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Abstract 
 

The Fragile X-associated disorders are a group of genetic diseases resulting from 

the expansion of the CGG repeats in the 5’ untranslated region (5’ UTR) of the FMR1 

gene, located on the X chromosome. Individuals with an expansion of greater than 200 

CGG repeats have the full mutation, which leads to silencing of the gene and lack of the 

encoded protein, FMRP, causing Fragile X syndrome (FXS), the most common inherited 

form of intellectual disability. Individual carriers of a premutation allele (55-200 CGG 

repeat) are at risk of developing Fragile X-associated tremor/ataxia syndrome (FXTAS), 

a late onset neurodegenerative condition, which affects both males and females. 

Currently, there is no approved therapy or reliable biomarkers to determine therapeutic 

efficacy in FXS and associated disorders, in particular of FXTAS. 

The first part of my dissertation (Chapters 2, 3 and 4) investigates the development 

of a potential biomarker for early diagnosis and progression of FXTAS. The second part 

of my dissertation (Chapters 5 and 6), reports on the development of a protocol to derive 

epithelial cells from urine samples of FXS patients and on the molecular methods to study 

and diagnose FXTAS. 

Chapter 1 is a detailed introduction to the genetics of FXS, its pathophysiology and 

on currently available molecular biomarkers. In Chapter 2, I report on an investigation of 

the alternative splicing landscape at the FMR1 locus in conjunction with brain measures. 

I show that increased levels of specific FMR1 mRNA isoforms, those that encode 

truncated proteins, are present in premutation carriers who developed symptoms of 

FXTAS, relative to non-carrier healthy controls, suggesting a potential role in the 

development of the disorder. Chapter 3 reports on the identification of biomarkers for early 
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diagnosis and progression of FXTAS. Interestingly, lipid metabolism and, specifically, the 

sub-pathways involved in mitochondrial bioenergetics as observed in other 

neurodegenerative disorders; were found to be significantly altered in FXTAS. Further, in 

Chapter 4, I demonstrate that differential expression levels of some of the previously-

identified metabolites are linked with areas within the pons. In addition, we observed a 

significant correlation of these metabolic signatures with the FXTAS stage,  strengthening 

the likelihood that they contribute to the progression and pathogenesis of FXTAS.  

In the second part of my thesis, which begins with Chapter 5, I describe a cost-

effective and straightforward method to derive epithelial cell lines from urine samples 

collected from participants with FXS and healthy controls (TD). These cell lines can be 

used as a new model to study the molecular mechanisms behind FXS, including the 

expression of surface markers, inter and the intra-tissue CGG mosaicism, FMR1 mRNA 

and FMRP expression levels. Finally, in Chapter 6, I provide the protocols for FXTAS 

diagnostic tools, in both humans and mouse.  
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Chapter 1 

Molecular Biomarkers in Fragile X Syndrome 

Marwa Zafarullah 1 and Flora Tassone 1,2, * 
 
1 Department of Biochemistry and Molecular Medicine, University of California Davis, 

School of Medicine, Sacramento, 95817 CA, USA; mzafarullah@ucdavis.edu  
2 MIND Institute, University of California Davis Medical Center, Sacramento, 95817 CA, 

USA 
* Correspondence: ftassone@ucdavis.edu; Tel.: +1-(916)-703-0463 

 

Abstract 

 Fragile X syndrome (FXS) is the most common inherited form of intellectual 

disability (ID) and a known monogenic cause of autism spectrum disorder (ASD). It is a 

trinucleotide repeat disorder, in which more than 200 CGG repeats in the 5’ untranslated 

region (UTR) of the fragile X mental retardation 1 (FMR1) gene causes methylation of 

the promoter with consequent silencing of the gene, ultimately leading to the loss of the 

encoded fragile X mental retardation 1 protein, FMRP. FMRP is an RNA binding protein 

that plays a primary role as a repressor of translation of various mRNAs, many of which 

are involved in the maintenance and development of neuronal synaptic function and 

plasticity.  In addition to intellectual disability, patients with FXS face several behavioral 

challenges, including anxiety, hyperactivity, seizures, repetitive behavior, and problems 

with executive and language performance. Currently, there is no cure or approved 

medication for the treatment of the underlying causes of FXS, but in the past few years, 

our knowledge about the proteins and pathways that are dysregulated by the loss of 
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FMRP has increased, leading to clinical trials and to the path of developing molecular 

biomarkers for identifying potential targets for therapies. In this paper, we review 

candidate molecular biomarkers that have been identified in preclinical studies in the 

FXS mouse animal model and are now under validation for human applications or have 

already made their way to clinical trials. 

 

Keywords: fragile X syndrome; molecular biomarkers; FMR1; FMRP; intellectual 

disability; Fmr1 KO mouse; ASD. 

 

1. Introduction 

A biomarker is “a characteristic that is objectively measured and evaluated as an 

indicator of normal biological processes, pathogenic processes, or pharmacologic 

responses to a therapeutic intervention” [1]. Biomarkers can be found in blood, plasma, 

or other tissues and are generally viewed as a molecular signature able to identify 

individuals who are at high risk for a specific condition. They can also be detected before 

disease symptoms and therefore used to predict the occurrence of a condition or the 

nature and severity of disease outcomes in an individual. Importantly, they can be used 

to evaluate the efficacy of response to pharmacological intervention. 

Fragile X syndrome (FXS) is the most prevalent inherited form of intellectual disability 

and the single leading monogenic known cause of autism, as 60% of those with a full 

mutation present with autism spectrum disorder (ASD) [2]. The clinical symptoms include 

anxiety, impairment in cognitive, executive and language performance, hyperactivity, 



 

 
 

3 

impulsivity, insomnia, seizures, and physical features such as hypotonia, flat feet, 

hyperextensible joints, and macroorchidism [3]. FXS is caused by the abnormal 

expansion, to greater than 200 units, of a naturally occurring CGG repeat in the 5’ 

untranslated region (UTR) of the fragile X mental retardation 1 (FMR1) gene, located on 

the X chromosome. This expansion, termed a full mutation, results in hypermethylation 

and transcriptional silencing of the gene, leading to the loss or reduction of fragile X 

mental retardation 1 protein (FMRP) expression and to the diagnosis of fragile X 

syndrome [4–6]. Individuals carrying expansions of 55–200 CGG repeats are termed 

premutation carriers and are at risk of developing the late-onset neurodegenerative 

syndrome, fragile X-associated tremor/ataxia syndrome (FXTAS), the fragile X-

associated primary ovarian insufficiency (FXPOI) [7] and the fragile X-associated 

neuropsychiatric disorders (FXAND) [8]. 

FMRP is an RNA-binding protein and a translational regulator, whose function affects 

synaptic plasticity, spine morphology, and several cellular signaling pathways. Reduced 

expression of FMRP leads to the abnormalities in neurodevelopmental processes and the 

disturbed neuronal communications observed in FXS [9]. Young adults and adolescents 

with FXS show neuroanatomical abnormalities [10], and the regions of the brain that are 

significantly impacted by the loss of FMRP are the hippocampus (a structure that plays a 

critical role in the learning and memory and the regulation of mood and cognition [11]), 

the cerebellum, and the basal forebrain (nucleus basalis) [12]. Several studies in the Fmr1 

knockout (KO) mouse model suggest that FMRP plays a critical role during specific 

periods of cortical development with regional brain volume changes occurring in adult 

mouse brain [13,14]. Brain volume changes have also been observed in children with 
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FXS, specifically in the temporal lobe, cerebellum, caudate nucleus, and amygdala 

regions of the brain [15,16]. 

FMRP function appears to be mostly inhibitory as it prevents the activity of various 

biochemical pathways in a “controlled” manner [17]. In a sense, reduced FMRP leads to 

exaggerated or reduced biochemical reactions that can adversely affect neural function. 

The past two decades of research have shown defects in the central excitatory 

glutamatergic and inhibitory GABAergic pathways and in several other neurotransmitter 

systems including serotonin and dopamine [18,19]. Thus, the development of molecular 

measures that reflect the impact of a drug on one or more of the FMRP-regulated 

pathways [Figure 1], including the activity or the expression level of proteins in the 

translational activation pathway and particularly of those regulated by FMRP, could 

potentially act as molecular biomarkers for FXS.  

The Fmr1 knockout (KO) mouse model [20], lacks a functional FMR1 gene and 

therefore does not express FMRP. Many studies have shown that the Fmr1 KO mouse 

presents with some phenotypes that resemble the human disorder, including biochemistry 

[21], electrophysiology [22], neuropathology [23], and spine morphology [24]. Although 

the observed patterns of brain activity, including audiogenic seizures, are similar to those 

in individuals affected by FXS [25], these mice poorly mimic human behavior. Indeed, the 

strains of the Fmr1 KO mouse that are often used to test drugs for FXS do not show the 

cognitive problems seen in patients with FXS [26]. Nevertheless, a large body of literature 

on the Fmr1 KO mouse has paved the way to preclinical studies which have shown to 

rescue several of the FXS phenotypes [27] and have ultimately led to clinical trials in 

patients with FXS. 
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Hope has been tempered by the lack of translating the positive results observed in 

the Fmr1 KO mouse model into therapy in a clinical setting. Currently, non-

pharmacological and behavioral treatments are symptomatic, and they can be coupled 

with pharmacological treatments of anxiety, aggression, and attention deficit hyperactivity 

disorder (ADHD). 

To date, there is no cure for FXS, and the recent failures of multiple clinical trials have 

highlighted the need for the development and validation of new biomarkers to better 

measure the clinical outcome of these treatments [28,29]. Many studies aimed to a better 

understanding of the underlying molecular mechanisms and pathways involved in FXS 

have led to the development of specific biomarkers for defining targeted therapeutic 

strategies intended to reverse the intellectual and behavioral problems of patients with 

FXS. In this paper, we will review the proposed candidate molecular biomarkers [Figure 

2] that have been identified in Fmr1 KO mouse as an early sign of drug promise and in 

some cases, later moved to a clinical trial in patients with FXS. 

 

2. FMR1 Molecular Measures 

FMR1-related measures, including CGG repeat number, percent of methylation, 

FMR1 mRNA and FMRP expression levels have been correlated to neurocognitive and 

social–affective functioning assessments and mental health problems in individuals with 

FXS [30–38]. The magnitude of the observed correlations generally suggests that these 

molecular biomarkers are likely accounting only for a proportion of the phenotypic 

variability of this disorder. 
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Variation in CGG repeat size and methylation, termed size- and methylation-

mosaicism, respectively, could be a useful biomarker of various types of risks that could 

affect subjects with FXS. Methylation mosaicism determines the variation in gene 

expression as a function of the fraction of FMR1 alleles that are fully hypermethylated, 

and ultimately reflects the levels of expression of both FMR1 mRNA and FMRP. In the 

context of the FMR1 gene, mosaicism refers narrowly to the presence of a full mutation 

allele(s) and a premutation allele (size mosaicism) or the presence of a full methylated 

allele(s) and unmethylated alleles (methylation mosaicism), throughout the CGG repeat 

size range. 

Sex differences undoubtedly contribute to the severity of the FXS phenotype; indeed, 

intellectual and developmental disability is observed in 85% of males and only in 25% of 

females [27,39,40]. In females, who have two X chromosomes, the process of X 

inactivation, early during embryonic development, leads to methylation and therefore 

inactivity of one X chromosome in each cell. However, due to the presence of the 

chromosome carrying the normal allele, the impact of the FMR1 mutation in females is 

reduced relative to males, who have only one X chromosome [41]. The relative proportion 

of the normal allele on the active and inactive X chromosomes, so-called activation ratio 

(AR), has been shown to contribute to differences in affectedness among females, 

making the AR a useful biomarker for determining the severity of the phenotype. It should 

be noted that since X inactivation is a random process, it could be different in different 

tissues, such as blood and brain [42–44]. 
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3. Metabotropic Glutamate Receptors (mGluRs) 

The “mGluR theory of FXS” states that the absence of FMRP leads to excessive 

metabotropic glutamate receptors (mGluRs, mGluR1 and mGluR5) activated long-term 

depression (LTD) and reduced responsiveness to signals in the hippocampus and other 

parts of the brain involved in memory and learning. Together, they contribute to the 

neurological and psychiatric symptoms of FXS [45–47]. Reduction of mGluR signaling 

has been demonstrated in mouse and fly models to reverse the fragile X phenotypes, 

providing substantial support to the involvement of the mGluR5 pathway in FXS [48]. For 

more than a decade, our understanding of the molecular pathophysiology of FXS has 

been substantially advanced by the corroboration of “mGluR theory of FXS” in a wide 

range of experiments with a number of different mGluR5 inhibitors tested in both the Fmr1 

KO mouse [49–53] and in the Drosophila models of FXS [54–62]. Fmr1 mutant mouse 

with a 50% reduction in mGluR5 expression was generated to demonstrate that a range 

of FXS phenotypes could be corrected by downregulating signaling through group 1 

mGluRs [45]. Those findings showed that the decrease in mGlu5 expression levels from 

early embryonic development effectively prevented the onset of a broad range of FXS 

phenotypes, including audiogenic seizures, increased basal protein synthesis, spine 

density, although no effect on macroorchidism was observed. 

MPEP (2-methyl-6-phenylethynyl-pyridine) was the first mGluR5-antagonist tested in 

the Fmr1 KO mouse, which demonstrated rescue of behavioral defects, including open 

field performance [63], the rescue of the spine/filopodia ratio in Fmr1 KO neurons to the 

levels observed in wild-type neurons [64]. Further, MPEP treated Fmr1 KO mouse 

showed improved behavior by significantly fewer errors, less perseveration, and 
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impulsivity when navigating mazes, in addition to reverse postsynaptic density-95 (PSD-

95) protein deficits which, if confirmed, could be considered a molecular biomarker [65]. 

Finally, MPEP prevented an abnormal clustering of DHPG (group I mGluR agonist (S)-

3,5-dihydroxyphenylglycine) responsive cells (responsible for activation of ionotropic 

receptors in mouse FXS neurospheres) and corrected morphological defects of 

differentiated cells [66]. 

Similarly, a study of chronic treatment of Fmr1 KO mouse with the long-acting mGlu5 

inhibitor 2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-

yl)ethynyl) pyridine (CTEP), fully corrected numerous phenotypes including increased 

synaptic spine density, protein synthesis rate, aberrant synaptic plasticity, learning and 

memory deficits, increased body growth rate, and sensitivity to audiogenic seizures 

[reference here]. In addition, that study showed a reduction of both extracellular signal-

regulated kinase (ERK) activity and mTOR phosphorylation levels in the Fmr1 KO but not 

in wild-type (WT) animals, suggesting that they could represent potential biomarkers in 

FXS [53]. Those studies have shown that the long-term, uninterrupted mGluR5 inhibition 

is essential for a successful pharmacological intervention, as a single dose of the mGluR5 

inhibitors was not sufficient to correct the mouse phenotypes [50,53]. One of the potential 

molecular mechanisms for mGluR5 dysfunction in FXS is the decreased association of 

mGluR5 with the Homer family of scaffolding proteins. Indeed, genetic deletion of H1 (an 

activity-inducible isoform of Homer1) restored regular mGluR5-long Homer association in 

the Fmr1 KO and corrected much of the mGluR5 dysfunction as well as behavioral 

phenotypes, including anxiety and audiogenic seizures [67]. Further, the disruption of 

mGluR5-Homer resulted in phenotypes of FXS including reduced mGluR5 association 
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with the postsynaptic density, deficits in agonist-induced translational control, protein 

synthesis-independent LTD, neocortical hyperexcitability, audiogenic seizures, and 

altered behaviors, such as anxiety and sensorimotor gating [68]. 

The Drosophila genome encodes only a single mGluR (DmGluRA), compared to the 

eight separate receptors in mammals [69]. The simplicity of the Drosophila system, 

coupled with the evolutionary conservation of the activation pathways, has provided an 

excellent model to test the mGluR hypothesis. Treatment with lithium and MPEP restored 

normal courtship behavior, mushroom, body defects, and short-term memory, but not β-

lobe crossing, suggesting that other morphological abnormalities are responsible for the 

memory defects [54,70]. 

Molecular analyses revealed an inverse relationship between dFMRP and DmGluRA, 

with the latter overexpressed in dFmr1 null animals and dFMRP overexpressed in 

DmGluRA nulls [57]. The DmGluRA null also shows more striking defects in activity-

dependent synaptic function, including high transmission amplitudes during high-

frequency stimulation and abnormally strong hyper potentiation following high-frequency 

stimulation [57,58]. The successful unbiased screen for small molecules that can rescue 

the lethality of glutamate-treated larvae and adults dFmr1 mutants, using the mGluR5 

noncompetitive antagonist MPEP or LiCl has been reported to rescue naïve courtship 

behavior, immediate recall memory, and short-term memory of dFmr1 mutants [56,59]. 

The compelling results of those preclinical studies, showing evidence of benefits in rodent 

and Drosophila disease models, have prompted the application of mGlu5 inhibitors as 

potential target treatments in human clinical trials for FXS. Thus, clinical trials in FXS 
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patients have been conducted to explore the safety, tolerability, and efficacy of a number 

of different mGluR5 antagonists. 

Fenobam [71], the first mGlur5 antagonist drug evaluated in a single-dose open-label 

study of 12 male and female adults with FXS (mean age 23.9 years), showed trends of 

improvement in a prepulse-inhibition deficit relative to controls who did not receive the 

drug [72]. Subsequently, in an exploratory study, the efficacy of mavoglurant (AFQ056) 

[73] was tested in a randomized double-blind crossover study of 30 FXS males. In that 

study, seven patients with a hypermethylated full mutation with no detectable FMR1 

mRNA expression, improved stereotypic behavior, hyperactivity, and inappropriate 

speech; while no improvement was found in 18 patients with partial promoter methylation 

[74]. Thus, it appears that those with fully methylated alleles responded best, whereas 

those who were mosaics with partial methylation had a variable response with a lack of 

overall efficacy in that group. Although methylation is often regarded as a biomarker, 

results to date do not explain why some of those without methylated alleles responded 

while others did not [74]. In addition, the reported behavioral effects of stereotypic 

behavior, hyperactivity, and inappropriate speech were not replicated with adolescent 

FXS males and females, and with adults, with either full or partial FMR1 methylation in 

subsequent 12-week double-blind mavoglurant studies [75]. 

Similarly, an extensive proof-of-concept study was conducted with basimglurant, a 

potent and selective mGluR5-negative allosteric modulator (NAM) [76,77], and 

mavoglurant, in male and female adults with FXS. In spite of their promising results in 

preclinical studies [77–80] those studies ended because no improvements were observed 

in the clinical phenotype of patients enrolled in the clinical trials using those modulators 
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[29,81,82]. Recently, in a phase 2, 12-week double-blind clinical trial, basimglurant did 

not demonstrate improvement over placebo in a parallel-group study of 183 adults and 

adolescents (aged 14–50, mean 23.4 years) with FXS [83]. Later, the study reported the 

long-term safety and efficacy of mavoglurant in the two open-label extensions in 

adolescent (n = 119, aged 12–19 years) and adult (n = 148, aged 18–45 years). In both 

studies, mavoglurant was well tolerated, and moderate behavioral improvements were 

observed in FXS as compared to the placebo control group. Thus, the compelling 

preclinical evidence for the therapeutic potential of mGlu5 inhibitors in the mouse and the 

Drosophila disease models has not translated in the anticipated benefits and 

improvement of the phenotype in FXS patients [84]. 

 

4. γ-Aminobutyric Acid (GABA) Receptors. 

GABA is the most prominent inhibitory neurotransmitter, acting through three 

receptors in the brain. GABAA receptors are ligand-regulated chloride channels that upon 

activation cause hyperpolarization in mature neurons; GABAB receptors are 

heterodimeric G protein-coupled receptors (GPCRs) which are mostly expressed 

presynaptically in the brain; and, GABAC is a CYS-loop ligand-gated ion channel receptor 

with a similar pentameric structure to GABAA but which is homomeric. FMRP directly 

binds several GABAA receptor (α1, α2, α3, δ, and γ2) mRNAs, resulting in reduced 

expression in the cortex and cerebellum of young Fmr1 KO mice. Thus, the mRNA 

expression levels of those subunits could, in principle, be used as biomarkers; however, 

they have not been studied in clinical trials for FXS with any GABA agonists [85]. The 
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introduction of a yeast artificial chromosome (YAC) containing the “healthy” human FMR1 

genomic region into the Fmr1 KO mouse rescued (increased) the expression of those 

specific GABAA receptors subunits [86]. A recent electrophysiological study supported the 

notion that the δ subunit of the GABAA receptors (GABAARs) is compromised in the Fmr1 

KO mouse, reporting a 4-fold decrease in tonic inhibition [87]. 

The delay in switching from depolarizing to hyperpolarizing GABA has also been 

observed in the cortex of Fmr1 KO mouse during development [88]. Moreover, the 

oxytocin-mediated, GABA excitation–inhibition shift that occurs in newborn rodents during 

delivery is absent from the hippocampal neurons of Fmr1 KO mouse. As a result, the 

hippocampal neurons have elevated intracellular chloride levels, increased excitatory 

GABA, enhanced the glutamatergic activity, and elevated gamma oscillations [89]. 

In one study, the response of FXS neurons (differentiated in vitro from human 

embryonic stem cells lacking synaptic activity) has been investigated by pulse application 

of the neurotransmitter GABA [reference]. The results confirmed that human FXS neurons 

do not respond to GABA, as FMRP plays a role in the development of the GABAergic 

synapse during neurogenesis, and that might be one of the potential reasons for the 

observed default synaptic activity in FXS patients. [90]. Some GABA agonists have been 

used in the Fmr1 KO mouse to rescue behavioral abnormalities. The primary neuron 

excitability deficits in the amygdala of the Fmr1 KO mouse was restored by gaboxadol 

(THIP), a GABAA receptor agonist, which also improved some specific behavioral 

characteristics, including hyperactivity and auditory seizures [91]. The treatment of the 

Fmr1 KO mouse with bumetanide (specific NKCC1 chloride importer antagonist) 

normalized electrophysiological abnormalities in the mutant offspring as well as reducing 
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hyperactivity and autistic behaviors [89]. Finally, arbaclofen, a GABAB agonist, improved 

protein synthesis, the abnormal auditory-evoked gamma oscillations, working memory 

and anxiety-related behavior in Fmr1 KO mouse [92–94]. 

Thus, these findings from different studies in the FXS animal models confirmed that 

GABA receptors are suitable targets for target treatment in FXS [18,39,95–103]. Indeed, 

two phase 3 placebo-controlled trials were conducted (with subjects aged 12–50 and in 

subjects aged 5–11) to determine the safety and efficacy of arbaclofen for improving 

social behavior in FXS patients. Although, arbaclofen did not meet the primary outcome 

measures of improved social avoidance in FXS in either study [104], in a double-blind 

placebo-controlled crossover trial [105], improved social function and behavior were 

reported in FXS patients. Acamprosate, which activates GABAB and GABAA receptors, 

also improved several phenotypes, such as cortical upstate duration, behavioral 

improvement, anxiety, locomotor tests in Fmr1 KO mouse, and reduced ERK1/2 

activation in brain tissue [106]. Acamprosate has also been tested in an open-label 10-

week trial of 12 young children aged 6–17 years with FXS. It was found to be safe and 

well-tolerated, and resulted in better social behavior and reduced hyperactivity [107]. 

Ganaxolone is a neurosteroid and a positive GABAA modulator that rescued several 

phenotypes in the Fmr1 KO mouse, inclduing increased marble-burying assay, sensory 

and sensorimotor gating in the acoustic startle response, and prepulse inhibition [86]. 

Ganaxolone, tested in a recent randomized double-blind placebo-controlled crossover 

trial in children with FXS, aged 6–17 years, was found to be safe and to have beneficial 

effects in some patients, particularly for those with higher anxiety or lower cognitive 

abilities [108]. These preclinical and clinical studies strengthen the hypothesis that GABA 
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receptors are involved in the pathogenesis of FXS and as they are the major inhibitory 

receptors in the brain, they point to the therapeutic potential of the GABA receptor 

particularly for the behavioral and epileptic phenotypes associated with fragile X 

syndrome. 

 

5. De Novo Protein Synthesis 

Synaptic strength plays a crucial role in learning and memory and it is compromised 

in many neurodevelopmental disorders. One of the molecular mechanisms that regulate 

spine morphology, and therefore synaptic strength, is local de novo protein synthesis, 

which enables synapses to alter their function and structure autonomously [109]. FMRP, 

an RNA binding protein that acts as a translational repressor of many synaptic proteins, 

is crucial in regulating this process, and the partial or complete lack of FMRP in FXS leads 

to increased protein translation at the synapses. The metabotropic glutamate receptor 

subtype 5 (mGluR5) theory of FXS also indicates that the imbalance of mechanisms 

involved in synaptic shaping and protein translation are responsible for many of the 

symptoms observed in FXS patients [49]. The lack of FMRP also leads to a loss of 

translational control and to increased rates of cerebral protein synthesis (rCPS) in some 

regions of the brain, including the hippocampus, thalamus, and hypothalamus of the Fmr1 

KO mouse model of FXS [110].  

Fibroblasts from FXS patients also showed significantly elevated rates of basal 

protein synthesis along with increased levels of the phosphorylated target of rapamycin 

(p-mTOR), phosphorylated extracellular signal-regulated kinase ½ (ERK1/2), and 
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phosphorylated p70 ribosomal S6 kinase 1 (p-S6K1) [111]. Similarly, a recent study 

reported that the level of protein synthesis is increased in fibroblast cell lines derived from 

individuals with FXS and from Fmr1 KO mouse [reference]. However, this cellular 

phenotype (elevated protein synthesis) exhibits a broad variation with cells from some 

individuals with FXS and from the Fmr1 KO mouse showing a basal de novo protein 

synthesis within the normal range. These findings indicate that the molecular mechanisms 

that control protein synthesis are the primary targets in FXS. However, altered protein 

synthesis may not be the cause of all symptoms observed in FXS and, therefore, those 

with normal levels of protein synthesis are not likely going to benefit from target treatments 

aimed to lower protein synthesis [112]. Thus, de novo protein synthesis could be a very 

useful biomarker to predict phenotypic subgroups, symptoms severity, and treatment 

response. Further, as the rates of protein synthesis were decreased in both control and 

patient fibroblasts upon treatment with small molecules that block S6K1 and 

phosphoinositide 3-kinase (PI3K) catalytic subunit p110β of fibroblast cells derived from 

FXS patients, the roles of these targets as a potential biomarker should be considered 

[111]. FXS subjects, under propofol sedation, showed a reduced rCPS in whole brain, 

cerebellum, and cortex compared to sedated controls. Similar results have been observed 

in most regions examined in sedated Fmr1 KO mice as compared to the WT mouse, 

suggesting that changes in synaptic signaling can correct increased rCPS in FXS [113]. 

Chronic dietary lithium treatment also demonstrated efficacy in reversing the increased 

rCPS in the Fmr1 KO mouse [114]. 

Some studies have shown that the mechanisms regulating the levels of protein 

synthesis can be restored by reducing the mGluR5 signaling genetically or with 
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pharmacological treatments [46,53,100,115–118]. Moreover, haploinsufficiency of 

mGluR5; or reduction of MMP9, of striatal-enriched tyrosine phosphatase (STEP) 

signaling, or of S6K signaling; can not only restore the levels of protein synthesis but also 

restore the synaptic and behavioral phenotypes in the FXS mouse model [50,119–126]. 

Recently, a study showed that treatment of the Fmr1 KO mouse with a cell-permeable 

peptide able to modulate ADAM metallopeptidase domain 10 (ADAM10) activity and 

amyloid-β protein precursor (APP) processing, restored protein synthesis to the wild-type 

(WT) level [127]. 

These preclinical and clinical studies suggest that basal protein synthesis could be 

considered as a potential biomarker and a molecular hallmark for FXS;  unfortunately, 

replicating this optimal translational scenario has not been fully successful in the 

treatment setting [27]. The extent to which excessive protein synthesis is associated with 

cognitive and behavioral impairments also remains unknown. More importantly, none of 

the human studies have shown an effect on the primary outcome measures which were 

mainly behavioral questionnaires in children, adolescents, or adults with FXS 

[74,104,105]. Finally, although FMRP modulates protein synthesis, there are other factors 

(environmental and genetic) that may contribute to the modulation of homeostasis of 

molecules involved in synaptic plasticity. 

 

6. Phosphoinositide 3-kinase (PI3K) 

Phosphoinositide 3-kinase (PI3K) is the signaling molecule involved in cell motility, 

survival, growth, and proliferation. PI3K class I catalytic subunits, p110α, p110β, p110γ, 
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and p110δ, are specifically dysregulated in FXS [128]. FMRP regulates the synthesis and 

synaptic localization of p110β, which is a crucial signaling molecule downstream of group 

1 metabotropic glutamate receptor (gp1 mGluRs) and other membrane receptors. Lack 

of FMRP in the Fmr1 KO mouse leads to excess mRNA translation and synaptic protein 

expression of p110β [123]. Treatment with a p110β-selective antagonist was effective in 

rescuing the excess protein synthesis in the Fmr1 KO mouse synaptoneurosomes and in 

lymphoblastoid cells derived from FXS patients [123,129]. Further, prefrontal cortex 

(PFC) selective knockdown of p110β reversed deficits in higher cognition, normalized 

excessive PI3K activity, restored stimulus-induced protein synthesis, and corrected 

increased dendritic spine density in the Fmr1 KO mouse [130,131]. Thus, PI3K activity in 

patient cells might be a biomarker and could be used to assess the efficacy of drug 

response in target treatment in FXS. 

 

7. Mammalian Target of Rapamycin (mTOR) and Substrate p70 Ribosomal S6 

Kinase (S6K1) 

Mammalian target of rapamycin (mTOR) is a 289 kDa serine/threonine kinase protein 

that controls various energetic functions at both the cellular and organism level; and is an 

essential regulator of cell proliferation, autophagy, translation, and growth [references]. 

In neuronal cells, protein synthesis plays a fundamental role in the regulation of lasting 

alterations in synaptic strength or plasticity, and of long-term potentiation (LTP); 

processes that are important in learning and memory [132,133]. The components of the 

mTOR signaling cascade, which is involved in protein synthesis-dependent phase of 
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synaptic strengthening, are present in dendrites, suggesting a role for mTOR in local 

translation and synaptic plasticity. mTOR is activated in dendrites by stimulation of group 

I mGluRs and it is required for mGluR-LTD [134,135]. It has been reported that increased 

activity in these systems can lead to repetitive and perseverative behavior patterns [132]. 

The best-characterized function of mTOR is the regulation of translation. mTOR 

regulates two critical and core components of the translational initiation machinery, p70 

ribosomal S6 kinase 1 and 2 (S6K1/2), and the eIF4E-binding proteins (4E-BPs), and it 

is also known to regulate the activity of phosphatases such as protein phosphatase 2A 

(PP2A) [referemce]. These phosphatases, in turn, regulate mTOR substrates, thereby 

generating mTOR-dependent feedback loops that control initiation rates [references]. 

Increased phosphorylation of (mTOR) substrate, p70 ribosomal subunit 6 kinase 1 (S6K1) 

along with the high expression of mTOR regulator, and the serine/threonine protein 

kinase (Akt) was also observed in lymphocytes and brain tissues derived from subjects 

with FXS [136]. 

The enhanced mTOR signaling observed in the hippocampus of the Fmr1 KO mouse 

is associated with the increase eukaryotic initiation factor complex F4 (eIF4F) [137] and 

with the increased phosphorylation of the cap-binding protein eukaryotic initiation factor 

4E (eIF4E) [136] to further support the increased protein synthesis observed in FXS. 

These findings, in both FXS mice and humans, are consistent with the idea that the loss 

of FMRP results in the dysregulation of mechanisms of translational initiation control 

rather than transcriptional regulation and provide the direct evidence that mTOR 

dysregulation may be useful for designing targeted treatments in FXS [136]. Therefore, 

targets and substrates in the mTOR signaling pathways can act as potential molecular 
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biomarkers. Since the molecular signaling effects resulting from FMRP loss are likely 

causal in the wide-range of the symptoms of FXS, including autism, identifying the effects 

of FMRP loss on molecular signaling pathways, like those governing translation, is key to 

advancing our ability to treat the disorder. 

Finally, metformin, a type 2 diabetes medication that can improve obesity and 

excessive appetite, has emerged as a candidate drug for targeted treatment of FXS 

based on preclinical studies [reference]. These studies have shown rescue of a number 

of FXS phenotypes including memory deficits, social novelty, grooming, dendritic spine 

morphology, and electrophysiology in the CA1 of the hippocampus [138,139]. Metformin 

suppresses mRNA translation via inhibition of ERK and mTOR pathways, which are 

overactive in FXS, supporting their potential role as molecular biomarkers, and therefore, 

may contribute to normalizing signaling pathways in the CNS of FXS patients. In humans, 

metformin has been used in the clinical treatment of several individuals with FXS and 

showed benefits not only in lowering weight gain but also in improving language and 

behavior [138]. Thus, metformin shows promises for targeting several signaling pathways 

disrupted in FXS and possibly rescuing some of the clinical symptoms observed in 

individuals with FXS. Interestingly, an ongoing double-blind placebo-controlled trial of 

metformin in individuals with FXS will assess safety and benefit of metformin in the 

treatment of language deficits, behavioral problems, and obesity in individuals with FXS. 

 

8. Extracellular-Regulated Kinase (ERK) 

The ERK pathway is a chain of proteins in the cell that acts as a nodal point for cell 

signaling cascades. The absence of FMRP in Fmr1 KO mouse results in rapid 
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dephosphorylation of ERK upon mGluR1/5 stimulation, suggesting that over-activation of 

phosphatases in synapses affects the synaptic translation, transcription, and synaptic 

receptor regulation in FXS [53,119,140,141]. Delayed early-phase phosphorylation of 

ERK is observed in both neurons and thymocytes of the Fmr1 KO mouse. Likewise, the 

early-phase kinetics of ERK activation in lymphocytes from human peripheral blood is 

also delayed in individuals with FXS, as compared to controls [142]. The correction of the 

delayed ERK activation time, resulting in a faster activation, was observed after 2 months 

of treatment with lithium or with riluzole in a pilot open-label trial in FXS [143,144]. These 

findings, based on a small number of subjects, suggest that ERK activity is a potential 

biomarker for measuring the metabolic status of the disease in FXS. 

Recently, the significant FMRP-dependent over-activation of ERK was observed in 

both FXS mouse and humans. ERK activity was normalized in FXS platelets [145], and 

correlated with clinical response to lovastatin, pointing to this inhibitor of ERK pathway 

signaling cascade as a promising treatment for FXS [146]. The findings by Pellerin et al. 

[145] suggest that the use of platelet ERK activity represents a new, potentially interesting 

biomarker for future clinical trials. It may also pave the way for other promising and very 

exciting discoveries that will eventually improve FXS patients’ assessment in future 

clinical trials where either lovastatin or other ERK-targeting drugs is applied. 

