Hagerman PJ, Tassone F. Screening for
expanded alleles of the FMR1 gene in blood spots from newborn males in a Spanish population. J
Mol Diagn. 2009; 11(4):324–329. [PubMed: 19460941]

24. Seltzer MM, Baker MW, Hong J, Maenner M, Greenberg J, Mandel D. Prevalence of CGG
expansions of the FMR1 gene in a US population-based sample. Am J Med Genet B
Neuropsychiatr Genet. 2012; 159B(5):589–597. [PubMed: 22619118]

25. Tassone F, Long KP, Tong TH, et al. FMR1 CGG allele size and prevalence ascertained through
newborn screening in the United States. Genome Med. 2012; 4(12):100. [PubMed: 23259642]

26. Farzin F, Perry H, Hessl D, et al. Autism spectrum disorders and attention-deficit/hyperactivity
disorder in boys with the fragile X premutation. J Dev Behav Pediatr. 2006; 27(2 Suppl):S137–
S144. [PubMed: 16685180]

27. Chonchaiya W, Au J, Schneider A, et al. Increased prevalence of seizures in boys who were
probands with the FMR1 premutation and co-morbid autism spectrum disorder. Hum Genet. 2012;
131(4):581–589. [PubMed: 22001913]

28. Tassone F, Hagerman RJ, Taylor AK, et al. Clinical involvement and protein expression in
individuals with the FMR1 premutation. Am J Med Genet. 2000; 91(2):144–152. [PubMed:
10748416]

29. Aziz M, Stathopulu E, Callias M, et al. Clinical features of boys with fragile X premutations and
intermediate alleles. Am J Med Genet B Neuropsychiatr Genet. 2003; 121(1):119–127. [PubMed:
12898586]

Hagerman and Hagerman Page 13

Lancet Neurol. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



30. Clifford S, Dissanayake C, Bui QM, Huggins R, Taylor AK, Loesch DZ. Autism spectrum
phenotype in males and females with fragile X full mutation and premutation. J Autism Dev
Disord. 2007; 37(4):738–747. [PubMed: 17031449]

31. Greco CM, Berman RF, Martin RM, et al. Neuropathology of fragile X-associated tremor/ataxia
syndrome (FXTAS). Brain. 2006; 129(Pt 1):243–255. [PubMed: 16332642]

32. Tassone F, Adams J, Berry-Kravis EM, et al. CGG repeat length correlates with age of onset of
motor signs of the fragile X-associated tremor/ataxia syndrome (FXTAS). Am J Med Genet B
Neuropsychiatr Genet. 2007; 144B(4):566–569. [PubMed: 17427188]

33. Levenga J, de Vrij FM, Oostra BA, Willemsen R. Potential therapeutic interventions for fragile X
syndrome. Trends Mol Med. 2010; 16(11):516–527. [PubMed: 20864408]

34. D'Hulst C, Kooy RF. The GABAA receptor: a novel target for treatment of fragile X? Trends
Neurosci. 2007; 30(8):425–431. [PubMed: 17590448]

35. Cao Z, Hulsizer S, Tassone F, et al. Clustered burst firing in FMR1 premutation hippocampal
neurons: amelioration with allopregnanolone. Hum Mol Genet. 2012; 21(13):2923–2935.
[PubMed: 22466801]

36. Conde V, Palomar FJ, Lama MJ, et al. Abnormal GABA-mediated and cerebellar inhibition in
women with the fragile X premutation. J Neurophysiol. 2013; 109(5):1315–1322. [PubMed:
23236003]

37. Bailey DB Jr, Raspa M, Olmsted M, Holiday DB. Co-occurring conditions associated with FMR1
gene variations: findings from a national parent survey. Am J Med Genet A. 2008; 146A(16):
2060–2069. [PubMed: 18570292]

38. Hagerman PJ, Stafstrom CE. Origins of epilepsy in fragile X syndrome. Epilepsy Curr. 2009; 9(4):
108–112. [PubMed: 19693328]

39. van Eeghen AM, Pulsifer MB, Merker VL, et al. Understanding relationships between autism,
intelligence, and epilepsy: a cross-disorder approach. Dev Med Child Neurol. 2013; 55(2):146–
153. [PubMed: 23205844]

40. Leehey MA, Berry-Kravis E, Min SJ, et al. Progression of tremor and ataxia in male carriers of the
FMR1 premutation. Mov Disord. 2007; 22(2):203–206. [PubMed: 17133502]

41. Hagerman PJ, Hagerman RJ. Fragile X-associated tremor/ataxia syndrome (FXTAS). Ment Retard
Dev Disabil Res Rev. 2004; 10(1):25–30. [PubMed: 14994285]

42. Adams, PE. The Insula Sign in Male Fragile X Premutation Carriers, Both With and Without
FXTAS. 13th International Fragile X Conference; 2012 Jul 25–29; Miami, FL. 2012.

