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Expansions of the CGG repeat in the non-coding segment of the FMR1 X-linked

gene are associated with a variety of phenotypic changes. Large expansions (>200

repeats), which cause a severe neurodevelopmental disorder, the fragile x syndrome

(FXS), are transmitted from the mothers carrying smaller, unstable expansions ranging

from 55 to 200 repeats, termed the fragile X premutation. Female carriers of this

premutation may themselves experience a wide range of clinical problems throughout

their lifespan, the most severe being the late onset neurodegenerative condition called

“Fragile X-Associated Tremor Ataxia Syndrome” (FXTAS), occurring between 8 and

16% of these carriers. Male premutation carriers, although they do not transmit

expanded alleles to their daughters, have a much higher risk (40–50%) of developing

FXTAS. Although this disorder is more prevalent and severe in male than female

carriers, specific sex differences in clinical manifestations and progress of the FXTAS

spectrum have been poorly documented. Here we compare the pattern and rate of

progression (per year) in three motor scales including tremor/ataxia (ICARS), tremor

(Clinical Tremor Rating scale, CRST), and parkinsonism (UPDRS), and in several cognitive

and psychiatric tests scores, between 13 female and 9 male carriers initially having

at least one of the motor scores ≥10. Moreover, we document the differences in

each of the clinical and cognitive measures between the cross-sectional samples

of 21 female and 24 male premutation carriers of comparable ages with FXTAS

spectrum disorder (FSD), that is, who manifest one or more features of FXTAS. The

results of progression assessment showed that it was more than twice the rate

in male than in female carriers for the ICARS-both gait ataxia and kinetic tremor

domains and twice as high in males on the CRST scale. In contrast, sex difference

was negligible for the rate of progress in UPDRS, and all the cognitive measures.
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The overall psychiatric pathology score (SCL-90), as well as Anxiety and

Obsessive/Compulsive domain scores, showed a significant increase only in the

female sample. The pattern of sex differences for progression in motor scores was

consistent with the results of comparison between larger, cross-sectional samples of

male and female carriers affected with the FSD. These results were in concert with

sex-specific distribution of MRI T2 white matter hyperintensities: all males, but no

females, showed the middle cerebellar peduncle white matter hyperintensities (MCP

sign), although the distribution and severity of these hyperintensities in the other brain

regions were not dissimilar between the two sexes. In conclusion, the magnitude and

specific pattern of sex differences in manifestations and progression of clinically recorded

changes in motor performance and MRI lesion distribution support, on clinical grounds,

the possibility of certain sex-limited factor(s) which, beyond the predictable effect of the

second, normal FMR1 alleles in female premutation carriers, may have neuroprotective

effects, specifically concerning the cerebellar circuitry.

Keywords: FMR1 premutation, CGG repeat, female carriers, motor scores, progression rates, gender differences

INTRODUCTION

The fragile X premutation, consisting of a small expansion
of a CGG repeat ranging from 55 to 200 in the non-coding
section of the Fragile X Mental Retardation 1 (FMR1) X-linked
gene, is associated with the variety of abnormal conditions
(Hagerman and Hagerman, 2004). These premutation (PM)
alleles are relatively common, with the population prevalence
ranging from 1 in 130 to 1 in 250 females, and from 1 in 250
to 1 in 810 males (Hagerman, 2008; Fernandez-Carvajal et al.,
2009). The premutation-size unstable CGG repeat may expand
into a larger (>200) repeat size from the female carriers to
their offspring, causing the severe neurodevelopmental disorder-
Fragile X syndrome (FXS) (Loesch and Hagerman, 2011).
The most severe premutation-associated condition affecting
both male and female carriers of the PM allele is the late-
onset progressive neurodegenerative condition termed Fragile
X-Associated Tremor/Ataxia Syndrome (FXTAS). This affects
40–50% of males over the age of 55, but only 8–16.5% female
carriers in the same age group (Cronister et al., 1991; Rodriguez-
Revenga et al., 2009; Loesch and Hagerman, 2011; Hagerman and
Hagerman, 2013). The much lower risk of FXTAS in female than
in male carriers can be, at least partly, attributed to the mitigating
effect of the normal FMR1 allele on the second X chromosome
(Jacquemont et al., 2004).

Traditionally, the standard diagnostic (core) neurological

features of FXTAS comprise intention tremor, gait ataxia, and

MRI T2 hyperintensities in the middle cerebellar peduncles

(MCP sign) (Brunberg et al., 2002; Hagerman and Hagerman,
2016). Additional, non-core features contributing to the
diagnosis, include parkinsonism, cognitive decline seen in the
later stages of this condition (executive function and episodic
memory deficits), neuropathy (Soontarapornchai et al., 2008;
Apartis et al., 2012), and other MRI findings, such as global
brain atrophy and white matter disease (Jacquemont et al.,
2004; Adams et al., 2007; Rodriguez-Revenga et al., 2009;

Loesch et al., 2011; Apartis et al., 2012; Wheeler et al., 2014;
Hermanson et al., 2015), especially in the splenium of the corpus
callosum, and the basis pontis, but also around lateral ventricles
and in the deep white matter of brain hemispheres. Typical
FXTAS neuropathological changes consist of ubiquitin-positive
intranuclear inclusions abundant in neurones and astrocytes
(Greco et al., 2002), extending to autonomic nervous and
neuroendocrine systems and myocardial cells (Louis et al., 2006;
Greco et al., 2007; Hunsaker et al., 2011).

One component of the nuclear inclusions is the FMR1mRNA
(Tassone et al., 2004), which has previously been found to
be elevated in the blood of corresponding to increased CGG
repeat number (Tassone et al., 2000). These findings have
led to a hypothesized pathogenetic mechanism that involves
a toxic gain-of-function of the expanded CGG-repeat mRNA,
which arises through the adventitious binding/sequestration
by the CGG repeat of one or more proteins, contributing to
dysfunction and/or death of the cell (Jin et al., 2003; Polussa
et al., 2014). An alternative model for FXTAS pathogenesis
has been proposed, in which “toxic” peptides are generated by
initiating translation at non-AUG codons located upstream of
the CGG-repeat element. It has been shown that this process,
known as Repeat-associated non-AUG (RAN) translation, which
is proportional to the extent of expanded FMR1 mRNA
elevation, leads to “chimeric” peptide synthesis including a
poly-glycine peptide that is toxic to cells. This peptide is
detectable in both the intranuclear inclusions of subjects with
FXTAS and in the inclusions of the Dutch premutation CGG-
repeat mouse model (Todd et al., 2013; Boivin et al., 2018;
Glineburg et al., 2018). These and other postulated additional
mechanisms, associated with CGG expansions within the
premutation range, and leading to the severe neuropathological
changes underlying FXTAS, have been reviewed in 2015
(Hagerman and Hagerman, 2015).

The most common premutation-associated condition in
females, occurring in∼20% of carriers of this allele, is premature
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ovarian failure (FXPOI). This term indicates early menopause
(defined as occurring before 40 years of age; Hagerman and
Hagerman, 2013). However, the effect of the PM alleles may
extend beyond those two definitive disorders, FXTAS and FXPOI,
especially in the female carriers, where other physical changes,
such as autoimmune thyroid disease and other immune-related
disorders, as well as psychiatric problems including social phobia,
hostility, obsessive/compulsive behavior, and anxiety/depression
can be seen; in addition, common disorders such as fibromyalgia,
hypertension and migraines have been reported to be more
common in female carriers that in the general population (Coffey
et al., 2008; Soontarapornchai et al., 2008; Bourgeois et al.,
2009, 2011; Roberts et al., 2009; Leehey et al., 2011; Loesch and
Hagerman, 2011; Seltzer et al., 2012;Winarni et al., 2012; Au et al.,
2013; Wheeler et al., 2014). However, most of the data obtained
by comparing samples of carriers with non-carriers have yielded
inconsistent results, in part attributable to selection bias (Hunter
et al., 2008; Allen et al., 2020), and thus provide limited insight
into the effects of PM alleles on female phenotypes.

There have been fewer studies exploring subtle impairments
that might be directly related to pre-symptomatic brain changes
in either male or female PM carriers, in the absence of overt
neurological symptoms or signs. In males, the studies based
on MRI analyses revealed subtle changes in the integrity of
white matter without, or prior to, the occurrence of FXTAS
(Wang et al., 2012, 2013; Battistella et al., 2013), and abnormal
trajectories of cerebellar and brain stem volume loss from
early adulthood (Wang et al., 2017). In female carriers, the
findings of deficits on a range of tasks of executive functioning
requiring rapid temporal responses (Shelton et al., 2016), or of
subtle impairment of postural stability (O’Keeffe et al., 2019),
compared with control non-carriers, suggested that there may
be a slow but measurable decline in executive functioning
and/or degradation of motor control in apparently asymptomatic
individuals. The presence of intranuclear inclusions typical of
FXTAS has been reported in both FXTAS and non-FXTAS female
carriers (Tassone et al., 2012), and reinforces evidence for an
accumulation of subclinical pathological processes over a broad
age range associated with PM carriage. However, the progression
and outcome of these sub-symptomatic changes in older age,
including the core FXTAS manifestations of tremor, gait ataxia
and the MCP sign, have not yet been addressed. Moreover,
despite the large volume of studies to identify possible physical
and mental health problems in female PM carriers, there is still
insufficient understanding of the effect of skewed X-inactivation
on the phenotypic changes and their trajectory in these carriers.
This difficulty can be attributed to the well documented brain-
blood difference in FMR1 mRNA expression, and potentially of
the CGG expansion (Tassone et al., 2004; Pretto et al., 2014a,b;
Zhao et al., 2019). This reflects the absence of a relationship
between epigenetic measure (activation ratio, AR) and clinical
phenotypes, which has been commonly observed in PM females
in a number of the relevant studies, reviewed in: Jiraanont
et al. (2017). These authors acknowledge the complexity of the
mechanisms linking the PM allele to female clinical phenotypes,
and they suggest the existence of other still unidentified factors
impacting on these phenotypes.

In this study we aimed to test the hypothesis that subtle
phenotypic changes, once initiated, continue to progress, but
generally at a much slower and less uniform rate in female
than in male PM carriers. Our second aim was to delineate
the pattern of sex differences in clinical motor, cognitive, and
psychiatric involvement in those carriers classified as Fragile
X Spectrum Disorder (FSD), that is, manifesting at least one
major or two minor features consistent with FXTAS. The
relationships of severity and progression of phenotypic scores
with the CGG repeat size were also assessed for each sex
separately. These results, combined with evidence from relevant
MRI FLAIR images showing sex differences in a topography of
white matter lesions, suggest the existence of specific factors that
may alleviate the severity and progress of particular neurological
manifestations in female PM carriers.