 

9. Matrix Metalloproteinase-9 (MMP-9) 

FMRP deficit is associated with alterations in the expression of a number of proteins, 

including matrix metalloproteinase 9 (MMP-9). MMP-9 is an extracellular Zn2+-dependent 
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endopeptidase that is expressed in neurons and locally translated and released at the 

dendrites in response to enhanced neuronal activity driven by glutamate. MMP-9 plays 

an essential role both in establishing synaptic connections during development and in 

restructuring synaptic networks in the adult brain [147]. MMP-9 mRNA is part of the FMRP 

complex and localizes in dendrites. Translation of MMP-9 is increased at synapses in 

Fmr1 KO mice suggesting its contribution to the aberrant dendritic spine morphology 

observed in the Fmr1 KO mice and in FXS patients [148,149]. The genetic disruption of 

MMP-9 in the Fmr1 KO mouse rescued key aspects of Fmr1 abnormalities, including 

abnormal mGluR5-dependent LTD and dendritic spine abnormalities [150], providing 

evidence that elevated MMP-9 is responsiblefor the development of at least some of the 

FXS-associated defects in the Fmr1 KO mouse. Interestingly, a high level of MMP-9 has 

been observed in the auditory cortex of adult Fmr1 KO mice, and the deletion of MMP-9 

reversed habituation defects [151]. Decreased MMP-9 activity in the hippocampus of the 

Fmr1 KO mouse, following treatment with the antibiotic, minocycline, promoted dendritic 

spine maturation, improvement in anxiety, and strategic exploratory behavior [152]. These 

findings prompted the assessment of minocycline as a targeted treatment in humans with 

FXS through open-label trials, which have demonstrated benefits, including 

improvements in language, attention, social communication, and anxiety [153,154]. More 

recently, a controlled double-blind crossover study of minocycline for FXS treatment 

provided evidence for the safety of minocycline, and showed benefits in global functioning 

in children with FXS [155]. In addition, as expected, the higher plasma activity of MMP-9 

observed in FXS patients was lowered by minocycline in some patients [156], as 

minocycline is known to be a MMP-9 inhibitor [152]. On the other hand, no changes in 
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plasma MMP 9 activity were found after treatment with sertraline [157], a selective 

serotonin-reuptake inhibitor that selectively blocks the uptake of serotonin at the 

presynaptic membrane; the block results in increased synaptic (CNS)serotonin 

concentration and, therefore, to an intensified serotonergic neurotransmission. 

Interestingly, a reduction of MMP-9 levels was also reported in the Fmr1 KO mouse 

following metformin treatment [139]. The results of the preclinical and clinical studies 

indicate that minocycline, through its mechanism of action as an MMP inhibitor, may be 

an additional potential effective avenue as FXS therapeutic treatment and MMP-9 activity, 

a potential biomarker in FXS. 

 

10. Brain-Derived Neurotrophic Factor (BDNF) 

Brain-derived neurotrophic factor is involved in the regulation of various processes of 

normal neural circuit function and development. Dysregulation in BDNF/TrkB signaling in 

the Fmr1 KO mouse leads to altered brain development, including excessive sponginess, 

dendritic arborization [158], and impaired synaptic plasticity [159]. These neural 

alterations are promoted by activity-dependent variation in the sensitivity to BDNF-TrkB 

signaling, compensating postsynaptic activity [158]. 

The effects of reduced BDNF expression on learning and behavioral phenotypes, 

including fear conditioning, pain behaviors, and hyperactivity, were examined in the Fmr1 

KO mouse crossed with a mouse carrying a deletion of one copy of the Bdnf gene 

(Bdnf+/−) [160]. The authors reported age-dependent alterations in the expression of 

BDNF in the hippocampus, reduced locomotor hyperactivity, deficits in sensorimotor 
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learning, and startle responses typical of Fmr1 KO mice. In addition, altered BDNF 

signaling in FMRP-deficient neural progenitor cells (NPCs) suggested that perturbations 

of brain development in FXS occur at very early stages of development [161]. 

A single-nucleotide polymorphism (SNP) in the human BDNF gene, leading to a 

methionine (Met) substitution for valine (Val) at amino acid 66, interferes with the 

intercellular trafficking and the activity-dependent secretion of BDNF in cortical neurons 

[references]. One study found that the Val66Met BDNF polymorphism associates with 

epilepsy in a Finnish FXS male [162], a result that was was not confirmed in a group of 

77 patients with FXS [157]. However, a significant association between the BDNF 

polymorphism and improvements of several clinical measures was observed in a double-

blind randomized placebo-controlled clinical trial of sertraline in FXS, aimed to determine 

the efficacy of treatment in young children with FXS [157]. In addition, an open-label study 

showed a significant increase in BDNF level after treatment with the GABAA agonist 

acamprosate [107]. Although more studies are warranted, these findings point to BDNF 

genotype as a potential molecular biomarker in FXS. 

 

11. Amyloid-β Protein Precursor and Amyloid-β (APP, Aβ) 

FMRP protein binds to the coding region of the APP mRNA and results in increased 

translation of the encoded product, the amyloid precursor protein (APP), which plays a 

vital role in the developing brain during synapse formation, while β-amyloid (Aβ) 

accumulation, results in synaptic loss and impaired neurotransmission. APP is processed 

by β- and γ-secretases to produce amyloid-β (Aβ), which is the prominent peptide found 

in the case of Alzheimer’s disease (AD). 
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A study by Westmark et al. (year) found a 1.7-fold increase APP expression in the 

Fmr1 KO mouse versus WT using western blot analysis and showed that the genetic 

knockdown of one APP allele in the Fmr1 KO mouse rescued the FXS phenotypes 

including anxiety, seizures, mGLuR-LTD, and the ratio of mature versus immature 

dendritic spines [163]. APP and Aβ were evaluated as blood-based biomarkers and in a 

prospective open-label trial of acamprosate in pediatric subjects with FXS-associated 

autism spectrum disorder and found that acamprosate treatment significantly reduced 

sAPP and sAPPα [164].  

Although blood levels of APP metabolites may not correlate with brain levels, which 

is one of the limitations of these studies, altogether these findings support a role for 

dysregulated APP production and processing in FXS and indicate that the APP 

metabolites may be viable biomarkers for FXS treatment. 

 

12. Additional Potential Biomarkers 

12.1. Ion Channels (CaV) 

Voltage-gated ion channels are involved in neural transmission and some recent 

studies showed their involvement of these ion channels in FXS pathology [165]; more 

specifically, with the voltage-gated calcium channel (VGCC) family, namely Cav2.1 and 

Cav2.2 [166]. Synaptic transmission depends critically on presynaptic calcium entry via 

voltage-gated calcium (CaV) channels. FMRP regulates the expression of neuronal N-

type CaV channels (CaV2.2) [166] and dysregulated calcium homeostasis, in addition to 

the decreased expression of the pore-forming subunit of the Cav2.1 channel, the 
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Cacna1a gene, in Fmr1-KO cultured neurons [167]. Their findings indicate that FMRP 

plays a key role in calcium homeostasis during brain development; furthermore, the 

authors suggest that calcium homeostasis could be used as a cellular biomarker and for 

the identification of new drugs for target treatment in FXS. 

 

12.2. Glycogen Synthase Kinase-3 (GSK-3) 

Glycogen synthase kinase-3 (GSK-3) is a serine/threonine protein kinase that, when 

phosphorylated, regulates a variety of developmental processes, such as cell migration, 

cell morphology, neurogenesis, and gliogenesis via interaction with a variety of signaling 

pathways [168]. The lack of FMRP results in an abnormal increase in GSK-3β mRNA and 

protein levels in several regions of the brain [169] of the Fmr1 KO mouse and in 

decreased hippocampal neurogenesis that likely contributes to the pathogenesis of FXS 

[170]. 

Several studies have demonstrated that lithium treatment rescued the FXS-

associated impairments sustainable throughout the aging process in the Drosophila 

model of FXS [54,59]. In addition, GSK-3 inhibitors and lithium treatment provided the 

direct evidence of GSK-3 involvement in the pathology of FXS by reducing audiogenic 

seizure activity, improving performance on the open–field, elevated plus maze and 

passive avoidance tests [171], improved social defects [172], rescue of the hippocampus-

dependent learning deficits [173], and improved cognitive deficits [174] in the Fmr1 KO 

mouse. Additionally, the attenuation of reactive astrocytes, which has been observed in 

many brain regions of the Fmr1 KO mouse with lithium treatment, provides further 

evidence of the involvement of GSK-3 in FXS [175]. These findings raise the possibility 
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that GSK-3 activity may represent a biochemical mediator biomarker of impaired cognitive 

function in FXS, and that modulator of its activity may have potential as therapeutic agents 

[176]. 

 

12.3. Striatal-Enriched Protein Tyrosine Phosphatase (STEP) 

Striatal-enriched protein tyrosine phosphatase (STEP) is a brain-specific tyrosine 

phosphatase that plays a significant role in the development of the CNS by regulating 

dendritic proteins involved in synaptic plasticity [177,178]. STEP dysregulation is involved 

in the pathophysiology of several neuropsychiatric disorders [179], including FXS, likely 

by dephosphorylating both NMDARs and AMPARs [177]. While the enhanced activity of 

mGluRs in the absence of FMRP upregulates the translation of STEP [178,180,181] in 

the hippocampus of the Fmr1 KO mouse, genetic reduction of STEP significantly 

diminishes some FXS-associated behaviors in Fmr1 KO including seizures, and restores 

select social and nonsocial anxiety-related behaviors [181]. Benzopentathiepin 8-

(trifluoromethyl)-1,2,3,4,5-benzopentathiepin-6-amine hydrochloride (known as TC-2153) 

is a newly discovered STEP inhibitor [182]. A recent study [183] reported that this STEP 

inhibitor reduces seizure incidence and hyperactivity, anxiety and improves sociability, 

electrophysiological deficits in acute brain slices and spine morphology in Fmr1 KO 

mouse. These observations suggest that STEP’s expression and activity could be useful 

for evaluating the clinical benefits of pharmacological therapeutic approaches in FXS 

targeting STEP. 
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12.4. Plasma Cytokines and Chemokines 

Cytokines are the most important mediators of cell–cell communication in the human 

immune system. They perform a variety of functions like modulation of the central nervous 

system (CNS), brain functioning, and responses to infections or injury. Significant 

differences in plasma cytokine and chemokines levels were reported in patients with FXS 

including a high level of IL-1α, RANTES, and IP-10 [184]. It is currently unknown whether 

the changes in the cytokine and chemokines are determinants in the development of FXS, 

and whether they occur throughout the lifetime of FXS patients; therefore, their potential 

use as biomarkers needs more investigation. 

 

12.5. Diacylglycerol Kinase Kappa (Dgkκ) 

Diacylglycerol kinase kappa (Dgkκ) is a master regulator that controls two critical 

signaling pathways involved in protein synthesis. Lack of FMRP in the Fmr1 KO mouse 

neurons results in the loss of Dgkκ expression along with mGluR1 receptor dependent 

DGK activity, leading to synaptic plasticity alterations, dendritic spine abnormalities, and 

behavior disorders. These findings support the involvement of Dgkκ deregulation in FXS 

pathology and suggest that overexpression of Dgkκ in neurons could rescue the dendritic 

spine defects of the Fmr1 KO mouse. Thus, DGKκ expression levels could represent a 

biomarker and targeting DGKκ signaling might provide new therapeutic approaches for 

FXS [185]. 
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12.6. MicroRNAs (miRNAs) 

MicroRNAs (miRNAs) are known as a class of small noncoding RNA molecules (19–

23 nucleotides) that regulate almost 30% of genes at the post-transcriptional level in 

eukaryotic organisms [186]. Several studies have provided evidence of miRNA 

involvement in the pathogenesis of FXS by identifying and isolating several r(CGG)-

derived miRNAs, including miR-fmr1-27 and miR-fmr1-42 in the zebrafish FXS model 

[187,188]. Their brains exhibit long dendrites and disconnected synapses, similar to those 

found in the human FXS hippocampal–neocortical junction [189]. Further, microarray 

analyses of miRNAs associated with FMRP in the Fmr1 KO mouse brain identified miR-

125a, miR-125b, and miR-132; and disruption of the regulation of these miRNAs in -

mediating protein translation resulted in early neural development and synaptic 

physiology [190,191]. Another microarray study [192] of the Fmr1 KO mouse showed the 

interaction of miR-34b, miR-340, and miR-148a with the Met 3′ UTR of the FMR1 gene, 

suggesting that alterations in the miRNA expression resulting from the absence of FMRP, 

could contribute to the molecular pathology of FXS. Enhanced expression of miR-510, 

located on chromosome X in the 27.3Xq region, flanking to a fragile X site, was reported 

in full mutation female carriers [193]. Thus, although more studies are necessary to 

confirm their utility, many pieces of evidence indicate that miRNAs could be attractive 

candidate biomarkers in FXS. 

 

13. Conclusions 

FXS is a challenging disorder in terms of drug development and clinical 

implementation. An extensive body of preclinical work, carried out in the FXS animal 
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models, has provided ways to improve behavior, language, and cognitive ability; but 

several factors (complex clinical phenotype, genetic variability, gender differences, use 

of multiple medications, and limitations in the outcome measures and of tools) might have 

contributed to a lack of translation from the preclinical to clinical outcomes. When looking 

at the design of the preclinical studies to date, some limitations can be identified. Most of 

the FXS research in mammalian model systems is limited to two disease models, the 

Fmr1 KO mouse and Fmr1 KO drosophila animal model, but the central issue in using 

these models is variability and small effect size of the phenotype particularly in the area 

of cognitive defects. Moreover, overlapping phenotypes in these animal models 

sometimes may lead to over-prediction of the therapeutic potential of novel drug 

treatments. 

Research to date on FXS has provided us with several potential candidate biomarkers 

that can, in principle, be used to assess efficacy; molecular biomarkers are promising, 

simple, and minimally invasive diagnostic tools that can objectively measure the 

biologically relevant effects of targeted treatments on the underlying molecular defects 

observed in FXS. However, the current research on molecular biomarkers in FXS suffers 

from a number of limitations. FXS is a neurological disorder, but brain tissue is not easily 

accessible. Therefore, biomarkers must be developed in a tissue that can be obtained 

easily, such as PBMCs, platelets, and fibroblasts. No single, consistent molecular or 

modification state (i.e., phosphorylation or acetylation) has been reported to be 

differentially regulated in FXS patients versus controls consistently across multiple testing 

sites. Although many molecular biomarkers have been proposed in FXS [Figure 2], 

noneprovides sufficient sensitivity/specificity to follow disease responses in a clinical trial 
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setting. No clinical history for any marker is available, and lengthy expensive processing 

and time consumption are required to generate test substrates such as primary fibroblasts 

(and induced pluripotent stem cells). 

In summary, there is an urgent need to establish novel and reliable biomarkers in 

FXS, particularly blood-based biomarkers, essential to the development of new 

treatments. They can provide measures of disease severity and can be used to develop 

personalized treatments. Interestingly, when monitored over time, they can be used to 

evaluate treatment outcomes and help to identify responders, and therefore those 

individuals that following treatment have shown real benefit with phenotype 

improvements. 
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14. Figures 

 

 

 

Figure 1. Potential therapeutic targets for fragile X syndrome (FXS). Diagram of 

the mechanisms implicated in FXS leading to altered synaptic plasticity. The 

figure also shows the molecular pathways targeted or understudy, for the reversal 

of cognitive and behavioral impairments in FXS patients. Several types of drugs, 



 

 
 

61 

modulators, and compounds (inhibitor, agonist, and antagonist) can interfere with 

different pathways disturbed in FXS and have been used in a number of 

pharmacological treatments some of which are currently under investigation and 

are indicated in the figure. 

 Figure 

2. Candidate molecular biomarkers for FXS include a number of targets and 

substrates of several signaling pathways, in addition to fragile X mental 

retardation 1 (FMR1) molecular measures and metabolites, of which expression 

levels or activity have been found dysregulated in FXS animal models and in 

human FXS tissues. Fmr1 mRNA and fragile X mental retardation 1 protein 

(FMRP) expression, de novo protein synthesis, γ-aminobutyric acid (GABA) 

receptors (GABAA and GABAB), phosphoinositide 3-kinase (PI3K), extracellular-

regulated kinase (ERK), matrix metalloproteinase-9 (MMP-9), brain-derived 

neurotrophic factor (BDNF), mammalian target of rapamycin (mTOR), p70 
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ribosomal S6 kinase (S6K1), ion channels (KNa, BKCa, CaV, Kv, HCN1), bone 

morphogenetic protein receptor Type 2 (BMPR2), Diacylglycerol Kinase Kappa 

(Dgkκ), endocannabinoid system (eCS), amyloid-β protein precursor (APP), 

microRNA’s (miRNA’s), striatal-enriched protein tyrosine phosphatase (STEP), 

glycogen synthase kinase-3 (GSK-3) cytokine and chemokine profiles, 

metabotropic glutamate receptor (mGluRs). 
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Abstract 

 Fragile X Associated Tremor/Ataxia Syndrome (FXTAS) is a late adult-onset 

neurodegenerative disorder that affects movement and cognition in male and female 

carriers of a premutation allele of 55-200 CGG repeats in the Fragile X mental retardation 

(FMR1) gene. It is currently unknown if and when an individual carrier of a premutation 

allele will develop FXTAS, as clinical assessment fails to identify carriers at risk before 

significant neurological symptoms are evident.  The primary objective of this study was to 

investigate the alternative splicing landscape at the FMR1 locus in conjunction with brain 

measures in male individuals with a premutation allele enrolled in a very first longitudinal 

study, compared to age-matched healthy male controls, with the purpose of identifying 

biomarkers for early diagnosis, disease prediction and, a progression of FXTAS. 
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 Our findings indicate that increased expression of FMR1 mRNA isoforms, including 

Iso4/4b, Iso10/10b, as well as of the ASFMR1 mRNAs Iso131bp, are present in 

premutation carriers as compared to non-carrier healthy controls. More specifically, we 

observed a higher expression of Iso4/4b and Iso10/10b, which encode for truncated 

proteins, only in those premutation carriers who developed symptoms of FXTAS over time 

as compared to non-carrier healthy controls, suggesting a potential role in the 

development of the disorder. In addition, we found a significant association of these 

molecular changes with various measurements of brain morphology, including the Middle 

Cerebellar Peduncle (MCP), Superior Cerebellar Peduncle (SCP), Pons, and midbrain, 

indicating their potential contribution to the pathogenesis of FXTAS. Interestingly, the high 

expression levels of Iso4/4b observed both at visit 1 and visit 2 and found to be associated 

with a decrease in mean MCP width only in those individuals who developed FXTAS over 

time, suggests their role as potential biomarkers for early diagnosis of FXTAS. 

 

Keywords: Fragile X-associated tremor/ataxia syndrome; molecular biomarkers; 

isoforms; alternative splicing; brain measures. 

 

1. Introduction 

The fragile X mental retardation (FMR1) gene consists of 17 exons spanning 

approximately 38 kb of genomic DNA. A trinucleotide repeat expansion, greater than 200 

CGG, with consequent methylation of the 5’UTR (untranslated region) of FMR1 gene, 

leads to Fragile X Syndrome (FXS), the most common form of intellectual disability and 

known monogenic cause of Autism Spectrum Disorder [1]. Expansions between 55-200 
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CGG repeats (known as premutation carriers) confer the risk of developing Fragile X-

associated tremor/ataxia syndrome (FXTAS), a late-onset neurodegenerative disorder 

characterized by intention tremor, gait ataxia, autonomic dysfunction, and Parkinsonism 

[2]. In addition, females premutation carriers are at risk of developing Fragile X-associated 

primary ovarian insufficiency (FXPOI) that affects ovary function in women leading to 

early menopause and irregular elevation of follicle-stimulating hormone (FSH) [3]. The 

prevalence of the premutation allele among the general population is 1:110-200 females 

and 1:430 males with an estimated 40-75% of males and 8-16% of females developing 

FXTAS [4,5]. 

At the molecular level, FXTAS is characterized by an increased level of FMR1 mRNA 

containing expanded CGG repeats [6]. The proposed molecular mechanisms of FXTAS 

pathogenesis include the sequestration of CGG binding proteins by the elevated levels of 

FMR1 mRNA leading to RNA toxicity, the production of toxic FMRPolyG protein due to 

RAN translation and the chronic activation of DNA damage response [reviewed in [7]. 

         Extensive alternative splicing of the FMR1 gene has been observed [8–16]. 

Alternative splicing (AS) is a regulated process occurring during gene expression that 

increases protein diversity and represents a powerful evolutionary resource. It regulates 

the protein localization, enzymatic properties, stability, interaction with ligands and 

membranes [17] and is common in the nervous system playing a major role in 

neurogenesis, brain development [18,19] and cell survival [20]. It is increasingly 

recognized that disruption of the splicing process, which is regulated by different splicing 

factors, can contribute to a number of neurological disorders [19,21,22] including autism 

spectrum disorder (ASD) [23], Parkinson’s disease [24], dementia [25], spinal muscular 
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atrophy (SMA) [26], Prader-Willi syndrome (PWS) [27], schizophrenia [28], myotonic 

dystrophy [29], amyotrophic lateral sclerosis [30,31] Alzheimer’s disease [32]. 

In the FMR1 gene, altered splicing has been observed in premutation carriers where 

increased levels of the FMR1 isoforms have been detected [15,16]. Of the many FMR1 

mRNA isoforms that were demonstrated to exist in both humans and mice [11,14–16], 

Iso10/10b showed the highest levels of expression in premutation samples which, 

together with the Iso4/4b [Figure 1], result in truncated proteins that lack the function of 

the nuclear export signal (NES) and RGG box [15]. Of the 49 different FMR1 isoforms 

identified, 30 appeared to be expressed only in premutation carriers compared to controls 

[16]. Additionally, two novel isoforms IsoPB1.50 and IsoPB1.21 retain a portion of the 

intronic sequence between exons 9 and 10, causing a frameshift, which leads to a 

premature stop codon and consequently encodes for truncated proteins. A differential 

increase of specific FMR1 mRNA isoforms has been observed in premutation carriers, 

suggesting their potential functional relevance in the pathology of FXTAS due to RNA 

toxicity [15,16].  

         Comprehensive analysis of the transcriptional landscape of the human FMR1 gene 

revealed the presence of long non-coding RNAs (FMR 4 [33], FMR 5 and FMR6) [34]. 

Importantly, a unique antisense transcript at the FMR1 locus (ASFMR1), that similarly to 

the FMR1 gene, is upregulated in premutations and not expressed in full mutations has 

been identified. Thus, the bidirectional expression of the FMR1 and the ASFMR1 genes 

has been suggested to potentially contribute to the clinical phenotype of FXTAS [35]. 

Interestingly, the ASFMR1 also exhibits a premutation specific alternative splicing, the 

Iso131bp [Figure 1], which is mainly expressed in premutation carriers compared to 
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controls, providing a molecular abnormality potentially associated with FXTAS [15,36–

38]. However, no studies have been conducted to determine whether altered expression 

FMR1 and ASFMR1 isoforms are biomarkers of incipient FXTAS, particularly in relation 

to neurological and neuroanatomical changes. 

         In this study, we evaluated male premutation carriers enrolled in a longitudinal 

study at the UC Davis MIND Institute who have been followed for at least two longitudinal 

time points, and for whom neuroimaging, neuropsychological, and molecular 

measurements, as well as medical and neurological examinations, were collected. We 

have recently reported that the middle cerebellar peduncle (MCP) width decreased in a 

subgroup of these individuals who developed symptoms of FXTAS at subsequent visits 

(converters) compared to those who did not (non-converters) and compared to normal 

age-matched controls. Further, we reported reduced midbrain and pons cross-sectional 

areas in patients with FXTAS compared to both premutation carriers without FXTAS and 

controls [39]. These regions play an important role within the cortico-cerebellar pathway, 

which is necessary for the learning and coordination of various movements [40]. 

Measurements of these areas have been shown previously to successfully differentiate 

subcortical movement disorders, such as Parkinson’s disease [41], which presents with 

tremor similar to that seen in FXTAS. 

 In the current study, we sought to determine whether the expression levels of 

alternative splicing isoforms at the FMR1 locus were significantly different both in 

premutation carriers who did and did not develop symptoms of FXTAS over time 

compared to non-carrier healthy controls. In addition, we also investigated whether the 

changes in molecular measures were associated with changes in brain measures. 
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2. Materials and Methods 

2.1 Study Participants 

         As part of two continuing longitudinal studies, male participants over the age of 40 

years were recruited from the Sacramento, CA area, and throughout the United States 

and Canada. The study was carried out in accordance with the Institutional Review Board 

(IRB) at the University of California, Davis with written informed consent obtained from all 

participants in accordance with the Declaration of Helsinki. All experimental protocols 

carried out in this study were approved by institutional Review Board at the University of 

California, Davis. Participants were fluent in English, with no history of any serious 

medical or neurological conditions, including a history of alcoholism or drug abuse. 

FXTAS stage scoring was based on the clinical descriptions as previously described [42]. 

Three groups were included in this study: converters, non-converters, and healthy 

controls. They were matched by age and the length of the interval between visit 1 (V1) 

and visit 2 (V2); the converters and non-converters groups were also matched by CGG 

repeat number and they were selected on the basis of the brain measures availability. 

After two brain scans, on the basis of neurological assessment, FXTAS stage, and CGG 

repeat length, 15 participants were classified as “Converters” as they developed clear 

FXTAS symptomology between visits (FXTAS stage score was 0–1 at visit 1 and ≥2 at 

visit 2; 15 were defined as “Non-converters” because they continued to show no signs of 

FXTAS at V2 (FXTAS stage score was 0–1 at both V1 and V2) and 15 non-carrier healthy 

controls (FXTAS stage score was 0 at both V1and V2). 
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2.2 CGG Repeat Length 

         Genomic DNA (gDNA) was isolated from 5 mL of peripheral blood leukocytes using 

the Gentra Puregene Blood Kit (Qiagen). CGG repeat allele size and methylation status 

were assessed using a combination of Southern Blot analysis and PCR amplification. For 

Southern blot analysis, 5–10 μg of isolated genomic DNA was digested with EcoRI and 

NruI, run on an agarose gel, transferred on a nylon membrane and hybridized with the 

FMR1-specific dig-labeled StB12.3 as detailed in [43]. PCR analysis was performed using 

FMR1 specific primers (AmplideX PCR/CE, Asuragen, Inc.); amplicons were visualized 

by capillary electrophoresis, as previously reported an analyzed using Gene Mapper 

software [44].  

  

2.3 mRNA Expression Levels 

         Total RNA was isolated from 2.5 ml of peripheral blood collected in PAXgene Blood 

RNA tubes using the PAXgene Blood RNA Kit (Qiagen, Valencia, CA, United States) and 

quantified using Agilent 2100 Bioanalyzer system. RNA isolation was performed in a 

clean and RNA designated area. cDNA was synthesized as previously described [45]. 

FMR1 transcript levels measured by performing reverse transcription followed by real-

time PCRs (qRT-PCR). qRT-PCR was performed using both Assays-On-Demand from 

Applied Biosystems (Applied Biosystems, Foster City, CA, United States) and custom-

designed TaqMan primers and probe assays,[45]. Probe and primer assays designed to 

quantify FMR1 transcripts for the isoform IsoPB1.21 and IsoPB1.50, isoform Iso4/4b and 

isoform Iso10/10b were as previously reported [16]. Custom designed primers and probe 
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were also designed to quantify the ASFMR1 gene and ASFMR1 131bp splice isoform 

[35].  

  

2.4 Brain Measures 

 The following methods including MRI acquisition and MRPI analysis were originally 

described in our previous report [39]. High resolution structural magnetic resonance 

imaging (MRIs) acquisition was obtained on a 3T Siemens Trio scanner using a 32-

channel head coil and a T1-weighted 3D MPRAGE sequence with the following 

parameters: TR=2170ms, TE=4.86ms, flip angle=7º, FoV=256mm2, 192 slices, 1mm slice 

thickness. The scans were first aligned along the anterior-posterior commissure line using 

acpcdetect (http://www.nitrc.org/projects/art) [46] or manually using DTI Studio 

(www.mristudio.org)  [47]. Then MRI bias field correction was performed using N4 

(http://stnava.github.io/ANTs/) [48].  

 A series of independent raters (two per measure) who were blinded to the 

participant age, group, and time point, quantitatively assessed all MR images for four 

measurements of brain morphology: MCP and superior cerebellar peduncle (SCP) widths 

as well as pons and midbrain cross-sectional areas based on methods previously 

described [49,50] and detailed below. 

 The pons and midbrain areas were assessed on the mid-sagittal slice, where 

horizontal lines were drawn through the superior and inferior pontine notches. The 

midbrain was measured as the area above the superior pontine line – midbrain 

tegmentum, while the pons was the area between the two horizontal lines of the superior 

and inferior notches. The width of both left and right MCPs were measured on parasagittal 
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slices. The linear distance of the MCP was delineated by the peripeduncular 

cerebrospinal fluid spaces of pontocerebellar cisterns, where the pons was still ‘intact’ 

and the cerebellum was fully formed (white matter connecting the cerebellar tonsil was 

present). Finally, the widths of both the left and right SCPs were measured on oblique 

coronal slices, at the midpoint of the SCP, when it first became separated from the inferior 

colliculi. The linear distance between the medial and lateral SCP borders was measured. 

For both MCP and SCP widths, a mean score was calculated by averaging the left and 

right measurements for each participant. The interrater reliability coefficients were 

excellent, greater than 0.98, for each of the four measurements. The mean score of the 

raters was used for further analysis. 

  

2.5 Statistical Analysis 

 Statistical Analyses were conducted blind to treatment groups using R, version 

3.6.0. Age and CGG repeat numbers were compared between groups using ANOVA F-

tests, followed by pairwise comparisons in the event of a significant F test. The 

association between mRNA expression and CGG repeat length in each group, adjusted 

for age, was analyzed using linear models with CGG repeat length, group, the interaction 

between CGG repeat length and group, and age as covariates. mRNA expression was 

compared between groups, adjusting for age, using linear models with group and age as 

covariates. The change between timepoint 1 and time point 2 in mRNA expression was 

compared between groups, adjusting for age and visit interval, using linear models with 

the group, age, and visit interval as covariates. The association between each brain 

measure and each molecular measure was analyzed at each time point within each 
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group, adjusting for age, using linear models with molecular measure, group, the group–

molecular measure interaction, and age as covariates. The association between changes 

in brain measures and changes in molecular measures, within each group, adjusting for 

age and visit interval, was analyzed using linear models including change in molecular 

measure, group, the group–molecular measure change interaction, age, and visit interval 

as covariates. mRNA and protein expression values were log-transformed prior to 

analysis in order to more closely satisfy model assumptions; brain measures were 

analyzed on their original scale. Due to the exploratory nature of this study, no adjustment 

for multiple testing was conducted [51,52]. The tables of all analyses conducted are 

reported in the supplemental materials. 

  

3. Results 

3.1 Demographics 

         Numbers of participants (N) for each group, age and CGG repeat number are as 

reported in [Table 1]. Participants ages did not differ significantly between the three 

groups. CGG repeat numbers were significantly lower in healthy controls than in all other 

groups, as expected (P < 0.001 in both comparisons) and were not significantly different 

between converters and non-converters (P = 0.445). 

 

3.2 FMR1 mRNA isoforms expression analysis 

         We measured the expression of FMR1 mRNA, FMR1 isoforms Iso10/10b, Iso4/4b, 

IsoPB1.21, ASFMR1, and ASFMR1 Iso131 at V1, V2 and between the visits 

[Supplementary Material Table S2a, S2b and S2c]. As expected, the expression of 
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FMR1 mRNA was significantly higher in both converters and non-converters as compared 

to non-carrier healthy controls both at V1 [(P < 0.001] and V2 [P < 0.001] but no significant 

differences were observed between the two premutation groups [Figure 2a.]. FMR1 

expression levels were associated with CGG repeat length, with greater expression levels 

being associated with longer CGG repeat length, in both converters and non-converters 

compared to non-carrier healthy controls [P<0.001 for both comparisons; Figure 2b.]. 

  The expression levels of Iso10/ Iso10b, CGG dependent [Figure 3d] were 

significantly higher in converters at V1 [P=0.0225] and V2 [P=0.0468] respectively, as 

compared to non-carrier healthy controls. Importantly, these markers were not 

significantly different in non-converters as compared to non-carrier healthy controls at 

either V1 [P=0.401] or V2 [P=0.592] [Figure 3a]. For Iso4/4b we observed significantly 

higher expression in converters as compared to non-carrier healthy controls at V1 

[P=0.0323] but no difference was found at V2 [P=0.247] and with the CGG repeat number 

[Figure 3e]. The expression of these isoforms was not significantly different in non-

converters as compared to non-carrier healthy controls both at V1 [P=0.542] and V2 

[P=0.684] [Figure 3b]. The expression levels of additional transcripts encoding for 

truncated proteins, IsoPB1.21 and IsoPB1.50 were not significantly different among 

groups both at V1 or V2. 

Significantly increased expression levels of ASFMR1 Iso131 bp, CGG dependent (P= 

0.012 for the non-converter group and p=0.05 for the converter group; Figure 3f) were 

observed in the premutation groups, both converters, and non-converters, as compared 

to non-carrier healthy controls both at V1 [P <0.001] and V2 [P <0.001] with no difference 

in levels between the two premutation groups [Figure 3c]. 
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However, when comparing the changes in the gene expression levels between V1 

and V2 we found a significant greater change in the expression of ASFMR1 Iso131 bp in 

converters [P =0.006; Figure 4] as compared to non-carrier healthy controls while no 

significant difference was observed between non-converters and non-carrier healthy 

controls [P =0.102; Figure 4].Finally, when comparing the expression levels at V1 and 

V2 among the groups, no significant differences were detected for any of the FMR1 

splicing isoforms or the ASFMR1 gene. 

 

3.3 Brain measures v/s Molecular measures 

We compared brain measures, including MCP and SCP width, midbrain, and pons 

cross-sectional area with the molecular measures at V1, V2 and between the visits 

[Supplementary Material Table S3a, S3b and S3c]. Changes in the measures of brain 

morphology were associated with the expression of some FMR1 isoforms. Specifically, 

we found that the higher level of expression of the Iso4/4b mRNAs was associated with 

smaller MCP width in converters both at V1 [P=0.028, beta= -0.421; Figure 5a. and V2 

[P=0.048, beta= -0.5311; Figure 5b.] but not in the non-converters at both V1[ P=0.611, 

beta= -0.064; Figure 5a.] or V2 [P=0.333, beta= -0.392; Figure 5b.] and not in the healthy 

controls [P=0.53, V1; beta=0.085; p=0.365, beta= -0.376]. Further, the expression of the 

ASFMR1 isoform (131 bp) also increased significantly with a decrease in changes in the 

pons [P=0.047, beta= -0.012] only in the converter group between V1 and V2.  

 Finally, we found a positive correlation, between the change in brain measures, 

including the mean SCP [P=0.017, beta=0.726] and midbrain area [P=0.031, beta=0.316] 

with increased expression of the FMR1 mRNA, between the two visits only in the 
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converter group. We also found that the expression of Iso10/10b increased significantly 

with an increase with changes in the midbrain area [P=0.045, beta= 0.076]. 