43. Moris G, Arias M, Lopez MV, Alvarez V. Hyperintensity in the basis pontis: atypical
neuroradiological findings in a woman with FXTAS. Mov Disord. 2010; 25(5):649–650.
[PubMed: 20201003]

44. Hashimoto R, Javan AK, Tassone F, Hagerman RJ, Rivera SM. A voxel-based morphometry study
of grey matter loss in fragile X-associated tremor/ataxia syndrome. Brain. 2011; 134(Pt 3):863–
878. [PubMed: 21354978]

45. Hashimoto R, Srivastava S, Tassone F, Hagerman RJ, Rivera SM. Diffusion tensor imaging in
male premutation carriers of the fragile X mental retardation gene. Mov Disord. 2011; 26(7):
1329–1336. [PubMed: 21484870]

46. Wang JY, Hessl DH, Hagerman RJ, Tassone F, Rivera SM. Age-dependent structural connectivity
effects in fragile x premutation. Arch Neurol. 2012; 69(4):482–489. [PubMed: 22491193]

47. Battistella G, Niederhauser J, Fornari E, et al. Brain structure in asymptomatic FMR1 premutation
carriers at risk for fragile X-associated tremor/ataxia syndrome. Neurobiol Aging. 2013; 34(6):
1700–1707. [PubMed: 23298734]

48. Hagerman RJ, Coffey SM, Maselli R, et al. Neuropathy as a presenting feature in fragile X-
associated tremor/ataxia syndrome. Am J Med Genet A. 2007; 143(19):2256–2260. [PubMed:
17726686]

49. Coffey SM, Cook K, Tartaglia N, et al. Expanded clinical phenotype of women with the FMR1
premutation. Am J Med Genet A. 2008; 146A(8):1009–1016. [PubMed: 18348275]

50. Berry-Kravis E, Goetz CG, Leehey MA, et al. Neuropathic features in fragile X premutation
carriers. Am J Med Genet A. 2007; 143(1):19–26. [PubMed: 17152065]

Hagerman and Hagerman Page 14

Lancet Neurol. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



51. Poston KL, McGovern RA, Goldman JS, Caccappolo E, Mazzoni P. Fragile X-associated tremor/
ataxia syndrome (FXTAS) with myoclonus. Mov Disord. 2010; 25(4):514–516. [PubMed:
20063436]

52. Healy DG, Bressman S, Dickson J, et al. Evidence for pre and postsynaptic nigrostriatal
dysfunction in the fragile X tremor-ataxia syndrome. Mov Disord. 2009; 24(8):1245–1247.
[PubMed: 19260103]

53. Scaglione C, Ginestroni A, Vella A, et al. MRI and SPECT of midbrain and striatal degeneration in
fragile X-associated tremor/ataxia syndrome. J Neurol. 2008; 255(1):144–146. [PubMed:
18080849]

54. Madeo G, Alemseged F, Di Pietro B, Schillaci O, Pisani A. Early abnormalities in 123I-ioflupane
(DaTSCAN) imaging in the fragile X-associated tremor ataxia syndrome (FXTAS): a case report.
Neurol Sci. 2012:1–3.

55. Hall DA, Howard K, Hagerman R, Leehey MA. Parkinsonism in FMR1 premutation carriers may
be indistinguishable from Parkinson disease. Parkinsonism Relat Disord. 2009; 15(2):156–159.
[PubMed: 18565783]

56. Sevin M, Kutalik Z, Bergman S, et al. Penetrance of marked cognitive impairment in older male
carriers of the FMR1 gene premutation. J Med Genet. 2009; 46(12):818–824. [PubMed:
19542082]

57. Juncos JL, Lazarus JT, Rohr J, et al. Olfactory dysfunction in fragile X tremor ataxia syndrome.
Mov Disord. 2012; 27(12):1556–1559. [PubMed: 23079771]

58. Hagerman RJ, Hall DA, Coffey S, et al. Treatment of fragile X-associated tremor ataxia syndrome
(FXTAS) and related neurological problems. Clin Interv Aging. 2008; 3(2):251–262. [PubMed:
18686748]

59. Hunsaker MR, Greco CM, Tassone F, et al. Rare intranuclear inclusions in the brains of 3 older
adult males with fragile X syndrome: implications for the spectrum of fragile X-associated
disorders. J Neuropathol Exp Neurol. 2011; 70(6):462–469. [PubMed: 21572337]