METHODS

Subjects
There were two aspects of this study that require two different
(but overlapping) sources of participants, all of whom were
adults (>50 years of age) carrying the PM allele. The first
source of both male and female participants was a major
research project continuing from 2012 at La Trobe University
and supported by the National Institutes of Health, USA. This
project’s male and female participants (later termed “current”
sample as they are still being studied in a longitudinal fashion)
were originally recruited through fragile X families’ admissions
to the Victorian Genetic Counselling Clinic of the Murdoch
Institute, or referred from several neurology clinics associated
with the University of Melbourne and Monash University; the
minority (some residing in the other states) were self-referred
by postings in the community through The Australian Fragile
X Association. The second source of female participants (later
termed the “retrospective” sample) was our earlier 2008–2010
project supported by a research grant from the National Health
and Medical Research of Australia (NHMRC) to ES and DZL.
These females had originally been ascertained either through
their FXS children diagnosed at the Genetic Counselling clinics
in Victoria and South Australia, or were more distant relatives of
these probands identified through cascade testing. Except for one
Asian (Chinese) male and one (Thai) female, all participants were
white Caucasians. The two-current and retrospective -samples
were used in both progression rate and male-female comparisons
aspects of this study, using the inclusion criteria specified below
in section “Cross-Sectional Male-Female Comparisons”, and in a
flowchart (Figure 1), where sample sizes at every step of sample
selection are also provided.

Progression Rate
The sample of 13 females aged 37–66 years has been selected by
retrospective inspection of the results of motor scale scores from
the sample of 57 adult females carrying the premutation allele,
who underwent comprehensive neurological testing between
2008 and 2010, conducted by two specialist neurologists (ES and
DZL-authors of this manuscript). In this same study (supported
by the NHMRC project grant), these females also underwent
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FIGURE 1 | Flowchart showing individual steps of recruitment of the participants of progression and cross-sectional aspects of analysis. rate of progression

study; male-female comparison study.

a battery of neuropsychological and psychiatric pathology tests
under the supervision of ES, using standard protocols. Partial
retrospective analysis of SCL-90 data collected in this sample
was described in our 2015 publication (Loesch et al., 2015).
Our inspection of the raw data from this earlier (“retrospective”)
sample revealed that, amongst apparently asymptomatic carriers,
19 individuals scored ≥10 on the ICARS (2 SD above the mean)
and/or ≥10 on the CRST (1 SD above average), and we decided
to re-test these individuals after a 9–10 years interval. Thirteen of
the 19 females from this subgroup (aged 36–66) were available for
the follow-up testing within the present progression study (two
declined, two have died of unknown cause, and two were not
contactable). The follow-up 2019 assessment comprised, as far as
possible, the same battery that had been used in the first run of
testing in 2009. Based on the results of the follow-up assessment,
six of these females met our criteria for the category of FSD
(converters from the “retrospective” group in Figure 1), and they
were also combined with 15 female carriers from the “current”
group for the second part of this study aimed at comparing the
phenotypic scores between male and female carriers classified as
affected category.

The sample of nine male PM carriers aged 50–72 years,
was used to compare with the data on the rate of progression
obtained from the female sample. These individuals were selected

from amongst 38 PM carriers who have been undergoing
routine testing within our major NIH 2012–2021 longitudinal
(“current”) study. In order to match the criteria of inclusion
between the two sexes as close as possible, we only selected
those (nine) males from this total sample who have been
tested at least twice and, like female participants, had at least
one (ICARS or CRST) motor score ≥10 on initial testing.
The remaining differences between male and female samples,
which could have potentially biased the results of comparison,
were accounted for as described in “Statistical Analysis” and
“Results” sections.

Cross-Sectional Male-Female Comparisons
The total sample of 24 male participants aged 48–80, and 21
female participants aged 37–78 were included in the second
part of this analysis, which compared all phenotypic scores
between the male and female carriers classified as having
FSD, and displayed elevation of at least one motor score ≥10
(complying with the criterion applied to the 13 females from
the “retrospective” sample). All male individuals were participants
in the ongoing NIH-supported project (“current” sample). Six
females were selected from the “retrospective” group (as described
above), and 15 -from the “current” group. Within this group, the
average follow-up period was 5.00 (2–7) years for males and 10.15
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(9–11) years for females. The CGG repeat size averaged 85.1 in
males and 80.2 in females; the difference in average repeat length
of five repeats is expected to be negligible considering test error
of± 2 repeats and the PM range of 55–200.

Testing Protocols
Neurological and Cognitive Measures
Two neurologists specializing in movement disorders (ES and
DZL), with relevant experience in these scales from previous
studies, administered the three motor rating scales. These scales
consisted of the Unified Parkinson’s Disease Rating Scale Part
III-Motor (UPDRS-III) (Fahn et al., 1987), the International
Cooperative Ataxia Rating Scale (ICARS) (Trouillas et al.,
1997), and the Clinical Rating Scale for Tremor (CRST) (Fahn
et al., 1993), the first two of which have established inter-rater
reliabilities (Richards et al., 1994; Storey et al., 2004; Stacy et al.,
2007). The Vocabulary and Matrix Reasoning subtests of the
Wechsler Adult Intelligence Scale (Third Edition; WAIS-III)
were used to calculate a prorated Full-Scale IQ score (Wechsler,
1997), with Matrix Reasoning providing a measure of non-
verbal reasoning. WAIS-III Digit Spans (forward and backward
separately) were employed as measures of attention and working
memory, respectively (Wechsler, 1997).

Psychiatric Pathology Test Scores
The SCL-90-R (Derogatis, 1994)—a 90 item self-administered
questionnaire was chosen as an instrument that can efficiently
provide information on a broad range of relevant symptom
clusters and psychological concerns. It has good validity and
reliability (test-retest: 0.80–0.90). Each of the 90- items is rated
on a five-point Likert scale of distress, ranging from “not at all”
(0) to “extremely.” The subject is asked to respond to questions
based on howmuch a given problem has “distressed or bothered”
him or her during the past week, including the present day.
It is typically completed in about 12–15min. Here we report
the data on a summary score providing a measure of overall
psychological distress—the Global Severity Index (GSI), and on
nine primary symptom dimensions: Somatization, Obsessive-
compulsive, Interpersonal Sensitivity, Depression, Anxiety,
Hostility, Phobic Anxiety, Paranoid Ideation, and Psychoticism.

Genetic Molecular Measures

CGG Sizing
Genomic DNA was isolated from peripheral blood lymphocytes
using standard methods (Purygene Kit; Gentra, Inc.,
Minneapolis, MN). For Southern blot analysis, 10mg of
isolated DNA were digested with EcoRI and NruI. Hybridization
was performed using the specific FMR1 genomic dig-labeled
StB12.3 probe as previously described (Tassone et al., 2008).
Genomic DNA was also amplified by PCR (Filipovic-Sadic et al.,
2010) DNA analysis was performed in the Laboratory of Dr.
Tassone at the MIND Institute, UC Davis.

FMR1 mRNA Expression Level Measurements
This assay was also conducted at the MIND Institute. Total
RNA was isolated from 3 mL of blood collected in Tempus
tubes (Applied Biosystems, Foster City, California, USA).

The measurement of FMR1 mRNA expression levels was
carried out by quantitative Real-Time qRT-PCR using custom-
designed Taqman gene expression assays (Applied Biosystems)
as previously described (Tassone et al., 2000).

Activation Ratio
Activation ratio (AR) indicates the proportion of cells that carry
the normal allele on the active X chromosome, so that AR =

1.00 indicates a normal allele active in 100% of the cells. It was
measured based on the intensity of the appropriate bands on
Southern blots as described in Tassone et al. (1999).

Statistical Analysis
Data were analyzed using the Statistical Package for the Social
Sciences version 26 (SPSS; IBM Corporation; Armonk, NY,
USA). Summary statistics for sample characteristics, cognitive,
psychiatric, and motor scores are presented as means and
standard deviations (SD). Gender differences in parameters,
and progression per year, were analyzed using independent
sample t-tests. To account for inter-individual differences in
baseline scores, progression change for each of the parameters
was calculated as the percentage change between baseline (T1)
and follow up (T2), with the following formula: Percentage
Progression per year = [(T2 score – T1 score)/T1 score ∗ 100]/
years between sessions. Paired sample t-tests were conducted
to examine progression between Time 1 and Time 2 for each
sex. There was no significant age difference between the sexes,
and therefore age was not adjusted for in any analyses: for T1:
P = 0.054, 95% CI −18.4, 0.19; for T2: P = 0.375, 95% CI
−13.0, 5.13. (both t-test for unequal variances). Neither was there
any significant age differences between the sexes for the cross-
sectional component of the study (see Table 2), so correction for
age was, again, unnecessary. The relationship between each of
the phenotypic scores, and percentage progression per year (as
outcome), and CGG repeat size and FMR1 mRNA, was assessed
using linear regression.

RESULTS

In this study, we considered the threshold for inclusion to be a
score of ≥10 for the ICARS, which is 2 SD above average (4.07,
SD 2.19) (Fitzpatrick et al., 2012).We are unaware of any relevant
published normative values for the CRST, but used a sensitive
cut off ≥10, being 1 SD above average in the control group of
non-carrier males from our previous study (6.1, SD 4.85) (Loesch
et al., 2005). Abnormality on UPDRS was signified by a score of≥
7, being two SD above average (1.9 ± 2.0) (Postuma et al., 2012).
However, given that parkinsonism is not the major feature of
FXTAS and is relatively common in the general population, the
UPDRS score was used purely for analysis. Among 19 carriers
who were selected based on these criteria, four presented with
an elevation of ICARS score only, seven showed elevation of
both ICARS and CRST scores, one presented with an elevation
of UPDRS score in addition to elevation of their ICARS score,
and seven with elevation of only CRST.
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TABLE 1 | Summary statistics for all phenotypic scores at Time 1 and Time 2 in male (A) and female (B) samples included in the progression analysis, and the p values for

significance of the T2-T1 differences for each sex separately.