 

4. Discussion 

         Alternative Splicing (AS) is a common process in the central nervous system and 

crucial for the differentiation and physiology of cells, particularly neurons. It is estimated 

that AS occurs in about 95% of human genes [53], contributing greatly to the regulation 

of mRNA levels and to proteomic diversity. Different studies have reported that AS events 

take place at the FMR1 locus and have an impact on the expression and function of FMRP 

[10–12,14,54–57] We recently reported on the characterization of the FMR1 isoforms and 

showed differential expression and distribution as a function of the CGG repeat number 

in premutation carriers. Differently from the 24 predicted FMR1 mRNA variants, we also 

reported on the existence, of at least 49 different ones in several human tissues, 30 of 

which detected only in premutation carriers [15,16]. Thus, an altered alternative splicing 

phenomenon is present in premutation carriers. 

         In this study, we aimed to identify molecular biomarkers, specifically the expression 

levels of some alternatively spliced isoforms at the FMR1 locus, for risk prediction, early 

diagnosis, and progression of developing FXTAS. Increased and CGG dependent 

expression levels of FMR1 mRNA were observed in premutation groups (including both 

converters and non-converters) as compared to non-carrier healthy controls confirming 

many previous reports on this well-established altered molecular phenotype in 

premutation carriers. In addition to FMR1 mRNA, we also observed elevated expression 
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of various alternative splicing isoforms as a function of CGG repeat suggesting their 

potential contribution to the RNA toxicity in premutation carriers. 

         Taking advantage of the longitudinal study design, we investigated the 

expressional profile for these specific isoforms among our three groups and observed the 

higher expression of isoform Iso10/10b in converters as compared to non-carrier healthy 

controls at both visits. Importantly, the non-converter group did not show the differential 

expression for this isoform. This suggests that these isoforms, that encode for truncated 

proteins might be relevant in the pathogenesis of FXTAS and, pending replication and 

further confirmation, may eventually play a role in early testing and screening of 

premutation allele carriers at greater risk of developing the disorder. 

 Previous investigations on the FMR1 transcriptional landscape reported the 

highest expression of isoform Iso10/10b in premutation carriers with and without FXTAS 

[15,16]. However, this study shows a higher expression of these isoforms in individuals, 

the converter group, who develop FXTAS over time. Similarly, we observed higher 

expression of the isoforms Iso4/4b, which encode for truncated proteins and are therefore 

missing the nuclear export signal and C-terminal RGG box, in the converter group, but 

not in the non-converter group, as compared to healthy controls, also suggesting the 

potential role of truncated proteins in the pathogenesis of FXTAS, which needs to be 

further investigated. 

 The midbrain, pons, and superior cerebellar peduncles (SCP) atrophy is the 

characteristic pathologic finding in patients with a number of neurodegenerative disorders 

including progressive supranuclear palsy (PSP) [58,59], Parkinson disease (PD), Multiple 

System Atrophy (MSA) [49,60] and Alzheimer disease [61]. These studies have proposed 
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a number of midbrain metrics as potential biomarkers for differentiation of the patients 

with different neurodegenerative conditions.  Shelton et al. [39] suggested that the 

decreased MCP width observed in the premutation carriers who developed FXTAS over 

time (converters) could be a biomarker for early identification of incipient FXTAS. Of 

relevance, this study found a significant association of increased expression of Iso4/4b 

with decreased MCP width and of the expression of ASFMR1 isoform (131 bp) with 

decreased changes in pons, only in the converter group, which supports their potential 

role as biomarkers and support evidence of their potential contribution to the 

pathogenesis of the disorder.  Interestingly, in the current study we found a positive 

association of FMR1 mRNA with mean SCP and midbrain and of isoform Iso10/10b with 

the midbrain, suggesting that some of the molecular measures may be linked with the 

changes in the brain structures. However, further studies are warranted to confirm these 

findings. 

 Generally, the mRNAs containing premature termination codons (PTCs) are 

degraded by the nonsense-mediated mRNA decay (NMD) system. However, this is not 

always the case as sometimes the mRNAs escape from the nonsense-mediated mRNA 

decay and results in truncated proteins [62,63]. Truncated proteins can form aggregates 

and can act in a dominant-negative manner. The accumulation of these abnormal 

truncated proteins leads to the gradual loss of function and structure of neurons including 

the death of neurons. These aggregations have been found to be associated with various 

neurodegenerative diseases such as Alzheimer’s, Huntington’s and Parkinson’s 

diseases, ASD, and amyotrophic lateral sclerosis. Additionally, a truncated form of DISC1 

aggregates has been associated with major depression and schizophrenia [64]. Thus, it 
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is possible that the translation of these isoforms might contribute to the pathogenesis of 

the FMR1 associated disorders. However, the exact mechanism and functional role are 

still unknown. 

         The previous report suggested that the antisense FMR1 (ASFMR1) gene and the 

premutation specific ASFMR1 Iso131 bp may contribute to the pathogenesis of FXTAS 

[35]. Although the expression of this splice isoform in premutation carriers was reported 

to be higher compared to controls, no difference in the expression levels was observed 

between non-FXTAS and FXTAS premutation carrier groups in previous studies [36,37]. 

The study presented here confirms the previous findings of a higher expression of this 

splice isoform in premutation carriers; however, and importantly, the observed significant 

change of expression levels between V1 and V2 only in the converter group but not in the 

non-converter or control groups, suggest its potential role in the progression of FXTAS. 

These findings suggest the presence of an altered bidirectional transcription alternative 

splicing in premutation carriers and their potential role in the development and 

progression of FXTAS. 

Finally, further studies are required to investigate the function of this specific isoform. 

The longitudinal follows up of these individuals may help our understanding of the 

potential role of such isoforms in FXTAS. 

 

5. Conclusions 

 In conclusion, this is a first study that suggest an elevated expression of some of 

the FMR1 and ASFMR1 mRNA splicing isoforms is present in premutation carriers who 

develop FXTAS compared to those who remain symptom free and to controls, providing 
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support for these measures as potential biomarkers for early identification and monitoring 

of disease progression. In addition, the association of these molecular measures with 

brain measures provide us better insight regarding disease pathogenesis. However, due 

to limitation of the small sample size further studies with larger sample size are required 

to test the initial findings and elucidate and confirm the role of the potential identified 

biomarkers. 

 

6. Availability of Additional Data  

 All statistical data generated during the study is available at the end of this chapter 

as “Supplementary Data”. 
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8. Tables 

Table 1: Participants Baseline Characteristics by Group 

  
Healthy 
Control Converters Non-

Converters 
All 
Participants 

P-
Value 
(F-
Test) 

Age 

N 15 15 15 45 

0.936 
Mean 
(SD) 

60.1 
(6.7) 

61 (6.7) 60.7 (6.4) 60.6 (6.4) 

Median 
(Range) 

60(49–
69) 

61 (52–72) 62 (47–70) 61 (47–72) 

CGG 

N 15 15 15 45 

<0.001 
Mean 
(SD) 

28.5 
(4.1) 

90.1 (22.4) 81.9 (22.1) 66.9 (32.9) 

Median 
(Range) 

30(20–
32) 

84(60–141) 78 (56–135) 75 (20–141) 

 

 



 

 
 

90 

 

9. Figures 

 
 
 

Figure 1: Schematic overview of the FMR1 and ASFMR1 isoforms. 

Diagram representing the FMR1 locus (top), 4 FMR1 isoforms (Iso10, Iso10b, Iso4 and 

Iso4b) and the ASFMR1 Iso131bp. Exons are represented in different colors and the 

alternative splice sites are depicted for exon 12, 14,15 and 17. FMR1 isoforms Iso10, and 

Iso10b both miss exon 12 and 14 but differ for the splicing acceptor site in exon 17. 

Likewise, the FMR1 Iso4, and Iso4b both miss exon 14 but differ for the splicing acceptor 

site in exon 17.   
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Figure 2: FMR1 mRNA expression among groups and by CGG repeat length. 

a.) Box plots showing increased expression levels of FMR1 mRNA in both premutation 

groups (converters and non-converters) compared to non-carrier healthy controls at V1 

[P < 0.001] and V2 [P < 0.001] but no significant differences were observed between the 

two premutation groups. The heavy line in each box represents the median, the lower 

and upper box edges represent the 25th and 75th percentiles, respectively, and the lower 

and upper whiskers represent the smallest and largest observations, respectively. b.) 

Scatter plots showing FMR1 mRNA expression as function of CGG repeat number at V1 

in the three groups. 
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Figure 3: Isoform’s mRNA expression levels among three groups and as function of the 

CGG repeat number. a.) Box plots showing increased levels of FMR1 Iso10/10b mRNA 

at both V1 and V2 (P=0.0225 and P=0.0468 respectively) only in the converter group but 

not in the non-converter group (P=0.401 at V1 and P=0.592 at V2) compared to non-

carrier healthy controls. b.) Box plots showing increased levels of FMR1 Iso4/4b mRNA 

at V1 (P=0.0323) but not at V2 (P=0.247) in the converter group compared to non-carrier 

healthy controls. No differences were observed in the non-converter group at both visits 

(P=0.542 at V1 and P=0.684 at V2). c.) Box plots showing increased levels of ASFMR1 

Iso131bp mRNA at both V1 (P <0.001) and V2 (P <0.001) in both the premutation groups 

compared to non-carrier healthy controls but not statistically significant differences 

between the two premutation groups. The heavy line in each box represents the median, 
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the lower and upper box edges represent the 25th and 75th percentiles, respectively, and 

the lower and upper whiskers represent the smallest and largest observations, 

respectively. Scatter plots showing d.) FMR1 e.) of FMR1 Iso4/4b and f.) of ASFMR1 

Iso131bp mRNA expression levels as function of the CGG repeat number at V1 in the 

three groups. 

 

 

 
 

 

Figure 4: Changes in ASFMR1 Iso131bp expression levels between visits.  Boxplots 

showing higher changes between V1 and V2 in the expression level of the ASFMR1 

Iso131bp in the converter group as compared to non-carrier healthy controls while no 

significant change in non-converter versus control was observed. The heavy line in each 

box represents the median, the lower and upper box edges represent the 25th and 75th 
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percentiles, respectively, and the lower and upper whiskers represent the smallest and 

largest observations, respectively.  

 
 
 

Figure 5: Molecular and brain measure correlations. Scatter plots demonstrating an 

inverse correlation between the mean MCP width and Iso4/4b in both V1 and V2 but only 

in the converter group while no significant correlation was observed in the non-converter 

group. 
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10. Supplementary Materials 

Table S1: Marker Expression by CGG Repeat Length, Baseline Visit 

       

 Healthy Control Converter Non-Converter 

  

Fold 
Change 
(95% CI) 

P-
Value 

Fold 
Change 
(95% CI) 

P-Value 
Fold 

Change 
(95% CI) 

P-
Value 

FMR1 0.996(0.977, 
1.014) 0.641 1.008(1.004, 

1.011) <0.001 1.008(1.005, 
1.012) <0.001 

ASFMR1 1.028(0.905, 
1.167) 0.667 1 (0.976, 

1.026) 0.971 1.01 (0.985, 
1.037) 0.414 

Alt. 
Splice 
Site 

1.024(0.792, 
1.324) 0.852 1.051(0.999, 

1.105) 0.053 1.069(1.016, 
1.126) 0.012 

Intron 
9.5 

0.93 (0.783, 
1.104)  

0.394 1.011(0.979, 
1.045) 0.486 0.955(0.921, 

0.991) 0.015 

Iso 4+4b 1.205(0.947, 
1.534)  

0.125 0.998(0.954, 
1.045) 0.946 0.983(0.938, 

1.03) 0.47 

Iso 
10+10b 

0.92 (0.802, 
1.056) 0.23 1.015 0.989, 

1.042) 0.244 1.016(0.989, 
1.043) 0.247 

       

 
a Adjusted for age    

 
b Fold change is (multiplicative) change in expression for each 
unit increase in CGG repeat length.   

 
 
Table S2a: Comparison of Marker Expression Between Groups, Baseline Visit 
        

 
Healthy Control - 

Converter 
Healthy Control - 
Non-Converter 

Converter - Non-
Converter  

  

Fold 
Change 
(95% CI) 

P-
Valu

e 

Fold 
Change 
(95% CI) 

P-
Value 

Fold 
Change 
(95% CI) 

P-
Val
ue  

FMR1 
0.503 
(0.425, 
0.595) 

<0.00
1 

0.548 
(0.463, 
0.648) 

<0.001 
1.089 
(0.921, 
1.288) 

0.4
38 

 

ASFMR1 0.486 (0.21, 
1.126) 0.105 

0.476 
(0.206, 
1.102) 

0.092 0.98 (0.423, 
2.267) 

0.9
98 
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Alt. Splice Site 0.065 (0.01, 
0.423) 0.003 0.04 (0.006, 

0.264) <0.001 
0.624 
(0.096, 
4.069) 

0.8
15 

 

Intron 9.5 
0.391 
(0.107, 
1.425) 

0.192 
0.792 
(0.214, 
2.934) 

0.901 
2.024 
(0.604, 
6.783) 

0.3
39 

 

Iso 4+4b 
0.161 
(0.029, 
0.877) 

0.032 
0.477 
(0.087, 
2.607) 

0.542 
2.967 
(0.625, 
14.095) 

0.2
17 

 

Iso 10+10b 
0.327 
(0.123, 
0.872) 

0.023 
0.591 
(0.222, 
1.578) 

0.401 
1.807 
(0.734, 
4.445) 

0.2
57 

 

 
 
a Adjusted for age  

   
 

 
 
Table S2b: Comparison of Marker Expression Between Groups, Visit 2 

 

 
        

 
Healthy Control - 

Converter 
Healthy Control - 
Non-Converter 

Converter - Non-
Converter  

  

Fold 
Change 
(95% CI) 

P-
Valu

e 

Fold 
Change 
(95% CI) 

P-
Value 

Fold 
Change 
(95% CI) 

P-
Val
ue  

FMR1 
0.498 
(0.421, 
0.589) 

<0.00
1 

0.552 
(0.467, 
0.653) 

<0.001 
1.108 
(0.937, 
1.311) 

0.3
08 

 

ASFMR1 
0.614 
(0.343, 
1.098) 

0.116 
0.872 
(0.488, 
1.558) 

0.834 
1.419 
(0.794, 
2.537) 

0.3
18 

 

Alt. Splice Site 
0.005 
(0.001, 
0.015) 

<0.00
1 

0.01 (0.003, 
0.031) <0.001 

2.076 
(0.641, 
6.729) 

0.2
97 

 

Intron 9.5 0.508 (0.18, 
1.432) 0.262 

1.223 
(0.434, 
3.443) 

0.884 
2.407 
(0.854, 
6.781) 

0.1
11 

 

Iso 4+4b 
0.591 
(0.269, 
1.298) 

0.247 
0.764 
(0.348, 
1.675) 

0.684 
1.291 
(0.588, 
2.834) 

0.7
1 

 

Iso 10+10b 
0.563 
(0.319, 
0.993) 

0.047 
0.795 
(0.451, 
1.402) 

0.592 
1.412 
(0.801, 
2.491) 

0.3
11 

 
        
 a Adjusted for age      
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Table S2c: Comparison of Change in Marker Expression Between Groups 
        

 
Healthy Control - 

Converter 
Healthy Control - 
Non-Converter 

Converter - Non-
Converter  

  

Fold 
Change 
(95% CI) 

P-
Valu

e 

Fold 
Change 
(95% CI) 

P-
Value 

Fold 
Change 
(95% CI) 

P-
Val
ue  

Change in 
FMR1 

0.99 (0.809, 
1.211) 0.991 

1.011 
(0.818, 
1.248) 0.992 

1.021 
(0.829, 
1.258) 

0.9
67  

Change in 
ASFMR1 

1.222 
(0.479, 
3.115) 0.862 

1.485 
(0.557, 
3.957) 0.592 

1.216 
(0.463, 
3.195) 

0.8
76  

Change in Alt. 
Splice Site 

0.067 
(0.009, 
0.496) 0.006 

0.164 (0.02, 
1.327) 0.102 

2.436 
(0.311, 
19.098) 

0.5
49  

Change in 
Intron 9.5 

1.402 
(0.571, 
3.439) 0.631 

1.974 (0.8, 
4.87) 0.171 

1.408 
(0.593, 
3.347) 

0.6
02  

Change in Iso 
4+4b 

4.141 
(0.763, 
22.49) 0.114 

1.813 
(0.336, 
9.764) 0.667 

0.438 
(0.088, 
2.185) 

0.4
29  

Change in Iso 
10+10b 

1.771 
(0.687, 
4.567) 0.314 

1.647 
(0.641, 
4.226) 0.408 

0.929 
(0.378, 
2.286) 

0.9
79  

        
 a Adjusted for age and visit interval     

 

Table S3a: Brain Measures by Molecular Measures by Group, Baseline Visit 
         

 Healthy Control Converter Non-Converter  
Brain 

Measure 
Molecul

ar 
Measure 

Regression 
Slope (95% 

CI) 

P-
Val
ue 

Regression 
Slope (95% 

CI) 

P-
Val
ue 

Regression 
Slope (95% 

CI) 

P-
Val
ue  

Mean 
MCP 
Width FMR1 

0.47 (-2.246, 
3.186) 

0.7
28 

-1.31 (-3.76, 
1.14) 

0.2
86 

-0.736 (-
3.041, 
1.568) 

0.5
22  

Mean 
MCP 
Width ASFMR1 

0.057 (-
0.608, 
0.721) 

0.8
64 

0.089 (-
0.427, 
0.604) 

0.7
3 

-0.168 (-
0.654, 
0.318) 

0.4
89  
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Mean 
MCP 
Width 

Alt. 
Splice 
Site 

-0.128 (-
0.395, 
0.139) 

0.3
37 

0.133 (-
0.107, 
0.372) 

0.2
7 

0.117 (-
0.101, 
0.335) 

0.2
85  

Mean 
MCP 
Width 

Intron 
9.5 

0.244 (-
0.388, 
0.876) 

0.4
38 

-0.325 (-
1.01, 0.36) 

0.3
42 

-0.037 (-
0.313, 
0.239) 

0.7
87  

Mean 
MCP 
Width Iso 4+4b 

0.085 (-
0.188, 
0.359) 

0.5
3 

-0.421 (-
0.794, -
0.048) 

0.0
28 

-0.064 (-
0.316, 
0.188) 

0.6
11  

Mean 
MCP 
Width 

Iso 
10+10b 

0.188 (-
0.399, 
0.774) 

0.5
2 

-0.603 (-
1.283, 
0.077) 

0.0
8 

-0.155 (-
0.546, 
0.235) 

0.4
24  

Mean 
SCP FMR1 

0.724 (-1.94, 
3.388) 

0.5
85 

0.414 (-
1.988, 
2.817) 

0.7
29 

-1.693 (-
3.953, 
0.567) 

0.1
38  

Mean 
SCP ASFMR1 

0.038 (-
0.618, 
0.695) 

0.9
07 

0.281 (-
0.229, 0.79) 

0.2
72 

0.076 (-
0.404, 
0.557) 

0.7
5  

Mean 
SCP 

Alt. 
Splice 
Site 

-0.033 (-
0.304, 
0.239) 

0.8
1 

0.097 (-
0.147, 
0.341) 

0.4
25 

-0.078 (-0.3, 
0.144) 

0.4
82  

Mean 
SCP 

Intron 
9.5 

0.133 (-
0.471, 
0.737) 

0.6
57 

0.485 (-0.17, 
1.141) 

0.1
41 

-0.079 (-
0.343, 
0.185) 

0.5
45  

Mean 
SCP Iso 4+4b 

-0.053 (-
0.338, 
0.232) 

0.7
07 

0.1 (-0.29, 
0.489) 

0.6
06 

0.125 (-
0.138, 
0.388) 

0.3
42  

Mean 
SCP 

Iso 
10+10b 

0 (-0.599, 
0.599) 

0.9
99 

0.43 (-0.264, 
1.124) 

0.2
17 

-0.021 (-
0.419, 
0.378) 

0.9
16  

Midbrain FMR1 

9.447 (-
65.863, 
84.757) 

0.8
01 

-3.247 (-
71.18, 
64.686) 

0.9
23 

8.275 (-
55.627, 
72.178) 

0.7
95  

Midbrain ASFMR1 

-0.092 (-
18.078, 
17.895) 

0.9
92 

0.928 (-
13.032, 
14.888) 

0.8
94 

6.62 (-6.542, 
19.781) 

0.3
15  

Midbrain 

Alt. 
Splice 
Site 

-0.574 (-
8.019, 
6.871) 

0.8
77 

2.294 (-
4.397, 
8.985) 

0.4
92 

2.179 (-
3.912, 8.27) 

0.4
73  

Midbrain 
Intron 
9.5 

-7.799 (-
24.685, 
9.088) 

0.3
54 

11.406 (-
6.899, 
29.711) 

0.2
14 

-4.691 (-
12.066, 
2.685) 

0.2
05  

Midbrain Iso 4+4b 

5.423 (-
2.215, 
13.061) 

0.1
58 

-2.703 (-
13.129, 
7.723) 

0.6
02 

-7.402 (-
14.451, -
0.354) 

0.0
4  
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Midbrain 
Iso 
10+10b 

-5.142 (-
22.019, 
11.736) 

0.5
4 

2.449 (-
17.106, 
22.004) 

0.8
01 

-9.35 (-
20.575, 
1.875) 0.1  

Pons FMR1 

72.835 (-
127.952, 
273.621) 

0.4
67 

12.262 (-
168.855, 
193.38) 

0.8
92 

-79.858 (-
250.231, 
90.514) 

0.3
49  

Pons ASFMR1 

1.625 (-
47.616, 
50.866) 

0.9
47 

-11.225 (-
49.444, 
26.994) 

0.5
56 

3.517 (-
32.516, 
39.549) 

0.8
44  

Pons 

Alt. 
Splice 
Site 

-17.625 (-
36.256, 
1.007) 

0.0
63 

17.771 
(1.027, 
34.515) 

0.0
38 

0.331 (-
14.912, 
15.573) 

0.9
65  

Pons 
Intron 
9.5 

9.255 (-
39.126, 
57.635) 0.7 

19.327 (-
33.117, 
71.771) 

0.4
59 

-1.33 (-
22.46, 
19.801) 

0.8
99  

Pons Iso 4+4b 

14.559 (-
5.231, 
34.349) 

0.1
44 

-26.244 (-
53.256, 
0.768) 

0.0
56 

-18.735 (-
36.998, -
0.473) 

0.0
45  

Pons 
Iso 
10+10b 

22.673 (-
18.952, 
64.298) 

0.2
76 

-11.832 (-
60.06, 
36.397) 

0.6
21 

-42.029 (-
69.713, -
14.345) 

0.0
04  

Pons/Mi
dbrain 
Ratio FMR1 

0.161 (-
1.727, 
2.048) 

0.8
64 

0.783 (-
0.919, 
2.486) 

0.3
58 

-0.742 (-
2.343, 0.86) 

0.3
55  

Pons/Mi
dbrain 
Ratio ASFMR1 

0.099 (-
0.362, 0.56) 

0.6
66 

-0.061 (-
0.419, 
0.296) 

0.7
3 

-0.162 (-
0.499, 
0.176) 

0.3
38  

Pons/Mi
dbrain 
Ratio 

Alt. 
Splice 
Site 

-0.061 (-
0.245, 
0.124) 

0.5
1 

0.124 (-
0.041, 0.29) 

0.1
37 

-0.071 (-
0.222, 0.08) 

0.3
49  

Pons/Mi
dbrain 
Ratio 

Intron 
9.5 

0.161 (-
0.291, 
0.613) 

0.4
74 

-0.184 (-
0.674, 
0.306) 

0.4
49 

0.108 (-
0.089, 
0.306) 

0.2
73  

Pons/Mi
dbrain 
Ratio Iso 4+4b 

-0.028 (-
0.239, 
0.184) 

0.7
92 

0.102 (-
0.187, 
0.391) 

0.4
8 

0.071 (-
0.124, 
0.267) 

0.4
63  

Pons/Mi
dbrain 
Ratio 

Iso 
10+10b 

0.198 (-0.25, 
0.646) 

0.3
76 

0.033 (-
0.486, 
0.552) 

0.8
98 

-0.035 (-
0.333, 
0.263) 

0.8
15  

MCP/SC
P Ratio FMR1 

-0.115 (-
1.08, 0.85) 

0.8
11 

-0.451 (-
1.321, 
0.419) 

0.3
01 

0.392 (-
0.426, 
1.211) 

0.3
38  

MCP/SC
P Ratio ASFMR1 

0.017 (-
0.218, 
0.253) 

0.8
84 

-0.088 (-
0.271, 
0.094) 

0.3
34 

-0.069 (-
0.241, 
0.103) 

0.4
22  
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MCP/SC
P Ratio 

Alt. 
Splice 
Site 

-0.016 (-
0.112, 
0.081) 

0.7
43 

0 (-0.086, 
0.087) 

0.9
91 

0.056 (-
0.023, 
0.136) 

0.1
57  

MCP/SC
P Ratio 

Intron 
9.5 

-0.014 (-
0.22, 0.192) 

0.8
87 

-0.256 (-
0.48, -0.033) 

0.0
26 

0.027 (-
0.063, 
0.117) 

0.5
49  

MCP/SC
P Ratio Iso 4+4b 

0.036 (-
0.059, 
0.131) 

0.4
52 

-0.123 (-
0.253, 
0.007) 

0.0
62 

-0.059 (-
0.147, 
0.029) 

0.1
79  

MCP/SC
P Ratio 

Iso 
10+10b 

0.021 (-
0.179, 
0.221) 

0.8
32 

-0.287 (-
0.518, -
0.056) 

0.0
17 

-0.028 (-
0.161, 
0.105) 

0.6
71  

         
 a Adjusted for age       

 
b Regression slope is (additive) change in brain measure for each unit 
increase in the molecular measure. 

 

Table S3b: Brain Measures by Molecular Measures by Group, Visit 2 
        

 Healthy Control Converter Non-Converter 

Brain 
Measure 

Molecul
ar 

Measure 

Regression 
Slope (95% 

CI) 

P-
Val
ue 

Regression 
Slope (95% 

CI) 

P-
Val
ue 

Regression 
Slope (95% 

CI) 

P
-
V
al
u
e 

Mean 
MCP 
Width FMR1 

-2.308 (-
5.407, 0.791) 

0.1
4 

0.998 (-
2.708, 4.705) 

0.5
88 

1.432 (-
0.988, 3.852) 

0.
2
3
8 

Mean 
MCP 
Width ASFMR1 

-0.525 (-
1.319, 0.269) 

0.1
88 

0.269 (-
0.851, 1.389) 

0.6
29 

-0.089 (-
0.983, 0.805) 

0.
8
4
2 

Mean 
MCP 
Width 

Alt. 
Splice 
Site 

-0.334 (-
0.645, -
0.024) 

0.0
36 

-0.09 (-0.56, 
0.381) 

0.7
01 

0.135 (-
0.456, 0.726) 

0.
6
4
6 

Mean 
MCP 
Width Intron 9.5 

-0.157 (-
1.281, 0.967) 

0.7
79 

-0.486 (-
1.354, 0.382) 

0.2
64 

-0.11 (-0.44, 
0.22) 

0.
5
0
4 
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Mean 
MCP 
Width Iso 4+4b 

-0.376 (-
1.206, 0.454) 

0.3
65 

-0.531 (-
1.057, -
0.004) 

0.0
48 

-0.392 (-
1.201, 0.417) 

0.
3
3
3 

Mean 
MCP 
Width 

Iso 
10+10b 

-0.639 (-
1.766, 0.489) 

0.2
58 

-0.249 (-
1.034, 0.536) 

0.5
24 

-0.369 (-
1.478, 0.741) 

0.
5
0
5 

Mean 
SCP FMR1 

-0.207 (-
3.342, 2.929) 

0.8
94 

2.065 (-
1.684, 5.815) 

0.2
71 

1.748 (-
0.701, 4.196) 

0.
1
5
6 

Mean 
SCP ASFMR1 

0.236 (-
0.569, 1.04) 

0.5
56 

0.102 (-
1.032, 1.237) 

0.8
56 

-0.411 (-
1.317, 0.494) 

0.
3
6
3 

Mean 
SCP 

Alt. 
Splice 
Site 

-0.101 (-
0.418, 0.217) 

0.5
24 

0.163 (-
0.318, 0.644) 

0.4
96 

-0.489 (-
1.093, 0.115) 

0.
1
0
9 

Mean 
SCP Intron 9.5 

-0.135 (-
1.271, 1.001) 

0.8
11 

0.155 (-
0.722, 1.032) 

0.7
22 

0.165 (-
0.168, 0.498) 

0.
3
2
1 

Mean 
SCP Iso 4+4b 

-0.226 (-
1.117, 0.665) 

0.6
11 

0.107 (-
0.458, 0.672) 

0.7
03 

0.3 (-0.569, 
1.168) 

0.
4
8
9 

Mean 
SCP 

Iso 
10+10b 

-0.229 (-
1.386, 0.929) 

0.6
91 

0.142 (-
0.664, 0.948) 

0.7
23 

-0.092 (-
1.232, 1.047) 

0.
8
7 

Midbrain FMR1 

-26.217 (-
98.386, 
45.953) 

0.4
66 

16.332 (-
69.98, 
102.644) 

0.7
03 

5.285 (-
51.071, 
61.641) 

0.
8
5 

Midbrain ASFMR1 

16.94 (-
0.283, 
34.163) 

0.0
54 

3.749 (-
20.54, 
28.039) 

0.7
56 

4.422 (-
14.972, 
23.816) 

0.
6
4
7 

Midbrain 

Alt. 
Splice 
Site 

6.395 (-
0.459, 
13.249) 

0.0
67 

4.181 (-
6.204, 
14.567) 

0.4
2 

-8.218 (-
21.25, 4.814) 

0.
2
0
9 

Midbrain Intron 9.5 

16.682 (-
8.383, 
41.747) 

0.1
86 

0.353 (-
19.003, 
19.708) 

0.9
71 

-0.979 (-8.33, 
6.372) 

0.
7
8
9 
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Midbrain Iso 4+4b 

13.59 (-
5.232, 
32.412) 

0.1
52 

-9.092 (-
21.027, 
2.843) 

0.1
31 

-6.987 (-
25.338, 
11.365) 

0.
4
4
5 

Midbrain 
Iso 
10+10b 

20.607 (-
3.39, 44.605) 

0.0
9 

-1.854 (-
18.565, 
14.856) 

0.8
23 

-19.663 (-
43.278, 
3.951) 

0.
1 

Pons FMR1 

-110.666 (-
311.115, 
89.784) 

0.2
7 

192.282 (-
47.45, 
432.013) 

0.1
13 

4.014 (-
152.515, 
160.543) 

0.
9
5
9 

Pons ASFMR1 

8.536 (-
43.814, 
60.885) 

0.7
43 

5.031 (-
68.796, 
78.857) 

0.8
91 

-19.317 (-
78.265, 
39.631) 

0.
5
1
1 

Pons 

Alt. 
Splice 
Site 

8.62 (-
12.261, 29.5) 

0.4
08 

7.993 (-
23.648, 
39.635) 

0.6
12 

-19.648 (-
59.352, 
20.056) 

0.
3
2
2 

Pons Intron 9.5 

-21.238 (-
93.754, 
51.278) 

0.5
56 

-33.847 (-
89.845, 
22.151) 

0.2
28 

3.558 (-
17.711, 
24.827) 

0.
7
3
6 

Pons Iso 4+4b 

20.493 (-
34.755, 
75.741) 

0.4
57 

-31.064 (-
66.096, 
3.969) 

0.0
81 

18.354 (-
35.513, 
72.221) 

0.
4
9
4 

Pons 
Iso 
10+10b 

2.335 (-
69.486, 
74.155) 

0.9
48 

-17.942 (-
67.954, 
32.069) 

0.4
72 

-57.827 (-
128.503, 
12.849) 

0.
1
0
6 

Pons/Mid
brain 
Ratio FMR1 

0.082 (-
1.189, 1.354) 

0.8
96 

0.717 (-
0.804, 2.237) 

0.3
46 

-0.269 (-
1.262, 0.724) 

0.
5
8
6 

Pons/Mid
brain 
Ratio ASFMR1 

-0.3 (-0.602, 
0.001) 

0.0
51 

-0.067 (-
0.492, 0.358) 

0.7
52 

-0.191 (-
0.531, 0.148) 

0.
2
6 

Pons/Mid
brain 
Ratio 

Alt. 
Splice 
Site 

-0.078 (-
0.206, 0.05) 

0.2
24 

-0.069 (-
0.263, 0.125) 

0.4
77 

0.027 (-
0.216, 0.27) 

0.
8
2
4 

Pons/Mid
brain 
Ratio Intron 9.5 

-0.433 (-
0.848, -
0.019) 

0.0
41 

-0.246 (-
0.566, 0.074) 

0.1
28 

0.054 (-
0.067, 0.176) 

0.
3
7
2 



 

 
 

103 

Pons/Mid
brain 
Ratio Iso 4+4b 

-0.094 (-
0.435, 0.248) 

0.5
82 

-0.011 (-
0.228, 0.206) 

0.9
18 

0.277 (-
0.056, 0.61) 

0.
1
0
1 

Pons/Mid
brain 
Ratio 

Iso 
10+10b 

-0.316 (-0.76, 
0.128) 

0.1
58 

-0.101 (-
0.411, 0.208) 

0.5
1 

0.061 (-
0.376, 0.498) 

0.
7
8 

MCP/SC
P Ratio FMR1 

-0.499 (-
1.647, 0.648) 

0.3
83 

-0.456 (-
1.828, 0.916) 

0.5
05 

-0.355 (-1.25, 
0.541) 

0.
4
2
7 

MCP/SC
P Ratio ASFMR1 

-0.176 (-
0.462, 0.109) 

0.2
18 

0.022 (-0.38, 
0.425) 

0.9
11 

0.126 (-
0.195, 0.447) 

0.
4
3
1 

MCP/SC
P Ratio 

Alt. 
Splice 
Site 

-0.021 (-
0.134, 0.092) 

0.7
12 

-0.065 (-
0.236, 0.107) 

0.4
49 

0.194 (-
0.021, 0.409) 

0.
0
7
5 

MCP/SC
P Ratio Intron 9.5 

0.015 (-
0.378, 0.407) 

0.9
4 

-0.188 (-
0.491, 0.115) 

0.2
17 

-0.092 (-
0.207, 0.023) 

0.
1
1
4 

MCP/SC
P Ratio Iso 4+4b 

-0.034 (-
0.342, 0.274) 

0.8
23 

-0.145 (-0.34, 
0.051) 

0.1
42 

-0.175 (-
0.475, 0.125) 

0.
2
4
4 

MCP/SC
P Ratio 

Iso 
10+10b 

-0.088 (-
0.501, 0.324) 

0.6
67 

-0.121 (-
0.409, 0.166) 

0.3
98 

0.004 (-
0.402, 0.41) 

0.
9
8
5 

        
 a Adjusted for age      

 
b Regression slope is (additive) change in brain measure for each unit 
increase in the molecular measure. 