60. Greco CM, Soontarapornchai K, Wirojanan J, Gould JE, Hagerman PJ, Hagerman RJ. Testicular
and pituitary inclusion formation in fragile X associated tremor/ataxia syndrome. J Urol. 2007;
177(4):1434–1437. [PubMed: 17382748]

61. Hamlin AA, Sukharev D, Campos L, et al. Hypertension in FMR1 premutation males with and
without fragile X-associated tremor/ataxia syndrome (FXTAS). Am J Med Genet A. 2012;
158A(6):1304–1309. [PubMed: 22528549]

62. Leehey, M.; Berry-Kravis, E.; Goetz, C.; Hagerman, R. Clinical Neurological Phenotype of
FXTAS. In: Tassone, F.; Berry-Kravis, E., editors. The Fragile-X Tremor Ataxia Syndrome
(FXTAS). New York: Springer; 2011. p. 1-16.

63. Soontarapornchai K, Maselli R, Fenton-Farrell G, et al. Abnormal nerve conduction features in
fragile X premutation carriers. Arch Neurol. 2008; 65(4):495–498. [PubMed: 18413472]

64. Chonchaiya W, Tassone F, Ashwood P, et al. Autoimmune disease in mothers with the FMR1
premutation is associated with seizures in their children with fragile X syndrome. Hum Genet.
2010; 128(5):539–548. [PubMed: 20809278]

65. Hamlin A, Liu Y, Nguyen DV, Tassone F, Zhang L, Hagerman RJ. Sleep apnea in fragile X
premutation carriers with and without FXTAS. Am J Med Genet B Neuropsychiatr Genet. 2011;
156B(8):923–928. [PubMed: 21932336]

66. Seritan A, Ortigas M, Seritan S, Bourgeois J, Hagerman R. Psychiatric disorders associated with
FXTAS. Curr Psychiat Rev. 2013; 9(1):59–64.

67. Bacalman S, Farzin F, Bourgeois JA, et al. Psychiatric Phenotype of the Fragile X-Associated
Tremor/Ataxia Syndrome (FXTAS) in Males: Newly Described Fronto-Subcortical Dementia. J
Clin Psychiatry. 2006; 67(1):87–94. [PubMed: 16426093]

68. Winarni TI, Chonchaiya W, Sumekar TA, et al. Immune-mediated disorders among women
carriers of fragile X premutation alleles. Am J Med Genet A. 2012; 158A(10):2473–2481.
[PubMed: 22903889]

69. Rodriguez-Revenga L, Madrigal I, Pagonabarraga J, et al. Penetrance of FMR1 premutation
associated pathologies in fragile X syndrome families. Eur J Hum Genet. 2009; 17(10):1359–
1362. [PubMed: 19367323]

Hagerman and Hagerman Page 15

Lancet Neurol. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



70. Leehey MA, Legg W, Tassone F, Hagerman R. Fibromyalgia in fragile X mental retardation 1
gene premutation carriers. Rheumatology. 2011; 50(12)

71. Behm FG, Gavin IM, Karpenko O, et al. Unique immunologic patterns in fibromyalgia. BMC Clin
Pathol. 2012; 12(1):25. [PubMed: 23245186]

72. Berry-Kravis, E.; Hall, D.; Leehey, M.; Hagerman, R. Treatment and Management of FXTAS. In:
Tassone, F.; Berry-Kravis, E., editors. The Fragile X-Associated Tremor Ataxia Syndrome
(FXTAS). New York: Springer; 2011. p. 137-154.

73. Hall D, Tassone F, Klepitskaya O, Leehey M. Fragile X-associated tremor ataxia syndrome in
FMR1 gray zone allele carriers. Mov Disord. 2012; 27(2):296–300. [PubMed: 22161987]

74. Grigsby J, Brega AG, Jacquemont S, et al. Impairment in the cognitive functioning of men with
fragile X-associated tremor/ataxia syndrome (FXTAS). J Neurol Sci. 2006; 248(1–2):227–233.
[PubMed: 16780889]

75. Grigsby J, Brega AG, Leehey MA, et al. Impairment of executive cognitive functioning in males
with fragile X-associated tremor/ataxia syndrome. Mov Disord. 2007; 22(5):645–650. [PubMed:
17266074]

76. Grigsby J, Brega AG, Engle K, et al. Cognitive profile of fragile X premutation carriers with and
without fragile X-associated tremor/ataxia syndrome. Neuropsychology. 2008; 22(1):48–60.
[PubMed: 18211155]

77. Yang JC, Chan SH, Khan S, et al. Neural Substrates of Executive Dysfunction in Fragile
XAssociated Tremor/Ataxia Syndrome (FXTAS): a Brain Potential Study. Cereb Cortex. 2012
[Epub ahead of print].