Paired differences

Variable N T1 Mean SD N T2 Mean SD Mean diff. [95% CI] SEM P value Effect size (g)

A

Age 9 61.6 7.8 9 66.6 7.7 5 [3.7, 6.3] 0.56 N/A N/A

UPDRS 9 9.8 10.0 9 17.3 13.7 7.6 [0.5, 15.6] 3.5 0.062 0.57

CRST 7 28.6 24.8 9 40.4 30.1 11.3 [5.3, 17.3] 2.4 0.004 0.37

ICARS total 9 17.9 11.8 9 28.7 13.5 10.8 [6.7, 14.9] 1.8 0.000 0.77

ICARS gait 9 4.6 3.0 9 8.3 4.1 3.8 [1.6, 5.9] 0.94 0.004 0.94

ICARS kinetic 9 11.3 7.3 9 17 7.2 5.7 [3.9, 7.4] 0.76 0.000 0.70

Vocab SS 9 9.2 3.3 9 10.2 3.2 1 [−0.3, 3.3] 0.58 0.122 0.28

MR SS 7 12.0 2.0 9 11.7 3.2 −1.4 [−3.9, 1] 0.99 0.202 0.52

DS Forwards 8 9.5 3.0 9 9.8 2.7 0 [−2.3, 2.3] 0.96 1.000 0.40

DS Backwards 8 6.8 2.1 9 5.9 1.4 −0.9 [−2.7, 1] 0.79 0.304 0.43

Pro-rated IQ 9 102.1 12.0 9 106.1 15.9 4 [−4.7, 12.7] 3.8 0.318 0.26

SCL-90 GSI 6 58.3 19.6 9 55.7 13.8 −2.7 [−19.6, 14.3] 6.6 0.703 0.13

B

Age 13 52.5 13.0 13 62.6 12.7 10.1 [9.7, 10.6] 0.22 N/A N/A

UPDRS 13 4.5 4.5 13 8.7 4.9 4.1 [1.1 ,7] 1.34 0.011 0.78

CRST 13 12.7 5.6 13 16.3 7.1 3.6 [−2, 9.3] 2.60 0.189 0.53

ICARS total 13 10.1 4.2 13 15.7 6.2 5.8 [3.4, 8.3] 1.13 0.000 0.99

ICARS gait 13 3.6 1.9 13 4.9 2.2 1.3 [0.48, 2.1] 0.38 0.005 0.59

ICARS kinetic 13 5.8 2.7 13 9.1 3.9 3.2 [1.45, 5] 0.82 0.002 0.91

Vocab SS 12 8.3 2.8 11 10 1.5 1.1 [0.07, 2.1] 0.46 0.038* 0.54

MR SS 13 9.4 3.5 12 8.9 3.3 −1.1 [−3.4, 1.2] 1.1 0.327 0.32

DS Forwards 12 9.3 1.9 12 9.5 2.1 0.09 [−0.97, 1.2] 0.48 0.852 0.05

DS Backwards 12 5.8 1.9 12 5.3 1.0 −0.6 [−1.8, 0.54] 0.52 0.255 0.39

Pro-rated IQ 12 96.8 7.5 11 97.6 7.1 0.73 [−5.7, 7.1] 2.88 0.806 0.09

SCL-90 GSI 13 52.1 9.8 11 57 2.8 4.9 [1.7, 8.2] 1.46 0.007 0.48

All males came from the current sample, all females came from the retrospective sample.

Vocab SS, vocabulary scaled score fromWAIS-3; MR SS, matrix reasoning fromWAIS-3; DS forwards, digit span raw scores separately fromWAIS-3. P values are for the two-sided t-test.

Figures in bold were statistically significant at p < 0.05.

*T2-T1 difference is positive. p values are for the two-sided paired t-test; CI, confidence intervals.

Progression Rate
Thirteen female carriers were available for the progression
component of the study. Descriptive statistics of this group,
including at baseline (T1) and at the follow-up assessment (T2)
on the motor scales and cognitive and psychiatric pathology
scores, are given in Table 1B. The significance of progression rate
in these scores between times T1 and T2 (p-values from the t-
test and confidence intervals, CI), are also given. In addition,
the values of effect sizes are also reported. The corresponding
parameters are also presented inTable 1A, for ninemales selected
from a larger- current -sample of PM carriers using the same
motor scale criteria. Although the time length between the two
assessments was typically shorter for males than for the female
sample, it is evident that the T2-T1 differences are consistently
greater in the males. This difference is much greater than should

be expected in females assuming random X-inactivation. This
especially applies to ICARS-gait and stance- domains, and CRST,
where these differences are three times higher in males than in
females, not reaching significance in the latter. This is in contrast
with the ICARS (kinetic) domain, where the T2-T1 difference in
males is less than twice that of the female value. The same applies
to the UPDRS, where the progress is relatively small in either
sex, without reaching statistical significance in the male sample.
Although the progress assessed by T2-T1 differences in cognitive
scores, including the Pro-Rated IQ and the Wechsler subtests,
was negligible in either sex, it was evident (and highly significant)
for the SCL90 GSI (summary) score.

The results of the follow-up assessments for the SCL90 GSI
(summary) score, as well as SCL-90 profiles based on all 9
domains in female and male samples, respectively are illustrated

Frontiers in Molecular Biosciences | www.frontiersin.org 6 January 2021 | Volume 7 | Article 577246

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Loesch et al. Sex Differences in FXTAS Progression

in Figure 2. The rate of increase per year is significant for the
GSI score (Figure 2 and Table 1), as well as for Anxiety and
Obsessive-Compulsive domains, in females (Figure 2A) but not
in males (Figure 2B). Sex differences for the rate of increase
for these (Figure 2C), and for all other SCL 90 domains or GSI
scores, were not statistically significant.

The magnitude and pattern of progression for all motor and
cognitive measures are displayed in Figures 3A,B, respectively,
including the p-values for male-female differences in progression
rates. Since there was no significant male-female difference in
age in either T1 (baseline) or T2, no age correction was applied.
However, in order to allow comparison between males and
females, the T2-T1 difference for each individual measure was
divided by the number of years between the two assessments,
to yield annual progression rates. Moreover, when assessing
sex differences in the progression of motor and cognitive
impairment, we also expressed measures of progression for
each sex as a proportion of baseline (T1) value, to correct for

possible baseline severity bias caused by differences betweenmale

and female samples. The p values from the t-tests representing

significance of gender differences for the rate of progression,

given in the Legend to Figure 3, are given both, with and
without adjustment for baseline (T1) scores, respectively. The
outcome was similar for these two models, with the exception
of the CRST score, where male-female difference was significant
only for the model without T1 adjustment, reflecting the
possibility of T1-related bias. This, apart from a limited accuracy
of the t-test in small samples, explains rare inconsistencies
between the estimates of p values given in this figure and in
Table 2, respectively.

The data presented in Figure 3 show that sex differences
for the rate of score increases are most prominent (and highly
significant) for the ICARS scale. The rate for the total ICARS in
males is more than twice that in females; for the ICARS Kinetic
domain the rate in males is nearly three times of that in females;
and for the ICARS Gait domain- nearly four time greater in
males than in females. In contrast, the male-female difference in
the rate of increase is much smaller (and insignificant) on the
CRST, and negligible on the UPDRS. There is noticeable decline,
in males only, on two Wechsler subtests- MR and DS Backward
(compared with negligible change in the females), but this
difference is not significant, reflecting the small samples available.

Cross-Sectional Male-Female
Comparisons
Summary statistics, and the results of comparison of the motor
and cognitive scale scores between cross-sectional samples of
male and female carriers with FSD, including effect sizes,
are shown in Table 2. There are no significant differences
either in the age of the participants or in the size of the
premutation allele, which falls within the range known to
be associated with the highest risk for the occurrence of
FSD in either sex. Comparison between the three motor
scales revealed significant male-female differences for the
ICARS (with a slightly greater size effect for Kinetic than
Gait domains) and CRST scores, but not between UPDRS

scores. There were no significant differences between male
and female samples in cognitive test scores, with the trend
toward slightly higher Prorated IQ score in the female than
in the male sample (likely accounted for by somewhat higher
Vocabulary test scores in the former); notably, the Prorated
IQ remained within the population mean in both carrier
samples. The differences either in the overall SCL-90 GSI
(Table 2) or in any individual SCL-90 domains (data not shown)
are insignificant.

Genotype-Phenotype Relationships
We assessed the regression of the motor and cognitive scores,
listed in Table 2, on the number of CGG repeats, in male
and female samples. The ICARS total score was the only
motor scale showing a significant relationship with the CGG
repeat size in both sexes: in the male sample, the correlation
coefficient was 0.420, p = 0.046; in the female sample, it was
0.737, p = 0.000 (scatterplots shown in Figure 4A). These
relationships remained significant for both gait (p = 0.003)
and kinetic (p = 0.002) domains in females, but not in
males. UPDRS scores were significantly correlated with CGG
repeat size in both males (0.435, p = 0.043) and females
(0.747, p = 0.000). Since there was no statistically significant
difference in the UPDRS scores between males and females,
we conducted this analysis in the combined sample, resulting
in a highly significant regression of UPDRS score on CGG
repeat size, with the correlation coefficient of 0.531, and p
= 0.000 (Figure 4B). None of the other motor dysfunction
or cognitive decline measures showed significant correlations
with the CGG repeat size, with correlation coefficients not
exceeding∼0.250. The interpretation of the results of correlation
analysis between the motor and cognitive scores and the
FMR1 mRNA levels is limited because of small sample sizes.
Nevertheless, the only significant correlation encountered in the
female sample was for the ICARS, with correlation coefficient
of 0.649, p = 0.016, for the total score (Figure 4C), and
0.633, p = 0.020, for the Kinetic domain score. There was
no relationship between any phenotypic scores and the (highly
variable) activation ratio (AR), which averaged 0.57, SD = 0.33,
and was assessed only in a sample of 13 females included in
progression analysis.

Magnetic Resonance Imaging Data
The visual examination of T2-Flair MR images of the location
of the wmhs available to us from 16 male and 12 female
carriers included in this cross-sectional analysis revealed the
MCP sign in all the males but none of the females, while
the wmhs in the splenium occurred at the same rate in
both males or females. Likewise, the wmhs changes within
deep hemispheric and periventricular locations were not
dissimilar between males and females, though less prominent
in the latter. The discrepancy in these manifestations between
males and females in the context of the clinical status
is exemplified by two of the FXTAS patients included in
Table 2, whose illustrative MRI FLAIR images are presented in
Figures 5A,B, respectively.
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FIGURE 2 | Profile plot of mean baseline and follow-up of SCL-90 in female carriers. (A) The p values represent significance of the rate of progression. (B) Profile plot

of mean baseline and follow-up of SCL-90 in male carriers. (C) Gender differences in the rate of progression of SCL-90 GSI score and individual domains in male and

female carriers. (C) None of the male-female differences is statistically significant.