 

Table S3c: Changes in Brain Measures by Changes in Molecular Measures by 
Group 
        

 Healthy Control Converter Non-Converter 

Brain 
Measure 

Molecular 
Measure 

Regressio
n Slope 
(95% CI) 

P-
Val
ue 

Regressio
n Slope 
(95% CI) 

P-
Val
ue 

Regressio
n Slope 
(95% CI) 

P-
V
al
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u
e 

Change in 
Mean MCP 
Width 

Change in 
log(FMR1) 

0.05 (-
0.116, 
0.217) 

0.5
43 

-0.028 (-
0.272, 
0.216) 

0.8
15 

0.038 (-
0.12, 
0.196) 

0.
62
9 

Change in 
Mean MCP 
Width 

Change in 
log(ASFMR
1) 

0.007 (-
0.032, 
0.047) 

0.7
04 

0.021 (-
0.013, 
0.055) 

0.2
24 

-0.029 (-
0.061, 
0.003) 

0.
07
5 

Change in 
Mean MCP 
Width 

Change in 
log(Alt. 
Splice Site) 

0.002 (-
0.014, 
0.017) 

0.8
27 

-0.006 (-
0.03, 
0.017) 

0.5
88 

0.007 (-
0.011, 
0.025) 

0.
40
7 

Change in 
Mean MCP 
Width 

Change in 
log(Intron 
9.5) 

0.035 (-
0.01, 
0.081) 

0.1
25 

0.008 (-
0.062, 
0.079) 

0.8
09 

-0.026 (-
0.084, 
0.033) 

0.
37
5 

Change in 
Mean MCP 
Width 

Change in 
log(Iso 
4+4b) 

-0.003 (-
0.028, 
0.021) 

0.7
86 

-0.013 (-
0.049, 
0.023) 

0.4
56 

-0.003 (-
0.024, 
0.017) 

0.
73
6 

Change in 
Mean MCP 
Width 

Change in 
log(Iso 
10+10b) 

0.034 (-
0.014, 
0.081) 

0.1
56 

-0.009 (-
0.068, 
0.05) 

0.7
54 

-0.016 (-
0.055, 
0.022) 

0.
39
5 

Change in 
Mean SCP 

Change in 
log(FMR1) 

0.211 (-
0.189, 
0.612) 

0.2
92 

0.726 
(0.14, 
1.313) 

0.0
17 

0.327 (-
0.053, 
0.708) 

0.
09 

Change in 
Mean SCP 

Change in 
log(ASFMR
1) 

-0.042 (-
0.154, 
0.069) 

0.4
48 

0.067 (-
0.029, 
0.164) 

0.1
64 

-0.03 (-
0.12, 
0.061) 

0.
51 

Change in 
Mean SCP 

Change in 
log(Alt. 
Splice Site) 

0.007 (-
0.032, 
0.046) 

0.7
28 

-0.014 (-
0.075, 
0.046) 

0.6
33 

-0.053 (-
0.1, -0.007) 

0.
02
5 

Change in 
Mean SCP 

Change in 
log(Intron 
9.5) 

0.048 (-
0.082, 
0.178) 

0.4
56 

0.085 (-
0.115, 
0.285) 

0.3
9 

-0.116 (-
0.283, 
0.051) 

0.
16
6 

Change in 
Mean SCP 

Change in 
log(Iso 
4+4b) 

0.017 (-
0.052, 
0.087) 

0.6
11 

0.007 (-
0.096, 
0.11) 

0.8
9 

-0.011 (-
0.07, 
0.048) 

0.
70
5 

Change in 
Mean SCP 

Change in 
log(Iso 
10+10b) 

0.055 (-
0.082, 
0.192) 

0.4
17 

0.091 (-
0.078, 
0.261) 

0.2
8 

-0.04 (-
0.151, 
0.07) 

0.
46
3 

Change in 
Midbrain 

Change in 
log(FMR1) 

-0.069 (-
0.264, 
0.126) 

0.4
8 

0.316 
(0.03, 
0.601) 

0.0
31 

0.097 (-
0.089, 
0.282) 

0.
29
6 

Change in 
Midbrain 

Change in 
log(ASFMR
1) 

-0.015 (-
0.067, 
0.037) 

0.5
57 

0.03 (-
0.015, 
0.075) 

0.1
83 

0.004 (-
0.038, 
0.046) 

0.
84
1 
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Change in 
Midbrain 

Change in 
log(Alt. 
Splice Site) 

0 (-0.019, 
0.019) 

0.9
89 

-0.018 (-
0.048, 
0.011) 

0.2
23 

0.006 (-
0.017, 
0.028) 

0.
62 

Change in 
Midbrain 

Change in 
log(Intron 
9.5) 

-0.018 (-
0.075, 
0.039) 

0.5
15 

0.073 (-
0.014, 
0.161) 

0.0
98 

0.03 (-
0.043, 
0.103) 

0.
40
7 

Change in 
Midbrain 

Change in 
log(Iso 
4+4b) 

-0.021 (-
0.051, 
0.01) 

0.1
82 

0.001 (-
0.044, 
0.046) 

0.9
65 

-0.007 (-
0.033, 
0.019) 

0.
59
2 

Change in 
Midbrain 

Change in 
log(Iso 
10+10b) 

-0.016 (-
0.076, 
0.043) 

0.5
8 

0.076 
(0.002, 
0.149) 

0.0
45 

-0.008 (-
0.057, 
0.04) 

0.
72
7 

Change in 
Pons 

Change in 
log(FMR1) 

0.033 (-
0.052, 
0.117) 

0.4
4 

0.083 (-
0.041, 
0.207) 

0.1
82 

-0.039 (-
0.12, 
0.041) 

0.
32
7 

Change in 
Pons 

Change in 
log(ASFMR
1) 

-0.003 (-
0.025, 
0.019) 

0.7
85 

0.005 (-
0.015, 
0.024) 

0.6
29 

-0.004 (-
0.022, 
0.014) 

0.
66
3 

Change in 
Pons 

Change in 
log(Alt. 
Splice Site) 

-0.003 (-
0.011, 
0.004) 

0.3
85 

-0.012 (-
0.024, 0) 

0.0
47 

0.002 (-
0.007, 
0.011) 

0.
63
3 

Change in 
Pons 

Change in 
log(Intron 
9.5) 

0.003 (-
0.023, 
0.029) 

0.8
07 

-0.011 (-
0.051, 
0.029) 

0.5
8 

0.006 (-
0.027, 
0.039) 

0.
70
1 

Change in 
Pons 

Change in 
log(Iso 
4+4b) 

0.004 (-
0.009, 
0.017) 

0.5
41 

0.001 (-
0.019, 
0.02) 

0.9
34 

0.008 (-
0.003, 
0.019) 

0.
15
2 

Change in 
Pons 

Change in 
log(Iso 
10+10b) 

0.006 (-
0.02, 
0.033) 

0.6
26 

0.006 (-
0.027, 
0.038) 

0.7
35 

0.013 (-
0.008, 
0.035) 

0.
21
1 

Change in 
Pons/Midbra
in Ratio 

Change in 
log(FMR1) 

0.174 (-
0.179, 
0.528) 

0.3
23 

-0.151 (-
0.669, 
0.366) 

0.5
56 

-0.118 (-
0.454, 
0.218) 

0.
47
9 

Change in 
Pons/Midbra
in Ratio 

Change in 
log(ASFMR
1) 

0.006 (-
0.085, 
0.097) 

0.8
97 

-0.02 (-
0.099, 
0.058) 

0.6
07 

-0.014 (-
0.087, 
0.06) 

0.
70
6 

Change in 
Pons/Midbra
in Ratio 

Change in 
log(Alt. 
Splice Site) 

-0.006 (-
0.039, 
0.027) 

0.7
34 

0.009 (-
0.042, 
0.06) 

0.7
24 

-0.009 (-
0.049, 
0.03) 

0.
62
9 

Change in 
Pons/Midbra
in Ratio 

Change in 
log(Intron 
9.5) 

0.033 (-
0.071, 
0.138) 

0.5
19 

-0.075 (-
0.236, 
0.087) 

0.3
51 

-0.007 (-
0.141, 
0.128) 

0.
92
2 

Change in 
Pons/Midbra
in Ratio 

Change in 
log(Iso 
4+4b) 

0.017 (-
0.037, 
0.07) 

0.5
22 

0.051 (-
0.028, 
0.131) 

0.1
95 

0.024 (-
0.021, 
0.07) 

0.
27
8 
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Change in 
Pons/Midbra
in Ratio 

Change in 
log(Iso 
10+10b) 

0.047 (-
0.063, 
0.158) 

0.3
91 

0.047 (-
0.091, 
0.184) 

0.4
93 

0.033 (-
0.057, 
0.123) 

0.
46 

Change in 
MCP/SCP 
Ratio 

Change in 
log(FMR1) 

-0.253 (-
0.689, 
0.184) 

0.2
48 

-0.774 (-
1.413, -
0.135) 

0.0
19 

-0.288 (-
0.703, 
0.127) 

0.
16
8 

Change in 
MCP/SCP 
Ratio 

Change in 
log(ASFMR
1) 

0.076 (-
0.045, 
0.197) 

0.2
13 

-0.046 (-
0.15, 
0.058) 

0.3
76 

-0.001 (-
0.099, 
0.097) 

0.
98
5 

Change in 
MCP/SCP 
Ratio 

Change in 
log(Alt. 
Splice Site) 

0.004 (-
0.038, 
0.046) 

0.8
49 

0.006 (-
0.059, 
0.071) 

0.8
61 

0.06 (0.01, 
0.109) 

0.
02 

Change in 
MCP/SCP 
Ratio 

Change in 
log(Intron 
9.5) 

-0.022 (-
0.166, 
0.122) 

0.7
6 

-0.087 (-
0.309, 
0.135) 

0.4
31 

0.095 (-
0.09, 
0.281) 

0.
30
2 

Change in 
MCP/SCP 
Ratio 

Change in 
log(Iso 
4+4b) 

-0.02 (-
0.095, 
0.056) 0.6 

-0.024 (-
0.135, 
0.088) 

0.6
69 

0.01 (-
0.054, 
0.073) 

0.
75
8 

Change in 
MCP/SCP 
Ratio 

Change in 
log(Iso 
10+10b) 

-0.046 (-
0.195, 
0.103) 

0.5
33 

-0.113 (-
0.298, 
0.071) 

0.2
19 

0.03 (-
0.091, 
0.15) 

0.
62
1 

        
 a Adjusted for age and visit interval    

 
b Regression slope is (additive) change in change in brain measure 
for each unit increase in the change in the molecular measure. 
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Abstract 

 Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is a neurodegenerative 

disorder associated with the FMR1 premutation. It is currently unknown when, and if, 

individual premutation carriers will develop FXTAS. Thus, with the aim of identifying 

biomarkers for early diagnosis, development, and progression of FXTAS, we performed 

global metabolomic profiling of premutation carriers (PM) who, as part of an ongoing 

longitudinal study, emerged into two distinct categories: those who developed symptoms 

of FXTAS (converters, CON) at subsequent visits and those who did not (non-converters, 

NCON) and we compared to age-matched healthy controls (HC). We assessed CGG 

repeat allele size by Southern Blot and PCR analysis. Metabolomic profile was obtained 
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by ultra-performance liquid chromatography, accurate mass spectrometer, and an 

Orbitrap mass analyzer. In this study we found 47 metabolites were significantly 

dysregulated between HC and the premutation groups (PM). Importantly, we identified 24 

metabolites that showed significant changes in expression in the CON as compared to 

the NCON both at V1 and V2, and 70 metabolites in CON as compared to NCON but only 

at V2. These findings suggest the potential role of the identified metabolites as biomarkers 

for early diagnosis and for FXTAS disease progression, respectively. Interestingly, the 

majority of the identified metabolites were lipids, followed by amino acids. To our 

knowledge, this the first report of longitudinal metabolic profiling and identification of 

unique biomarkers of FXTAS. The lipid metabolism and specifically the sub pathways 

involved in mitochondrial bioenergetics, as observed in other neurodegenerative 

disorders, are significantly altered in FXTAS. 

 

Keywords: Fragile X-associated tremor/ataxia syndrome, molecular biomarkers, FMR1, 

metabolomic, fatty acids. 

 

1. Introduction 

         Today, neurodegenerative diseases represent one of the significant causes of 

death in an industrialized economy. The prevalence of age-dependent disorders has 

escalated in the past few years due to an increase in the elderly population (1). The 

development of unique targeted therapeutics for rare age-dependent neurodegenerative 

disorders faces many challenges, including the lack of biomarkers for early diagnosis and 

progression, complicated underlying molecular mechanisms, heterogeneous 
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phenotypes, limited historical data, and difficulty of assessing efficacy in clinical trials for 

which small patient populations limit enrollment. Thus, it is of importance to identify 

biomarkers, which can provide fast, objective evidence for changes of underlying disease 

pathophysiology, which may, in turn, be used for clinical benefit. 

         Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is a late-onset 

neurodegenerative disorder that affects some carriers of the fragile X mental retardation 

1 (FMR1) premutation after the age of fifty.  It is characterized by intention tremor, 

cerebellar ataxia, white matter/ global brain atrophy, autonomic dysfunction, and 

progressive Parkinsonism. Neuropathologically, FXTAS is distinguished by the presence 

of ubiquitin-positive intranuclear inclusions throughout the brain in astrocytes, neurons, 

and Purkinje cells (2). FXTAS is caused by the expanded CGG repeats (55–200 CGG) in 

the 5′UTR of the FMR1 gene. In normal healthy individuals, the number of CGG repeats 

lies between 5-54 while individuals carrying alleles with a CGG repeat expansion greater 

than 200 develop fragile X syndrome (FXS), the most common form of intellectual 

disability and known monogenic cause of autism spectrum disorder (ASD) (3). The 

prevalence of the premutation allele among the general population is 1:110-200 females 

and 1:430 males with an estimated 40-75% of males and 8-16% of females developing 

FXTAS (4, 5). Currently, there is no effective treatment for FXTAS. As only a proportion 

of premutation carriers develop the disorder, clinical assessment fails to identify those 

carriers before significant neurological symptoms are evident. Thus, a deep 

understanding of the molecular basis of FXTAS pathogenesis requires the development 

of biomarkers for early identification and progression of the disorder. Importantly, the 

identification of reliable biomarkers will also lead to the development of medications, 
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which could prevent, reverse, or slow down the neurodegenerative progression of the 

disorder. 

 Metabolomics, the study of metabolites, is an emerging tool that focuses on the 

investigation of global metabolic changes within a given sample, followed by deep data 

mining and bioinformatic analysis (6). Metabolic profiling reflects not only the dynamic 

response to genetic modification, but also physiological, pathophysiological, and 

developmental stimuli. Now, advancement in metabolomic profiling technology and 

processing have made it possible to analyze several hundred metabolites efficiently and 

precisely to obtain a snapshot of the physiological state of an organism (7), and to identify 

biomarkers for disease development and progression (8). Although metabolic variations 

have been identified in various other neurodegenerative disorders and multiple 

metabolites with altered level have been suggested as strong candidates for the early 

diagnosis of diseases like Alzheimer's  (AD) (9), Huntington’s (HD) (10, 11) 

and  Parkinson’s Disease (PD) (12, 13) extensive studies focused on metabolic changes, 

and importantly at different time points, have not been carried out in the case of FXTAS. 

 In the recent past, Giulivi and colleagues have evaluated the plasma metabolic 

profile of human premutation carriers with FXTAS in comparison to non-carrier healthy 

controls. Their work highlighted a panel of four core serum metabolites (phenethylamine 

(PEA), oleamide, aconitate, and isocitrate) for sensitive and specific diagnosis of the 

premutation carriers with and without FXTAS, and oleamide/isocitrate as a biomarker of 

FXTAS (14). Later, based on the previously observed plasma metabolic profiles, they 

reported that FXTAS premutation carriers exhibited mitochondrial dysfunction, markers 

of neurodegeneration, and pro-inflammatory damage (15). Further, they also reported on 
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the increased mitochondrial oxidative stress in primary fibroblasts from premutation 

carriers, compared with age and sex-matched controls (16). In another study, the 

presence of the Warburg effect that involve the alteration of the glycolysis and oxidative 

phosphorylation has been reported in the peripheral blood mononuclear cells (PBMCs)’s 

derived from the controls, premutation allele carriers with and without FXTAS (17). A 

recent study took advantage of the FXTAS murine model and investigated the metabolic 

changes associated with FXTAS in the cerebellum. They showed that significant 

metabolic changes occur in sphingolipid and purine metabolism in the cerebella of FXTAS 

mice and Schlank (Cers5), Sk2 (Sphk1) and, Ras (Impdh1) are genetic modifiers of CGG 

toxicity in Drosophila (18). Later, Napoli et al. evaluated the effect of allopregnanolone on 

lymphocytic bioenergetics and plasma pharmaco metabolomics in a 12-week open-label 

intervention study with six male individuals with FXTAS. They observed a significant 

impact of allopregnanolone treatment on oxidative stress, GABA metabolism, and some 

mitochondria-related outcomes, and suggested allopregnanolone as a potential 

therapeutic for the cognitive and GABA metabolism improvement in FXTAS patients (19). 

 However, no study evaluating the metabolic alterations in premutation carriers who 

develop symptoms of FXTAS over time has been reported to date. Here, we present our 

findings on global metabolic profiling derived from male participants enrolled in an 

ongoing longitudinal study carried out at the UC Davis MIND Institute. The participants 

have been followed for at least two longitudinal time points (Visit 1, V1 and Visit 2, V2) 

during which neuroimaging, neuropsychological, molecular measurements as well as 

medical and neurological examinations were collected. A fraction of the premutation 

participants, all symptom-free at the time of enrollment, developed symptoms which 
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warranted a diagnosis of FXTAS during the course of the study, defined here as 

converters (CON.) The remaining premutation participants who did not develop 

symptoms that warranted a diagnosis of FXTAS are defined here as non-converters 

(NCON). In the current work, we show that significant metabolic changes occurred in 

CON as compared to the NCON and HC. More specifically, we report on the identification 

of both metabolic biomarkers of FXTAS development that changed only in the converter 

group at both V1 and V2 and of metabolic biomarkers of FXTAS progression were only 

altered at V2 in CON as compared to the non-converter premutation carriers. The majority 

of these identified metabolites are lipids, including the free fatty acids, acylcarnitine’s, 

sphingolipids, diacylglycerol, endocannabinoid, phospholipids followed by amino acid, 

nucleotide, xenobiotics, carbohydrate, energy, and peptides classes. 

 

2.          Materials and Methods 

2.1    Study Participants 

           As part of a continuing longitudinal study, male participant premutation carriers, 

over the age of 40 years, and participant non-carrier age-matched controls were recruited 

as detailed in (20). All male participants were white in the race with 3, 1, 0 Hispanic, and 

Latino in HC, CON, and NCON.  The studies and all protocols were carried out in 

accordance with the Institutional Review Board at the University of California, Davis. All 

participants gave written informed consent before participating in the study in line with the 

Declaration of Helsinki. FXTAS stage scoring was based on the clinical descriptions as 

previously described (21). As explained by (22), there are three categories used in the 

diagnosis of FXTAS termed as “definite”, “probable” and “possible”. “Definite” indicates 



 

 
 

113 

the presence of one major radiological sign plus one major clinical symptom. “Probable” 

shows the presence of either one major radiology sign plus one minor clinical symptom 

or two major clinical symptoms. “Possible” indicates the presence of one minor radiology 

sign plus one major clinical symptom. In addition, the diagnosis of FXTAS can also be 

clarified by the stage of the disease, which provides information on the impact of the 

disease on activities of daily living. Six FXTAS stages have been described and they 

include stage 0-normal function; stage 1-subtle or questionable signs such as subtle 

tremor or mild balance problems, with no interference in activities of daily living (ADLs); 

stage 2- minor but clear tremor and/or balance problems with minor interference with 

ADLs; stage 3-moderate tremor and/or balance problems and occasional falls with 

significant interference in ADLs; stage 4-severe tremor and /or balance problems (uses 

cane or walker); stage 5-the use of a wheelchair on the daily basis; stage 6-bedridden. 

Three age-matched groups were included in this study: CON, NCON, and healthy 

controls. After two brain scans and on the basis of neurological assessment, FXTAS 

stage, and CGG repeat length, 10 participants were classified as “CON” as they 

developed clear FXTAS symptomology between visits (FXTAS stage score was 0–1 at 

visit 1 (V1) and ≥2 at visit 2 (V2); 10 were defined as “NCON” because they continued to 

show no signs of FXTAS at V2 (FXTAS stage score was 0–1 at both V1 and V2) and 10 

HC (normal FMR1 alleles/non-carriers). 

  

2.2    CGG Repeat Length 

           Genomic DNA (gDNA) was isolated from 5 mL of peripheral blood leukocytes 

using the Gentra Puregene Blood Kit (Qiagen). CGG repeat allele size and methylation 
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status were assessed by using the combination of Southern Blot and PCR analysis. 

Details of the protocols are as previously reported (23, 24). 

  

2.3    Sample preparation and metabolite profiling 

         Plasma metabolite profiling was determined by a non-targeted platform that allows 

the relative quantitative analysis of a large number of molecules (25). Samples were 

stored at -80 °C until processing and then prepared using the automated MicroLab 

STAR® (Hamilton Company, Reno, NV, USA). Several recovery standards were added 

prior to the first step in the extraction process for QC purposes.  To remove protein, 

dissociate small molecules bound to protein or trapped in the precipitated protein matrix, 

and to recover chemically diverse metabolites, proteins were precipitated with methanol 

under vigorous shaking for 2 min (Glen Mills GenoGrinder 2000) followed by 

centrifugation.  The resulting extract was divided into five fractions: two for analysis by 

two separate reverse phases (RP)/UPLC-MS/MS methods with positive ion mode 

electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative ion 

mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI, and one 

sample were reserved for backup. Samples were placed briefly on a TurboVap® (Zymark) 

to remove the organic solvent.  The sample extracts were stored overnight under nitrogen 

before preparation for analysis. 

  

2.3.1 Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectroscopy 

(UPLC-MS/MS) 
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           All methods utilized a Waters ACQUITY ultra-performance liquid chromatography 

(UPLC) and a Thermo Scientific Q-Exactive high resolution/accurate mass spectrometer 

interfaced with a heated electrospray ionization (HESI-II) source and Orbitrap mass 

analyzer operated at 35,000 mass resolution.  The sample extract was dried then 

reconstituted in solvents compatible with each of the four methods. Each reconstitution 

solvent contained a series of standards at fixed concentrations to ensure injection and 

chromatographic consistency.  One aliquot was analyzed using acidic positive ion 

conditions, chromatographically optimized for more hydrophilic compounds. In this 

method, the extract was gradient eluted from a C18 column (Waters UPLC BEH C18-

2.1x100 mm, 1.7 µm) using water and methanol, containing 0.05% perfluoropentanoic 

acid (PFPA) and 0.1% formic acid (FA).  Another aliquot was also analyzed using acidic 

positive ion conditions; however, it was chromatographically optimized for more 

hydrophobic compounds.  In this method, the extract was gradient eluted from the same 

aforementioned C18 column using methanol, acetonitrile, water, 0.05% PFPA, and 0.01% 

FA and was operated at an overall higher organic content.  Another aliquot was analyzed 

using basic negative ion optimized conditions using a separate dedicated C18 column. 

The basic extracts were gradient eluted from the column using methanol and water, 

however with 6.5mM Ammonium Bicarbonate at pH 8. The fourth aliquot was analyzed 

via negative ionization following elution from a HILIC column (Waters UPLC BEH Amide 

2.1x150 mm, 1.7 µm) using a gradient consisting of water and acetonitrile with 10mM 

Ammonium Formate, pH 10.8. The MS analysis alternated between MS and data-

dependent MSn scans using dynamic exclusion.  The scan range varied slightly between 

methods but covered 70-1000 m/z. 
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2.3.2 Quality Assurance (QA) and Quality Control (QC) 

           Several types of controls were analyzed in concert with the experimental samples: 

a pooled matrix sample generated by taking a small volume of each experimental sample 

(or alternatively, use of a pool of well-characterized human plasma) served as a technical 

replicate throughout the data set; extracted water samples served as process blanks; and 

a cocktail of QC standards that were carefully chosen not to interfere with the 

measurement of endogenous compounds was spiked into every analyzed sample, 

allowed instrument performance monitoring and aided chromatographic alignment. 

Instrument variability was determined by calculating the median relative standard 

deviation (RSD) for the standards that were added to each sample prior to injection into 

the mass spectrometers.  Overall process variability was determined by calculating the 

median RSD for all endogenous metabolites (i.e., non-instrument standards) present in 

100% of the pooled matrix samples.  Experimental samples were randomized across the 

platform run with QC samples spaced evenly among the injections. 

 

 2.3.3   Biochemical Identification 

           The informatics system consisted of four major components, the Laboratory 

Information Management System (LIMS), the data extraction and peak-identification 

software, data processing tools for QC and compound identification, and a collection of 

information interpretation and visualization tools for use by data analysts.  The hardware 

and software foundations for these informatics components were the LAN backbone, and 

a database server running Oracle 10.2.0.1 Enterprise Edition. 
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LIMS: The purpose of the Metabolon LIMS system was to enable fully auditable 

laboratory automation through a secure, easy to use, and highly specialized system.  The 

scope of the Metabolon LIMS system encompasses sample accessioning, sample 

preparation and instrumental analysis and reporting, and advanced data analysis.  All of 

the subsequent software systems are grounded in the LIMS data structures.  It has been 

modified to leverage and interface with the in-house information extraction and data 

visualization systems, as well as third party instrumentation and data analysis software. 

Data Extraction and Compound Identification:  Raw data was extracted, peak-

identified and QC processed using Metabolon’s hardware and software.  These systems 

are built on a web-service platform utilizing Microsoft’s NET technologies, which run on 

high-performance application servers and fiber-channel storage arrays in clusters to 

provide active failover and load-balancing.  Compounds were identified by comparison to 

library entries of purified standards or recurrent unknown entities.  Metabolon maintains 

a library based on authenticated standards that contain the retention time/index (RI), 

mass to charge ratio (m/z), and chromatographic data (including MS/MS spectral data) 

on all molecules present in the library.  Furthermore, biochemical identifications are based 

on three criteria: retention index within a narrow RI window of the proposed identification, 

accurate mass match to the library +/- 10 ppm, and the MS/MS forward and reverse 

scores between the experimental data and authentic standards.  The MS/MS scores are 

based on a comparison of the ions present in the experimental spectrum to the ions 

present in the library spectrum.  While there may be similarities between these molecules 

based on one of these factors, the use of all three data points can be utilized to distinguish 

and differentiate biochemicals.  More than 3300 commercially available purified standard 
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compounds have been acquired and registered into LIMS for analysis on all platforms for 

the determination of their analytical characteristics. Additional mass spectral entries have 

been created for structurally unnamed biochemicals, which have been identified by virtue 

of their recurrent nature (both chromatographic and mass spectral).  These compounds 

have the potential to be identified by the future acquisition of a matching purified standard 

or by classical structural analysis. 

Curation:  A variety of curation procedures were carried out to ensure that a high-quality 

data set was made available for statistical analysis and data interpretation.  The QC and 

curation processes were designed to ensure accurate and consistent identification of true 

chemical entities and to remove those representing system artifacts, misassignments, 

and background noise.  Metabolon data analysts use proprietary visualization and 

interpretation software to confirm the consistency of peak identification among the various 

samples. Library matches for each compound were checked for each sample and 

corrected if necessary. 

Metabolite Quantification and Data Normalization:  Peaks were quantified using area-

under-the-curve.  For studies spanning multiple days, a data normalization step was 

performed to correct variation resulting from instrument inter-day tuning differences. 

Essentially, each compound was corrected in run-day blocks by registering the medians 

to equal one (1.00) and normalizing each data point proportionately.  For studies that did 

not require more than one day of analysis, no normalization is necessary, other than for 

purposes of data visualization.  In certain instances, biochemical data may have been 

normalized to an additional factor (e.g., cell counts, total protein was determined by 
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Bradford assay, osmolality, etc.) to account for differences in metabolite levels due to 

differences in the amount of material present in each sample. 

  

2.4    Statistical Analysis 

           Statistical analysis of log-transformed data was conducted using “ArrayStudio” and 

for non-standard analysis  “R” (http://cran.r-project.org/), which is a freely available, open-

source software package and a commercial software package JMP (http://www.jmp.com) 

were used. ANOVA contrasts and Welch’s two-sample t-test were used to identify 

biochemicals that differed significantly between experimental groups. Differences were 

considered significant at p < 0.05, with groups with altered levels identified using critical 

p-values calculated after correction for multiple comparisons. Analysis by two-way 

ANOVA with repeated measures performed to identify biochemicals exhibiting significant 

interaction and main effects for experimental parameters of Disease and Time. Multiple 

comparisons were accounted for by estimating the false discovery rate (FDR) using q 

values, a low (q < 0.10) is an indication of high confidence in a result (26). 

  

3.      Results 

3.1    Demographics 

           Male participants, included in each group were: premutation carriers who 

converted at V2 (CON; n=10), premutation carriers who did not convert at V2 (NCON; 

n=10) and healthy controls (HC; n=10). All participants were matched for age and CGG 

repeat length as reported in [Table 1]. Participant age, race, and ethnicity did not differ 

significantly between the three groups. CGG repeat numbers were significantly lower in 
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healthy controls than in other groups of CON and NCON as expected (P < 0.001 in both 

comparisons) and were not significantly different between the two premutation carrier 

groups (P = 0.76). 

 

3.2    Differential metabolite levels between healthy control and premutation 

groups. 

           To identify metabolic biomarkers potentially associated with the development and 

progression of FXTAS, we compared the metabolic profile of HC to the premutation 

groups (PM) including CON and NCON. Within the 991 detected metabolites we identified 

66 metabolites that showed statistically significant changes in level (P < 0.05) at V1, 

[Supplementary Material S1 Table] and 151 that showed significant alteration at V2 

[Supplementary Material S2 Table] with 47 metabolites statistically different at V1 and 

V2 [Fig 1a] between HC and the PM groups. We also identified the proportion of each 

super pathway that is significantly altered in these 47 metabolites, and upon examination 

found that lipid was the most affected super pathway, followed by amino acids, 

xenobiotics, and others [Fig 1b]. 

 Between the groups, CON vs. HC we found significant changes in 78 metabolites 

at V1, out of which, 70 showed increased levels while 8 showed decreased levels within 

the CON group. At V2, 169 metabolites were observed to be enriched (P < 0.05) within 

the CON group as compared to HC while 21 were less abundant. Further, in the 

comparison between NCON vs. HC, we identified 68 metabolites, of which 34 were more 

abundant and 34 less abundant at V1 within the NCON group, while 64 metabolites were 

more abundant and 7 less abundant at V2 [Table 2]. 
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3.3    Identification of early metabolic biomarkers of FXTAS 

           From this untargeted metabolic profiling, we identified 24 metabolites that showed 

significant changes in expression (P < 0.05) in pairwise comparisons of an analysis of 

variance (ANOVA) model in the CON as compared to the NCON both at V1 and V2 

suggesting their role as biomarkers for early diagnosis of FXTAS [Fig 2a]. More than half 

of the 24 altered metabolites were lipids, followed by amino acids, xenobiotics, peptide, 

carbohydrates, and nucleotides [Fig 2b]. 

         In addition, we identified 70 metabolites that were significantly different (P < 0.05) 

in CON as compared to NCON only at V2, indicating their potential role as biomarkers for 

FXTAS disease progression [Fig 3a]. 72% of these identified metabolites were lipids, 

followed by xenobiotics (15%), amino acids (10%), energy, carbohydrates, and 

nucleotides (1% each) [Fig 3b]. 

 

3.4    Lipid metabolism is altered in individuals who develop FXTAS over time. 

           The high-throughput unbiased global metabolic profiling of HC, NCON, and CON 

showed that a significant number of metabolites were altered in several lipid pathways, 

including lipid catabolism, sphingolipids, and phospholipid metabolism [Supplementary 

Material S3 Table]. 

         We identified 64 metabolites associated with lipid metabolism, of which 45 

belonged to the subcategory of free fatty acids (FFA) and acylcarnitines. Of these 45 

metabolites, 43 had increased, while 2 had decreased levels in the CON group as 

compared to the NCON group at V2 [Fig 4a].  Among the lipids, we observed the elevated 

level of all identified diacylglycerides, as well as nearly all monoacylglycerides, in CON 
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as compared to NCON at both V1 and V2 [Fig 4b]. This accumulation of serum 

monoacylglycerol (MAG) and diacylglycerol (DAG) species likely reflects increased 

liberation of FFA from circulating lipid stores. The elevated circulating acylcarnitine’s, 

often indicative intercellular changes (27), suggests that the FFA is being utilized for beta-

oxidation.  Further evidence for changes in lipid metabolism is also apparent in the 

elevated levels of the ketone body β-hydroxybutyric acid (BHBA) and acetylcarnitine, 

reflective of changes in acetyl-CoA levels (28), at visit 2 within CON as compared to 

NCON.  In total, these differences between CON and NCON may suggest a greater 

reliance on lipid oxidation for energy generation and a potential inability to process 

increased lipids. 

           The sphingolipid metabolic pathway has been observed to modulate CGG repeat 

toxicity and to be significantly perturbed in the cerebellum of the FXTAS murine model 

(18), but there is no study to date investigating the sphingolipid alterations in carriers who 

develop FXATS. We found the level of sphingoid bases, including sphingosine, the 

substrate of ceramide synthase [p = 0.0181; q = 0.1462; Fig 4c] and sphinganine [p = 

0.0182; q = 0.1462; Fig 4d] are elevated in CON as compared to NCON only at V2. 

Interestingly, ceramides, the product of sphingoid base acylation, [Fig 4e] were all also 

found increased in CON as compared to NCON both at V1 and V2. The elevation of these 

sphingoid bases along with circulating ceramides, like those observed here in the 

converter groups, have been implicated in neurodegeneration, potentially by activating 

apoptotic pathways of neuronal cells. In addition, we observed the low level of 3 observed 

Hexosylceramides (HCER) and Lactosylceramides (LCER) in converters former at V2 

while later both at V1 and V2 [Fig 4f]. 
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         Abnormal phospholipid metabolism and specifically choline-containing 

phospholipids are an indicator of neural membrane breakdown, and their increased levels 

have been found in the postmortem brain of AD patients (29). We identified two 

metabolites associated with phospholipids that were statistically significant between 

groups: choline and choline phosphate. The level of Choline was found elevated in CON 

as compared to NCON only at Visit 2 [p = 0.0119; q = 0.1288; Fig 4g], while the level of 

choline phosphate was significantly decreased in CON both at V1 [p = 0.0291, q = 0.3591; 

Fig 4h] and V2 [p = 0.0231; q= 0.1684; Fig 4h].  The increased levels of choline suggest 

that neural functional could be compromised and the decreased levels of the choline 

phosphate suggest an impaired neuron reception in individuals who developed the 

FXTAS over time. 

         The endocannabinoid system alterations have been found as a contributing factor 

to the development of AD's disease (AD), Huntington's disease (HD) and (PD) (30). We 

found three metabolites associated with endocannabinoid system including oleoyl 

ethanolamide [p = 0.0208; q = 0.1593], palmitoyl ethanolamide [p = 0.042; q = 0.1115] 

and linoleoyl ethanolamide [p = 0.0304; q = 0.1846], elevated in CON as compared to 

NCON only at V2 [Fig 4i]. All of the identified endocannabinoids are playing a biological 

role in chronic pain and inflammation. 