78. Cornish KM, Kogan CS, Li L, Turk J, Jacquemont S, Hagerman RJ. Lifespan changes in working
memory in fragile X premutation males. Brain Cogn. 2009; 69(3):551–558. [PubMed: 19114290]

79. Hunter JE, Epstein MP, Tinker SW, Abramowitz A, Sherman SL. The FMR1 premutation and
attention-deficit hyperactivity disorder (ADHD): evidence for a complex inheritance. Behav
Genet. 2012; 42(3):415–422. [PubMed: 22101959]

80. Hunter JE, Allen EG, Abramowitz A, et al. No evidence for a difference in neuropsychological
profile among carriers and noncarriers of the FMR1 premutation in adults under the age of 50. Am
J Hum Genet. 2008; 83(6):692–702. [PubMed: 19026394]

81. Moore CJ, Daly EM, Schmitz N, et al. A neuropsychological investigation of male premutation
carriers of fragile X syndrome. Neuropsychologia. 2004; 42(14):1934–1947. [PubMed: 15381024]

82. Brega AG, Reynolds A, Bennett RE, et al. Functional status of men with the fragile X premutation,
with and without the tremor/ataxia syndrome (FXTAS). Int J Geriatr Psychiatry. 2009; 24(10):
1101–1109. [PubMed: 19404994]

83. Hashimoto R, Backer KC, Tassone F, Hagerman RJ, Rivera SM. An fMRI study of the prefrontal
activity during the performance of a working memory task in premutation carriers of the fragile X
mental retardation 1 gene with and without fragile X-associated tremor/ataxia syndrome (FXTAS).
J Psychiatr Res. 2011; 45(1):36–43. [PubMed: 20537351]

84. Seritan AL, Nguyen DV, Farias ST, et al. Dementia in fragile X-associated tremor/ataxia syndrome
(FXTAS): comparison with Alzheimer's disease. Am J Med Genet B Neuropsychiatr Genet. 2008;
147B(7):1138–1144. [PubMed: 18384046]

85. Tassone F, Greco CM, Hunsaker MR, et al. Neuropathological, clinical and molecular pathology in
female fragile X premutation carriers with and without FXTAS. Genes Brain Behav. 2012; 11(5):
577–585. [PubMed: 22463693]

86. Renoux AJ, Todd PK. Neurodegeneration the RNA way. Prog Neurobiol. 2012; 97(2):173–189.
[PubMed: 22079416]

87. Li Y, Jin P. RNA-mediated neurodegeneration in fragile X-associated tremor/ataxia syndrome.
Brain Res. 2012; 1462:112–117. [PubMed: 22459047]

88. Hagerman PJ. Current Gaps in Understanding the Molecular Basis of FXTAS. Tremor Other
Hyperkinet Mov (N Y). 2012; 2

89. Echeverria GV, Cooper TA. RNA-binding proteins in microsatellite expansion disorders:
mediators of RNA toxicity. Brain Res. 2012; 1462:100–111. [PubMed: 22405728]

90. Udd B, Krahe R. The myotonic dystrophies: molecular, clinical, and therapeutic challenges. Lancet
Neurol. 2012; 11(10):891–905. [PubMed: 22995693]

Hagerman and Hagerman Page 16

Lancet Neurol. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



91. Iwahashi CK, Yasui DH, An HJ, et al. Protein composition of the intranuclear inclusions of
FXTAS. Brain. 2006; 129(Pt 1):256–271. [PubMed: 16246864]

92. Sofola OA, Jin P, Qin Y, et al. RNA-binding proteins hnRNP A2/B1 and CUGBP1 suppress
fragile X CGG premutation repeat-induced neurodegeneration in a Drosophila model of FXTAS.
Neuron. 2007; 55(4):565–571. [PubMed: 17698010]

93. Jin P, Duan R, Qurashi A, et al. Pur alpha binds to rCGG repeats and modulates repeat-mediated
neurodegeneration in a Drosophila model of fragile X tremor/ataxia syndrome. Neuron. 2007;
55(4):556–564. [PubMed: 17698009]

94. Aumiller V, Graebsch A, Kremmer E, Niessing D, Forstemann K. Drosophila Pur-alpha binds to
trinucleotide-repeat containing cellular RNAs and translocates to the early oocyte. RNA Biol.
2012; 9(5):633–643. [PubMed: 22614836]