FIGURE 3 | Male-female differences in the rate of progression per year in motor scores adjusted for T1 scores. (A) P values are for statistically significant differences

between males and females for rate of progression (*t-test for unequal variances). P values for T2-T1 measures (male-female differences) adjusted for T1 scores:

ICARS total (p = 0.029); ICARS Gait (p = 0.013); ICARS Kinetic (p = 0.026*); CSRT and UPDRS (p > 0.05)- P values for T2-T1 measures (male-female differences)

not adjusted for T1 scores: ICARS total (p = 0.003*); ICARS Gait (p = 0.02*); ICARS Kinetic (p = 0.008*); and CSRT (p = 0.000*); UPDRS (p > 0.05). Male-female

differences in the rate of progression per year in WAIS-III scores adjusted for T1 scores. (B) Males did not progress significantly in any Wechsler subscale scores or in

Prorated IQ between T1 and T2. Females only showed (marginally) significant improvement in the Vocabulary subscale (p = 0.038).

DISCUSSION

This is the first study to explore male-female differences in

manifestions and progression of both the major and minor

(including sub-symptomatic) phenotypic changes relevant to
FSD, using a quantitative approach. We assessed the rate of
progression, over a period of 9–10 years, in all three motor scores
(ICARS, UPDRS, and CRST), in several Wechsler cognitive test
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TABLE 2 | Cross sectional study.

Variable Males Females Gender differences

N Mean SD N Mean SD Mean diff. [95% CI] SE P value Effect size (d)

Age 24 64.3 8.1 21 63.1 10.9 −1.19 [−6.9, 2.8] 2.84 0.667 0.12

CGG repeats 23 85.1 20.2 18 76.6a 18.6 −8.5 [−20.9, 3.9] 6.13 0.173 0.43b

RNA level 16 2.46 1.1 13 1.24 0.5 −1.22 [−1.9, −0.6] 0.3 0.001 1.33b

UPDRS 23 14.3 13.2 21 9.6 6.8 −4.77 [−11.1, 1.6] 3.12 0.135* 0.46

CRST 24 30.4 25.3 21 17.5 7.5 −12.89 [−24.0, −1.8] 5.42 0.025* 0.69

ICARS total 24 24.5 13.9 21 16.95 7.2 −7.6 [−14.1, −0.99] 3.25 0.025* 0.68

ICARS gait 24 7.9 5.0 21 5.0 3.0 −2.87 [−5.3, −0.4] 1.21 0.023* 0.70

ICARS kinetic 24 14.0 7.5 21 10.4 4.6 −3.62 [−7.3, 0.08] 1.82 0.055* 0.58

Vocab SS 23 10.1 2.9 19 11.1 2.3 0.97 [−0.7, 2.6] 0.83 0.245 0.36b

MR SS 23 10.6 4.0 20 10.3 3.5 −0.32 [−2.6, 2.0] 1.16 0.787 0.08

DS Forwards 23 9.7 2.4 20 9.6 2.0 −0.15 [−1.5, 1.2] 0.68 0.832 0.07

DS Backwards 23 5.8 1.6 20 5.6 0.9 −0.23 [−1.1, 0.6] 0.42 0.590 0.17

Pro-rated IQ 23 101.7 19.3 19 104.5 12.6 2.73 [−7.3, 12.8] 4.95 0.584* 0.16b

SCL90 GSI 15 56.2 13.0 18 56.8 7.9 0.56 [−7.1, 8.2] 3.65 0.881 0.05b

Summary statistics for genetic and phenotypic scores in FSD males and females, and between-group differences. All male data come from the current sample, female data comes from

the current (15) and the retrospective (6) samples.
aThe values for two premutation/full mutation female mosaics excluded from this estimate.
bHedges’ g.

*t-test for unequal variances. Figures in bold were statistically significant at p < 0.05.

FIGURE 4 | (A) Scatterplots illustrating significant relationships between CGG repeat size and ICARS Total in males and females. (B) Scatterplot illustrating a

significant relationship between CGG repeat size and UPDRS in males and females combined. (C) Scatterplots illustrating significant relationships between FMR1

mRNA and ICARS total in females.
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FIGURE 5 | Axial Fluid Attenuated Inversion Recovery (FLAIR) Magnetic Resonance Imaging in FXTAS male (A) and female (B) premutation carriers. (A)

Seventy-five-year-old male participant, carrier of 58 CGG repeats, with overt features of FXTAS. ICARS = 22/100; UPDRS = 4/108; CRST:20/156; Prorated IQ = 103.

Wmhs scattered in both hemispheres, mainly in the frontal region, thick periventricular and splenial bands, and bilateral MCP sign. (B) Sixty-seven-year-old female

participant, carrier of 73 CGG repeats, with overt features of FXTAS and fibromyalgia. ICARS = 19/100; UPDRS = 11/108; CRST:14/156; Prorated IQ = 84. Few

small wmhs scattered in both hemispheres, thick periventricular and splenial bands, but absence of whms in middle cerebellar peduncles.

subscores, and in aspects of psychiatric status, in female PM
carriers who were sub-symptomatic at the first examination, but
who nevertheless showed an elevation in either the ICARS or
the CRST, at baseline. Of those sub-symptomatic females for
whom longitudinal data was available (13), half (6) converted to
a symptomatic form, with half of these (3) presenting a single
feature occuring in FXTAS, and the other half-with diagnosable
FXTAS. Analysis of the numerical data from the motor scales
showed significant progression for both ICARS and UPDRS
scores. Significant progression in all but one (UPDRS) motor
scores was also encountered in male carriers selected using the
same criteria as for the females. In order to account for the
difference between male and female samples in the interval
between the two assessments, we considered the rate of progress
in relation to the length of this interval in each individual.
There was no deterioration in any cognitive score in females,
compared with obvious decline (though not significant in this
small sample) in the MS, and DS Backward Wechsler subtests
in males, both these tests being reliant on various aspects of
executive function. However, females demonstrated significant
deterioration in psychiatric pathology shown by an increase
in the overall SCL90 scale score, and, more specifically, in
the Obsessive-Compulsive and Anxiety domain scores, which
reflect the prevalent changes reported in cross-sectional surveys
(Bourgeois et al., 2009, 2011; Schneider et al., 2016). In contrast,
male carriers did not show significant progression either in the
SCL90 overall, or in any of its specific domains. Clearly, the
significant progression in psychiatric symptoms- especially the
anxiety observed in our female carriers-may have important
clinical implications by drawing attention to the need for
preventative measures, such as psychological intervention, as
they age. The only other longitudinal study of anxiety in adult

female carriers, although it applied different tools (DSM-IV-I)
in a sample of younger females tested 3 years apart, showed
concordant results for anxiety, and led the authors to emphasize
the importance of attending to psychiatric health in fragile X
families (Roberts et al., 2016).

Our data on progression of the premutation-associated
changes from sub-symptomatic to clinical forms, especially in
females, may have an important impact on future research, as
well as on clinical approaches, because it introduces the concept
of continuity. Combined with earlier evidence for the existence of
subclinical neural or metabolic changes in both male and female
carriers over a broad age range (Tassone et al., 2012; Wang et al.,
2012, 2013, 2017; Battistella et al., 2013; Shelton et al., 2016;
Loesch et al., 2017, 2018; Hocking et al., 2019; O’Keeffe et al.,
2019), these data have shown that the focus of such research
should be on trajectories rather than on the final outcome of the
premutation-associated process. The most recent study, based on
a wide range of metabolic and proteomic biomarkers, showed
a decline of mitochondrial activities in pre-symptomatic female
PM carriers, leading the authors to the conclusion that the
development of neurodegeneration or other clinical symptoms
in older carriers could be linked to a lifetime accumulation of
cellular damage, aggravated by the aging process (Napoli et al.,
2020).

The notion of “FXTAS spectrum” (Loesch and Hagerman,
2011; Hagerman and Hagerman, 2013; Roberts et al., 2016),
here termed FSD, encompassing manifestations insufficient to
formally diagnose FXTAS, and which could simply represent
“FXTAS in the making,” has been the first step in this direction.
The utility of current strict diagnostic categories for FXTAS is
even more questionable considering that one-third of the 19
apparently asymptomatic female carriers in our retrospective
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sample had significant elevation in at least one motor score,
with further marked elevation of these scores over time, evolving
into FXTAS-like overt manifestations in over one-third of the
“at risk” group over a period of 9–10 years. Notably, in another
study, nearly half of premutation females were not aware of
having tremor, as shown by CATSYS results (Juncos et al.,
2011). Long-term follow-up studies of sub-symptomatic and
monosymptomatic carriers would allow determination of the
true proportion of subjects in whom elevated motor scores could
be considered prodromal of syndromic FXTAS, or in whom the
subclinical manifestations become symptomatic.

The major thrust of this study concerned differences between
male and female carriers in the trajectory of measurable
phenotypic changes. The two earlier studies applied motor scales
in bothmale and female carriers, but these scores were compared,
for each sex, between the carriers and control non-carriers. One
of these studies, based on a small sample of affected carriers
aged over 50, found significant differences in all three (ICARS,
UPDRS, and CRST) scores betweenmale, but not female, carriers
compared with normal controls (Berry-Kravis et al., 2003).
Similar results were obtained in another study using a much
larger sample of premutation carriers recruited regardless of their
neurological status and employing The FXTAS Rating Scale (a
compilation of items from the three standard motor scales).
While these scores were significantly worse in the entire group
of male carriers compared with non-carrier controls, there was
only a trend toward a difference in these scores between female
carriers and controls (Leehey et al., 2008). These earlier results
gave rise to the notion that there might be other sex-related
protective effects on the female FSD phenotype besides the
second X chromosome (Leehey et al., 2008). Although neither
of these findings can be compared with our data, especially as
direct comparisons between male and female carrier samples
were not conducted, they provided early quantitative evidence
for a large discrepancy in neural involvement between male
and female carriers, either symptomatic or sub-symptomatic. In
contrast, in the present study, we conducted direct statistical
comparison of the rate of progression in the three motor scale
scores, and cognitive and psychiatric scores. Although there
was significant progression in the ICARS and UPDRS scale
scores over the 9–10 years period in the sample of apparently
asymptomatic females, the rate of progression on the ICARS,
especially the ICARS Gait domain, was demonstrably less than in
the male sample. This differs from the negligible sex difference
in the rate of progression for parkinsonian rest tremor on the
UPDRS, and for the CRST. The latter result is not unpredictable,
considering that this scale measures both kinetic (as in the
ICARS) and parkinsonian (as a component of UPDRS) types
of tremor.