  

3.5    Altered Amino acid profiling observed in converter group 

         In addition to lipids, several metabolites in the amino acid pathway were also 

significantly altered in the development (changed in CON as compared to NCON at both 

V1 and V2) as well as in the progression of FXTAS (changed in CON as compared to 
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NCON only at V2) [Fig 5a]. Notably, differences were observed in methionine, lysine, and 

branched-chain amino acid metabolism. 

         Within the total 14 identified metabolites associated with amino acids we found 2 

metabolites including S-adenosylhomocysteine (SAH) [p = 0.0061; q =0.1218; Fig 5b] 

and lanthionine [p =0.0103; q = 0.1288; Fig 5c] associated with methionine, cysteine, 

SAM, and taurine metabolism increased only in CON as compared to NCON at V2. While 

three biomarkers of FXTAS development i.e., 6-oxopiperidine-2-carboxylate, N2-acetyl 

N6-methyllysine, and N2-acetyl N6 N6-dimethyllysine found associated with lysine 

metabolism with 6-oxopiperidine-2-carboxylate increased, and later two decreased in 

CON as compared to NCON both at V1 and V2 [Fig 5d]. Two metabolites i.e., hydantoin-

5-propionate and trans-urocanate associated with Histidine Metabolism found only in 

CON of which level of hydantoin-5-propionate increased in CON as compared to NCON 

both at V1 [p = 0.0014; q =0.1458; Fig 5e] and V2 [p = 0.0108; q =0.1288; Fig 5e]. In 

contrast, the level of trans-urocanate found decreased in CON only at V2 [p = 0.0168; q 

=0.1422; Fig 5f]. 

         From leucine, isoleucine, and valine metabolism, we identify two metabolites 

tiglylcarnitine (C5:1-DC) and isovalerylglycine, of which former found increased in CON 

as compared to NCON both at V1 [p = 0.0356; q =0.3724; Fig 5g] and V2 [p = 0.0202; q 

=0.1572; Fig 5g], while later found decreased only in CON as compared to NCON only 

at V2 [p = 0.0191; q =0.1503; Fig 5h]. The kynurenine pathway (KP) is the primary route 

of tryptophan degradation in mammalian cells and has been demonstrated to be involved 

in aging and many neurodegenerative disorders, including AD, PD, HD, and amyotrophic 

lateral sclerosis. Besides, it has been implicated in the pathogenesis of schizophrenia 
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and bipolar disorder (31–33). We found 8-methoxykynurenate associated with 

Tryptophan metabolism with an increased level in CON as compared to NCON both at 

V1 [p = 0.0140; q =0.2741; Fig 5i] and V2 [p = 0.0249; q =0.1692; Fig 5i]. 

  

 3.6   Nucleotide, Carbohydrate, Energy and Peptide Pathways are dysregulated in 

individuals who develop symptoms of FXTAS over time. 

         The number of metabolites associated with other pathways, including nucleotide, 

carbohydrates, energy, and peptide is found dysregulated in the CON either at V2 or both 

at V1 and V2. As biomarker of disease development, we identified the N6-

methyladenosine associated with purine metabolism with increased level in CON as 

compared to NCON both at V1 [p = 0.0093; q =0.2441; Fig 6a] and V2 [p = 0.0114; q 

=0.1288; Fig 6a]. While 5,6-dihydrouracil as a biomarker of progression and linked with 

pyrimidine metabolism found an increase in CON as compared to NCON only at V2 [p = 

0.0445; q =0.2235; Fig 6b]. Interestingly, we observed the low level of lactate in CON at 

V1 [p = 0.0426; q =0.4019; Fig 6c] as compared to NCON, that significantly increased at 

V2 [p = 0.0397; q =0.2158; Fig 6c]. While on the other side, the level of Fumarate was 

found elevated only in CON as compared to NCON at V2 [p = 0.0083; q =0.1223; Fig 6d]. 

  

3.7    The metabolism of Xenobiotics is perturbed in FXTAS Converters. 

         The xenobiotics alterations have been found in the cerebellum of the murine model 

of FXTAS (18) here we identified 11 metabolites from Xenobiotic pathway of which 

mannonate found to be increased in CON both at V1 [p = 0.0175; q =0.3028; Fig 7a] and 

V2 [p = 0.0088; q =0.1244; Fig 7a], while 3-bromo-5-chloro-2,6-dihydroxybenzoic acid [p 
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= 0.0019; q =0.0841; Fig 7b],  and dibutyl sulfosuccinate [p = 0.0119; q =0.1288; Fig 7c] 

found increased at only V2. Interestingly we observed the significantly decreased level of 

remaining 8 xenobiotic metabolites at V2 in CON as compared to NCON [Fig 7d]. 

  

4.      Discussion 

         The present study identified several potential plasma metabolomic biomarkers for 

the early diagnosis and progression of FXTAS. Importantly, the study revealed the 

potential dysregulation of lipid metabolism in FXTAS as well as differences in the 

metabolism of numerous amino acids, nucleotides, xenobiotics, and carbohydrates. 

These findings both validate and expand upon an earlier, more limited study of plasma 

metabolic profiling of patients with a definitive diagnosis of FXTAS (14, 15) and in the 

cerebellum of the murine model(18), suggesting the involvement of pathways previously 

identified but now expanded [S3 Table] as well as the involvement and alterations of 

several other pathways. To our knowledge, this is the first report of the longitudinal 

metabolic profiling and on the identification of unique biomarkers that might in the future 

be used for early diagnosis, development, and the progression of FXTAS [Fig 2a and 

3a]. 

           Lipids regulate several cellular processes, including inflammation, cell 

proliferation, division, differentiation, aging and death (34) and their metabolism has been 

found to be altered in various neurodegenerative disorders including the AD and other 

dementia, Parkinson’s disease, multiple sclerosis, Huntington disease, schizophrenia and 

bipolar disorders (35–37). A distinguished subclass of lipids, the FFA, is primarily utilized 

for energy production by the mitochondrial fatty acid β-oxidation (FAO) cycle, which 
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begins with the conjugation of an FFA with coenzyme A (CoA) and subsequently carnitine 

(38). Carnitines are found to accumulate to a lower extent in the brain as compared to 

peripheral tissues (39) and in the brain, these acylcarnitines can function in synthesizing 

lipids, modulating genes and proteins, increasing antioxidant activity, improving 

mitochondrial function, altering and stabilizing membrane composition and enhancing 

cholinergic neurotransmission (40). We observed an increased level of FFA and all 

identified acylcarnitines in CON, as compared to the NCON, suggesting abnormalities in 

mitochondrial energy substrate utilization and potentially fatty acid processing in 

individuals who developed FXTAS over time. 

         Altered DAGs metabolism is a common feature of the neurodegenerative diseases 

that ultimately result in cognitive deficits. Increased levels of sphingolipids, and DAG have 

been found in the plasma and brains of patients with AD (41) and PD (42).  With regard 

to the mechanism, decreases in phosphocholine levels in PD suggest that the observed 

augmented degradation may contribute to increases in the pool size of free DAG (43). 

Interestingly, in our current study, we found increased levels of all DAG and decrease the 

level of choline phosphate only in CON as compared to the NCON both as V1 and V2 

suggesting their potential involvement in the neurodegeneration of FXTAS. 

         Sphingolipids have been considered an important potential lipid messenger and 

have been involved in various neurodegenerative disorders such as PD, AD, and HD (44–

47). Ceramides play a vital role in numerous fundamental cellular processes, including 

growth, differentiation, cell cycle arrest, senescence, survival, and apoptosis (48).  An 

increased level of ceramide has been reported in brains with AD and the other 

neurodegenerative disorders suggesting their role in the atypical death of neuronal cells 



 

 
 

128 

(49). In this study, we identified altered levels of metabolites in the sphingolipid metabolic 

pathway, in particular, the levels of sphingosine, sphinganine, and ceramides being 

significantly higher in participants who developed FXTAS over time [Fig 4c, 4d and 4e] 

suggesting an aberration in neural health and development. In addition, in the CON group 

we observed low levels of the hexosylceramides (HCER) [Fig 4f], that has been pointed 

as a promising candidate marker of disease progression in multiple sclerosiss (50), and 

of lactosylceramides (LCER) [Fig 4f] which has been implicated in both 

neuroinflammatory diseases and in mitochondrial dysfunction, which are common 

features of FXTAS (51, 52).  

         The endocannabinoid system, which involves cannabinoid receptors type 1 

(CB1R) and type 2 (CB2R), endogenous cannabinoids, and the enzymes that catabolize 

these compounds, have been shown to contribute to the development of 

neurodegenerative disorders including the including AD, HD and PD (30). These 

endocannabinoids, particularly palmitoylethanolamide, have been observed to have a 

biological function related to chronic pain and inflammation. Neuropsychiatric issues are 

common among premutation allele carriers, often exacerbated by chronic pain and 

fatigue, fibromyalgia, autoimmune disorders, and sleep problems (53). In this study we 

identified high levels of several endocannabinoids [Fig 4i] in CON as compared to NCON, 

potentially indicating their role in inflammation and chronic pain process commonly seen 

in patients with FXTAS. 

         Phospholipids are found in high concentrations in the myelin sheaths of neurons, 

influencing the conformation and function of membrane-bound receptors and ion 

channels. Abnormal phospholipid metabolism and specifically Choline containing 
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phospholipids are indicators of neural membrane breakdown and their increased levels 

have been observed in the postmortem brain of AD patients (29). In this study, we 

observed a significant increase in the level of choline [Fig 4g] in CON as compared to 

NCON at V2 which suggests their potential role in the increased chronic widespread 

musculoskeletal pain and inflammation associated with patients with FXTAS. 

           Amino acids (AA) play several integral roles in the central nervous system, where 

they act as neurotransmitters, regulators of metabolism, and neuromodulators (54). A 

number of studies with amino acid profiling have found differences between the level of 

amino acids in patients with various types of diseases and in healthy control groups for 

example in patients with AD (55–57) and PD (58, 59) and elderly patients (60). These 

studies indicated the potential application of measuring amino acid levels as a diagnostic 

tool for AD, PD, and biomarkers of aging. Here, we found that amino acid metabolism is 

significantly altered in the individuals who developed FXTAS over time as compared to 

the premutation allele carriers who did not show any symptoms of FXTAS suggesting a 

potential involvement in the early identification and progression of FXTAS. 

         Mitochondrial dysfunction is one of the important characteristics of the aging 

process and is associated with various Krebs' intermediates and a Warburg-like shift in 

energy substrate utilization. The brain is particularly vulnerable to oxidative stress and 

damage, because of its low antioxidant defenses, increased oxygen consumption, and 

high content of polyunsaturated fats (61). Mitochondrial alterations are also associated 

with various other neurodegenerative disorders and the bile acid metabolites are reported 

as the potential biomarker for the PD (62). Napoli and the colleagues reported variation 

in the energy metabolism of freshly isolated PBMCs from premutation allele carriers as 
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compared to age-matched healthy controls by finding the low oxidative phosphorylation 

and increased glycolysis (16, 17). In addition, a previous analysis of plasma metabolites, 

we reported an increased level of lactate in premutation carriers as compared to controls 

suggesting a lower Krebs cycle activity in mitochondria. In addition, an increased level of 

fumarate which may inhibit alpha-ketoglutarate-dependent prolyl-hydroxylases was 

previously reported (14). These findings along with a higher production of the reactive 

oxygen species as well as impaired redox regulated mitochondrial disulfide relay system 

and the mtDNA deletions in both the PBMCs and the fibroblast derived from the 

premutation allele carriers suggest the increased level of the oxidative nitrate damage 

(16, 17) . The resultant nitrate damage could be responsible for the mitochondrial 

dysfunction and neurons remodeling. Interestingly, in this study, we found a unique trend 

in which lactate was low in CON as compared to NCON at V1 but became significantly 

increased at V2 [Fig 6c]. This significant increment supports our previous findings and 

the mitochondrial dysfunction observed in individuals who develop the FXTAS (15). The 

increase in lactate in premutation carriers as compared to controls and more interestingly 

among the CON as compared to the NCON group suggests its potential role as an 

important biomarker to evaluate in clinical settings. In addition, we also found the 

increased level of fumarate [Fig 6d] in the converters as compared to non-converters 

suggesting its role in the observed mitochondrial functional impairment in FXTAS.  Direct 

evidence for changes in inflammatory or redox balance is also apparent here, namely 

with increased levels of lanthionine, 5-oxoproline, cysteinglycine-oxidized, and cysteine 

glycine disulfide at V2 within the CON group as compared to NCON.  These changes 

possibly reflect increased oxidative stress as a consequence of conversion from carrier 
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to symptomatic state. In addition, targeting of these metabolites could recover the 

mitochondrial function as shown by the Song and colleagues in fibroblast derived from 

carriers of a premutation allele (16). 

         A strong relationship between environmental factors and neurodegenerative 

disorders (63) suggests an important role of early life in the health and development of 

an individual. Specifically, it has been shown that environmental xenobiotics were 

extremely toxic causing mitochondrial dysfunction in dopaminergic neurons leading to PD 

phenotypes (64). In addition, a dietary intervention has been suggested to increase 

xenobiotic metabolism that could reduce oxidative stress and neuroendocrine disease in 

developing countries (65). We found a decreased level of the majority of identified 

xenobiotics in the CON as compared to the NCON that may suggest increasing oxidative 

stress and the role of xenobiotic dysregulation in FXTAS. 

           Nervonic acid, a long-chain unsaturated fatty acid, enriched in sphingomyelin 

enhances brain functions and prevents demyelination. In this study, nervonate levels 

were significantly elevated in the CON group at V2 [Supplementary Material S1 Fig] 

which suggests an altered myelin formation in neural cells. This would support myelin 

loss, which would support one of the pathologic features of FXTAS (66) and motor and 

sensory demyelinating polyneuropathy in the lower extremities of patients with FXTAS 

detected by nerve conduction studies (67). 

 

5.  Conclusion 

        To date, there have been no identified molecular biomarkers of FXTAS, which has 

delayed treatment, diagnosis, and prognosis of patients. In this study, by using a unique 
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approach of high-throughput unbiased metabolic profiling of premutation carriers 

including longitudinal analysis, we identified a unique set of potential metabolomic 

biomarkers of early development and progression of FXTAS. In addition, we also 

observed a significant dysregulation in lipid metabolism, more specifically the sub 

pathways involved in mitochondrial bioenergetics. These identified metabolites could be 

of a great value not only for the early identification but also for the development of effective 

therapeutics of this devasting neurodegenerative disorder. However, due to the limitation 

of the small sample size, potential medication and diet effect further studies with larger 

sample size and more robust medication and diet history are required to test the initial 

findings and elucidate and confirm the role of the potential identified biomarkers. Finally, 

in addition, recent studies, in a wide range of neurological diseases have provide 

compelling evidence that both lifestyle and nutritional factors contribute to risk or 

protection for a wide range of neurological diseases. Thus, in future metabolomic studies 

it will be is important to include dietary patterns. 

 

6. Availability of Additional Data  

 All statistical data generated during the study is available at the end of this chapter 

as “Supplementary Data”. 
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8. Tables 

 

Table 1: Demographic information on age and CGG repeats in three male participant 

groups: HC, CON and NCON. 

    Healthy 
Controls 

(HC) 
Converters 

(CON) 
Non-

Converters 
(NCON) 

All 
Patients 

P-
Value 

(F-
Test) 

Age N 10 10 10 30 0.936 

Mean 
(SD) 

65.60 
(3.239) 

63.50 
(6.786) 

63.20 
(4.849) 

64.10 
(5.101) 

Median 
(Range) 

64.50 
(62--70) 

63.50 (53--
75) 

64.00 (52-
69) 

64.00 
(62-75) 

CGG N 10 10 10 30 <0.001 

Mean 
(SD) 

28.90 
(4.095) 

93.30 
(22.91) 

75.70 
(18.73) 

65.97 
(32.26) 

Median 
(Range) 

30 (20--
32) 

84.50 (74--
141) 

74 (56--
122) 

72 (20--
141) 
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Table 2: Differential metabolites expression among the HC and the premutation groups 

including both the CON and NCON at Visit 1 (V1), Visit 2 (V2) and both at Visit 1 (V1) and 

Visit 2 (V2). 

 
Statistical Comparisons 

Welch’s two 
Sample t-Test 

PM Groups vs HC 

CON- 
V1 

CON- 
V2 

NCON 
-V1 

NCON- 
V2 

Total 
Visit 

1 

Total 
Visit 

2 

Total 
at V1 
& V2 

Total 
biochemicals p 

< 0.05 

78 190 68 71 66 151 47 

Biochemicals 
(            ) 

70 | 8 169 | 21 34 | 34 64 | 7 51 | 
15 

140 | 
11 

39 | 8 
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9. Figures 

 

 

Fig 1: Differential metabolite expression levels among the HC and the PM groups.  

a. Heatmap of the 47 most significantly altered metabolites (P < 0.05) in the PM group as 

compared to HC at both V1 and V2. Heatmap was generated using PRISM software; red 

indicates high, and green indicates low intensity of the metabolite. b. Representation of 

the super pathways of metabolism affected in these 47 significantly altered metabolites 

(P < 0.05). 
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Fig 2: Identification of metabolic biomarkers for early diagnosis of FXTAS 

a. Heatmap of the 24 most significantly altered metabolite expression levels (P < 0.05) in 

CON at V1 and V2 which distinguish the CON from the NCON. Heatmap was generated 

using PRISM software; red indicates high, and green indicates low intensity of the 

metabolite compared to the median (white). b. Representation of the super pathways of 

metabolism involved in these 24 significantly altered metabolites (P < 0.05). 
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Fig 3: Metabolic profiling identified biomarkers of FXTAS disease progression. 

a. Heatmap of the 70 most significantly altered metabolites (P < 0.05) in CON compared 

to NCON at V2 which represent biomarkers of FXTAS disease progression. Heatmap 

was generated using PRISM software; red indicates high and green indicates low 

intensity of the metabolite compare to the median (white). b. Representation of the super 

pathways of metabolism affected in these 70 significantly altered metabolites (P < 0.05). 
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Fig 4: Lipid metabolism is dysregulated in individuals who develop FXTAS over time. 

a. Number of differentially expressed metabolites by functional categories are shown; 

circle sizes are proportional to the number of metabolites; red indicates increased, and 

green indicates decrease level in CON as compared to NCON. b. Log2 Fold Change 

representation of diacylglycerides (DAG) and monoacylglycerides (MAG) in CON as 

compared to NCON both at V1 and V2. c. Box plots showing increased levels of 

sphingosine in CON as compared to NCON at V2. The heavy line in each box represents 
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the median, the lower and upper box edges represent the 25th and 75th percentiles, 

respectively, and the lower and upper whiskers represent the smallest and largest 

observations, respectively. d. Box plots showing increased levels of sphingosine and 

sphinganine in CON as compared to NCON at V2. e. Log2 Fold Change representation of 

ceramides in CON as compared to NCON at V1 and V2. f. Log2 Fold Change 

representation of Hexocylceramides (HCER) and of Lactosylceramides (LCER) in CON 

as compared to NCON at V1 and V2. g. Box plots showing increased level of choline in 

CON as compared to NCON at V2. h. Box plots showing decreased levels of choline 

phosphate in CON as compared to NCON at V1 and V2. i. Log2 Fold Change 

representation of endocannabinoids in CON as compared to NCON at V1 and V2. 

 



 

 
 

149 

 

 

 

Fig 5: Altered amino-acid profiling observed in CON group. 

a. Number of differentially expressed metabolites by functional categories are shown, 

circle sizes are proportional to the number of metabolites, red indicates increased, and 

green indicates decrease level in CON as compared to NCON. b. Box plots showing 

increased levels of S-adenosylhomocysteine in CON as compared to NCON at V2. For 

Box Plots the heavy line in each box represents the median, the lower and upper box 
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edges represent the 25th and 75th percentiles, respectively, and the lower and upper 

whiskers represent the smallest and largest observations, respectively. c. Box plots 

showing increased levels of lanthionine in CON as compared to NCON at V2. d. Log2 

Fold Change representation of metabolites associates with Lysine metabolism in CON as 

compared to NCON at V1 and V2. e. Box plots showing increased levels of hydantoin-5-

propionate in CON as compared to NCON at V1 and V2. f. Box plots showing decreased 

levels of trans-urocanate in CON as compared to NCON at V2. g. Box plots showing 

increased level of tiglylcarnitine (C5:1-DC) in CON as compared to NCON at V1 and V2. 

h. Box plots showing decreased level of isovalerylglycine in CON as compared to NCON 

at V2. i. Box plots showing increased level of 8-methoxykynurenate in CON as compared 

to NCON at V1 and V2. 
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Fig 6: Nucleotide, carbohydrate, energy, and peptide pathways are dysregulated in 

individuals who develop symptoms of FXTAS over time. 

a. Box plots showing a biomarker of early disease diagnosis N6-methyladenosine 

increased levels in CON as compared to NCON at V1 and V2. For Box Plots the heavy 

line in each box represents the median, the lower and upper box edges represent the 25th 

and 75th percentiles, respectively, and the lower and upper whiskers represent the 

smallest and largest observations, respectively. b. Box plots showing a biomarker of 

disease progression 5,6-dihydrouracil increased levels in CON as compared to NCON at 

V2. c. Box plots showing decreased levels of lactate CON as compared to NCON at V1 

that significantly increased at V2. d. Box plots showing increased levels of fumarate in 

CON as compared to NCON at V2.  
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Fig 7: Xenobiotics metabolism is perturbed in CON group.  

a.  Box plots showing increased level of mannonate in CON as compared to NCON at V1 

and V2. For Box Plots the heavy line in each box represents the median, the lower and 

upper box edges represent the 25th and 75th percentiles, respectively, and the lower and 

upper whiskers represent the smallest and largest observations, respectively. b & c. Box 

plots showing an increased level of 3-bromo-5-chloro-2,6-dihydroxybenzoic acid and 

dibutyl sulfosuccinate in CON as compared to NCON at V2. d. Log2 Fold Change 

representation of remaining 8 xenobiotics that are decreasing in CON as compared to 

NCON at V2. 
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12. Supplementary Material 

 

S1 Table: List of 66 metabolites significantly altered between non-carrier healthy 

controls and the premutation groups including converters and non-converters at Visit 

1 (V1). 

     
   

    Welch's t-Test  

 
   Group 

Control 
 

  
Super 

Pathway 
Sub Pathway Biochemical Name 

Expression 
Level 

p-
value 

q-
value 

 

 

1 
Amino 
Acid Alanine and Aspartate Metabolism alanine 

 

0.005
0 

0.415
4 

 

2 
Amino 
Acid Glutamate Metabolism alpha-ketoglutaramate* 

 

0.025
0 

0.581
1 

 

3 
Amino 
Acid Glutamate Metabolism S-1-pyrroline-5-

carboxylate 

 

0.021
9 

0.577
8  

4 
Amino 
Acid Phenylalanine Metabolism phenylpyruvate 

 

0.015
8 

0.513
0  

5 
Amino 
Acid Tyrosine Metabolism vanillic alcohol sulfate 

 

0.042
3 

0.605
9  

6 
Amino 
Acid 

Leucine, Isoleucine and Valine 
Metabolism 1-carboxyethylleucine 

 

0.027
7 

0.581
1  

7 
Amino 
Acid 

Leucine, Isoleucine and Valine 
Metabolism N-acetylisoleucine 

 

0.033
5 

0.605
9  

8 

Amino 
Acid 

Methionine, Cysteine, SAM and Taurine 
Metabolism 

2,3-dihydroxy-5-
methylthio-4-

pentenoate (DMTPA)* 

 

0.042
0 

0.605
9 

 

9 
Amino 
Acid 

Urea cycle; Arginine and Proline 
Metabolism arginine 

 

0.033
8 

0.605
9  

10 
Amino 
Acid Glutathione Metabolism cysteinylglycine 

 

0.009
3 

0.449
5  

11 
Amino 
Acid Glutathione Metabolism cysteinylglycine 

disulfide* 

 

0.008
3 

0.449
5  

12 
Amino 
Acid Glutathione Metabolism cys-gly, oxidized 

 

0.027
9 

0.581
1  

13 
Amino 
Acid Glutathione Metabolism 5-oxoproline 

 

0.009
6 

0.449
5  

14 
Amino 
Acid Glutathione Metabolism 2-aminobutyrate 

 

0.011
2 

0.474
8  

15 
Amino 
Acid Glutathione Metabolism 2-hydroxybutyrate/2-

hydroxyisobutyrate 

 

0.004
4 

0.415
4  

16 
Carbohydr

ate 
Glycolysis, Gluconeogenesis, and 

Pyruvate Metabolism lactate 
 

0.008
7 

0.449
5  

17 

Carbohydr
ate Aminosugar Metabolism 

N-
acetylglucosaminylaspa

ragine 

 

0.030
3 

0.596
4 

 

18 
Carbohydr

ate Aminosugar Metabolism erythronate* 
 

0.026
6 

0.581
1  

19 
Energy TCA Cycle citrate 

 

0.014
6 

0.513
0  
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20 
Energy TCA Cycle aconitate [cis or trans] 

 

0.002
0 

0.297
0  

21 
Energy TCA Cycle alpha-ketoglutarate 

 

0.040
1 

0.605
9  

22 
Energy TCA Cycle fumarate 

 

0.006
6 

0.428
0  

23 
Energy TCA Cycle malate 

 

0.036
0 

0.605
9  

24 
Lipid Medium Chain Fatty Acid cis-4-decenoate 

(10:1n6)* 

 

0.040
2 

0.605
9  

25 
Lipid Long Chain Polyunsaturated Fatty Acid 

(n3 and n6) 
tetradecadienoate 

(14:2)* 

 

0.014
6 

0.513
0  

26 
Lipid Long Chain Polyunsaturated Fatty Acid 

(n3 and n6) 
docosatrienoate 

(22:3n3) 

 

0.013
3 

0.509
3  

27 
Lipid Fatty Acid, Dicarboxylate dodecadienoate (12:2)* 

 

0.020
5 

0.559
8  

28 
Lipid Fatty Acid, Dicarboxylate branched chain 14:0 

dicarboxylic acid** 
 0.049

3 
0.619

1  

29 
Lipid Fatty Acid Metabolism (Acyl Glycine) 

3-
hydroxybutyroylglycine*

* 

0.047
1 

0.619
1 

 

30 
Lipid Fatty Acid Metabolism (Acyl Carnitine, 

Monounsaturated) 
5-dodecenoylcarnitine 

(C12:1) 

 

0.004
5 

0.415
4  

31 
Lipid Fatty Acid Metabolism (Acyl Carnitine, 

Polyunsaturated) 
linoleoylcarnitine 

(C18:2)* 

 

0.017
7 

0.535
6  

32 
Lipid Fatty Acid Metabolism (Acyl Carnitine, 

Polyunsaturated) 
linolenoylcarnitine 

(C18:3)* 

 

0.028
2 

0.581
1  

33 
Lipid Fatty Acid, Monohydroxy 3-hydroxyhexanoate 

 

0.005
1 

0.415
4  

34 
Lipid Fatty Acid, Monohydroxy 3-hydroxydecanoate 

 

0.029
7 

0.596
4  

35 
Lipid Fatty Acid, Monohydroxy 3-hydroxylaurate 

 

0.028
0 

0.581
1  

36 
Lipid Fatty Acid, Monohydroxy 3-hydroxymyristate 

 

0.019
1 

0.541
9  

37 
Lipid Fatty Acid, Dihydroxy 2S,3R-

dihydroxybutyrate 

 

0.017
1 

0.535
4  

38 
Lipid Endocannabinoid N-linoleoyltaurine* 

 

0.043
1 

0.607
7  

39 
Lipid Phosphatidylserine (PS) 1-stearoyl-2-oleoyl-GPS 

(18:0/18:1) 

 

0.034
7 

0.605
9  

40 
Lipid Monoacylglycerol 1-myristoylglycerol 

(14:0) 

 

0.048
6 

0.619
1  

41 
Lipid Ceramides 

N-palmitoyl-
sphingadienine 
(d18:2/16:0)* 

 

0.027
9 

0.581
1 

 

42 
Lipid Secondary Bile Acid Metabolism isoursodeoxycholate 

 

0.000
3 

0.266
1  

43 
Lipid Secondary Bile Acid Metabolism isoursodeoxycholate 

sulfate (1) 

 

0.001
0 

0.297
0  

44 
Lipid Secondary Bile Acid Metabolism glycoursodeoxycholate 

 

0.041
1 

0.605
9  

45 
Lipid Secondary Bile Acid Metabolism glycocholenate sulfate* 

 

0.037
2 

0.605
9  

46 
Nucleotide Purine Metabolism, 

(Hypo)Xanthine/Inosine containing urate 
 

0.044
8 

0.619
1  

47 
Nucleotide Pyrimidine Metabolism, Orotate 

containing dihydroorotate 
 

0.041
9 

0.605
9  

48 

Cofactors 
and 

Vitamins 
Hemoglobin and Porphyrin Metabolism heme 

 0.027
0 

0.581
1 

 

49 
Xenobiotic

s Benzoate Metabolism 3-hydroxyhippurate 0.040
7 

0.605
9  

50 
Xenobiotic

s Benzoate Metabolism 4-allylcatechol sulfate 
 

0.034
7 

0.605
9  

51 
Xenobiotic

s Benzoate Metabolism 4-acetylphenol sulfate 
 

0.047
7 

0.619
1  
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52 

Xenobiotic
s Benzoate Metabolism 

3-(3-
hydroxyphenyl)propiona

te 

0.015
2 

0.513
0 

 

53 
Xenobiotic

s Benzoate Metabolism 3-phenylpropionate 
(hydrocinnamate) 

 

0.001
7 

0.297
0  

54 
Xenobiotic

s Food Component/Plant 2-piperidinone 
 

0.027
7 

0.581
1  

55 
Xenobiotic

s Food Component/Plant dihydrocaffeate sulfate 
(2) 

 

0.019
2 

0.541
9  

56 
Xenobiotic

s Food Component/Plant cinnamoylglycine 
 

0.008
4 

0.449
5  

57 
Xenobiotic

s Food Component/Plant homostachydrine* 
 0.005

9 
0.415

6  

58 
Xenobiotic

s Food Component/Plant stachydrine 0.005
4 

0.415
4  

59 
Xenobiotic

s Food Component/Plant 3-hydroxystachydrine* 
 

0.002
1 

0.297
0  

60 
Xenobiotic

s Food Component/Plant 2-keto-3-deoxy-
gluconate 

 

0.037
6 

0.605
9  

61 
Xenobiotic

s Food Component/Plant 3-indoleglyoxylic acid 
 0.012

1 
0.485

9  

62 
Xenobiotic

s Drug - Respiratory pseudoephedrine 0.034
8 

0.605
9  

63 
Xenobiotic

s Chemical perfluorooctanesulfonat
e (PFOS) 

 

0.048
6 

0.619
1  

64 
Xenobiotic

s Chemical 1,2,3-benzenetriol 
sulfate (2) 

 

0.035
3 

0.605
9  

65 

Partially 
Characteri

zed 
Molecules 

Partially Characterized Molecules metabolonic lactone 
sulfate 

 

0.010
9 

0.474
8 

 

66 

Partially 
Characteri

zed 
Molecules 

Partially Characterized Molecules 

branched-chain, 
straight-chain, or 

cyclopropyl 10:1 fatty 
acid (2)* 

 

0.002
0 

0.297
0 

 

 

S2 Table: List of 151 metabolites significantly altered between non-carrier healthy 

controls and the premutation groups including converters and non-converters at Visit 

2 (V2). 