95. Sellier C, Rau F, Liu Y, et al. Sam68 sequestration and partial loss of function are associated with
splicing alterations in FXTAS patients. Embo J. 2010; 29(7):1248–1261. [PubMed: 20186122]

96. Disney MD, Liu B, Yang WY, et al. A Small Molecule That Targets r(CGG)(exp) and Improves
Defects in Fragile X-Associated Tremor Ataxia Syndrome. ACS Chem Biol. 2012; 7(10):1711–
1718. [PubMed: 22948243]

97. Sellier C, Freyermuth F, Tabet R, et al. Sequestration of DROSHA and DGCR8 by Expanded
CGG RNA Repeats Alters MicroRNA Processing in Fragile X-Associated Tremor/Ataxia
Syndrome. Cell Rep. 2013; 3(3):869–880. [PubMed: 23478018]

98. Galloway JN, Nelson DL. Evidence for RNA-mediated toxicity in the fragile X-associated tremor/
ataxia syndrome. Future Neurol. 2009; 4(6):785. [PubMed: 20161676]

99. Tan H, Qurashi A, Poidevin M, Nelson DL, Li H, Jin P. Retrotransposon activation contributes to
fragile X premutation rCGG-mediated neurodegeneration. Hum Mol Genet. 2012; 21(1):57–65.
[PubMed: 21940752]

100. Tan H, Poidevin M, Li H, Chen D, Jin P. MicroRNA-277 modulates the neurodegeneration
caused by Fragile X premutation rCGG repeats. PLoS Genet. 2012; 8(5):e1002681. [PubMed:
22570635]

101. Muslimov IA, Patel MV, Rose A, Tiedge H. Spatial code recognition in neuronal RNA targeting:
role of RNA-hnRNP A2 interactions. J Cell Biol. 2011; 194(3):441–457. [PubMed: 21807882]

102. Ash PE, Bieniek KF, Gendron TF, et al. Unconventional translation of C9ORF72 GGGGCC
expansion generates insoluble polypeptides specific to c9FTD/ALS. Neuron. 2013; 77(4):639–
646. [PubMed: 23415312]

103. Taylor JP. Neuroscience. RNA that gets RAN in neurodegeneration. Science. 2013; 339(6125):
1282–1283. [PubMed: 23493702]

104. Todd PK, Oh SY, Krans A, et al. CGG Repeat-Associated Translation Mediates
Neurodegeneration in Fragile X Tremor Ataxia Syndrome. Neuron. 2013

105. Entezam A, Biacsi R, Orrison B, et al. Regional FMRP deficits and large repeat expansions into
the full mutation range in a new Fragile X premutation mouse model. Gene. 2007; 395(1–2):125–
134. [PubMed: 17442505]

106. Napoli E, Ross-Inta C, Wong S, et al. Altered zinc transport disrupts mitochondrial protein
processing/import in fragile X-associated tremor/ataxia syndrome. Hum Mol Genet. 2011;
20(15):3079–3092. [PubMed: 21558427]

107. Ross-Inta C, Omanska-Klusek A, Wong S, et al. Evidence of mitochondrial dysfunction in fragile
X-associated tremor/ataxia syndrome. Biochem J. 2010; 429(3):545–552. [PubMed: 20513237]

108. Kaplan ES, Cao Z, Hulsizer S, et al. Early mitochondrial abnormalities in hippocampal neurons
cultured from Fmr1 pre-mutation mouse model. J Neurochem. 2012; 123(4):613–621. [PubMed:
22924671]

109. Qurashi A, Li W, Zhou JY, Peng J, Jin P. Nuclear accumulation of stress response mRNAs
contributes to the neurodegeneration caused by Fragile X premutation rCGG repeats. PLoS
Genet. 2011; 7(6):e1002102. [PubMed: 21655086]

110. Zhang L, Coffey S, Lua LL, et al. FMR1 premutation in females diagnosed with multiple
sclerosis. J Neurol Neurosurg Psychiatry. 2009; 80(7):812–814. [PubMed: 19531693]

Hagerman and Hagerman Page 17

Lancet Neurol. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



111. Greco CM, Tassone F, Garcia-Arocena D, et al. Clinical and neuropathologic findings in a
woman with the FMR1 premutation and multiple sclerosis. Arch Neurol. 2008; 65(8):1114–1116.
[PubMed: 18695063]

112. Chen Y, Tassone F, Berman RF, et al. Murine hippocampal neurons expressing Fmr1 gene
premutations show early developmental deficits and late degeneration. Hum Mol Genet. 2010;
19(1):196–208. [PubMed: 19846466]