Our findings concerning sex differences in the rate of
progression are supported by the parallel cross-sectional study
results comparing male and female carriers affected by FSD,
group-matched for age. While there are large, highly significant
differences between males and females on the ICARS, especially
the ICARS Gait domain scores, this difference is negligible for
the UPDRS score. Notably, the UPDRS was the only measure
showing significant correlation with CGG repeat size in both

male and female samples. Although the interpretation of these
UPDRS findings is currently unclear, they throw new light
on the relevance of the trajectory of parkinsonian features, as
part of the FXTAS spectrum, to the premutation allele. Our
results showing (highly) significant relationships between ICARS
scores and CGG repeat size in females are also novel and
intriguing. One earlier study reported significant relationships
between CGG repeat size and the FXTAS Rating Scale scores
in a relatively large sample of males, comprising both affected
and non-affected premutation carriers, with a similar trend in
the corresponding female sample (Leehey et al., 2008). We
reported borderline significance of correlation between ICARS
total and CGG in the male sample, but no significance with
the gait or kinetic domains, possibly on account of extensive
variability of these scores and the small sample size; a similar
argument may apply to the CRST score, especially as they
included the C domain of CRST, which is based on (highly
subjective) reporting.

The pathogenesis of FSD involves an unstable “gain of
function” mutation. The lower penetrance with respect to neural
involvement in female compared with male premutation carriers
is sometimes attributed to the effect of the second normal (and
active) FMR1 allele. However, the rates of progression in motor
scores for tremor/ataxia observed in this study, being up to three
times higher inmales than in females, are greater than anticipated
from the effect of random inactivation, which, in our study, was
0.57. This does not indicate skewed inactivation, and indeed,
the level of mRNA in our female sample is almost exactly half
of that in the male sample, which is as expected from random
inactivation. However, the male-female differences in phenotype
we observed were greater than would be expected from this,
raising the possibility that other phenotype-modifying factors
are operative in female carriers, even allowing for a discrepancy
between blood and brain AR status (Tassone et al., 2004; Pretto
et al., 2014a,b; Zhao et al., 2019). Earlier evidence for this view
was provided by the absence of correlation between cognitive
and/or neuropsychiatric scores and relevant molecular measures
(CGG repeat, FMR1 mRNA, and AR) in premutation females
(Gossett et al., 2016; Jiraanont et al., 2017; Allen et al., 2020).
Consistent with these data, there was no relationship between
AR status and any of the phenotypic scores in a sample of 13
females from the “retrospective” sample included in this study
(data not shown).

The present results provide further, more specific information
on sex differences in motor dysfunction. Although these data are
based on small samples, moderate to high effect sizes (Cohen,
1988) that we calculated for the differences in all motor scores
give us sufficient confidence in the statistical assessment, and
thus allow us to advance possible causes underlying these sex-
related effects. The largest differences in males vs. females
in both the progression rate in the longitudinal sample, and
in the magnitude of motor impairment in the cross-sectional
FXTAS sample, seen in the ICARS scores, suggested differential
sex involvement of cerebellar vermal and anterior hemispheric
structures. This sex difference appeared to be particularly evident
for balance and gait dysfunction, reflected by ICARS (especially
ICARS gait) subscores. Cognitive decline, affecting aspects of
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executive function, was evident only in male carriers. This
is concordant with the motor findings, since these executive
skills involve circuits that include the inferolateral cerebellar
hemispheres (O’Halloran et al., 2012). Indeed, both the motor
and the executive circuits’ cortico-pontocerebellar afferents enter
the cerebellum via the MCP. Given that the MCP sign, implying
white matter degeneration, is very common in carrier males,
but largely absent in carrier females, it is perhaps unsurprising
that the sexes differ with respect to these two features of
FSD. Unlike the tremor ataxia/scores, the parkinsonian score
(UPDRS) showed similar values in both male and female
FXTAS samples, as well as in the rate of progression. These
results are consistent with the neuroradiological observation
that, apart from the MCP sign, the pattern of white matter
involvement is similar in the two sexes. For the illustration in
Figure 4, we have shown, an example of a female who, despite
an advanced form of FXTAS, did not show the MCP sign,
whereas this sign was evident in a male with a milder form
of FXTAS. Overall, we have encountered the MCP sign in all
24 FXTAS males, but in none of the females included in our
cross-sectional analysis. Our clinical and neuroradiological data,
showing disproportionately large gender differences in cerebellar
manifestations, combined with small and/or insignificant gender
differences in parkinsonian features, led to the conclusion that
the cortico-cerebellar afferents (comprising the MCP) may be
specifically protected in female carriers beyond the effect of
the second normal (and active) allele. There is a possibility,
though, that the activation ratio may be extremely biased in the
cerebellar system, reflecting the wide variation of FMR1 mRNA
levels across different brain locations (Tassone et al., 2004). It
is unlikely, however, since the elevation of this transcript in
females is, in our study, half of that in males, and no evidence
for any relationship of these levels with severity of cerebellar
dysfunction. These results, though based on small samples,
are interesting and indicative of the need for future studies
based on larger samples and more direct approach to assess
AR/mRNA relationships.

The most obvious limitation of this study is the smallness of
our samples, implying that reliance on the t-test is potentially
limited, mainly due to the elevated risk of Type II error.
However, the moderate to large effect sizes regarding male-
female differences in both progression rate and cross-sectional
analysis of motor scores indicate that this risk is low for these
comparisons. Although these effects are small to moderate
for cognitive scores, the statistical results concerning motor
scores provide critical evidence for this study’s main hypothesis.
Moreover, the effect of potentially large variances in some
measures contributing to limited accuracy of the tests of
significance has been reduced in this study by scoring, at each
time point, being conducted by the same two neurologists. It may
be noted that the confidence intervals (CI) determination were
consistent with the results of the t-test for every measurement
and in both progression and cross-sectional analysis. Another
limitation relates to imperfect matching of male and female
samples with respect to ascertainment, clinical categories, and
interval between the repeat testing, though the latter was adjusted
for in the analysis. However, it is practically impossible to achieve

a perfect match between male and female carriers because, with
rare exceptions, the trajectory and pattern of manifestations of
the FSD, especially with respect to major features, is overtly
different between the two genders. This difference may also
have an impact on the mechanism of ascertainment, which may
itself result in group differences. Moreover, our analysis makes
the assumptions of linearity of both disease progression and
assessment scales, whereas, in reality FXTAS may not necessarily
progress evenly across time. We therefore corrected for these
biases by adjusting the rate of progress data for the (T1) value
representing baseline severity of involvement.

Using the term FSD to encompass a wide range of
manifestations reminiscent of FXTAS, instead of classifying
the affected individuals studied using the standard criteria for
definitive, probable and possible categories (Hagerman and
Hagerman, 2007), might be considered one of this study’s
limitations, especially since it restricts comparisons with other
published results. However, our study has demonstrated that the
transition from FSD to syndromic probable FXTAS is gradual;
therefore, separating FXTAS from mild FSD may be artifactual.
Furthermore, encompassing all the symptomatic carriers within
the spectrum was determined by both small sample size and
the lack of MRI results in some cases, and our reliance on
the results of the motor rating scores. This approach is not
only more relevant than the categorical one when employing
these quantitative assessments, but it also reinforced the concept
of a continuum of the effect of PM alleles with respect to
neurological consequences.

However, despite these limitations, there is a consistent
trend in the results from different aspects of the analysis.,
Our study reveal specific differences in the level and type
of motor dysfunction between male and female carriers, and
supports the hypothesis advanced in the study’s aims: that subtle
phenotypic changes, once initiated, continue to progress, but
generally at a much slower and less uniform rate in female
than in male PM carriers. These data, being suggestive of the
existence of some sex-limited neuroprotective factors linked to
the diminished cerebellar involvement in female carriers of the
FMR1 premutation allele, may indicate an avenue for future,
more direct, neuropathological, and biochemical studies.

The search for possible protective factors in females should
commence with investigation of cellular pathomechanisms
already known to be involved in FXTAS. Mitochondrial
dysfunction in FXTAS brains has been well documented
(Giulivi et al., 2016; Alvarez-Mora et al., 2017), while the
Rotterdam knock-in pre-CGGmouse model demonstrates raised
cytoplasmic calcium levels (Robin et al., 2017). Neuronal calcium
homeostasis is tightly controlled via regulation of mitochondrial
and endoplasmic reticulum stores, and by several calcium-
binding proteins including Calbindin D-28k, calretinin and
parvalbumin (Bu et al., 2003). Calbindin levels are higher in
the cerebellum and frontal cortex in female vs. male mice,
and Calbindin D-28k null mice develop an ataxic phenotype
(Barski et al., 2003). Calbindin levels are known to be controlled
in part by estrogen receptor activation, although female
estrogen receptor knock-out female XX mice still showed higher
Calbindin levels than male XY receptor-knock-out mice (Abel
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et al., 2011). Therefore, Calbindin’s effect on calcium regulation
and the latter’s interaction with mitochondrial function would
appear to be a logical avenue for further exploration.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by La Trobe University HREC Monash University
HREC. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

DZL: conception, organization, and partial execution of
research project, neurological assessments and motor scales
scoring, review of statistical analysis, and co-writing (with ES) a
manuscript. FT: conduct and interpretation of genetic molecular
assays, review, and critique of manuscript. AA: contribution to
cognitive testing and scoring, creating study database, execution
of statistical analysis, contribution to review, and final editing of

manuscript. NT: execution and description of the MR images
in all study participants, review, and critique of manuscript.
PS: conduct and interpretation of neuropsychological and
psychiatric pathology assessments, organization, and partial
execution of research project. DP: contribution to overall
planning of this avenue of investigation and to interpretation
of results in context with own data, and significant input to
writing the Discussion. ES: conception and partial execution
of research project, neurological assessments and motor
scales scoring, neuropsychological assessments or supervision
of assessments, and co-writing (with DZL) of manuscript.
All authors: contributed to the article and approved the
submitted version.