 
       

 
   Welch's t-Test  

    
Group 

Control 
 

 Super 
Pathway 

Sub Pathway Biochemical Name 
Total 

Visit 2 

p-
valu

e 

q-
valu

e 

 

 

1 
Amino Acid Alanine and Aspartate Metabolism alanine 

 

0.03
37 

0.21
51  

2 
Amino Acid Alanine and Aspartate Metabolism N-acetylalanine 

 

0.02
95 

0.19
50  

3 
Amino Acid Glutamate Metabolism alpha-ketoglutaramate* 

 

0.00
34 

0.08
64  

4 
Amino Acid Glutamate Metabolism 4-hydroxyglutamate 

 

0.04
93 

0.25
93  

5 
Amino Acid Glutamate Metabolism beta-citrylglutamate 

 

0.00
44 

0.09
22  

6 
Amino Acid Lysine Metabolism N,N,N-trimethyl-5-

aminovalerate 

 

0.02
74 

0.18
75  
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7 
Amino Acid Phenylalanine Metabolism phenylpyruvate 

 

0.00
10 

0.05
14  

8 
Amino Acid Tyrosine Metabolism vanillic alcohol sulfate 0.01

22 
0.13
22  

9 
Amino Acid Leucine, Isoleucine and Valine 

Metabolism N-acetylleucine 0.02
37 

0.17
94  

10 
Amino Acid Leucine, Isoleucine and Valine 

Metabolism 1-carboxyethylleucine 
 

0.04
24 

0.23
81  

11 
Amino Acid Leucine, Isoleucine and Valine 

Metabolism 3-methyl-2-oxovalerate 
 

0.02
22 

0.17
10  

12 
Amino Acid Leucine, Isoleucine and Valine 

Metabolism 3-hydroxy-2-ethylpropionate 
 

0.04
91 

0.25
93  

13 
Amino Acid Leucine, Isoleucine and Valine 

Metabolism N-acetylvaline 
 

0.00
82 

0.12
20  

14 
Amino Acid Leucine, Isoleucine and Valine 

Metabolism 3-methyl-2-oxobutyrate 
 

0.00
66 

0.10
41  

15 
Amino Acid Methionine, Cysteine, SAM and 

Taurine Metabolism 
2,3-dihydroxy-5-methylthio-4-

pentenoate (DMTPA)* 

 

0.00
98 

0.13
04  

16 
Amino Acid Methionine, Cysteine, SAM and 

Taurine Metabolism hypotaurine 
 

0.00
08 

0.05
14  

17 
Amino Acid Methionine, Cysteine, SAM and 

Taurine Metabolism taurine 
 

0.01
59 

0.15
12  

18 
Amino Acid Methionine, Cysteine, SAM and 

Taurine Metabolism N-acetyltaurine 
 

0.01
41 

0.14
78  

19 
Amino Acid Urea cycle; Arginine and Proline 

Metabolism arginine 
 0.02

01 
0.16
11  

20 
Amino Acid Urea cycle; Arginine and Proline 

Metabolism homocitrulline 0.04
95 

0.25
93  

21 
Amino Acid Urea cycle; Arginine and Proline 

Metabolism N-methylproline 
 

0.04
74 

0.25
48  

22 
Amino Acid Guanidino and Acetamido 

Metabolism 4-guanidinobutanoate 
 0.04

08 
0.23
09  

23 
Amino Acid Glutathione Metabolism cysteinylglycine 0.01

50 
0.15
12  

24 
Amino Acid Glutathione Metabolism cysteinylglycine disulfide* 

 

0.00
44 

0.09
22  

25 
Amino Acid Glutathione Metabolism cys-gly, oxidized 

 

0.00
53 

0.09
54  

26 
Amino Acid Glutathione Metabolism 5-oxoproline 

 

0.00
09 

0.05
14  

27 
Amino Acid Glutathione Metabolism 2-aminobutyrate 

 

0.04
51 

0.24
98  

28 
Amino Acid Glutathione Metabolism 2-hydroxybutyrate/2-

hydroxyisobutyrate 

 

0.00
18 

0.07
35  

29 
Carbohydrate Glycolysis, Gluconeogenesis, and 

Pyruvate Metabolism pyruvate 
 

0.00
76 

0.11
45  

30 
Carbohydrate Glycolysis, Gluconeogenesis, and 

Pyruvate Metabolism lactate 
 

0.00
12 

0.05
68  

31 
Carbohydrate Aminosugar Metabolism N-acetylneuraminate 

 

0.00
23 

0.08
25  

32 
Carbohydrate Aminosugar Metabolism N-

acetylglucosaminylasparagine 

 

0.02
79 

0.18
76  

33 
Carbohydrate Aminosugar Metabolism erythronate* 

 

0.04
04 

0.23
09  

34 
Energy TCA Cycle citrate 

 

0.00
25 

0.08
28  

35 
Energy TCA Cycle aconitate [cis or trans] 

 

0.00
01 

0.02
43  

36 
Energy TCA Cycle alpha-ketoglutarate 

 

0.00
12 

0.05
65  

37 
Energy TCA Cycle fumarate 

 

0.00
00 

0.01
47  

38 
Energy TCA Cycle malate 

 

0.00
10 

0.05
14  

39 
Energy Oxidative Phosphorylation phosphate 

 

0.03
89 

0.23
09  

40 
Lipid Medium Chain Fatty Acid cis-4-decenoate (10:1n6)* 

 

0.02
08 

0.16
37  
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41 
Lipid Medium Chain Fatty Acid (2 or 3)-decenoate (10:1n7 or 

n8) 

 

0.00
98 

0.13
04  

42 
Lipid Medium Chain Fatty Acid 10-undecenoate (11:1n1) 

 

0.02
92 

0.19
45  

43 
Lipid Medium Chain Fatty Acid 5-dodecenoate (12:1n7) 

 

0.00
29 

0.08
28  

44 
Lipid Long Chain Saturated Fatty Acid myristate (14:0) 

 

0.03
23 

0.20
83  

45 
Lipid Long Chain Saturated Fatty Acid pentadecanoate (15:0) 

 

0.01
82 

0.15
12  

46 
Lipid Long Chain Saturated Fatty Acid palmitate (16:0) 

 

0.00
49 

0.09
33  

47 
Lipid Long Chain Saturated Fatty Acid margarate (17:0) 

 

0.01
95 

0.15
78  

48 
Lipid Long Chain Saturated Fatty Acid stearate (18:0) 

 

0.00
23 

0.08
25  

49 
Lipid Long Chain Saturated Fatty Acid nonadecanoate (19:0) 

 

0.00
90 

0.12
89  

50 
Lipid Long Chain Monounsaturated 

Fatty Acid myristoleate (14:1n5) 
 

0.01
51 

0.15
12  

51 
Lipid Long Chain Monounsaturated 

Fatty Acid palmitoleate (16:1n7) 
 

0.01
11 

0.13
07  

52 
Lipid Long Chain Monounsaturated 

Fatty Acid 10-heptadecenoate (17:1n7) 
 

0.02
64 

0.18
53  

53 
Lipid Long Chain Monounsaturated 

Fatty Acid oleate/vaccenate (18:1) 
 

0.00
63 

0.10
36  

54 
Lipid Long Chain Monounsaturated 

Fatty Acid 10-nonadecenoate (19:1n9) 
 

0.00
37 

0.08
64  

55 
Lipid Long Chain Monounsaturated 

Fatty Acid eicosenoate (20:1) 
 

0.00
45 

0.09
22  

56 
Lipid Long Chain Monounsaturated 

Fatty Acid erucate (22:1n9) 
 

0.01
46 

0.15
09  

57 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) tetradecadienoate (14:2)* 
 

0.00
05 

0.05
14  

58 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) 
docosapentaenoate (n3 DPA; 

22:5n3) 

 

0.00
30 

0.08
28  

59 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) 
docosahexaenoate (DHA; 

22:6n3) 

 

0.01
71 

0.15
12  

60 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) docosatrienoate (22:3n3) 
 

0.00
25 

0.08
28  

61 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) hexadecadienoate (16:2n6) 
 

0.02
26 

0.17
22  

62 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) linoleate (18:2n6) 
 

0.00
53 

0.09
54  

63 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) 
linolenate [alpha or gamma; 

(18:3n3 or 6)] 

 

0.00
48 

0.09
33  

64 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) dihomo-linoleate (20:2n6) 
 

0.00
08 

0.05
14  

65 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) arachidonate (20:4n6) 
 

0.00
92 

0.12
89  

66 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) adrenate (22:4n6) 
 

0.00
37 

0.08
64  

67 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) 
docosapentaenoate (n6 DPA; 

22:5n6) 

 

0.01
17 

0.13
22  

68 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) docosadienoate (22:2n6) 
 

0.00
16 

0.07
13  

69 
Lipid Long Chain Polyunsaturated Fatty 

Acid (n3 and n6) mead acid (20:3n9) 
 

0.00
55 

0.09
54  

70 
Lipid Fatty Acid, Branched (12 or 13)-methylmyristate 

(a15:0 or i15:0) 

 

0.02
46 

0.18
12  

71 
Lipid Fatty Acid, Branched (14 or 15)-methylpalmitate 

(a17:0 or i17:0) 

 

0.02
50 

0.18
20  

72 
Lipid Fatty Acid, Dicarboxylate 3-hydroxydodecanedioate* 

 

0.01
19 

0.13
22  

73 
Lipid Fatty Acid, Dicarboxylate dodecadienoate (12:2)* 

 

0.00
32 

0.08
64  

74 
Lipid Fatty Acid, Dicarboxylate branched chain 14:0 

dicarboxylic acid** 

 

0.04
98 

0.25
93  
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75 
Lipid Fatty Acid Metabolism (Acyl 

Glycine) N-palmitoylglycine 0.02
73 

0.18
75  

76 
Lipid Fatty Acid Metabolism (Acyl 

Glycine) 3-hydroxybutyroylglycine** 
 

0.01
00 

0.13
06  

77 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Short Chain) acetylcarnitine (C2) 
 

0.01
63 

0.15
12  

78 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Medium Chain) octanoylcarnitine (C8) 
 

0.04
70 

0.25
48  

79 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Medium Chain) decanoylcarnitine (C10) 
 

0.04
02 

0.23
09  

80 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Medium Chain) laurylcarnitine (C12) 
 

0.03
08 

0.19
98  

81 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Long Chain Saturated) myristoylcarnitine (C14) 
 

0.03
87 

0.23
09  

82 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Long Chain Saturated) palmitoylcarnitine (C16) 
 

0.01
80 

0.15
12  

83 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Long Chain Saturated) stearoylcarnitine (C18) 
 

0.03
94 

0.23
09  

84 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Monounsaturated) 
cis-4-decenoylcarnitine 

(C10:1) 

 

0.03
98 

0.23
09  

85 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Monounsaturated) 5-dodecenoylcarnitine (C12:1) 
 

0.00
29 

0.08
28  

86 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Monounsaturated) myristoleoylcarnitine (C14:1)* 
 

0.01
61 

0.15
12  

87 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Monounsaturated) palmitoleoylcarnitine (C16:1)* 
 

0.00
46 

0.09
29  

88 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Monounsaturated) oleoylcarnitine (C18:1) 
 

0.01
08 

0.13
07  

89 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Monounsaturated) eicosenoylcarnitine (C20:1)* 
 

0.00
68 

0.10
48  

90 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Polyunsaturated) linoleoylcarnitine (C18:2)* 
 

0.02
47 

0.18
12  

91 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Polyunsaturated) linolenoylcarnitine (C18:3)* 
 

0.02
08 

0.16
37  

92 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Polyunsaturated) 
dihomo-linoleoylcarnitine 

(C20:2)* 

 

0.04
73 

0.25
48  

93 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Polyunsaturated) arachidonoylcarnitine (C20:4) 
 

0.03
02 

0.19
80  

94 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Polyunsaturated) adrenoylcarnitine (C22:4)* 
 

0.04
64 

0.25
48  

95 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Hydroxy) (R)-3-hydroxybutyrylcarnitine 
 

0.01
94 

0.15
78  

96 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Hydroxy) (S)-3-hydroxybutyrylcarnitine 
 

0.01
08 

0.13
07  

97 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Hydroxy) 3-hydroxydecanoylcarnitine 
 

0.01
70 

0.15
12  

98 
Lipid Fatty Acid Metabolism (Acyl 

Carnitine, Hydroxy) 3-hydroxyoleoylcarnitine 
 

0.00
39 

0.08
80  

99 
Lipid Ketone Bodies 3-hydroxybutyrate (BHBA) 

 

0.01
11 

0.13
07  

100 
Lipid Fatty Acid, Monohydroxy 3-hydroxyhexanoate 

 

0.00
10 

0.05
14  

101 
Lipid Fatty Acid, Monohydroxy 3-hydroxyoctanoate 

 

0.01
05 

0.13
07  

102 
Lipid Fatty Acid, Monohydroxy 3-hydroxydecanoate 

 

0.00
06 

0.05
14  

103 
Lipid Fatty Acid, Monohydroxy 3-hydroxylaurate 

 

0.00
03 

0.04
43  

104 
Lipid Fatty Acid, Monohydroxy 3-hydroxymyristate 

 

0.00
03 

0.04
43  

105 
Lipid Fatty Acid, Monohydroxy 3-hydroxystearate 

 

0.00
58 

0.09
98  

106 
Lipid Fatty Acid, Monohydroxy 3-hydroxyoleate* 

 

0.03
39 

0.21
51  

107 
Lipid Fatty Acid, Monohydroxy 9-hydroxystearate 

 

0.02
45 

0.18
12  

108 
Lipid Fatty Acid, Monohydroxy 16-hydroxypalmitate 

 

0.04
07 

0.23
09  
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109 
Lipid Endocannabinoid N-oleoyltaurine 

 

0.01
23 

0.13
22  

110 
Lipid Endocannabinoid N-palmitoyltaurine 

 

0.00
54 

0.09
54  

111 
Lipid Endocannabinoid N-linoleoyltaurine* 

 

0.03
57 

0.21
90  

112 
Lipid Endocannabinoid N-oleoylserine 

 

0.02
78 

0.18
76  

113 
Lipid Phospholipid Metabolism phosphoethanolamine 

 

0.02
52 

0.18
20  

114 
Lipid Phospholipid Metabolism glycerophosphoethanolamine 

 

0.02
59 

0.18
35  

115 
Lipid Phosphatidylcholine (PC) 1,2-dipalmitoyl-GPC 

(16:0/16:0) 

 

0.01
77 

0.15
12  

116 
Lipid Phosphatidylcholine (PC) 1-palmitoyl-2-stearoyl-GPC 

(16:0/18:0) 

 

0.03
52 

0.21
76  

117 
Lipid Lysophospholipid 1-arachidonoyl-GPC (20:4n6)* 

 

0.03
47 

0.21
69  

118 
Lipid Lysophospholipid 1-arachidonoyl-GPE (20:4n6)* 

 

0.04
77 

0.25
48  

119 
Lipid Lysoplasmalogen 1-(1-enyl-palmitoyl)-GPE (P-

16:0)* 

 

0.00
98 

0.13
04  

120 
Lipid Lysoplasmalogen 1-(1-enyl-stearoyl)-GPE (P-

18:0)* 

 

0.01
83 

0.15
12  

121 
Lipid Glycerolipid Metabolism glycerol 

 

0.00
08 

0.05
14  

122 
Lipid Glycerolipid Metabolism glycerol 3-phosphate 

 

0.03
96 

0.23
09  

123 
Lipid Monoacylglycerol 1-arachidonylglycerol (20:4) 

 

0.00
19 

0.07
35  

124 
Lipid Monoacylglycerol 2-arachidonoylglycerol (20:4) 

 

0.01
80 

0.15
12  

125 
Lipid Sphingolipid Synthesis sphinganine-1-phosphate 

 

0.00
63 

0.10
36  

126 
Lipid Lactosylceramides (LCER) lactosyl-N-behenoyl-

sphingosine (d18:1/22:0)* 

 

0.02
17 

0.16
87  

127 
Lipid Dihydrosphingomyelins 

behenoyl 
dihydrosphingomyelin 

(d18:0/22:0)* 

 

0.01
11 

0.13
07 

 

128 
Lipid Sphingosines sphingosine 1-phosphate 

 

0.03
48 

0.21
69  

129 
Lipid Primary Bile Acid Metabolism chenodeoxycholic acid sulfate 

(1) 

 

0.01
75 

0.15
12  

130 
Lipid Secondary Bile Acid Metabolism isoursodeoxycholate 

 

0.00
27 

0.08
28  

131 
Lipid Secondary Bile Acid Metabolism isoursodeoxycholate sulfate 

(1) 

 

0.00
36 

0.08
64  

132 
Nucleotide Purine Metabolism, 

(Hypo)Xanthine/Inosine containing urate 
 

0.03
90 

0.23
09  

133 
Cofactors and 

Vitamins 
Nicotinate and Nicotinamide 

Metabolism 
nicotinamide adenine 
dinucleotide (NAD+) 

 

0.01
14 

0.13
13  

134 
Cofactors and 

Vitamins 
Hemoglobin and Porphyrin 

Metabolism heme 
 

0.02
59 

0.18
35  

135 
Xenobiotics Benzoate Metabolism 3-phenylpropionate 

(hydrocinnamate) 

 

0.00
33 

0.08
64  

136 
Xenobiotics Food Component/Plant 3-formylindole 

 0.01
31 

0.13
90  

137 
Xenobiotics Food Component/Plant homostachydrine* 0.00

65 
0.10
39  

138 
Xenobiotics Food Component/Plant mannonate* 0.00

91 
0.12
89  

139 
Xenobiotics Food Component/Plant stachydrine 

 

0.00
05 

0.05
14  

140 
Xenobiotics Food Component/Plant 3-hydroxystachydrine* 

 

0.00
00 

0.01
47  

141 
Xenobiotics Food Component/Plant thymol sulfate 

 

0.01
58 

0.15
12  
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142 
Xenobiotics Food Component/Plant 3-indoleglyoxylic acid 

 0.01
72 

0.15
12  

143 
Xenobiotics Drug - Metabolic metformin 0.04

42 
0.24
65  

144 
Xenobiotics Drug - Respiratory pseudoephedrine 

 

0.01
71 

0.15
12  

145 
Xenobiotics Chemical 1,2,3-benzenetriol sulfate (2) 

 

0.01
71 

0.15
12  

146 
Xenobiotics Chemical 2-methoxyresorcinol sulfate 

 

0.03
78 

0.23
04  

147 
Xenobiotics Chemical 3,5-dichloro-2,6-

dihydroxybenzoic acid 

 

0.01
03 

0.13
07  

148 
Xenobiotics Chemical 3-bromo-5-chloro-2,6-

dihydroxybenzoic acid* 

 

0.01
77 

0.15
12  

149 

Partially 
Characterized 

Molecules 
Partially Characterized Molecules glucuronide of C10H18O2 (1)* 

 

0.02
72 

0.18
75 

 

150 

Partially 
Characterized 

Molecules 
Partially Characterized Molecules metabolonic lactone sulfate 

 

0.01
54 

0.15
12 

 

151 

Partially 
Characterized 

Molecules 
Partially Characterized Molecules 

branched-chain, straight-
chain, or cyclopropyl 12:1 fatty 

acid* 

 

0.01
22 

0.13
22 

 

 

 

 

 

S3 Table: List of metabolites significantly altered in the lipid pathway only in 

converters as compared to non-converters. 

  
         

     ANOVA Contrasts 

  Super 
Pathw

ay 

Sub 
Pathway 

 
Converter 

Non-Converter 

Converter 
Non-Converter 

  
 Visit 1 Visit 2 

  
Biochemical 

Name 
Visit 1 Visit 2 

p-
value 

q-
value 

p-
value 

q-
value 

1 

1 
Lipid Ceramides 

ceramide 
(d18:2/24:1, 
d18:1/24:2)* 

  

0.001
0 

0.130
6 

0.032
9 

0.191
6 

2 
Lipid Ceramides 

ceramide 
(d18:1/17:0, 
d17:1/18:0)* 

 
 0.002

1 
0.145

8 
0.004

4 
0.112

3 

3 
Lipid Ceramides 

N-palmitoyl-
heptadecasphing

osine 
(d17:1/16:0)* 

0.007
9 

0.233
0 

0.012
9 

0.132
3 

4 
Lipid Ceramides 

N-behenoyl-
sphingadienine 
(d18:2/22:0)* 

  

0.010
5 

0.244
1 

0.002
6 

0.094
1 

5 
Lipid Ceramides 

ceramide 
(d16:1/24:1, 
d18:1/22:1)* 

  

0.012
7 

0.253
8 

0.006
4 

0.121
8 

6 
Lipid 

Hexosylcera
mides 

(HCER) 

glycosyl-N-
palmitoyl-

sphingosine 
(d18:1/16:0) 

  
 

0.126
3 

0.560
4 

0.026
2 

0.172
3 
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7 
Lipid 

Lactosylcera
mides 

(LCER) 

lactosyl-N-
behenoyl-

sphingosine 
(d18:1/22:0)* 

  

0.000
8 

0.130
6 

0.031
0 

0.185
4 

8 
Lipid 

Lactosylcera
mides 

(LCER) 

lactosyl-N-
nervonoyl-

sphingosine 
(d18:1/24:1)* 

  

0.045
9 

0.409
0 

0.047
5 

0.232
1 

2 

1 
Lipid Diacylglycero

l 

palmitoyl-
linoleoyl-glycerol 
(16:0/18:2) [2]* 

  

0.000
9 

0.130
6 

0.022
9 

0.168
4 

2 
Lipid Diacylglycero

l 

palmitoyl-
linoleoyl-glycerol 
(16:0/18:2) [1]* 

  

0.003
8 

0.161
7 

0.040
4 

0.215
8 

3 
Lipid Diacylglycero

l 

oleoyl-oleoyl-
glycerol 

(18:1/18:1) [2]* 

  

0.005
5 

0.192
6 

0.024
9 

0.169
2 

4 Lipid Monoacylglyc
erol 

1-oleoylglycerol 
(18:1) 

  

0.000
5 

0.130
6 

0.003
1 

0.095
5 

3 
1 Lipid Endocannabi

noid 
oleoyl 

ethanolamide   
 

0.929
3 

0.894
8 

0.020
8 

0.159
3 

2 Lipid Endocannabi
noid 

palmitoyl 
ethanolamide   

 

0.918
3 

0.894
5 

0.004
2 

0.111
5 

3 Lipid Endocannabi
noid 

linoleoyl 
ethanolamide   

 

0.355
6 

0.706
9 

0.030
4 

0.184
6 

4 

1 
Lipid 

Fatty Acid 
Metabolism 

(Acyl 
Carnitine, 
Hydroxy) 

(S)-3-
hydroxybutyrylcar

nitine 
  

 

0.502
5 

0.771
5 

0.038
6 

0.213
8 

2 

Lipid 

Fatty Acid 
Metabolism 

(Acyl 
Carnitine, 

Long Chain 
Saturated) 

arachidoylcarnitin
e (C20)*   

 

0.347
3 

0.701
6 

0.029
9 

0.183
5 

3 

Lipid 

Fatty Acid 
Metabolism 

(Acyl 
Carnitine, 

Long Chain 
Saturated) 

palmitoylcarnitine 
(C16)   

 

0.797
7 

0.878
0 

0.008
5 

0.122
3 

4 

Lipid 

Fatty Acid 
Metabolism 

(Acyl 
Carnitine, 

Monounsatur
ated) 

oleoylcarnitine 
(C18:1)   

 

0.592
9 

0.797
8 

0.004
0 

0.111
5 

5 

Lipid 

Fatty Acid 
Metabolism 

(Acyl 
Carnitine, 

Monounsatur
ated) 

palmitoleoylcarniti
ne (C16:1)*   

 

0.406
2 

0.730
6 

0.026
6 

0.173
2 

6 

Lipid 

Fatty Acid 
Metabolism 

(Acyl 
Carnitine, 

Polyunsaturat
ed) 

linolenoylcarnitine 
(C18:3)*   

0.092
1 

0.521
9 

0.025
8 

0.172
0 

7 

Lipid 

Fatty Acid 
Metabolism 

(Acyl 
Carnitine, 

Polyunsaturat
ed) 

arachidonoylcarnit
ine (C20:4)   0.325

1 
0.695

2 
0.049

6 
0.238

4 

8 Lipid Fatty Acid 
Metabolism 

linoleoylcarnitine 
(C18:2)*   

0.065
5 

0.462
3 

0.015
4 

0.142
2 
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(Acyl 
Carnitine, 

Polyunsaturat
ed) 

9 
Lipid 

Fatty Acid 
Metabolism 

(Acyl 
Carnitine, 

Short Chain) 

acetylcarnitine 
(C2)   0.697

6 
0.834

4 
0.047

0 
0.231

4 

10 
Lipid Fatty Acid, 

Branched 

(14 or 15)-
methylpalmitate 
(a17:0 or i17:0) 

  0.187
3 

0.594
2 

0.001
8 

0.082
1 

11 
Lipid Fatty Acid, 

Dicarboxylate 
2-

hydroxyglutarate 

  
  

 

0.021
8 

0.320
0 

0.015
6 

0.142
2 

12 
Lipid Fatty Acid, 

Dicarboxylate 

3-
hydroxydodecane

dioate* 
    0.715

4 
0.841

6 
0.004

9 
0.117

1 

13 Lipid Fatty Acid, 
Dihydroxy 

2S,3R-
dihydroxybutyrate     0.408

5 
0.730

6 
0.023

1 
0.168

4 

14 Lipid Fatty Acid, 
Monohydroxy 

3-
hydroxymyristate     0.469

0 
0.763

8 
0.001

4 
0.082

1 

15 
Lipid Fatty Acid, 

Monohydroxy 

3-
hydroxydecanoat

e 
    0.474

6 
0.764

3 
0.006

2 
0.121

8 

16 Lipid Fatty Acid, 
Monohydroxy 

3-
hydroxyoctanoate     0.504

9 
0.772

0 
0.024

8 
0.169

2 

17 Lipid Fatty Acid, 
Monohydroxy 3-hydroxystearate     0.094

3 
0.523

2 
0.008

2 
0.122

3 

18 
Lipid 

Long Chain 
Monounsatur

ated Fatty 
Acid 

eicosenoate 
(20:1)     0.231

1 
0.624

5 
0.011

0 
0.128

8 

19 
Lipid 

Long Chain 
Monounsatur

ated Fatty 
Acid 

oleate/vaccenate 
(18:1)     0.126

2 
0.560

4 
0.003

0 
0.095

5 

20 
Lipid 

Long Chain 
Monounsatur

ated Fatty 
Acid 

palmitoleate 
(16:1n7)     0.221

6 
0.615

1 
0.001

6 
0.082

1 

21 
Lipid 

Long Chain 
Monounsatur

ated Fatty 
Acid 

10-
heptadecenoate 

(17:1n7) 
    0.100

2 
0.542

9 
0.001

1 
0.081

6 

22 
Lipid 

Long Chain 
Monounsatur

ated Fatty 
Acid 

10-
nonadecenoate 

(19:1n9) 
    0.170

6 
0.576

6 
0.006

7 
0.122

3 

23 
Lipid 

Long Chain 
Monounsatur

ated Fatty 
Acid 

myristoleate 
(14:1n5)     0.325

6 
0.695

2 
0.008

1 
0.122

3 

24 
Lipid 

Long Chain 
Polyunsaturat
ed Fatty Acid 
(n3 and n6) 

dihomo-linoleate 
(20:2n6)   

  0.124
7 

0.560
4 

0.003
9 

0.111
5 

25 
Lipid 

Long Chain 
Polyunsaturat
ed Fatty Acid 
(n3 and n6) 

hexadecadienoat
e (16:2n6)     0.523

6 
0.781

7 
0.009

3 
0.126

0 

26 
Lipid 

Long Chain 
Polyunsaturat
ed Fatty Acid 
(n3 and n6) 

docosadienoate 
(22:2n6)     0.296

7 
0.682

0 
0.010

2 
0.128

8 

27 Lipid Long Chain 
Polyunsaturat adrenate (22:4n6)     0.050

8 
0.430

8 
0.001

6 
0.082

1 
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ed Fatty Acid 
(n3 and n6) 

28 
Lipid 

Long Chain 
Polyunsaturat
ed Fatty Acid 
(n3 and n6) 

docosapentaenoa
te (n6 DPA; 

22:5n6) 
    0.389

6 
0.726

0 
0.008

2 
0.122

3 

29 
Lipid 

Long Chain 
Polyunsaturat
ed Fatty Acid 
(n3 and n6) 

linoleate (18:2n6)     0.345
2 

0.701
6 

0.001
7 

0.082
1 

30 
Lipid 

Long Chain 
Polyunsaturat
ed Fatty Acid 
(n3 and n6) 

docosapentaenoa
te (n3 DPA; 

22:5n3) 
  

  0.103
6 

0.550
9 

0.039
5 

0.215
8 

31 
Lipid 

Long Chain 
Polyunsaturat
ed Fatty Acid 
(n3 and n6) 

docosatrienoate 
(22:3n3)     0.193

0 
0.596

9 
0.002

6 
0.094

1 

32 
Lipid 

Long Chain 
Polyunsaturat
ed Fatty Acid 
(n3 and n6) 

dihomo-linolenate 
(20:3n3 or n6)     0.412

4 
0.730

6 
0.042

3 
0.219

5 

33 
Lipid 

Long Chain 
Polyunsaturat
ed Fatty Acid 
(n3 and n6) 

linolenate [alpha 
or gamma; 

(18:3n3 or 6)] 
    0.449

3 
0.751

2 
0.033

1 
0.191

6 

34 
Lipid 

Long Chain 
Saturated 
Fatty Acid 

behenate (22:0)*     0.231
3 

0.624
5 

0.000
9 

0.072
1 

35 
Lipid 

Long Chain 
Saturated 
Fatty Acid 

arachidate (20:0)     0.590
7 

0.797
8 

0.020
9 

0.159
3 

36 
Lipid 

Long Chain 
Saturated 
Fatty Acid 

palmitate (16:0)   
  0.180

8 
0.589

1 
0.000

6 
0.072

1 

37 
Lipid 

Long Chain 
Saturated 
Fatty Acid 

pentadecanoate 
(15:0)   

  0.230
3 

0.624
5 

0.000
1 

0.072
1 

38 
Lipid 

Long Chain 
Saturated 
Fatty Acid 

myristate (14:0)   
  0.125

8 
0.560

4 
0.000

3 
0.072

1 

39 
Lipid 

Long Chain 
Saturated 
Fatty Acid 

margarate (17:0)     0.182
2 

0.589
2 

0.000
5 

0.072
1 

40 
Lipid 

Long Chain 
Saturated 
Fatty Acid 

stearate (18:0)   
  0.183

8 
0.592

3 
0.009

9 
0.128

8 

41 
Lipid 

Long Chain 
Saturated 
Fatty Acid 

nonadecanoate 
(19:0) 

 
  

 

  0.489
5 

0.764
3 

0.014
2 

0.137
8 

42 
Lipid 

Medium 
Chain Fatty 

Acid 

10-undecenoate 
(11:1n1) 

    0.032
7 

0.370
4 

0.028
6 

0.180
0 

43 
Lipid 

Medium 
Chain Fatty 

Acid 

(2 or 3)-
decenoate 

(10:1n7 or n8) 
    0.280

5 
0.673

5 
0.000

4 
0.072

1 

44 
Lipid 

Medium 
Chain Fatty 

Acid 
laurate (12:0)     0.140

8 
0.563

3 
0.002

2 
0.090

4 

45 
Lipid 

Medium 
Chain Fatty 

Acid 

5-dodecenoate 
(12:1n7) 

 
  

 

  0.426
3 

0.734
0 

0.010
8 

0.128
8 

5 1 Lipid Phospholipid 
Metabolism choline phosphate     0.029

1 
0.359

1 
0.023

1 
0.168

4 

2 Lipid Phospholipid 
Metabolism choline     0.548

2 
0.792

9 
0.011

9 
0.128

8 
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6 1 Lipid Sphingolipid 
Synthesis sphinganine     0.439

1 
0.749

0 
0.018

2 
0.146

2 

2 Lipid Sphingosines sphingosine     0.230
0 

0.624
5 

0.018
1 

0.146
2 

 

 

S1 Fig: Box plot showing an increased levels of Nervonate in converters as compared to 

non-converters at V2. For all Box Plots the heavy line in each box represents the median, 

the lower and upper box edges represent the 25th and 75th percentiles, respectively, and 

the lower and upper whiskers represent the smallest and largest observations, 

respectively. 

 

 

 

 

 

Chapter 4 

Metabolomic Biomarkers are Associated with Area of the Pons in Fragile X 

Premutation Carriers at Risk for Developing FXTAS 
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Abstract 

 Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late adult-onset 

neurodegenerative disorder that affects movement and cognition in male and female 

carriers of a premutation allele (55–200 CGG repeats; PM) in the fragile X mental 

retardation (FMR1) gene.  It is currently unknown how the observed brain changes are 

associated with metabolic signatures in individuals who develop the disorder over time.  

 The primary objective of this study was to investigate the correlation between 

longitudinal changes in the brain (area of the pons, midbrain, and MCP width) and the 

changes in the expression level of metabolic biomarkers of early diagnosis and 

progression of FXTAS in PM who, as part of an ongoing longitudinal study, emerged into 

two distinct categories. These included those who developed symptoms of FXTAS 

(converters, CON) at subsequent visits and those who did not meet the criteria of 

diagnosis (non-converters, NCON) and were compared to age-matched healthy controls 

(HC). We assessed CGG repeat allele size by Southern Blot and PCR analysis. Magnetic 
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Resonance Imaging (MRIs) acquisition was obtained on a 3T Siemens Trio scanner and 

metabolomic profile was obtained by ultra-performance liquid chromatography, accurate 

mass spectrometer, and an Orbitrap mass analyzer.  

 Our findings indicate that differential metabolite levels are linked with the area of 

the pons between healthy control and premutation groups. More specifically, we observed 

a significant association of ceramides and mannonate metabolites with a decreased area 

of the pons, both at visit 1 (V1) and visit 2 (V2) only in the CON as compared to the NCON 

group suggesting their potential role in the development of the disorder. In addition, we 

found a significant correlation of these metabolic signatures with the FXTAS stage at V2 

indicating their contribution to the progression and pathogenesis of FXTAS. Interestingly, 

these metabolites as part of lipid and sphingolipid lipids pathways provide evidence of the 

role their dysregulation plays in the development of FXTAS and inform us as potential 

targets for personalized therapeutic development. 

 

Keywords: Fragile X-associated tremor/ataxia syndrome; area of the pons; metabolic 

biomarkers; brain measures, lipids, premutation carriers. 

 

1. Introduction  

         Aging is a complex and evolutionarily conserved process that is found to be one 

of the main risk factors for a number of human neurodegenerative disorders (1). Aging 

and many aging-associated disorders share a range of molecular or cellular pathologies 

which can involve a dysregulated energy balance. Increasing evidence suggests that 
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metabolic alterations can strongly influence the development and the progression of 

various neurodegenerative disorders. Although the brain represents only 2% of the total 

body weight, it accounts for 20% of an individual's energy expenditure at rest (2). Thus, 

compromised energy metabolism and adverse changes are potentially contributing to 

increased vulnerability of the brain to develop neurodevelopmental and 

neurodegenerative processes (3). 

         Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is a late-onset 

neurodegenerative disorder, mostly affecting carriers of the fragile X mental retardation 1 

(FMR1) gene mutation after the age of 50. Currently, there is no effective treatment for 

FXTAS, and the cognitive and/or motor symptoms progressively worsen over time, 

causing reduced quality of life, increased medical costs, and eventually, death. FXTAS is 

caused by the expanded CGG repeats (55–200 CGG) within the 5′UTR of the FMR1 

gene. In normal healthy individuals, the number of CGG repeats lies between 5-54 while 

individuals carrying alleles with a CGG repeat expansion greater than 200 develop fragile 

X syndrome (FXS), the most common form of intellectual disability and known monogenic 

cause of autism spectrum disorder (ASD) (4). The high prevalence of the premutation 

allele among the general population (1:110-200 females and 1:430 males) leads to an 

estimate of approximately 1.5 million individuals in the general US population being at 

risk for FMR1 associated disorders, over their life spans.  In addition, among the PM 

population, an estimated 40-75% of male and 8-16% of female PMs are at risk of 

developing FXTAS (5,6).  

         FXTAS core features include progressive intention tremor and cerebellar gait 

ataxia, autonomic dysfunction, and parkinsonism. Neuropathologically, it is characterized 
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by the presence of ubiquitin-positive intranuclear inclusions in neurons and astrocytes 

throughout the brain and in Purkinje cells (7). In addition to the clinical and 

neuropathological features, the radiological signs, including white matter hyperintensities 

(wmhs) in the middle cerebellar peduncles (the ‘MCP sign’) (8) also contribute to the 

diagnosis of FXTAS. Similarly, a significant prevalence of wmhs in the splenium of the 

corpus callosum (9,10), generalized brain atrophy, increased T2 signal in area of the pons 

and periventricular regions along with the subcortical gray matter damage with atrophy of 

the midbrain are part of the pathogenesis of FXTAS (5,11). 

         The brainstem is the central axis of the brain and both of its regions, the area of 

the pons and the midbrain play an important role in sensation and movement (12). The 

upper area of the pons and midbrain tegmentum are the main components of the 

ascending reticular activating system and associated with various other 

neurodegenerative disorders (13). Measurements of these areas have been shown 

previously to successfully differentiate subcortical movement disorders, such as 

Parkinson’s disease (14), which presents with resting tremor that has also been observed 

in FXTAS. In addition, middle cerebellar peduncle (MCP) width showed a great sensitivity 

and specificity in differentiating multiple system atrophy from other disorders (15). We 

recently reported the MCP width as novel biomarker for FXTAS; decreased MCP width 

was observed in individuals who later developed symptoms of FXTAS as compared to 

premutation carriers who did not, and healthy controls. In addition, we also found reduced 

midbrain and area of the pons cross-sectional areas in patients with FXTAS compared to 

premutation carriers without FXTAS and controls (16). In a more recent study, we 

reported the association between these brain measures, including reduced MCP and 
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SCP width, midbrain, and area of the pons cross-sectional area with increased expression 

levels of the Iso10/10b, Iso4/4b FMR1 mRNA isoforms of the ASFMR1 131bp mRNA 

isoform (17), suggesting their potential role in the pathogenesis of FXTAS. 