113. Paul R, Pessah IN, Gane L, et al. Early onset of neurological symptoms in fragile X premutation
carriers exposed to neurotoxins. Neurotoxicology. 2010; 31(4):399–402. [PubMed: 20466021]

114. Hudson AE, Hemmings HC. Are anaesthetics toxic to the brain? Brit J Anaesth. 2011; 107(1):30–
37. [PubMed: 21616941]

115. O'Dwyer JP, Clabby C, Crown J, Barton DE, Hutchinson M. Fragile X-associated tremor/ataxia
syndrome presenting in a woman after chemotherapy. Neurology. 2005; 65(2):331–332.
[PubMed: 16043816]

116. King OD, Gitler AD, Shorter J. The tip of the iceberg: RNA-binding proteins with prion-like
domains in neurodegenerative disease. Brain Res. 2012; 1462:61–80. [PubMed: 22445064]

117. Hashem V, Galloway JN, Mori M, et al. Ectopic expression of CGG containing mRNA is
neurotoxic in mammals. Hum Mol Genet. 2009; 18(13):2443–2451. [PubMed: 19377084]

118. Greco CM, Hagerman RJ, Tassone F, et al. Neuronal intranuclear inclusions in a new cerebellar
tremor/ataxia syndrome among fragile X carriers. Brain. 2002; 125(Pt 8):1760–1771. [PubMed:
12135967]

119. Tassone F, Iwahashi C, Hagerman PJ. FMR1 RNA within the intranuclear inclusions of fragile X-
associated tremor/ataxia syndrome (FXTAS). RNA Biol. 2004; 1(2):103–105. [PubMed:
17179750]

120. Leehey MA, Berry-Kravis E, Goetz CG, et al. FMR1 CGG repeat length predicts motor
dysfunction in premutation carriers. Neurology. 2008; 70(16 Pt 2):1397–1402. [PubMed:
18057320]

121. Gokden M, Al-Hinti JT, Harik SI. Peripheral nervous system pathology in fragile X tremor/ataxia
syndrome (FXTAS). Neuropathology. 2009; 29(3):280–284. [PubMed: 18627480]

122. Hunsaker MR, Greco CM, Spath MA, et al. Widespread non-central nervous system organ
pathology in fragile X premutation carriers with fragile X-associated tremor/ataxia syndrome and
CGG knock-in mice. Acta Neuropathol. 2011; 122(4):467–479. [PubMed: 21785977]

123. Garcia-Arocena D, Yang JE, Brouwer JR, et al. Fibroblast phenotype in male carriers of FMR1
premutation alleles. Hum Mol Genet. 2010; 19(2):299–312. [PubMed: 19864489]

124. Al-Hinti JT, Nagan N, Harik SI. Fragile X premutation in a woman with cognitive impairment,
tremor, and history of premature ovarian failure. Alzheimer Dis Assoc Disord. 2007; 21(3):262–
264. [PubMed: 17804960]

125. Karmon Y, Gadoth N. Fragile X associated tremor/ataxia syndrome (FXTAS) with dementia in a
female harbouring FMR1 premutation. J Neurol Neurosurg Psychiatry. 2008; 79(6):738–739.
[PubMed: 18487560]

126. Jacquemont S, Hagerman RJ, Leehey MA, et al. Penetrance of the fragile X-associated tremor/
ataxia syndrome in a premutation carrier population. JAMA. 2004; 291(4):460–469. [PubMed:
14747503]

127. Hagerman RJ, Leavitt BR, Farzin F, et al. Fragile-X-associated tremor/ataxia syndrome (FXTAS)
in females with the FMR1 premutation. Am J Hum Genet. 2004; 74(5):1051–1056. [PubMed:
15065016]

128. Berry-Kravis E, Abrams L, Coffey SM, et al. Fragile X-associated tremor/ataxia syndrome:
Clinical features, genetics, and testing guidelines. Mov Disord. 2007; 22(14):2018–2030.
[PubMed: 17618523]

129. Jacquemont S, Hagerman RJ, Hagerman PJ, Leehey MA. Fragile-X syndrome and fragile X-
associated tremor/ataxia syndrome: two faces of FMR1. Lancet Neurol. 2007; 6(1):45–55.
[PubMed: 17166801]

130. Geibprasert S, Gallucci M, Krings T. Addictive illegal drugs: structural neuroimaging. Am J
Neuroradiol. 2010; 31(5):803–808. [PubMed: 19875473]

Hagerman and Hagerman Page 18

Lancet Neurol. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



131. Bora E, Yucel M, Fornito A, et al. White matter microstructure in opiate addiction. Addict Biol.
2012; 17(1):141–148. [PubMed: 21070508]