FUNDING

This study was supported by the National Institutes of Child
Health and Human Development Grant, US, No HD 36071,
to DZL and FT, and by National Health and Medical Research
Australia project Grant No CF06/0269 to ES, DZL, and FT.

ACKNOWLEDGMENTS

We thank all participants and their families for their long-term
commitment to this study.

REFERENCES

Abel, J. M.,Witt, D.M., and Rissman, E. F. (2011). Sex differences in the cerebellum

and frontal cortex: roles of estrogen receptor alpha and sex chromosome genes.

Neuroendocrinology 93, 230–240. doi: 10.1159/000324402

Adams, J. S., Adams, P. E., Nguyen, D., Brunberg, J. A., Tassone, F.,

Zhang, W., et al. (2007). Volumetric brain changes in females with fragile

X-associated tremor/ataxia syndrome (FXTAS). Neurology 69, 851–859.

doi: 10.1212/01.wnl.0000269781.10417.7b

Allen, E. G., Charen, K., Hipp, H. S., Shubeck, L., Amin, A., He, W., et al.

(2020). Clustering of comorbid conditions among women who carry an FMR1

premutation. Genet. Med. 22, 758–766. doi: 10.1038/s41436-019-0733-5

Alvarez-Mora, M. I., Rodriguez-Revenga, L., Madrigal, I., Guitart-Mampel, M.,

Garrabou, G., and Milà, M. (2017). Impaired mitochondrial function and

dynamics in the pathogenesis of FXTAS. Mol. Neurobiol. 54, 6896–6902.

doi: 10.1007/s12035-016-0194-7

Apartis, E., Blancher, A., Meissner, W. G., Guyant-Marechal, L., Maltete,

D., De Broucker, T., et al. (2012). FXTAS: new insights and the

need for revised diagnostic criteria. Neurology 79, 1898–1907.

doi: 10.1212/WNL.0b013e318271f7ff

Au, J., Akins, R. S., Berkowitz-Sutherland, L., Tang, H. T., Chen, Y., Boyd, A.,

et al. (2013). Prevalence and risk of migraine headaches in adult fragile X

premutation carriers. Clin. Genet. 84, 546–551. doi: 10.1111/cge.12109

Barski, J. J., Hartmann, J., Rose, C. R., Hoebeek, F., Mörl, K., Noll-Hussong,

M., et al. (2003). Calbindin in cerebellar Purkinje cells is a critical

determinant of the precision of motor coordination. J. Neurosci. 23, 3469–3477.

doi: 10.1523/JNEUROSCI.23-08-03469.2003

Battistella, G., Niederhauser, J., Fornari, E., Hippolyte, L., Perrin, A. G., Lesca,

G., et al. (2013). Brain structure in asymptomatic FMR1 premutation carriers

at risk for fragile X-associated tremor/ataxia syndrome. Neurobiol. Aging 34,

1700–1707. doi: 10.1016/j.neurobiolaging.2012.12.001

Berry-Kravis, E., Lewin, F., Wuu, J., Leehey, M., Hagerman, R., Hagerman, P., et al.

(2003). Tremor and ataxia in fragile X premutation carriers: blinded videotape

study. Ann. Neurol. 53, 616–623. doi: 10.1002/ana.10522

Boivin, M., Willemsen, R., Hukema, R. K., and Sellier, C. (2018). Potential

pathogenic mechanisms underlying Fragile X Tremor Ataxia Syndrome: RAN

translation and/or RNA gain-of-function? Eur. J. Med. Genet. 61, 674–679.

doi: 10.1016/j.ejmg.2017.11.001

Bourgeois, J., Coffey, S., Rivera, S. M., Hessl, D., Gane, L. W., Tassone, F., et al.

(2009). Fragile X premutation disorders–expanding the psychiatric perspective.

J. Clin. Psychiatry 70:852. doi: 10.4088/JCP.08r04476

Bourgeois, J. A., Seritan, A. L., Casillas, E. M., Hessl, D., Schneider, A., Yang, Y.,

et al. (2011). Lifetime prevalence of mood and anxiety disorders in fragile X

premutation carriers. J. Clin. Psychiatr. 72:175. doi: 10.4088/JCP.09m05407blu

Brunberg, J. A., Jacquemont, S., Hagerman, R. J., Berry-Kravis, E. M., Grigsby,

J., Leehey, M. A., et al. (2002). Fragile X premutation carriers: characteristic

MR imaging findings of adult male patients with progressive cerebellar and

cognitive dysfunction. AJNR Am. J. Neuroradiol. 23, 1757–1766.

Bu, J., Sathyendra, V., Nagykery, N., and Geula, C. (2003). Age-related

changes in calbindin-D28k, calretinin, and parvalbumin-immunoreactive

neurons in the human cerebral cortex. Exp. Neurol. 182, 220–231.

doi: 10.1016/S0014-4886(03)00094-3

Coffey, S. M., Cook, K., Tartaglia, N., Tassone, F., Nguyen, D. V., Pan, R., et al.

(2008). Expanded clinical phenotype of women with the FMR1 premutation.

Am. J. Med. Genet. A 146A, 1009–1016. doi: 10.1002/ajmg.a.32060

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences, 2nd Edn.

Hillsdale, NJ: Lawrence Erlbaum Associates Publishers.

Cronister, A., Schreiner, R., Wittenberger, M., Amiri, K., Harris, K., and

Hagerman, R. J. (1991). Heterozygous fragile X female: historical, physical,

cognitive, and cytogenetic features. Am. J. Med. Genet. 38, 269–274.

doi: 10.1002/ajmg.1320380221

Derogatis, L. (1994). SCL-90-R: Symptom Checklist-90-R. Administration, Scoring

and Procedures Manual. Minneapolis, MN: NCS Pearson.

Fahn, S., Elton, R., and and, U. P. D. R.S., Development Committee (1987).

“The Unified Parkinson’s Disease Rating Scale,” in Recent Developments

in Parkinson’s Disease, 2 Edn, eds S. Fahn, C. D. Marsden, D. B. Calne,

and M. Goldstein (Florham Park, NJ: Macmillan Healthcare Information),

153–163, 293–304.

Frontiers in Molecular Biosciences | www.frontiersin.org 13 January 2021 | Volume 7 | Article 577246

https://doi.org/10.1159/000324402
https://doi.org/10.1212/01.wnl.0000269781.10417.7b
https://doi.org/10.1038/s41436-019-0733-5
https://doi.org/10.1007/s12035-016-0194-7
https://doi.org/10.1212/WNL.0b013e318271f7ff
https://doi.org/10.1111/cge.12109
https://doi.org/10.1523/JNEUROSCI.23-08-03469.2003
https://doi.org/10.1016/j.neurobiolaging.2012.12.001
https://doi.org/10.1002/ana.10522
https://doi.org/10.1016/j.ejmg.2017.11.001
https://doi.org/10.4088/JCP.08r04476
https://doi.org/10.4088/JCP.09m05407blu
https://doi.org/10.1016/S0014-4886(03)00094-3
https://doi.org/10.1002/ajmg.a.32060
https://doi.org/10.1002/ajmg.1320380221
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Loesch et al. Sex Differences in FXTAS Progression

Fahn, S., Tolosa, E., and Marin, C. (1993). “Clinical Rating Scale for Tremor,” in

Parkinson’s Disease and Movement Disorders, 2nd Edn, eds J. Jankovic, and E.

Tolosa (Baltimore: Williams and Wilkins), 271–280.

Fernandez-Carvajal, I., Walichiewicz, P., Xiaosen, X., Pan, R., Hagerman, P. J., and

Tassone, F. (2009). Screening for expanded alleles of the FMR1 gene in blood

spots from newborn males in a Spanish population. J. Mol. Diagn. 11, 324–329.

doi: 10.2353/jmoldx.2009.080173

Filipovic-Sadic, S., Sah, S., Chen, L., Krosting, J., Sekinger, E., Zhang, W., et al.

(2010). A novel FMR1 PCRmethod for the routine detection of low abundance

expanded alleles and full mutations in fragile X syndrome. Clin. Chem. 56,

399–408. doi: 10.1373/clinchem.2009.136101

Fitzpatrick, L. E., Jackson, M., and Crowe, S. F. (2012). Characterization of

cerebellar ataxia in chronic alcoholics using the International Cooperative

Ataxia Rating Scale (ICARS). Alcohol. Clin. Exp. Res. 36, 1942–1951.

doi: 10.1111/j.1530-0277.2012.01821.x

Giulivi, C., Napoli, E., Tassone, F., Halmai, J., and Hagerman, R. (2016). Plasma

metabolic profile delineates roles for neurodegeneration, pro-inflammatory

damage and mitochondrial dysfunction in the FMR1 premutation. Biochem.

J. 473, 3871–3888. doi: 10.1042/BCJ20160585

Glineburg, M. R., Todd, P. K., Charlet-Berguerand, N., and Sellier, C.

(2018). Repeat-associated non-AUG (RAN) translation and other molecular

mechanisms in fragile X tremor ataxia syndrome. Brain Res. 151693, 43–54.

doi: 10.1016/j.brainres.2018.02.006

Gossett, A., Sansone, S., Schneider, A., Johnston, C., Hagerman, R., Tassone,

F., et al. (2016). Psychiatric disorders among women with the fragile X

premutation without children affected by fragile X syndrome. Am. J. Med.

Genet. B 171, 1139–1147. doi: 10.1002/ajmg.b.32496

Greco, C., Hagerman, R. J., Tassone, F., Chudley, A., Del Bigio, M., Jacquemont, S.,

et al. (2002). Neuronal intranuclear inclusions in a new cerebellar tremor/ataxia

syndrome among fragile X carriers. Brain 125, 1760–1771.

Greco, C. M., Soontrapornchai, K., Wirojanan, J., Gould, J. E., Hagerman, P.