         Metabolic alterations and mitochondrial dysfunction have been extensively 

investigated in numerous age-related neurodegenerative disorders (18). However, the 

relationships between systemic abnormalities in metabolism and the pathogenesis of 

FXTAS are poorly understood. Previous metabolomic studies have investigated a panel 

of four core serum metabolites (phenethylamine (PEA), oleamide, aconitate, and 

isocitrate) for sensitive and specific diagnosis of the premutation carriers with and without 

FXTAS and found oleamide/isocitrate as a biomarker of FXTAS (19). Later, mitochondrial 

dysfunction, markers of neurodegeneration, and pro-inflammatory damage in premutation 

carriers were reported (20).  Increased mitochondrial oxidative stress in primary 

fibroblasts derived from premutation carriers, compared with age and sex-matched 

controls has also been observed (21). Napoli and colleagues found the presence of the 

Warburg effect (which involves an increase in the rate of glucose uptake and preferential 

production of lactate, even in the presence of oxygen) in the peripheral blood 

mononuclear cells (PBMCs)’s derived from the controls, in premutation allele carriers with 

and without FXTAS (22). Later, Napoli et al. observed a significant impact of 

allopregnanolone treatment on oxidative stress, GABA metabolism, and mitochondria-

related outcomes, and suggested allopregnanolone as a potential therapeutic for the 

cognitive and GABA metabolism improvement in FXTAS patients (23). In the premutation 

animal model’s significant metabolic changes were found in the sphingolipid and purine 

metabolism in the cerebellum of premutation mice while the Schlank (Cers5), Sk2 (Sphk1) 
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and Ras (Impdh1) genes were suggested as genetic modifiers of CGG toxicity in 

Drosophila (24). It is, however, unclear how global perturbations in metabolism may be 

related to severity of FXTAS pathology and the eventual expression of symptoms in 

individuals at risk for developing FXTAS. Our recent study identified metabolic biomarkers 

of FXTAS early diagnosis and disease progression by characterizing individuals who 

developed symptoms of FXTAS over time. Specifically, we found that lipid metabolism 

and specifically the sub pathways involved in mitochondrial bioenergetics, are 

significantly altered in FXTAS (25).  

         To date, no study evaluating the metabolic alterations in correlation with brain 

changes in premutation carriers who develop symptoms of FXTAS over time has been 

reported. In the current study, we evaluated male participants, carriers of the FMR1 

premutation allele, enrolled in an ongoing longitudinal study carried out at the UC Davis 

MIND Institute. The participants were followed for at least two longitudinal time points 

(Visit 1, V1 and Visit 2, V2) during which neuroimaging, neuropsychological, molecular 

measurements, as well as medical and neurological examinations were collected. A 

subset of the premutation participants, all symptom-free at the time of enrollment, 

developed symptoms that warranted a diagnosis of FXTAS by Visit 2. We define these 

individuals as converters (CON). The remaining premutation participants, who did not 

develop symptoms of FXTAS by Visit 2, we define as non-converters (NCON). In the 

current work, we investigated whether the expression levels of identified metabolic 

biomarkers were associated with changes in brain measures including the midbrain and 

pons cross-sectional area and MCP width, in the CON group compared to the NCON and 

HC groups. In addition, we also investigated the association of metabolite expression with 
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the progression of FXTAS. Understanding the metabolic variations along with brain 

changes in premutation carriers who developed FXTAS symptoms over time is likely to 

provide insights into novel disease-modifying treatments for this progressive 

neurodegenerative disorder. 

 

2.        Materials and Methods 

2.1    Study Participants 

         As part of a continuing longitudinal study at UC Davis MIND institute, male 

premutation carriers, > 45 years of age, and non-carrier age-matched controls were 

recruited from throughout the USA and Canada [as detailed in (16)]. All male participants 

were white in race; there were three Hispanic participants in the HC group, one in the 

CON group, and zero in NCON group.  The studies and all protocols were carried out in 

accordance with the Institutional Review Board at the University of California, Davis. All 

participants gave written informed consent before participating in the study in line with the 

Declaration of Helsinki. FXTAS stage scoring was based on the clinical descriptions as 

previously described (26). Three categories were used in the diagnosis of FXTAS as 

explained in (27) and termed as “definite”, “probable” and “possible”. Three age-matched 

groups were included in this study: CON, NCON, and HC. Using the data from two brain 

scans, from neurological assessment, FXTAS stage, and CGG repeat length, 10 

participants were classified as “CON” as they developed clear FXTAS symptomology 

between visits (FXTAS stage score was 0–1 at V1 and ≥2 at V2); 10 were defined as 

“NCON” because they continued to show no signs of FXTAS at V2 (FXTAS stage score 

was 0–1 at both V1 and V2) and 10 as HC (normal FMR1 alleles/non-carriers). 
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2.2     CGG Repeat Length 

        Genomic DNA (gDNA) was isolated from 5 mL of peripheral blood leukocytes using 

the Gentra Puregene Blood Kit (Qiagen). CGG repeat allele size and methylation status 

were assessed by using the combination of Southern Blot and PCR analysis as previously 

reported (28,29).  

 

2.3    Brain Measures 

         The following methods including MRI acquisition and MRPI analysis were originally 

described in our previous report (16). High resolution structural magnetic resonance 

imaging (MRIs) acquisition was obtained on a 3T Siemens Trio scanner using a 32-

channel head coil and a T1-weighted 3D MPRAGE sequence with the following 

parameters: TR=2170ms, TE=4.86ms, flip angle=7º, FoV=256mm2, 192 slices, 1mm 

slice thickness. The scans were first aligned along the anterior-posterior commissure line 

using acpc detect (http://www.nitrc.org/projects/art) (30) or manually using DTI Studio 

(www.mristudio.org) (31). Then MRI bias field correction was performed using N4 

(http://stnava.github.io/ANTs/) (32). A series of independent raters (two per measure) who 

were blinded to the participant age, group, and time point, quantitatively assessed all MR 

images for four measurements of brain morphology: MCP width as well pons and 

midbrain cross-sectional areas were based on methods previously described (33,34).  

 

2.4    Sample preparation and metabolite profiling 
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      Plasma metabolite profiling was determined by a non-targeted platform that 

allows the relative quantitative analysis of a large number of molecules (35). Samples 

were stored at -80 °C until processing and then prepared using the automated MicroLab 

STAR® (Hamilton Company, Reno, NV, USA). Several recovery standards were added 

prior to the first step in the extraction process for QC purposes.  To remove protein, 

dissociate small molecules bound to protein or trapped in the precipitated protein matrix, 

and to recover chemically diverse metabolites, proteins were precipitated with methanol 

under vigorous shaking for 2 min (Glen Mills GenoGrinder 2000) followed by 

centrifugation.  The resulting extract was divided into five fractions: two for analysis by 

two separate reverse phases (RP)/UPLC-MS/MS methods with positive ion mode 

electrospray ionization (ESI), one for analysis by RP/UPLC-MS/MS with negative ion 

mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI, and one 

sample were reserved for backup. Samples were placed briefly on a TurboVap® (Zymark) 

to remove the organic solvent.  The sample extracts were stored overnight under nitrogen 

before preparation for further analysis as explained in (25).  

 

2.5    Statistical Analysis 

        The association between brain measures and metabolites at a single visit was 

analyzed using linear regression models that included a brain measure as the area of the 

pons and a metabolite as the single covariate. The association between changes in brain 

measures and in metabolites between visits was analyzed using linear regression models 

that included change in a brain measure as the area of the pons and change in metabolite, 

baseline metabolite level, and baseline brain measure as covariates. Models fitted to visit 
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1 data included all subjects (control, NCON, and CON), and models fitted to visit 2 data 

included all premutation subjects (NCON and CON). Specifically, all the Visit 1 regression 

analyses included all subjects (n=30), and all the Visit 2 regression analyses included all 

premutation subjects (n=20). P-values were adjusted for multiple testing (within each 

analysis, across metabolites) using the Benjamini-Hochberg false discovery rate 

controlling method (36). Analyses were conducted using R version 4.0.2 (2020-06-22) 

(37). 

 

3.        Results 

3.1    Demographics 

        Three groups of male participants were included in this study: 1) premutation 

carriers who converted at V2 (CON; n=10), 2) premutation carriers who did not convert at 

V2 (NCON; n=10) and 3) healthy controls (HC; n=10). All participants in the CON and 

NCOV groups were matched for age and CGG repeat length as reported in [Table 1]. 

Participant race, age, and ethnicity did not differ significantly between the three groups. 

As expected, CGG repeat size was significantly lower in healthy controls than in the CON 

and NCON groups (P < 0.001 in both comparisons), but it was not significantly different 

between the two premutation carrier groups of CON and NCON (P = 0.76). 

 

3.2    Differential metabolite levels linked with area of the pons area in healthy 

control and premutation groups. 

        We have recently reported 94 potential metabolic biomarkers for early diagnosis 

and progression of FXTAS that showed significant changes in expression (P ≤ 0.05) in 
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the CON as compared to the NCON both at V1 and V2 or only at V2 (25). In this study, 

we investigated the correlation between these potential metabolic biomarkers and brain 

measures (midbrain, area of the pons, and MCP width) among healthy control (HC), and 

premutation carriers including converter and non-converter (CON and NCON) at V1. We 

found a significant association (P ≤ 0.05) of expression level of six metabolites with area 

of the pons among all three groups (HC, CON, and NCON) at V1 [Figure 1]. While no 

significant correlation of the midbrain and MCP width with the identified metabolites at 

baseline has been observed. 

 

3.3    Expression levels of metabolic biomarkers associated with brain measures. 

         Within the two premutation groups, the levels of 11 metabolites showed a 

significant correlation (P ≤ 0.05) with decreased area of the pons at V1 while four showed 

a significant correlation at V2 only in the CON group but not in the NCON group. 

Interestingly, level of ceramide (d16:1/24:1, d18:1/22:1) correlated with area of the pons 

area both at V1 [Regression Slope -72.3 (-118.7, -25.9); P-value 0.0496; Figure 2a] and 

V2 [Regression Slope -56.7 (-88.3, -25.2); P-value 0.0597; Figure 2b]. Similarly, we also 

observed a significant correlation between mannonate and area of the area of the pons 

both at V1 [Regression Slope -97.3 (-162.3, -32.3); P-value 0.0496; Figure 2c] and V2 

[Regression Slope -135 (-203.8, -67.2); P-value 0.0543; Figure 2d]. No significant 

correlations were observed between the midbrain area and MCP width and any 

metabolites both at V1 and V2 between CON and NCON premutation groups. 

 

3.4    Metabolite expression levels correlate with FXTAS progression. 
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         We evaluated the differential expression of the metabolic biomarkers with the 

progression of FXTAS and with the FXTAS stage in the CON and NCON participants at 

V2. We observed that 27 metabolites significantly correlated with change in FXTAS stage 

from V1 to V2 with the majority of these metabolites being lipids followed by xenobiotics, 

amino acids, and energy [Table 2]. Further we observed a significant correlation between 

the expression levels of several of these metabolites with the FXTAS stage [Figure 3A]. 

Interestingly, six of these metabolites including palmitate (16:0) [Figure 3A], 

palmitoylcarnitine (C16), palmitoleate (16:1n7), fumarate, lactosyl-N-behenoyl-

sphingosine (d18:1/22:0), and ceramide (d16:1/24:1, d18:1/22:1) have been reported to 

be critically involved in the development of other neurodegenerative disorders. In addition, 

these metabolites are part of the lipid and fatty acid metabolism [Figure 3B] and 

sphingolipid metabolism [Figure 3C]. We previously shown that lipid metabolism was 

associated with the development and progression of FXTAS (changes of the FXTAS 

stage from V1 to V2) (25) and this association has also been reported in the premutation 

mouse model (24). 

 

4.        Discussion 

         The present study results provide evidence that brain measures, specifically the 

area of the pons cross-sectional area, correlate with plasma levels of metabolites that are 

part of fatty acid and sphingolipid metabolism. These findings expand upon our previous 

study of plasma metabolic profiling of participants who developed symptoms of FXTAS 

over time (25), potentially representing biomarkers of early diagnosis and progression of 
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FXTAS and suggest that these factors play a role in the brain structure of individuals with 

FXTAS. 

         Magnetic resonance imaging (MRI) takes advantage of a strong magnetic field for 

non-invasively imaging of parts of the brain parts to identify regional tissue abnormalities 

and to obtain volumes of brain structures. The imaging profile provides an opportunity to 

not only visualize the neuroanatomical and functional signatures of various 

neurodegenerative disorders, but it can also identify disease-specific biomarkers of the 

underlying processes. Various imaging biomarkers have been reported in Parkinson’s 

disease (PD) (38), Amyotrophic Lateral Sclerosis (ALS) (39), Alzheimer Disease (AD) 

(40), and Dementia (41) and recently by our team in FXTAS (16). 

         The brainstem (which includes midbrain, area of the pons, and the medulla 

oblongata) is a critical regulator of vital bodily functions (42) with midbrain and area of the 

pons primarily supporting cognition and mood while medulla oblongata regulates 

cardiovascular and respiratory functions (43). Interestingly, lesions and atrophy of these 

brainstem structures represent the hallmarks of various neurological disorders and recent 

findings have pointed to a much deeper involvement of the brainstem nuclei which could 

change our understanding of the cause, prevalence and early diagnosis of these 

devastating diseases. Altered volume of midbrain, area of the pons, and medulla 

oblongata have been reported in individuals with schizophrenia (SCZ), bipolar disorder 

(BD), multiple sclerosis (MS), dementia, mild cognitive impairment (MCI), and Parkinson’s 

disease (PD) in comparison to healthy controls (HC) (44,45). Interestingly, reduction in 

area of the pons over time can significantly discriminate MSA from Progressive 

Supranuclear Palsy (PSP) (46). Moreover, the Fractional Anisotropy (FA) and Apparent 
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Diffusion Coefficient (ADC) values in the area of the pons can differentiate the middle 

cerebellar peduncles parkinsonian subtype (MSA-P) patients from PD with 100% 

specificity (47). Interestingly, the voxel-based morphometry (VBM) analysis has also 

identified neurodegenerative changes primarily in the midbrain and area of the pons of 

PSP patients as compared to controls (48). Finally, degeneration of the locus coeruleus 

(LC), a long and narrow nucleus in the area of the pons, correlates with cognitive 

dysfunction and potentiate pathology of AD (49).  

         In our earlier studies, we observed the variation in the MCP width, area of the pons 

and midbrain cross-sectional areas as well as their significant association with the 

molecular measures in individuals who developed symptoms of FXTAS over time as 

compared to non-symptomatic premutation carriers and healthy controls, suggesting their 

role in FXTAS pathogenesis and progression (16,17). These findings point toward the 

critical involvement of the area of the pons in neurodegenerative disorders, which could 

potentially provide information about the neuropathology of the disease and lead to early 

clinical diagnosis of these diseases. 

         Metabolomics is the omics platform that measures levels of metabolites in 

biological samples (50) uncovering potential biomarkers of aging and neurodegenerative 

diseases such as AD (51), Parkinson (52), Huntington (53), MS (54), and Amyotrophic 

Lateral Sclerosis (55) and FXTAS (25). A larger number of untargeted metabolomics-

based studies have been reported using plasma/serum samples, due to its minimally 

invasive nature and relatively easy availability of blood samples. Unique metabolic 

signatures associated with altered energy homeostasis, Krebs cycle, changes in lipid 

membrane associated with abnormal CSF Aβ42 levels, altered mitochondrial function, 
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neurotransmitter and lipid biosynthesis are altered in plasma of patients with mild 

cognitive impairment and more pronounced in patients with AD (56–61). Majorly disturbed 

metabolic pathways observed in PD are also related to the metabolism of lipids, energy 

(TCA cycle, glycolysis, acylcarnitines), and fatty acids and tryptophan; with the latter   

presenting a high correlation with the progression of PD (62–68). The energy and 

phospholipid metabolism have also been found to be impaired in patients with HD that 

ultimately affects the function of neurons (53,69). Glucose metabolism is dysregulated in 

AD patients (70) and in area of the pons and cerebellum of MSA patients (71,72), while 

an association of fatty acid metabolism with the development of ALS was observed (73).  

Finally, in our recent study we reported on the identification of metabolic biomarkers of 

early diagnosis and progression of FXTAS and on their association with altered lipid 

metabolism including free fatty acids, acylcarnitine, sphingolipids, diacylglycerol, and 

phospholipids, in individuals who developed the symptoms of FXTAS over time (25).  

In this study we observed an association of metabolic biomarkers, including ceramides 

and mannonate, in CON as compared to NCON [Figure 2] with brain measures, 

specifically with area of the pons area, suggesting the potential role of altered 

metabolomics in the pathogenesis of FXTAS. We also found their significant association 

with the FXTAS stage [Table 2] ultimately providing the insight into the FXTAS disease 

progression with the dysregulation of the metabolic pathways. 

         The Krebs cycle or the TCA cycle is an important pathway in the production of ATP 

through the oxidative phosphorylation of acetyl-CoA in the mitochondria. With the onset 

of the neurodegenerative processes in PD, the metabolism of TCA cycle has found to be 

dysregulated indicating an energy shortage and mitochondrial dysfunction in PD (74). 
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Similarly, the previous studies in FXTAS (19,20,22) reported on altered plasma and 

PBMCs levels (either increased or decreased) of several intermediates of the Krebs cycle 

in individuals with FXTAS as compared to controls. In accordance with these previous 

studies, we found a significance correlation of various Krebs cycle intermediates, 

including palmitate (16:0), palmitoleate (16:1n7), palmitoylcarnitine (C16) and fumarate 

[Figure 3b, bold] with the FXTAS stage [Figure 3a] supporting the observed mitochondrial 

dysfunction as a contributing factor in the pathogenesis of the FXTAS. 

         Sphingolipids include ceramides, sphingosine-1-phosphate, lactosyl-N-behenoyl-

sphingosine and sphingomyelins which play an important role in neuronal functions as 

sphingolipids are critical to prevent the cell death, loss of synaptic plasticity, and 

neurodegeneration (75). High levels of ceramide have been detected in the CNS and in 

plasma of AD patients and of PD patients, indicating that ceramide metabolism could be 

associated with various stages of PD and AD progression and hippocampal atrophy (76–

78) and suggested as a pharmacological target for the AD treatment (79). In a recent 

study, the sphingolipid metabolism and specifically the levels of sphingosine, sphingosine 

1-phosphate, and sphingomyelin were found to be altered in the cerebellum of FXTAS 

mice (24). We have reported on increased ceramides levels in the CON as compared to 

NCON group (25) and, interestingly, in this study we observed a significant association 

with area of the pons both at V1 and V2 [Figure 2a, 2b]. Further, the sphingolipid 

metabolism intermediates lactosyl-N-behenoyl-sphingosine (d18:1/22:0) and ceramide 

(d16:1/24:1, d18:1/22:1) [Figure 3c, bold] both were significantly associated with FXTAS 

stage suggesting their role in the development of FXTAS and the pathway as the potential 

target for personalized therapeutic development. 
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5.        Conclusion 

         In this study, we found a significant correlation of the metabolic biomarkers with 

the area of the pons in individuals who developed FXTAS over the time. We also report 

their significant association with the progression of the disorder and their role in context 

of dysregulated lipid and sphingolipid metabolism. These findings could be of a great 

value as the area of the pons provides distinct information about neuroanatomical and 

pathophysiological processes and its association with the FXTAS biomarkers can assist 

in identifying the premutation carriers at risk as well as assist in evaluating disease 

progression and therapeutic responses to targeted drug development. Further research 

is needed to replicate these findings in a larger well-characterized cohort to further 

explore the role of other brainstem structures in FXTAS and human health and disease. 
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7. Tables 

 

Table 1: Demographic information on age and CGG repeats in three male participant 

groups: HC, CON and NCON. 

 

    Healthy 
Controls 
(HC) 

Converters 
(CON) 

Non-
Converters 
(NCON) 

All 
Patients 

P-
Value 
(F-
Test) 

Age N 10 10 10 30 0.936 

Mean 
(SD) 

65.60 
(3.239) 

63.50 
(6.786) 

63.20 
(4.849) 

64.10 
(5.101) 

Median 
(Range) 

64.50 
(62-70) 

63.50 
(53-75) 

64.00 
(52-69) 

64.00 
(62-75) 

CGG N 10 10 10 30 <0.001 

Mean 
(SD) 

28.90 
(4.095) 

93.30 
(22.91) 

75.70 
(18.73) 

65.97 
(32.26) 

Median 
(Range) 

30 (20-32) 84.50 
(74-141) 

74 
(56-122) 

72 
(20-141) 

 

 

 

 

Table 2: Metabolite expression correlated with progression of FXTAS.  

Sr 
# 

Super 
Pathway Metabolite Regression 

Slope (95% CI) 
Raw P-
Value 

Adjusted P-
Value 



 

 
 

195 

1 Lipid myristate (14:0) 0.805 (0.376, 
1.233) < 0.001 0.0541 

2 Lipid pentadecanoate (15:0) 1.4 (0.569, 2.241) 0.00239 0.0541 

3 Lipid 1-oleoylglycerol (18:1) 1.02 (0.399, 
1.639) 0.00284 0.0541 

4 Lipid margarate (17:0) 1.1 (0.429, 1.766) 0.00287 0.0541 

5 Lipid (14 or 15)-methylpalmitate 
(a17:0 or i17:0) 

0.89 (0.347, 
1.432) 0.00288 0.0541 

6 Lipid (2 or 3)-decenoate (10:1n7 
or n8) 

0.763 (0.273, 
1.253) 0.00426 0.058 

7 Lipid palmitate (16:0) 0.86 (0.30, 1.42) 0.00469 0.058 

8 Lipid 10-heptadecenoate (17:1n7) 0.515 (0.175, 
0.855) 0.00516 0.058 

9 Xenobiotics mannonate* 1.87 (0.62, 3.12) 0.00566 0.058 

10 Lipid behenate (22:0)* 0.817 (0.258, 
1.376) 0.0066 0.058 

11 Amino Acid trans-urocanate -1.32 (-2.227, -
0.404) 0.00716 0.058 

12 Amino Acid 8-methoxykynurenate 1.36 (0.402, 
2.313) 0.00796 0.058 

13 Lipid ceramide (d16:1/24:1, 
d18:1/22:1)* 

0.795 (0.232, 
1.359) 0.00828 0.058 

14 Xenobiotics 7-methylurate -0.633 (-1.085, -
0.181) 0.00868 0.058 

15 Xenobiotics 3-bromo-5-chloro-2,6-
dihydroxybenzoic acid* 

0.847 (0.228, 
1.467) 0.01013 0.058 

16 Lipid 10-undecenoate (11:1n1) 0.995 (0.265, 
1.725) 0.01035 0.058 

17 Lipid ceramide (d18:1/17:0, 
d17:1/18:0)* 1.34 (0.35, 2.32) 0.01075 0.058 

18 Lipid myristoleate (14:1n5) 0.392 (0.100, 
0.684) 0.01127 0.058 

19 Lipid palmitoylcarnitine (C16) 1.9 (0.469, 3.335) 0.01212 0.058 

20 Lipid lactosyl-N-behenoyl-
sphingosine (d18:1/22:0)* 

-2.56 (-4.487, -
0.624) 0.01235 0.058 

21 Lipid 5-dodecenoate (12:1n7) 0.618 (0.139, 
1.097) 0.0143 0.0595 

22 Lipid palmitoleate (16:1n7) 0.323 (0.0722, 
0.5745) 0.01451 0.0595 

23 Lipid N-behenoyl-sphingadienine 
(d18:2/22:0)* 

1.69 (0.365, 
3.010) 0.01525 0.0595 

24 Lipid arachidate (20:0) 3.32 (0.71, 5.93) 0.01554 0.0595 
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25 Xenobiotics 3,7-dimethylurate -0.652 (-1.167, -
0.138) 0.01583 0.0595 

26 Energy fumarate 2.13 (0.435, 
3.828) 0.01663 0.0598 

27 Lipid 3-hydroxymyristate 0.701 (0.14, 1.26) 0.01719 0.0598 
 

 

8. Figures 

 
 

Figure 1: Pons by metabolite expression among HC, CON and NCON. Scatter plots 

showing correlation between pons and metabolite expression levels. The dots in red are 

representing the plotted values obtained for HC, green for CONV and blue for NCON. 

*The identity of these metabolites has not been officially confirmed based on the standard.  
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Figure 2: Distribution of metabolic biomarkers with pons between CON and NCON 

groups. a. Scatter plots showing correlation between pons and ceramide in CON and 

NCON at V1. The dots in red are representing the plotted values obtained for CON, and 

turquoise for NCON. b. Scatter plots showing correlation between pons and ceramide in 

CON and NCON at V2. c.  Scatter plots showing correlation between pons and 

mannonate in CON and NCON at V1. d. Scatter plots showing correlation between pons 

and mannonate in CON and NCON at V2. *The identity of these metabolites has not been 

officially confirmed based on the standard.  
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Figure 3: Fatty acid and sphingolipids metabolism associated with FXTAS development. 

a. Six identified metabolites in FXTAS associated with other neurodegenerative disorder, 

here the comparison with the FXTAS stage is shown; data are presented as FXTAS stage 

(y axis) and associated metabolite (x axis) by using scatter plots. b. Disturbance of fatty 

acid and lipids metabolism pathway is shown. c. Sphingolipid metabolism pathway are 

shown. Bold metabolites, p ≤ 0.05 linked with the development of FXTAS. *The identity 

of these metabolites has not been officially confirmed based on the standard.  
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Abstract 

 Fragile X syndrome (FXS) is an X-linked neurodevelopmental condition associated 

with intellectual disability and behavioral problems due to the lack of the Fragile X mental 

retardation protein (FMRP), which plays a crucial role in synaptic plasticity and memory. 

A desirable in vitro cell model to study FXS would be one that can be generated by simple 

isolation and culture method from a collection of a non-invasive donor specimen. 

Currently, the various donor-specific cells can be isolated mainly from peripheral blood 

and skin biopsy. However, they are somewhat invasive methods for establishing cell lines 

from the primary subject material. In this study, we have characterized a cost-effective 

and straightforward method to derive epithelial cell lines from urine samples collected 

from participants with FXS and healthy controls (TD). 

 The urine-derived cells expressed epithelial cell surface markers via fluorescence-

activated cell sorting (FACS). We observed inter, and the intra-tissue CGG mosaicism in 
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the PBMC’s and the urine-derived cells from participants with FXS potentially related to 

the observed variations in the phenotypic and clinical presentation of FXS. We 

characterized these urine-derived epithelial cells for FMR1 mRNA and FMRP expression 

and observed some expression in the lines derived from full mutation mosaic participants. 

Further, FMRP expression was localized in the cytoplasm of the urine-derived epithelial 

cells of healthy controls. Deficient FMRP expression was also observed in mosaic males, 

while as expected, no expression was observed in cells derived from participants with a 

hypermethylated full mutation.  

 

 
Keywords: Fragile X syndrome, epithelial cells, FMR1 mRNA, FMRP, 

neurodevelopmental disorders, urine-derived cells. 

 

1. Introduction 

   Neurodevelopmental disorders are conditions categorized by impairments of 

intelligence or social skills with an onset in the developmental period. Fragile X syndrome 

(FXS), the most common inherited cause of intellectual disability (ID) and the single 

leading monogenic currently known cause of Autism Spectrum Disorder (ASD) [1], is 

caused by an expansion of a CGG trinucleotide repeat, greater than 200, in the 5' 

untranslated region of the fragile X mental retardation1 (FMR1) gene. This leads to 

transcriptional silencing of the gene with consequent absence of the encoded product, 

the fragile X mental retardation protein (FMRP), which plays a crucial role in synaptic 

plasticity and memory. Males with FXS have mild to severe ID, and while 70% of the girls 

are less affected, they typically present with learning problems. Behavior problems 
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include anxiety, sensory hyperarousal, hyperactivity, social deficits, language deficit, and 

obesity. 

   Size and methylation mosaicism of the CGG repeats has been observed in many 

patients with FXS. Pretto and colleagues [2] suggested that in individuals with FXS, 

mosaicism (size or methylation) can result in low FMRP expression, which may be 

enough to impact their cognitive functions positively. Early studies reported that 38% of 

patients with FXS were mosaics, presenting with both premutation and full mutation 

alleles [3]. Further, a small screening study found 80% of mosaicism among the identified 

individuals with FXS, which suggests that mosaicism is quite common in FXS [4]. 

         Due to the high prevalence of neurodevelopmental disorders, including FXS, 

desirable cells for investigation and cell therapy would be ones that can be generated by 

a simple isolation and culture method using a donor sample obtained in a non-invasive 

manner. To date, the collection of different donor-specific cells that can be isolated from 

peripheral blood, skin, and hair require invasive methods for sample isolation and 

incorporate complicated, costly reagents and time consuming for the culturing process. 

These cells also take a considerable time for their in vitro isolation and expansion. 

Previous studies have suggested that donor-derived urine cells offer a cost-effective and 

straightforward method of isolation of cell lines. Moreover, urine-derived primary cells are 

a source for generating induced pluripotent stem cells (iPSCs) and have been applied as 

modeling platform for various disorders including kidney disorders, muscular dystrophy, 

and paroxysmal kinesigenic dyskinesia [5–8]. Importantly, iPSCs derived from urine are 

shown to possess the differentiation potential into functional glutaminergic, dopaminergic, 

and motor neurons [8,9] whose impairment has been well documented in FXS. 
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         This study reports for the first time, an optimized protocol for establishing FXS 

patient-primary cell models derived from urine samples. We determined the percentage 

of epithelial, hematopoietic, and erythroid cells in the established cell population using 

flow cytometry. Additionally, we show that FXS-derived epithelial cells had 0.1% residual 

FMRP compared to healthy-individual derived epithelial cells by two independent 

methods. Because the loss of FMRP is the primary cause of FXS, our data suggest that 

FXS patient’s urine-derived epithelial cells are a viable option in understanding the 

disease’s underlying molecular mechanisms potentially leading to therapeutic 

intervention. 

         Overall, FXS patient urine-derived epithelial cells can be a less invasive primary 

cell model for understanding the molecular mechanisms of FXS pathogenesis. It can also 

be used as personalized modeling of an individual’s response to various drugs and 

identifying potentially effective therapy based on the individual’s genetic makeup. 

 

2. Materials and Methods 

2.1 Study Participants   

         As part of ongoing metformin clinical trial at the UC Davis MIND Institute, urine 

samples were collected from 25 participants with FXS, including 24 males and one 

female, age (6-25 years) and seven healthy individuals (TD), including two males and five 

females, age (16-32 years). Participants of this study or their parents/legal guardians 

signed a written informed consent to provide urine samples for epithelial cell generation 

and further experimentation following a protocol following the Institutional Review Board 

at the University of California, Davis. (Metformin ICF 1.5 Version, Date: May 13, 2020). All 
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participants gave written informed consent before participating in the study in line with the 

Declaration of Helsinki of 1975 (https://www.wma.net/what-we-do/medical-

ethics/declaration-of-helsinki/), revised in 2013.Nineteen epithelial cell lines derived from 

12 male participants with FXS and from seven TD (two males and five females) were 

established [Table 1]. 

 

2.2 Collection of Urine 

         For the best results, participants were advised to drink a full glass of water about 

one hour before collecting, and urine samples were processed within 1-2 hours. Urine 

samples were collected into a sterile container after cleaning the urethral area with 

disinfectant wipes immediately before collection. To significantly reduce the opportunities 

for contaminants to enter the urine stream during the collection of the specimen, the first 

portion of the urine stream was discarded, and 30-50mL were then collected into a clean 

container. Urine samples were placed on ice or at 4°C immediately after collection to 

avoid a decreased yield due to prolonged processing time. 

  

2.3 Primary Culture of Urine-Derived Epithelial Cells 

         Twelve well plates were coated with iMatrix (Reprocell, Beltsville, MD, United 

States) before processing the urine sample. For coating, 4.8 uL iMatrix-511 solution was 

added to 1 mL Dulbecco's phosphate-buffered saline (DPBS) (Thermo Fisher Scientific, 

Waltham, MA, United States) per well, followed by mixing and incubating at 37 °C for 3 

hr. or at 4°C overnight. iMatrix solution was aspirated immediately before plating the cells, 

to avoid dryness of the coating solution. For processing, midstream urine was collected, 
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followed by transferring it into a sterile 50-ml centrifuge tube. Samples were centrifuged 

at 1000 rpm for 10min at room temperature. The supernatant was carefully aspirated, 

leaving only 1-2 ml into the tube above the cell pellet. Cell pellets were then washed once 

with 10 ml of washing buffer (500 ml DPBS supplemented with 50 mg ml−1 Primocin 

(Invitrogen, San Diego, CA, United States) and resuspended into 2 mL of primary media. 

Cells were plated into iMatrix coated well plates and incubated at 37°C for 24h. Primary 

media consisted of DMEM/F12 + GlutaMAX nutrient mix (1:1) (Thermo Fisher Scientific, 

Waltham, MA, United States), supplemented with 10% (vol/vol) human serum (Sigma-

Aldrich, St Louis, MO, United States), 50 mg ml−1of Primocin (Invitrogen, San Diego, CA, 

United States) and, the REGM SingleQuot kit supplements (Lonza, Basel, Switzerland) 

(do not use FBS to reduce background).  The media was filter-sterilized using a 0.2 µm 

filter unit and then supplemented with 50 mL human serum. On day two, media was 

removed, and 1 ml of primary fresh medium was added to the plated cells. Cells were fed 

until small colonies of approximately 5-6 dense cells appeared, which took 2-3 weeks 

after plating and reaching 80–90% density after 24 days of plating. 

  

2.4 Proliferation of Urine-Derived Epithelial Cells 

         Cells were harvested with TrypLE™ (Thermo Fisher Scientific, Waltham, MA, 

United States), counted using a hemocytometer, and viability was determined by trypan 

blue. They were resuspended into complete primary culture media and then plated into 

iMatrix coated six wells plate (or directly transfer into the coated T-25 flask, depending on 

cell density) and incubated at 37°C. Media was changed every other day until 70-80% 

confluency was reached (∼1,000.000 cells), mostly after Day 6 of plating into T-25. After 
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harvesting the cells at passage 1 (P1), cells were split 1:4 into T-25 plates for further 

expansion and aliquoted 3:4 into 1ml of CryoStem™ Freezing Medium (Thermo Fisher 

Scientific, Waltham, MA, United States) in cryotubes and aliquots were stored in liquid 

nitrogen. 

  

2.5 Fluorescence-Activated Cell Sorting (FACS) 

         Aliquots from cultured urine-derived cells from P1 were thawed in RPMI 

supplemented with 10% FBS and 1uM DNase I. Cells were washed with PBS, stained 

with RayBright LIVE 780 and washed with FACS buffer. Cells were blocked with FcR 

blocking buffer and surface stained with antibody CD45 (RayBright 488), CD235a 

(BV421), CD326 (PE). After staining, cells were washed with a FACS buffer, fixed and 

permeabilized with RayBio fixation and permeabilization buffer for 20min. Finally, cells 

were stained with Alexa Fluor 647 anti-Cytokeratin 14 in a permeabilization buffer for 30 

min. After staining, the cells were analyzed using a fluorescence-activated cell sorter 

(RayBiotech, GA, USA). 