132. Arnone D, Abou-Saleh MT, Barrick TR. Diffusion tensor imaging of the corpus callosum in
addiction. Neuropsychobiology. 2006; 54(2):107–113. [PubMed: 17108711]

133. Zalesky A, Solowij N, Yucel M, et al. Effect of long-term cannabis use on axonal fibre
connectivity. Brain. 2012; 135(Pt 7):2245–2255. [PubMed: 22669080]

134. Maillard P, Seshadri S, Beiser A, et al. Effects of systolic blood pressure on white-matter integrity
in young adults in the Framingham Heart Study: a cross-sectional study. Lancet Neurol. 2012;
11(12):1039–1047. [PubMed: 23122892]

135. Hall DA, Berry-Kravis E, Hagerman RJ, Hagerman PJ, Rice CD, Leehey MA. Symptomatic
treatment in the fragile X-associated tremor/ataxia syndrome. Mov Disord. 2006; 21(10):1741–
1744. [PubMed: 16773616]

136. Gane, L.; Howard, K. Genetic Counseling for FXTAS and FMR1-Associated Disorders. In:
Tassone, F.; Berry-Kravis, E., editors. The Fragile X-Associated Tremor Ataxia Syndrome
(FXTAS). New York: Springer; 2011. p. 155-176.

137. Iosif A-M, Sciolla AF, Brahmbhatt K, Seritan AL. Caregiver Burden in Fragile X Families. Curr
Psychiat Rev. 2013; 9(1):85–91.

138. Richard E, Reitz C, Honig L, et al. Late-life depression, mild cognitive impairment, and
dementia. JAMA Neurology. 2013; 70(3):383–389.

139. Ferrara JM, Adam OR, Ondo WG. Treatment of fragile-X-associated tremor/ataxia syndrome
with deep brain stimulation. Mov Disord. 2009; 24(1):149–151. [PubMed: 18951504]

140. Hagerman RJ, Pak JS, Ortigas M, et al. Case Series: Deep Brain Stimulation in Patients with
FXTAS. Brain Disord Therapy. 2012; 1(2):104.

141. Ristori G, Romano S, Visconti A, et al. Riluzole in cerebellar ataxia: a randomized, double-blind,
placebo-controlled pilot trial. Neurology. 2010; 74(10):839–845. [PubMed: 20211908]

142. Ortigas MC, Bourgeois JA, Schneider A, et al. Improving fragile X-associated tremor/ataxia
syndrome symptoms with memantine and venlafaxine. J Clin Psychopharmacol. 2010; 30(5):
642–644. [PubMed: 20841969]

143. Hagerman R, Lauterborn J, Au J, Berry-Kravis E. Fragile X syndrome and targeted treatment
trials. Results Probl Cell Differ. 2012; 54:297–335. [PubMed: 22009360]

144. Berry-Kravis EM, Hessl D, Rathmell B, et al. Effects of STX209 (arbaclofen) on neurobehavioral
function in children and adults with fragile X syndrome: a randomized, controlled, phase 2 trial.
Sci Transl Med. 2012; 4(152):152ra27.

145. Lee JE, Bennett CF, Cooper TA. RNase H-mediated degradation of toxic RNA in myotonic
dystrophy type 1. Proc Natl Acad Sci U S A. 2012; 109(11):4221–4226. [PubMed: 22371589]

146. Cornish KM, Hocking DR, Moss SA, Kogan CS. Selective executive markers of at-risk profiles
associated with the fragile X premutation. Neurology. 2011; 77(7):618–622. [PubMed:
21775729]

147. Loesch DZ, Sherwell S, Kinsella G, et al. Fragile X-associated tremor/ataxia phenotype in a male
carrier of unmethylated full mutation in the FMR1 gene. Clin Genet. 2012; 82(1):88–92.
[PubMed: 21476992]

148. Tassone F, Hagerman RJ, Taylor AK, Hagerman PJ. A majority of fragile X males with
methylated, full mutation alleles have significant levels of FMR1 messenger RNA. J Med Genet.
2001; 38(7):453–456. [PubMed: 11432964]

149. Liu Y, Winarni T, Zhang L, Tassone F, Hagerman R. Fragile X-associated tremor/ataxia
syndrome (FXTAS) in grey zone carriers. Clin Genet. 2012 [Epub ahead of print].