J., and Hagerman, R. J. (2007). Testicular and pituitary inclusion formation

in fragile X associated tremor/ataxia syndrome. J. Urol. 177, 1434–1437.

doi: 10.1093/brain/awf184

Hagerman, P. J. (2008). The fragile X prevalence paradox. J. Med. Genet. 45,

498–499. doi: 10.1136/jmg.2008.059055

Hagerman, P. J., and Hagerman, R. J. (2004). The fragile-X premutation: a

maturing perspective. Am. J. Hum. Genet. 74, 805–816. doi: 10.1086/386296

Hagerman, P. J., and Hagerman, R. J. (2007). Fragile X-associated tremor/ataxia

syndrome—an older face of the fragile X gene. Nat. Clin. Pract. 3, 107–112.

doi: 10.1038/ncpneuro0373

Hagerman, P. J., and Hagerman, R. J. (2015). Fragile X-associated tremor/ataxia

syndrome. Ann. N.Y. Acad. Sci. 1338:58. doi: 10.1111/nyas.12693

Hagerman, R., and Hagerman, P. (2013). Advances in clinical and

molecular understanding of the FMR1 premutation and fragile X-

associated tremor/ataxia syndrome. Lancet Neurol. 12, 786–798.

doi: 10.1016/S1474-4422(13)70125-X

Hagerman, R. J., and Hagerman, P. (2016). Fragile X-associated tremor/ataxia

syndrome—features, mechanisms and management. Nat. Rev. Neurol. 12:403.

doi: 10.1038/nrneurol.2016.82

Hermanson, M., Jhaveri, M., Stebbins, G., Dunn, E., Merkitch, D., Berry-Kravis, E.,

et al. (2015). The splenium of the corpus callosum sign in fragile X associated

tremor ataxia syndrome (FXTAS) (P2.125). Neurology 84, P2.125.

Hocking, D. R., Loesch, D. Z., Trost, N., Bui, M. Q., Hammersley, E., Francis, D.,

et al. (2019). Total and regional white matter lesions are correlated with motor

and cognitive impairments in carriers of the FMR1 premutation. Front. Neurol.

10:832. doi: 10.3389/fneur.2019.00832

Hunsaker, M. R., Greco, C. M., Spath, M. A., Smits, A. P., Navarro, C.

S., Tassone, F., et al. (2011). 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. 122,

467–479. doi: 10.1007/s00401-011-0860-9

Hunter, J. E., Allen, E. G., Abramowitz, A., Rusin, M., Leslie, M., Novak, G.,

et al. (2008). 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. 83, 692–702. doi: 10.1016/j.ajhg.2008.10.021

Jacquemont, S., Hagerman, R. J., Leehey, M. A., Hall, D. A., Levine, R.

A., Brunberg, J. A., et al. (2004). Penetrance of the fragile X–associated

tremor/ataxia syndrome in a premutation carrier population. JAMA 291,

460–469. doi: 10.1001/jama.291.4.460

Jin, P., Zarnescu, D. C., Zhang, F., Pearson, C. E., Lucchesi, J. C., Moses,

K., et al. (2003). RNA-mediated neurodegeneration caused by the

fragile X premutation rCGG repeats in Drosophila. Neuron 39, 739–747.

doi: 10.1016/S0896-6273(03)00533-6

Jiraanont, P., Sweha, S. R., AlOlaby, R. R., Silva, M., Tang, H.-T., Durbin-Johnson,

B., et al. (2017). Clinical and molecular correlates in fragile X premutation

females. eNeurologicalSci 7, 49–56. doi: 10.1016/j.ensci.2017.04.003

Juncos, J. L., Lazarus, J. T., Graves-Allen, E., Shubeck, L., Rusin,M., Novak, G., et al.

(2011). New clinical findings in the fragile X-associated tremor ataxia syndrome

(FXTAS). Neurogenetics 12, 123–135. doi: 10.1007/s10048-010-0270-5

Leehey, M. A., Berry-Kravis, E., Goetz, C. G., Zhang, L., Hall, D. A., Li, L., et al.

(2008). FMR1 CGG repeat length predicts motor dysfunction in premutation

carriers. Neurology 70, 1397–1402. doi: 10.1212/01.wnl.0000281692.98200.f5

Leehey, M. A., Legg, W., Tassone, F., and Hagerman, R. (2011). Fibromyalgia in

fragile X mental retardation 1 gene premutation carriers. Rheumatology 50,

2233–2236. doi: 10.1093/rheumatology/ker273

Loesch, D., Churchyard, A., Brotchie, P., Marot, M., and Tassone, F. (2005).

Evidence for, and a spectrum of, neurological involvement in carriers of

the fragile X pre-mutation: FXTAS and beyond. Clin. Genet. 67, 412–417.

doi: 10.1111/j.1399-0004.2005.00425.x

Loesch, D., and Hagerman, R. (2011). “Unstable mutations in the FMR1 gene and

the phenotypes,” in Tandem Repeat Polymorphisms: Genetic Plasticity, Neural

Diversity and Disease, ed A. J. Hannan (New York, NY: Springer), 78–114.

doi: 10.1007/978-1-4614-5434-2_6

Loesch, D. Z., Annesley, S. J., Trost, N., Bui, M. Q., Lay, S. T., Storey, E., et al.

(2017). Novel blood biomarkers are associated with white matter lesions in

Fragile X- Associated Tremor/Ataxia Syndrome. Neurodegener. Dis. 17, 22–30.

doi: 10.1159/000446803

Loesch, D. Z., Bui, M. Q., Hammersley, E., Schneider, A., Storey, E., Stimpson, P.,

et al. (2015). Psychological status in female carriers of premutation FMR1 allele

showing a complex relationship with the size of CGG expansion. Clin. Genet.

87, 173–178. doi: 10.1111/cge.12347

Loesch, D. Z., Kotschet, K., Trost, N., Greco, C. M., Kinsella, G., Slater, H.

R., et al. (2011). White matter changes in basis pontis in small expansion

FMR1 allele carriers with parkinsonism. Am. J. Med. Genet. B 156B, 502–506.

doi: 10.1002/ajmg.b.31189

Loesch, D. Z., Trost, N., Bui, M. Q., Hammersley, E., Lay, S. T., Annesley, S.

J., et al. (2018). The spectrum of neurological and white matter changes and

premutation status categories of older male carriers of the FMR1 alleles are

linked to genetic (CGG and FMR1mRNA) and cellular stress (AMPK)markers.

Front. Genet. 9, 531–531. doi: 10.3389/fgene.2018.00531

Louis, E., Moskowitz, C., Friez, M., Amaya, M., and Vonsattel, J. P. G.

(2006). Parkinsonism, dysautonomia, and intranuclear inclusions in a

fragile X carrier: a clinical–pathological study. Mov. Disord. 21, 420–425.

doi: 10.1002/mds.20753

Napoli, E., McLennan, Y. A., Schneider, A., Tassone, F., Randi, J., Hagerman, R.

J., and and Giulivi, C. (2020). Characterization of the metabolic, clinical and

neuropsychological phenotype of female carriers of the premutation in the

X-linked FMR1 gene. Front. Mol. Biosci.| doi: 10.3389/fmolb.2020.578640

O’Halloran, C. J., Kinsella, G. J., and Storey, E. (2012). The cerebellum and

neuropsychological functioning: a critical review. J. Clin. Exp. Neuropsychol.

34, 35–56. doi: 10.1186/s12984-019-0560-6

O’Keeffe, C., Taboada, L. P., Feerick, N., Gallagher, L., Lynch, T., and Reilly, R. B.

(2019). Complexity based measures of postural stability provide novel evidence

of functional decline in fragile X premutation carriers. J. Neuroeng. Rehabil. 16,

87. doi: 10.1080/13803395.2011.614599

Polussa, J., Schneider, A., and Hagerman, R. (2014). Molecular advances leading

to treatment implications for Fragile X premutation carriers. Brain Disord.

Ther. 3:1000119.

Postuma, R., Lang, A., Gagnon, J., Pelletier, A., and Montplaisir, J. (2012).

How does parkinsonism start? Prodromal parkinsonism motor changes

in idiopathic REM sleep behaviour disorder. Brain 135, 1860–1870.

doi: 10.1093/brain/aws093

Pretto, D., Yrigollen, C. M., Tang, H.-T., Williamson, J., Espinal, G., Iwahashi, C.

K., et al. (2014a). Clinical and molecular implications of mosaicism in FMR1

full mutations. Front Genet 5, 318–318. doi: 10.3389/fgene.2014.00318

Frontiers in Molecular Biosciences | www.frontiersin.org 14 January 2021 | Volume 7 | Article 577246

https://doi.org/10.2353/jmoldx.2009.080173
https://doi.org/10.1373/clinchem.2009.136101
https://doi.org/10.1111/j.1530-0277.2012.01821.x
https://doi.org/10.1042/BCJ20160585
https://doi.org/10.1016/j.brainres.2018.02.006
https://doi.org/10.1002/ajmg.b.32496
https://doi.org/10.1093/brain/awf184
https://doi.org/10.1136/jmg.2008.059055
https://doi.org/10.1086/386296
https://doi.org/10.1038/ncpneuro0373
https://doi.org/10.1111/nyas.12693
https://doi.org/10.1016/S1474-4422(13)70125-X
https://doi.org/10.1038/nrneurol.2016.82
https://doi.org/10.3389/fneur.2019.00832
https://doi.org/10.1007/s00401-011-0860-9
https://doi.org/10.1016/j.ajhg.2008.10.021
https://doi.org/10.1001/jama.291.4.460
https://doi.org/10.1016/S0896-6273(03)00533-6
https://doi.org/10.1016/j.ensci.2017.04.003
https://doi.org/10.1007/s10048-010-0270-5
https://doi.org/10.1212/01.wnl.0000281692.98200.f5
https://doi.org/10.1093/rheumatology/ker273
https://doi.org/10.1111/j.1399-0004.2005.00425.x
https://doi.org/10.1007/978-1-4614-5434-2_6
https://doi.org/10.1159/000446803
https://doi.org/10.1111/cge.12347
https://doi.org/10.1002/ajmg.b.31189
https://doi.org/10.3389/fgene.2018.00531
https://doi.org/10.1002/mds.20753
https://doi.org/10.3389/fmolb.2020.578640
https://doi.org/10.1186/s12984-019-0560-6
https://doi.org/10.1080/13803395.2011.614599
https://doi.org/10.1093/brain/aws093
https://doi.org/10.3389/fgene.2014.00318
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Loesch et al. Sex Differences in FXTAS Progression

Pretto, D. I., Mendoza-Morales, G., Lo, J., Cao, R., Hadd, A., Latham,

G. J., et al. (2014b). CGG allele size somatic mosaicism and

methylation in FMR1 premutation alleles. J. Med. Genet. 51, 309–318.

doi: 10.1136/jmedgenet-2013-102021

Richards, M., Marder, K., Cote, L., and Mayeux, R. (1994). Interrater reliability of

the Unified Parkinson’s Disease Rating Scale motor examination.Mov. Disord.

9, 89–91. doi: 10.1002/mds.870090114

Roberts, J. E., Bailey D. B. Jr., Mankowski, J., Ford, A., Sideris, J., Weisenfeld,

L. A., et al. (2009). Mood and anxiety disorders in females with the FMR1

premutation. Am. J. Med. Genet. B Neuropsychiatr. Genet. 150, 130–139.

doi: 10.1002/ajmg.b.30786

Roberts, J. E., Tonnsen, B. L., McCary, L. M., Ford, A. L., Golden, R. N., and

Bailey, D. B. Jr. (2016). Trajectory and predictors of depression and anxiety

disorders in mothers with the FMR1 premutation. Biol. Psychiatr. 79, 850–857.

doi: 10.1016/j.biopsych.2015.07.015

Robin, G., López, J. R., Espinal, G. M., Hulsizer, S., Hagerman, P. J., and Pessah, I.

N. (2017). Calcium dysregulation and Cdk5-ATMpathway involved in amouse

model of fragile X-associated tremor/ataxia syndrome. Hum. Mol. Genet. 26,

2649–2666. doi: 10.1093/hmg/ddx148

Rodriguez-Revenga, L., Madrigal, I., Pagonabarraga, J., Xuncl,à, M., Badenas,

C., Kulisevsky, J., et al. (2009). Penetrance of FMR1 premutation associated

pathologies in fragile X syndrome families. Eur. J. Hum. Genet. 17, 1359–1362.

doi: 10.1038/ejhg.2009.51

Schneider, A., Johnston, C., Tassone, F., Sansone, S., Hagerman, R. J., Ferrer,

E., et al. (2016). Broad autism spectrum and obsessive-compulsive symptoms

in adults with the fragile X premutation. Clin. Neuropsychol. 30, 929–943.

doi: 10.1080/13854046.2016.1189536

Seltzer, M. M., Baker, M. W., Hong, J., Maenner, M., Greenberg, J., and Mandel, D.

(2012). Prevalence of CGG expansions of the FMR1 gene in a US population-

based sample. Am. J. Med. Genet. B Neuropsychiatr. Genet. 159, 589–597.

doi: 10.1002/ajmg.b.32065

Shelton, A. L., Cornish, K. M., Kraan, C. M., Lozano, R., Bui, M., and

Fielding, J. (2016). Executive dysfunction in female FMR1 premutation carriers.

Cerebellum 15, 565–569. doi: 10.1007/s12311-016-0782-0

Soontarapornchai, K., Maselli, R., Fenton-Farrell, G., Tassone, F.,

Hagerman, P. J., Hessl, D., et al. (2008). Abnormal nerve conduction

features in fragile X premutation carriers. Arch. Neurol. 65, 495–498.

doi: 10.1001/archneur.65.4.495

Stacy, M. A., Elble, R. J., Ondo, W. G., Wu, S. C., Hulihan, J., and Group, T. S.

(2007). Assessment of interrater and intrarater reliability of the Fahn–Tolosa–

Marin Tremor Rating Scale in essential tremor. Mov. Disord. 22, 833–838.

doi: 10.1002/mds.21412

Storey, E., Tuck, K., Hester, R., Hughes, A., and Churchyard, A. (2004). Inter-rater

reliability of the International Cooperative Ataxia Rating scale (ICARS). Mov.

Disord. 19, 190–192. doi: 10.1002/mds.10657

Tassone, F., Greco, C. M., Hunsaker, M. R., Seritan, A. L., Berman, R. F., Gane, L.

W., et al. (2012). Neuropathological, clinical andmolecular pathology in female

fragile X premutation carriers with and without FXTAS. Genes Brain Behav. 11,

577–585. doi: 10.1111/j.1601-183X.2012.00779.x

Tassone, F., Hagerman, R. J., Garcia-Arocena, D., Khandjian, E., Greco, C., and

Hagerman, P. J. (2004). Intranuclear inclusions in neural cells with premutation

alleles in fragile X associated tremor/ataxia syndrome. J. Med. Genet. 41,

e43–e43. doi: 10.1136/jmg.2003.012518

Tassone, F., Hagerman, R. J., Ikl,é, D. N., Dyer, P. N., Lampe, M., Willemsen,

R., et al. (1999). FMRP expression as a potential prognostic indicator in

fragile X syndrome. Am. J. Med. Genet. 84, 250–261.doi: 10.1002/(SICI)1096-

8628(19990528)84:3<250::AID-AJMG17>3.0.CO;2-4

Tassone, F., Hagerman, R. J., Taylor, A. K., Gane, L. W., Godfrey, T. E., and

Hagerman, P. J. (2000). Elevated levels of FMR1 mRNA in carrier males: a new

mechanism of involvement in the fragile-X syndrome. Am. J. Hum. Genet. 66,

6–15. doi: 10.1086/302720

Tassone, F., Pan, R., Amiri, K., Taylor, A. K., and Hagerman, P. J. (2008). A

rapid polymerase chain reaction-based screening method for identification of

all expanded alleles of the fragile X (FMR1) gene in newborn and high-risk

populations. J Mol Diagn 10, 43–49. doi: 10.2353/jmoldx.2008.070073

Todd, P. K., Oh, S. Y., Krans, A., He, F., Sellier, C., Frazer, M., et al. (2013). CGG

repeat-associated translation mediates neurodegeneration in fragile X tremor

ataxia syndrome. Neuron 78, 440–455. doi: 10.1016/j.neuron.2013.03.026

Trouillas, P., Takayanagi, T., Hallett, M., Currier, R. D., Subramony, S. H.,

Wessel, K., et al. (1997). International Cooperative Ataxia Rating Scale

for pharmacological assessment of the cerebellar syndrome. The Ataxia

Neuropharmacology Committee of the World Federation of Neurology. J.

Neurol. Sci. 145, 205–211. doi: 10.1016/S0022-510X(96)00231-6

Wang, J. Y., Hessl, D., Hagerman, R. J., Simon, T. J., Tassone, F., Ferrer, E.,

et al. (2017). Abnormal trajectories in cerebellum and brainstem volumes

in carriers of the fragile X premutation. Neurobiol. Aging 55, 11–19.

doi: 10.1016/j.neurobiolaging.2017.03.018

Wang, J. Y., Hessl, D., Hagerman, R. J., Tassone, F., and Rivera, S. M. (2012). Age-

dependent structural connectivity effects in fragile x premutation.Arch. Neurol.

69, 482–489. doi: 10.1001/archneurol.2011.2023

Wang, J. Y., Hessl, D., Schneider, A., Tassone, F., Hagerman, R. J., and Rivera,

S. M. (2013). Fragile X-associated tremor/ataxia syndrome: influence of the

FMR1 gene on motor fiber tracts in males with normal and premutation alleles

fragile X-associated tremor/ataxia syndrome. JAMA Neurology 70, 1022–1029.

doi: 10.1001/jamaneurol.2013.2934

Wechsler, D. (1997). The Wechsler Adult Intelligence Scale (3rd

Edn.) Administration and Scoring Manual. Orlando, FL: The

Psychological Corporation.

Wheeler, A. C., Bailey, D. B. Jr., Berry-Kravis, E., Greenberg, J., Losh, M., Mailick,

M., et al. (2014). Associated features in females with an FMR1 premutation. J.

Neurodev. Disord. 6, 30. doi: 10.1186/1866-1955-6-30

Winarni, T. I., Chonchaiya, W., Sumekar, T. A., Ashwood, P., Morales, G.

M., Tassone, F., et al. (2012). Immune-mediated disorders among women

carriers of fragile X premutation alleles. Am. J. Med. Genet. A 158, 2473–2481.

doi: 10.1002/ajmg.a.35569

Zhao, X., Gazy, I., Hayward, B., Pintado, E., Hwang, Y. H., Tassone, F., et al.

(2019). Repeat instability in the fragile X-related disorders: lessons from a

mouse model. Brain Sci 9:52. doi: 10.3390/brainsci9030052

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Loesch, Tassone, Atkinson, Stimpson, Trost, Pountney and Storey.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org 15 January 2021 | Volume 7 | Article 577246

https://doi.org/10.1136/jmedgenet-2013-102021
https://doi.org/10.1002/mds.870090114
https://doi.org/10.1002/ajmg.b.30786
https://doi.org/10.1016/j.biopsych.2015.07.015
https://doi.org/10.1093/hmg/ddx148
https://doi.org/10.1038/ejhg.2009.51
https://doi.org/10.1080/13854046.2016.1189536
https://doi.org/10.1002/ajmg.b.32065
https://doi.org/10.1007/s12311-016-0782-0
https://doi.org/10.1001/archneur.65.4.495
https://doi.org/10.1002/mds.21412
https://doi.org/10.1002/mds.10657
https://doi.org/10.1111/j.1601-183X.2012.00779.x
https://doi.org/10.1136/jmg.2003.012518
https://doi.org/10.1002/(SICI)1096-8628(19990528)84:3<250::AID-AJMG17>3.0.CO;2-4
https://doi.org/10.1086/302720
https://doi.org/10.2353/jmoldx.2008.070073
https://doi.org/10.1016/j.neuron.2013.03.026
https://doi.org/10.1016/S0022-510X(96)00231-6
https://doi.org/10.1016/j.neurobiolaging.2017.03.018
https://doi.org/10.1001/archneurol.2011.2023
https://doi.org/10.1001/jamaneurol.2013.2934
https://doi.org/10.1186/1866-1955-6-30
https://doi.org/10.1002/ajmg.a.35569
https://doi.org/10.3390/brainsci9030052
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Differential Progression of Motor Dysfunction Between Male and Female Fragile X Premutation Carriers Reveals Novel Aspects of Sex-Specific Neural Involvement
	Introduction
	Methods
	Subjects
	Progression Rate
	Cross-Sectional Male-Female Comparisons

	Testing Protocols
	Neurological and Cognitive Measures
	Psychiatric Pathology Test Scores
	Genetic Molecular Measures
	CGG Sizing
	FMR1 mRNA Expression Level Measurements
	Activation Ratio


	Statistical Analysis

	Results
	Progression Rate
	Cross-Sectional Male-Female Comparisons
	Genotype-Phenotype Relationships
	Magnetic Resonance Imaging Data

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