Hagerman and Hagerman Page 19

Lancet Neurol. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hagerman and Hagerman Page 20

Lancet Neurol. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hagerman and Hagerman Page 21

Lancet Neurol. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
(A) Schematic of the sequestration model for RNA toxicity in the fragile X premutation
disorders, including FXTAS. One or more RNA-binding proteins bind to the CGG-repeat
RNA in a length-dependent fashion, such that little binding occurs in the normal CGG-
repeat range. Excess binding/sequestration of those proteins leads to a functional
insufficiency for their normal function(s). Reduced FMR1 levels may contribute to the
premutation phenotypes for the larger premutation alleles. (B) Stylized neuron with single
synapse represented. CGG-repeat expansion leads to downstream effects that include
reduced mitochondrial function, altered calcium regulation, and increased, synchronous
firing of neurons in mouse hippocampal neuronal networks. (C) Schematic representation of
the progression of CNS dysfunction, primarily driven by the premutation CGG-repeat
expansion, but also modulated by second-gene effects, and various environmental exposures
(e.g., untreated hypertension or hypothyroidism, smoking and/or use of other agents that
promote oxidative damage, major illness or – anecdotally – surgery requiring general
anesthesia).
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Table 1

Current diagnostic criteria for FXTAS4,41

Examination and Degree Observation

Molecular

Major 55–200 CGG repeats (premutation)

Radiological

Major MRI white matter lesions in MCPs

Minor MRI white matter lesions in cerebral white matter

Minor Moderate-to-severe generalized atrophy

Clinical

Major Intention tremor

Major Gait ataxia

Minor Parkinsonism

Minor Moderate-to-severe short-term memory deficiency

Minor Executive function deficit

Neuropathological

Major FXTAS inclusions

FXTAS Diagnostic Categories

   Category Description

  Presence of expanded CGG repeat (molecular), and

  Definite Presence of one major radiological sign plus (i) one major clinical symptom or (ii) the presence of FXTAS
inclusions.

  Probable Presence of one major radiology sign and one minor clinical symptom, or two major clinical symptoms.

  Possible Presence of one minor radiology sign and one major clinical symptom.
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Table 2

Established and expanded features of FXTAS

Autonomic problems

   constipation/irritable bowel syndrome Hagerman et al. (2008);58 Hunsaker et al. (2011)59

   erectile dysfunction Greco et al. (2007)60

   problems swallowing Leehey et al. (2007)40

   gastrointestinal reflux Leehey et al. (2007)40

   orthostatic hypotension Leehey et al. (2007)40

   hypertension* Coffey et al. (2008);49 Hamlin et al. (2012)61

   urinary urgency & incontinence Leehey et al. (2007);40 Leehey et al. (2011)62

   cardiac arrhythmia Leehey et al. (2011)62

   dizzy spells or vertigo Leehey et al. (2011)62

Sensory

   olfactory dysfunction* Juncos et al. (2012)57

   hearing loss* Juncos et al. (2011)5

   neuropathy* Berry-Kravis et al. (2007);50 Jacquemont et al. (2003);4 Hagerman et al. (2007);48 Soontarapornchai
et al. (2008);63 Juncos et al. (2011)5

Sleep problems

   insomnia* Chonchaiya et al. (2010)64

   sleep apnea* Hamlin et al. (2011)65

   daytime sleeping Hamlin et al. (2011)65

Motor symptoms

   tremor+,*; ataxia+,* Hagerman et al. (2001);3 Jacquemont et al. (2003);4 Juncos et al. (2011);5 Apartis et el. (2012)2

   muscle weakness Leehey et al. (2007)40

   parkinsonism+,* Jacquemont et al. (2003);4 Healey et al. (2009);52 Hall et al. (2010);55 Madeo et al. (2012)54

Psychiatric

   depression*; anxiety* Bourgeois et al. (2011);11 Seritan et al. (2013)66

   irritability Bacalman et al. (2006)67

Chronic pain

   fibromyalgia* Winarni et al. (2012);68 Rodriguez-Revenga et al. (2009);69 Coffey et al. (2008);49 Leehey et al.
(2011);70 Apartis et al. (2012)2

   neuropathic pain*

Immune-mediated disorder

   hypothyroidism* Winarni et al. (2012);68 Rodriguez-Revenga et al. (2009);69 Coffey et al. (2008);49 Leehey et al.
(2011);70 Behm et al.71
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   fibromyalgia*

*
Features that occur in a greater number of those with FXTAS compared to age-matched controls.

+
Established features.
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Table 3

Suggested modifications to FXTAS diagnostic criteria presented in table 1

Examination and Degree Observation

Molecular

Major Expand from premutation range to include

- 45–54 CGG repeats (gray zone)

- full mutation with continued production of FMR1 mRNA

Radiological

Major Expand to include MRI white matter lesions in pons, corpus callosum, and/or insula

Clinical

Minor Expand to include peripheral neuropathy

Neuropathological

Major FXTAS inclusions
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