 

 

2.6 CGG Repeat Allele Size and Methylation Status 

          Genomic DNA (gDNA) was isolated from 1x106 derived epithelial cells and from 3 

mL of peripheral blood using the Gentra Puregene Blood Kit (Qiagen, Valencia, CA, 

United States). CGG repeat allele size and methylation status were assessed using a 

combination of PCR and Southern Blot analysis on DNA isolated from peripheral blood 

and by PCR on DNA isolated from the epithelial cells. PCR was carried out using FMR1 
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specific primers (AmplideX PCR/CE, Asuragen, Inc.), and amplicons were visualized by 

capillary electrophoresis and analyzed as previously reported [10]. Southern blot was 

performed using the Stb12.3 FMR1 specific chemiluminescent intronic probe, as detailed 

in [11]. 

  

2.7 mRNA Expression Levels 

          Total RNA was isolated from 1 x 106 urine-derived epithelial cells using Trizol 

(Thermo Fisher Scientific, Waltham, MA, United States) and quantified using the Agilent 

2100 Bioanalyzer system. RNA isolation was performed in a clean and RNA designated 

area. cDNA was synthesized as previously described [12]. FMR1 transcript levels and of 

the reference gene β-glucuronidase (GUS), were measured by qRT-PCR using either 

Assays-On-Demand from Applied Biosystems (Applied Biosystems, Foster City, CA, 

United States) or custom-designed TaqMan primers and probe assays as previously 

described [12]. 

  

2.8 Western Blot Analysis 

         Cells were lysed using lysis buffers (Cell Signaling Technology, Inc. Danvers, MA, 

United States) supplemented with a complete protease inhibitor cocktail (Roche Applied 

Science, Penzberg, Germany) and phenylmethylsulfonyl fluoride (Sigma-Aldrich Corp, St 

Louis, MO, United States). Lysates were centrifuged at 16,000 rpm for 15min at 4°C to 

remove cellular debris followed by protein quantification using Bradford assay (BioRad 

Laboratories, Inc. Hercules, CA, United States). Ten µg protein was loaded on a 4–12% 

Bis-Tris gels (BioRad Laboratories, Inc. Hercules, CA, United States) and run at 80V for 
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30min and 110V for 90 min. Resolved proteins were then transferred onto nitrocellulose 

membranes using the Trans-Blot Turbo transfer system (BioRad Laboratories, Inc. 

Hercules, CA, United States) at 25V, 1.0A for 30 minutes. Membranes were stained with 

Ponceau to test for transfer efficiency, blocked with 3% milk for 1hr at room temperature 

followed by incubation with 1:1000 diluted FMRP primary antibodies (MAB 2160, 

MiliporeSigma, Burlington, MA, United States) overnight at 4°C. Membranes were then 

washed in 1X-TBST and incubated with HRP linked secondary antibody diluted 1:10,000 

(Catalog# 1706516, Biorad Laboratories, Inc. Hercules, CA, United States) for 1hr at 

room temperature. Bands were then visualized using Chemiluminescent substrate, Super 

Signal West Dura (Thermo Fisher Scientific, Waltham, MA, United States). Densitometry 

analysis of bands for relative protein quantification was performed using the Alpha 

Innotech Gel Imaging System (Cambridge Scientific, Watertown, MA). 

  

2.9 Immunofluorescence Staining 

         Urine-derived epithelial cells were grown in primary media on 22×22 mm iMatrix 

coated glass coverslip for 24h at 37°C. Cells were fixed for 10 minutes at room 

temperature in DPBS containing 4% paraformaldehyde, washed in PBSt ( DPBS 

containing 10% Tween 20),  permeabilized in 0.1% Triton X-100 in DPBS at Room 

temperature for 10min and washed three times in PBSt for 5min each. Permeabilized 

cells were blocked with 5% goat serum for 1hour at room temperature, then incubated 

overnight at 4 °C with purified anti-FMRP antibody (5ug/mL) (BioLegend, San Diego, CA, 

United States) in diluted 5% goat serum and washed three times in PBSt for 5 min each. 

Cells were incubated in Alexa-488-coupled anti-mouse immunoglobulin antibody 
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(2ug/mL) (Thermo Fisher Scientific, Waltham, MA, United States) in 5% goat serum at 

room temperature for 1 hour and then washed three times in PBSt for 5 min each. Once 

washed, cells were incubated in DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) 

by (Thermo Fisher Scientific, Waltham, MA, United States) at room temperature for 5min. 

After washing with PBSt at room temperature and mounted in Vectashield mounting 

media (Vector Laboratories, Burlingame, CA, United States) cells were visualized using 

an Olympus FLUOVIEW FV1000 confocal microscope. Pictures of different samples were 

blindly taken using the same settings. 

 

3. Results 

3.1 Isolation and Expansion of Urine-Derived Epithelial Cells 

         A total of 32 urine samples were collected from 25 FXS and 7 TD individuals by 

following a protocol, as illustrated in [Figure 1], under a sterilized environment. No 

bacterial contamination was present in any of the cultured samples. The average number 

of live cells in these samples was 4-10, as measured by trypan blue staining. Living cells 

were attached to the coated plate and started expanding within 2-3 weeks, while the dead 

cells didn’t attach and were removed from the culture media [Figure 2a]. Consistently 

with previous reports  [13,14], we observed both types of urinary cell morphologies: type 

I, that showed a smooth-edged contour and, type II, that had a cobblestone-like cell 

morphology with random arrangements. Interestingly, we found that both types of 

colonies were present in the same specimen, although type II usually became more 

prevalent [Figure 2b]. Besides, we found that urine from females mainly consisted of 

squamous cells [Figure 2c]. After plating the cells in primary media, it took about 2-3 
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weeks for the colonies to appear [Figure 2d]. Once cells began growing, they expanded 

rapidly, becoming 70-80% confluent in 6-7 days [Figure 2e]. Once harvested at passage 

1 (P1) and transferred (~0.2*106 cells) to a T-25 flask [Figure 2f], cells only took less than 

a week to reach 80% confluency 1x106 cells) [Figure 2g].  However, after four passages 

the number of cells in primary culture [Figure 2h] did not reach a cell density of more than 

25% [Figure 2i]. 

 

3.2 Urine-Derived Cells Expressed Epithelial Cell surface markers 

         To validate that the newly generated urinary cell colonies were epithelial cells and 

distinguish them from other urinary cell types, we performed Fluorescence-Activated Cell 

Sorting (FASC) using a marker of human epithelial cells, white and red blood cells [Figure 

3].  FACS revealed that Urine-derived Cells at P1 stained 48-76% positive for surface 

markers characteristic of epithelial cells, i.e., pan-cytokeratin (CK14, 15, 16, 19) and 

CD326. Besides, these cells stained 0.013-0.025% for the general hematopoietic cell 

marker CD45 and 0.07-0.1% for the CD235a, a marker for the human erythroid cells and 

their progenitors [Supplementary Material Table S1] indicating that the established cell 

lines were mostly constituted by epithelial cells and not by hematopoietic or erythroid 

progenitor cells. 

 

3.3 Intra- and Inter-tissue mosaicism detected in PBMCs and Urine-Derived 

Epithelial Cells 

         CGG repeat size of the FMR1 allele was determined in both PBMCs and urine-

derived epithelial cell samples from participants (n=10). Interestingly, we observed no 
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difference in the CGG repeat pattern between PBMCs [Figure 4a] and the urine-derived 

epithelial cells [Figure 4b] from the same individual. However, we did observe significant 

differences between PBMCs [Figure 4c and Figure 4e] and urine-derived epithelial cells 

and the CGG allele distribution in other cases [Figure 4d and Figure 4f] suggesting the 

presence of inter-tissue mosaicism. In addition to inter-tissue differences between 

PBMC’s and urine-derived epithelial cells, we also observed, in some cases, multiple 

CGG size alleles within the same tissues [Figure 4a, 4c, and 4e] representing intra-tissue 

mosaicism. 

 

3.4 Urine-Derived Epithelial Cells express FMR1 mRNA and FMRP protein      

         Expression of the FMR1 mRNA and FMRP was measured in a subgroup of the 

established epithelial cells derived from participants with FXS and TD. The FMR1mRNA 

expression levels, normalized against the GUS gene, were, as expected, significantly 

higher (P < 0.0001) in TD (n=1) as compared to FXS participants (n=5) [Figure 5a]. FMRP 

expression was measured using Western Blot analysis. We observed a complete loss or 

significantly lower (<=0.1%) FMRP expression (n=9, p < 0.0001) in patients with FXS 

derived epithelial cells compared to TD (n=3). Interestingly, we observed a very small 

amount of FMRP expression by Western Blot analysis, in protein extracts derived from 

patients with a mosaicism, including Case 5, Case 7 and Case 9, but only after a long 

exposure time [Figure 5b]. We further confirmed FMRP expression and its localization in 

epithelial cells using in-situ immunofluorescence. Consistently with Western Blot analysis, 

high FMRP expression, localized in the cytoplasm of the epithelial cells derived from TD, 

was detected. In contrast, complete loss or low FMRP expression was observed in the 
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cells derived from FXS participants with a fully methylated full mutation (Table 1, Case 5, 

Case 6 and Case 8) [Figure 5c]. Although Case 8 present with 85% methylation, we did 

not detect any FMRP expression by immunofluorescence or Western blot analysis likely 

due to deficit in translational efficiency of the large unmethylated alleles (240-350 CGG 

repeats; see Table 1). 

 

 3.5 Factors affecting the establishment of Urine-Derived Epithelial Cells 

         In our experience, we observed that the health status of the donor affected the 

urine-derived cells attachment and growth in vitro, as the large debris in the urine samples 

decreases the growth of the healthy cells [Figure 6a, 6b]. To find if the plate coating 

material had an impact on the growth of the epithelial cells, we compared the widely used 

coating material Poly L-lysine with iMatrix. Interestingly, we also found that the plate 

coating material impacts the growth and morphology of epithelial cells as we observed 

healthy growth on iMatrix coated plates [Figure 6c] while cell morphology and health 

appeared to be compromised as we observed distorted mesh-like pattern when cells were 

grown on plated coated with Poly L-Lysine [Figure 6d]. To determine whether the urine 

sample could be stored for transportation before culturing the epithelial cells, we froze the 

portion of freshly donated urine for 24 hr at -20°C before isolating and culturing the cells 

by our standard procedure. Significantly, on Day 12, we didn’t observe any cell growth 

from the urine samples stored for 24h at -20°C [Figure 6e] as compared with cells isolated 

from freshly collected urine samples [Figure 6f]. 
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4. Discussion 

         Urine-derived epithelial cells present a unique cell source with proliferation ability 

and an advantageous in vitro model to study FXS. They could be used to investigate FXS 

disease mechanisms, identify new biomarkers, evaluate therapeutic approaches, 

generating iPSCs, and be used for drug screening. As urine can be collected by totally 

non-invasive procedures, this method can be used universally to any neurodevelopmental 

disease. Using this non-invasive approach, we have generated 19 epithelial cell lines, 

and we are continuing to create more lines to be used for future basic and translational 

studies in FXS. To the authors’ knowledge, this paper is the first report on establishing 

epithelial cell lines from the urine of the participants with FXS and proposed as an in vitro 

model to investigate the mechanism of disease development. 

          One of our initial concerns was determining whether the urine-derived cells from 

individuals with FXS could expand in vitro as efficiently as other cell types. We observed 

that, in our hands, cell colonies arising within 2-3 weeks of isolation could be established 

as a stable cell population within just the following six days. The second biggest concern 

was to make sure that the established cell lines were constituted by epithelial cells. FACS 

analysis determined that the majority of cells harvested at P1 were indeed epithelial cells 

as defined by the presence of epithelial-specific surface markers, i.e., pan-cytokeratin 

(CK14, 15, 16, 19) and CD326. Moreover, we detected the expression of FMR1 mRNA 

and FMRP in these cells, although, as expected, we observed low expression levels in 

the cells derived from participants with FXS compared to TD. 

 CGG size mosaicism is common in individuals with the FMR1 full mutation [2,15–

19]. Although, depending on the allele size and the methylation status, FMRP can be 
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produced, mosaic individuals usually present with developmental delay due to the low 

FMR1 gene expression and the inefficient translation of the extended CGG repeat mRNA. 

In addition, mostly, DNA testing is performed on PBMC’s which results may not accurately 

show the mutation pattern in other tissues such as the brain. Mosaicism in different 

tissues has been investigated and reported [2,17,20–22], with similarities across tissues 

in some cases and extreme differences in others. Thus, it is difficult to predict on an 

individual basis whether the FMR1 mutation observed in blood will show the same or 

different pattern in other tissues. For this reason, we assessed the impact of CGG size 

mosaicism in the participants by comparing DNA isolated from both PBMCs and urine-

derived cells. Consistent with other reports, we observed mosaicism in some cases, with 

a similar CGG allele size and distribution between the two different tissues, while different 

in others, underling the complexity of the CGG repeat instability. The observed intra-and 

inter-tissue mosaicism, as demonstrated by the presence of multiple size alleles and 

methylation status in PBMC’s and across different tissues, could be associated with the 

variability in the wide spectrum of clinical involvement in FXS. 

    The difficulties presented in obtaining tissues from patients with neurodevelopmental 

disorders and lack of adequate preclinical models with high predictive and translational 

power pose limitations in the study of these disorders and in developing effective target 

treatments. As brain biopsies are impractical and risky, many studies develop methods 

to differentiate urine-derived cells into neural-lineage cells [23–25]. The human urinary 

cells represent a promising source of stem cells as they can also be converted into neural 

stem cells by using a non-integration-free method with small molecules, which is less time 

consuming than going through iPSCs [26]. As urine-derived stem cells have a similar 
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phenotype to mesenchymal stroma cells (MSC), they can be reprogrammed into iPSCs 

and converted into astrocytes, oligodendrocytes, and neurons. Thus, urine-derived cells 

represent an alternative source of cells for developing iPSCs, with the advantage of being 

collected by a noninvasive method [27]. They may play an essential role in identifying and 

developing safe and effective therapies for patients with neurodevelopmental conditions, 

such as FXS. Moreover, this unique epithelial cell modeling and their further differentiation 

into neural lineage cells will provide valuable information for predicting drug response and 

assessing environmental disease triggers. Furthermore, the development of epithelial 

cells provides a new platform in the field of FXS modeling and works in complementary 

ways; it is expected to benefit research and clinical applications in personalized medicine. 

           Because of the simplicity, safeness, the low-cost, and the noninvasive process 

described here, epithelial cell lines can be generated in a relatively short time from a 

significant proportion of patients with FXS or other neurodevelopmental disabilities, 

including Autism Spectrum Disorders. Importantly, the establishment of these cell lines, 

coupled with extensive phenotypic information, including a clinical history of FXS-related 

comorbidities will potentially result in a reasonable biobank of cell lines from 

phenotypically well-characterized individuals with FXS that can be used initially to identify 

potential molecular biomarkers predictors of drug efficacy, in pharmacology and 

toxicology tests and then should eventually evolve into a community resource for various 

advance studies on the pathology of FXS. 

 One limitation of this study is related to the few numbers of cells and to the amount 

of the debris and contaminants in the urine sample that significantly decrease the chances 

of epithelial cell line establishment. In addition, it is challenging to collect the first urine 
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and, in enough volume, (~40ml) from young patients with FXS to ensure the success of 

the procedure. Thus, optimization and standardization of the urine samples collection 

method is required to significantly improve the growth and proliferation of urine derived 

epithelial cells.  

 

5. Conclusions 

         In summary, there are several advantages in using urine-derived epithelial cells as 

a tool for FXS modeling: a) specimens and cells can be easily harvested;  b) epithelial 

cells do not require processing by enzyme digestion or culture on a layer of feeder cells 

to support cell growth; c) since invasive surgical biopsy procedures are not necessary to 

harvest cells from urine, potential complications such as urethral or bladder trauma and 

urinary tract infection and patient morbidity are avoided; d) epithelial cells are not exposed 

to ultraviolet (UV) rays (such as mostly skin fibroblasts or hair follicles do) and thus, they 

are less likely to contain potential genetic mutations and UV-induced DNA damage; e) as 

epithelial cells are autologous somatic cells, there are no ethical issues involved in their 

use for future preclinical and clinical studies. 

 

6. Availability of Additional Data  

 All statistical data generated during the study is available at the end of this chapter 

as “Supplementary Data”. 
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8. Tables 

Table 1. Demographic, and molecular information for participants included in the study.  

Participa
nts 

Ag
e 

Gend
er 

Periphe
ral 
blood 
Mutatio
n 
categor
y 

Periphe
ral 
blood 
CGG 
repeat 
number
* 

Peripher
al blood 
% 
Methylati
on 

Mutati
on 
catego
ry 

Epithel
ial 
Cells 
CGG 
repeat 
numbe
r 

Periphe
ral 
blood 
FMR1 
mRNA 
level 
(StErr) 

Epithel
ial cells 
FMR1 
mRNA 
level 

Case 1 14 M Full 
mutation >200  

Full 
mutatio
n 

>200 0  0 

Case 2 20 M Full 
mutation >200  

Full 
mutatio
n 

>200 0  

Case 3 8 M Full 
mutation >200  

Full 
mutatio
n 

>200 0  

Case 4 25 M Full 
mutation >200  

Full 
mutatio
n 

>200 0  

Case 5 13 M Full 
mutation >200  

Full 
mutatio
n 

>200 0.01 
(0.002) 0 

Case 6 20 M Full 
mutation >200  

Full 
mutatio
n 

>200 0.009 
(0.001) 0 

Case 7 18 M 

Full 
mutation
, Meth 
mosaic 

>200 
(30-200) 
** 

> 95% 

Full 
mutatio
n, Meth 
mosaic 

>200 (30-200) ** 0.29 
(0.03) 

 

Case 8 8 M 

Full 
mutation
, Meth 
mosaic 

>200 
(240-
350) ** 

85% 
Full 
mutatio
n 

>200***  
 

0.47 
(0.01) 0 

Case 9 8 M Full 
mutation >200***  

Full 
mutatio
n 

>200 0.16 
(0.004) 0 

Case 10 13 M Full 
mutation >200  

Full 
mutatio
n 

>200 0  

Case 11 15 M 

Full 
mutation
, Size 
mosaic 

>200  
(103) ** 96% 

Full 
mutatio
n, Size 
mosaic 

>200  
(103) ** 

0.15 
(0.06) 

 

Case 12 17 M Full 
mutation >200  

Full 
mutatio
n 

>200 0  
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*CGG repeat number measured in peripheral blood. 

** Numbers between parenthesis indicate the range of CGG repeat number of 

unmethylated alleles. 

*** Very light smear of unmethylated alleles was detected by Southern Blot. 

9. Figures 

 

 

Figure 1: Schematic representation of the urine derived epithelial cell culture 

establishment protocol. For sample processing, a urine sample was collected, transferred 

into a sterile 50-ml centrifuge tube, and centrifuged at 1000rpm for 10min at room 

temperature. Collected urine derived cells were plated into iMatrix coated wells and 

incubated at 37°C for 24h. Cells were fed until small colonies of approximately 5-6 cells 

appeared, which on average took 2-3 weeks after plating, to reach 80–90% density. Cells 
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were harvested, aliquoted and stored in cryotubes in liquid nitrogen for different 

applications (Western Blots, CGG repeat sizing, Immunofluorescence and Fluorescence 

Activated Cell Sorting). 

 

 

Figure 2: Isolation and Expansion of Urine derived Epithelial Cells. a. A representation 

of living and dead cells in urine samples. b. Urinary cell morphologies: Type I shows a 

smooth-edged contour and Type II, have cobble stone-like cell morphology with random 

arrangements. c. Squamous cells in the urine sample of female individuals. d. Epithelial 

cell colonies appear within 2-3 weeks after plating. e. 70-80% cell confluency f. Expansion 

of epithelial cells at P1 in T-2 flask. g. 80% cell confluency in a T-25 flask. h Number of 

cells decreased after 4 passages. i. Slow growth of epithelial cells at later passages. 10 



 

 
 

223 

X magnification was used for image a, c, e, f and g, while b, d and h has been captured 

at 20x magnification, the 40 X magnification was used for image i. 

 

 

Figure 3: Urine Derived Cells Express Epithelial Cell surface markers. 

Fluorescence-activated cell sorting analysis of urine derived epithelial cells at P1 from 

Case 1 (top panel, a, b, c and d) and Case 3 (bottom panel, e, f, g, h). Cells were stained 

with antibody against epithelial surface markers pan-cytokeratin (CK14, CK15, CK16, 

CK19) and CD326. In addition, cells were stained with antibody to the hematopoietic cell 

marker CD45 (RayBright 488) and to a marker for the human erythroid cells and their 

progenitors CD235a (BV421). From left to right the cells were separated from precipitation 

and debris by gating them for the further analyses (as shown by the red arrow). Only alive 

cells (b and f, corresponding to 98% and 98.8% of alive cells respectively) were included 
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in the analysis. The cells stained negative for both CD45 and CD325a (c and g) while 

stained strongly positive for the CD326, CK14, CK15, CK16, and CK19 (d and h). 

 

 

Figure 4: Size mosaicism occur between PBMCs and Urine Derived Epithelial Cells. 

Representative capillary electrophoregrams of three individuals with a full mutation are 

illustrated. Several similar peaks, each representing single distinct alleles, were observed 

with similarity between PBMCs (a) and epithelial cells (b) [Case 11]. Interestingly, a 

different CGG profile between PBMCs (c, e) and epithelial cells (d, f) [Case 7 and Case 

2 respectively] and within the two tissues was observed in two other case indicating the 

presence of both inter and intra-tissue mosaicisms. The X axis marks the size of the 

alleles in base pairs. The Y-axis marks the fluorescence intensity of each allele. The 
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numbers inside the boxes indicate H: Height, A: Area, S: Size, D: Data point. Only the S 

number (base pairs) is used to calculate the CGG repeat number 

 

 

 

Figure 5: Urine Derived Epithelial Cells expressed FMR1 mRNA and FMRP protein. a. 

Bar plot showing the significantly higher expression (p< 0.0001) of FMR1 mRNA in TD 

(n=1) as compared to FXS patients (n=5). b. Western blot protein expression patterns 

showing complete loss or significantly lower (<=0.1%) FMRP expression (n=9, p < 

0.0001) in FXS patient derived epithelial cells compared to TD (n=3). Data also show ratio 

of FMRP protein/GAPDH. c. Confocal images and in-situ immunofluorescence showing 
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high expression of FMRP protein (green) localized to cytoplasm of the epithelial cells 

derived from normal individuals (Top panel; n=3), while complete loss or low FMRP 

expression has been observed in the cells derived from FXS patients (Bottom panel; n=3). 

 

 

Figure 6: Factors affected Urine Derived Epithelial Cells a. & b. Representation of high 

debris in the urine samples of FXS patients. c. & d. Plate coating material impacts the 
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growth and morphology of epithelial cells. Normal growth on iMatrix coated plates (c.) v/s 

distorted mesh like growth pattern of cells on Poly L-lysine (d). e. & f.  Urine storage 

conditions affect the growth of the derived epithelial cells. No cells growth observed from 

the urine samples stored for 24h at -20°C before isolating cells (e) as compared to freshly 

collected and processed urine sample (f). 

10. Supplementary Materials 

 

 

 

 

 

  

Table S1: FACS analysis of Urine Derived Cells.

Cells | Freq. of TotalCounting beads | Freq. of TotalCells/Single Cells/Live cells | Freq. of ParentCells/Single Cells/Live cells/Q1: CD325a- , CD45+ | Freq. of TotalCells/Single Cells/Live cells/Q2: CD325a+ , CD45+ | Freq. of TotalCells/Single Cells/Live cells/Q3: CD325a+ , CD45- | Freq. of TotalCells/Single Cells/Live cells/Q4: CD325a- , CD45- | Freq. of TotalCells/Single Cells/Live cells/Q4: CD325a- , CD45-/Q1: CD326- , CK14+ | Freq. of TotalCells/Single Cells/Live cells/Q4: CD325a- , CD45-/Q2: CD326+ , CK14+ | Freq. of TotalCells/Single Cells/Live cells/Q4: CD325a- , CD45-/Q3: CD326+ , CK14- | Freq. of TotalCells/Single Cells/Live cells/Q4: CD325a- , CD45-/Q4: CD326- , CK14- | Freq. of Total
P1_168-18 (IC)_003.fcs49.1 % 10.8 % 98.0 % 0.013 % 5.19E-3 % 0.10 % 47.5 % 5.19E-3 % 47.4 % 0.054 % 0 %
P1_179-18 (IC)_004.fcs76.3 % 6.23 % 98.9 % 0.025 % 5.53E-3 % 0.069 % 75.1 % 0 % 74.7 % 0.39 % 0 %

Note: 50000 counting beads were added to each sample.

Ttoal cells plus beadsLive cells%Total live epithelial cellsTotal leukocytesTotal RBC
P1_168-18 (IC)_003.fcs462963 98.0 % 219444 60 463
P1_179-18 (IC)_004.fcs802568 98.9 % 599518 201 554
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Abstract 

 Individuals carrying a FMR1 expansion between 55 and 200 CGG repeats, are at 

risk of developing the Fragile X-associated tremor/ataxia syndrome (FXTAS), a late onset 

neurodegenerative disorder characterized by cerebellar gait ataxia, intentional tremor, 

neuropathy, parkinsonism, cognitive decline, and psychological disorders, such as 

anxiety and depression. In addition, brain atrophy, white matter disease and 

hyperintensities of the middle cerebellar peduncles, can also be present. The 

neuropathological distinct feature of FXTAS is represented by the presence of 

eosinophilic intranuclear inclusion in neurons and astrocytes throughout the brain and in 

other tissues.  In this chapter, protocols for available diagnostic tools in both humans and 

mouse, the clinical features and the basic molecular mechanisms leading to FXTAS, and 

the animal models proposed to study this disorder.  

 

Keywords: Tremor, Ataxia, FXTAS, FMR1, FMRP, qRT-PCR, TP- PCR 
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1. Introduction 

 The human FMR1 gene spans approximately 38kb of genomic DNA, consists of 

17 exons [1] and it undergoes alternative splicing involving multiple exons [2]. The length 

of the trinucleotide CGG repeats in the promoter defines different allele categories [3]. 

Those harboring between 55 and 200 CGG repeats, are named premutations which are 

unstable upon transmission and have the propensity to expand into a full mutation allele 

in following generations [4,5]. Premutation alleles have a prevalence among the general 

population of ~1 in 110–260 females and ~1 in 400–850 males; however, the prevalence 

can vary depending on ethnicity [6], being the highest in Colombia and Israel [7,8].  

Many studies in recent years have reported that premutation carriers are at 

increased risk for a number of medical problems which include but are not limited to 

hypertension [9], central pain sensitivity syndrome, sleep problems, restless legs 

syndrome (RLS) [10], migraine [11] and gait issues [12]. In addition, the presence of a 

premutation can also cause developmental problems such as ASD and ADHD particularly 

in young boys [13-15], cognitive [16] and psychiatric features, including anxiety [17,18] 

and depression [19] in both children and adults. 

Carriers of a premutation allele are at the risk of developing both Fragile X-

associated tremor/ataxia syndrome (FXTAS) and Fragile X –associated primary ovarian 

insufficiency (FXPOI). About 40% of male carriers over the age of 50 develop FXTAS. 

The penetrance is age related, such that 75% of men ≥80 years of age are affected [20]. 

Approximately 8% of female carriers develop FXTAS [21]. In addition, approximately 20 

% of female carriers of a premutation allele, develop Fragile X-associated primary 
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ovarian insufficiency, a loss of normal ovary function before the age of 40, compared 1% 

women in the general population [22,23]. 

 The main clinical features of fragile X-associated tremor/ataxia syndrome (FXTAS) 

include the presence of gait ataxia and intentional tremor [24]. Observed imaging 

abnormalities comprise global brain atrophy and cerebellar white matter changes, 

including involvement of the middle cerebellar peduncles (MCP) [25,26]. 

Male premutation carriers over age 50 with and without FXTAS have increased 

rates of anxiety, hostility, apathy, irritability, agitation, obsessive compulsiveness, and 

depression [27], while female carriers, with and without FXTAS, show a high rate of 

depressive symptoms as compared to normal individuals [28]. Importantly, female 

premutation carriers, particularly those with core features of FXTAS, present with thyroid 

dysfunction (17% in the non-FXTAS group and 50% in the FXTAS group) [29].  

 Individuals with a premutation allele have up to eight-fold elevation 

of FMR1 mRNA expression levels, which positively correlate with the (CGG)n repeat 

length. Interestingly, although FMR1 transcript levels increase with increased CGG 

repeats, the levels of FMRP gradually decreases with increasing (CGG)n length due to 

decreased translational efficiency of long expanded CGG alleles [30, 31]. Thus, differently 

from fragile X syndrome (FXS), which is caused by the lack of FMRP, FXTAS and the 

premutation disorders arise through a distinct and different molecular mechanism 

involving the presence of elevated levels of FMR1 expanded CGG-repeat transcripts, 

leading to RNA toxicity.  

 Various models have been proposed to explain the disease mechanisms for 

FXTAS. The first proposed model was the RNA gain-of-function model or sequestration 
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model based on the proposed myotonic dystrophy [32]. This model postulates that the 

excessive expanded CGG containing mRNA, binds several CGG binding proteins which 

sequestration affects their normal cellular functions [24]. Among these proteins, Sam68 

is an RNA-binding protein involved in alternative splicing regulation that co-localize with 

CGG aggregates [33] and DGCR8 which with Drosha forms a protein complex involved 

in the biogenesis of miRNA. As result reduced levels of many miRNAs but increased 

levels of their precursors have been detected in brain tissues derived from individuals 

with FXTAS [34].  

  Repeat-associated non-AUG (RAN) translation is an alternative proposed 

mechanism for explaining the pathogenesis of FXTAS [35], which posits that the 

translation of the FMR1 mRNA occurs upstream of the expanded repeat generating three 

different homopolypeptides. However, among the three, the polyarginine (FMRpolyG) is 

produced more efficiently and results in a toxic homopolypeptide that can affect cellular 

functions and consequently plays a role in FXTAS [36,37].  

 The third proposed mechanism is based on DNA damage response model leading 

to the formation of secondary R-loop structures. The transcription of highly GC-rich 

region, such as the 5’ UTR region of FMR1 gene, promotes the formation of R-loops in 

which the nascent RNA forms a stable RNA: DNA hybrid with the template DNA strand. 

Recent study shows that R-loops formed over CGG repeats may be susceptible to an 

increased frequent formation and greater structural complexity, CGG-repeat length 

dependent [38].  The above-mentioned models are not mutually exclusive and likely they 

all contribute to the development of FXTAS but, how exactly they are leading and, what 

is their relative contribution to the pathogenesis of this disorder, remain unknown. 
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1.1  Clinical features and methods for the diagnosis of FXTAS  

 For the diagnostic criteria of FXTAS [Table 1], tremor and ataxia are considered 

the main clinical features for a definite diagnosis of FXTAS. At the molecular level the 

presence of an expanded allele from the gray through the premutation range is required 

for the diagnosis of FXTAS [39].  

 Three categories, termed as “definite”, “probable” and “possible” are used in the 

diagnosis of FXTAS. “Definite” indicates the presence of one major radiological sign plus 

one major clinical symptom. “Probable” indicates the presence of either one major 

radiology sign plus one minor clinical symptom or two major clinical symptoms. “Possible” 

indicates the presence of one minor radiology sign plus one major clinical symptom 

[Table 1]. In addition, the diagnosis of FXTAS can also be clarified by the stage of 

disease, which provide information of the impact of disease on activities of daily living. 

Six FXTAS stages have been described and they include; stage 0: normal function; stage 

1: subtle or questionable signs such as subtle tremor or mild balance problems, with no 

interference in ADLs; stage 2: minor but clear, tremor and/or balance problems with minor 

interference with ADLs; stage 3: moderate tremor and/or balance problems and 

occasional falls with significant interference in ADLs; stage 4: severe tremor and /or 

balance problems (uses cane or walker); stage 6: bedridden. 

 

1.2. Molecular features and methods for the diagnosis of FXTAS 

 The molecular diagnosis of the FXTAS is based on the CGG repeat allele size 

length and specifically on the presence of premutation allele. Recently, the CGG range 

was extended throughout the intermediate allele range [40] as it has been shown that the 
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individuals carrying the gray zone expansion can be affected by FXTAS [41, 42]. Although 

the molecular diagnosis of fragile X syndrome and associated disorders is accomplished 

by the combination of polymerase chain reaction (PCR) and Southern blot analyses 

[Figure 1], the size of the CGG repeat length and the molecular diagnosis of FXTAS is 

generally carried out by the PCR approach which reliably can estimate their exact CGG 

repeat number from normal to premutation range.  

 The conventional flanking or repeat-spanning PCR techniques use two locus-

specific primers to amplify across the FMR1 CGG repeats; however, these approaches 

do not allow amplification of large premutation alleles, and they do not provide information 

on the presence and distribution of the AGG interruptions. These old PCR methods, that 

used slab-gel electrophoresis for the detection of the CGG containing amplicons, have 

been replaced by the more robust fluorescent PCRs and by capillary electrophoresis, for 

better allelic resolution and for a more accurate CGG- repeat sizing. Indeed, a number of 

different PCR-based methods have been proposed over the years to overcome the failure 

of the amplification of large FMR1 alleles due to their high CG content and to the tendency 

to form undenaturable secondary structures.  

  One important issue in common to all the earlier assays is that they are not always 

able to resolve the apparent homozygosity in females, meaning that they cannot 

distinguish between the presence of two identical FMR1 alleles within the normal range 

versus one normal allele and one, unamplified, full mutation allele. This obstacle was 

overcome using the CGG/CCG primer [43] and by the development of a newer and more 

robust PCR-based approach, the triplet-primed PCR (TP-PCR) assay [44], which 
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currently represents an ideal tool for amplifying trinucleotide repeat expansions 

throughout the CGG repeat range in both males and females. 

 The triplet-primed PCR (TP-PCR) assay employs, in addition to two FMR1 specific 

primers, annealing outside the CGG repeat, the use of a CGG primer, which randomly 

anneals within the CGG repeat element. PCR amplification gives arise to a series of 

amplicons that are then visualized as a smear on an agarose gel [43] or as a series of 

peaks on capillary electrophoresis (CE) [44] [Figure 2]. Several studies [44-47] have 

demonstrated that the TP-PCR provides results that are comparable to those obtained by 

the combined PCR-Southern blot approach, making it the method of choice for the 

diagnosis of FXS and Fragile X associated disorders, including FXTAS, in many 

Laboratories world-wide. The TP-PCR also allows the mapping of AGG interruptions, 

which knowledge enables to predict the risks of CGG expansion to a full mutation during 

mother-to-child transmission [5,48], which is important for genetic counseling of women 

premutation carriers as can further enhance the reproductive decision-making process. 

 

2. Materials 

2.1.  DNA isolation from human blood, cultured cells and tissues  

1. RNase A. 

2. Isopropanol. 

3. 70% ethanol (see Note 1). 

4. RBC Lysis Solution: 0.16 M ammonium chloride in 0.01 M Tris-HCl buffer, pH 

7.2 (see Note 2). 
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5. Cell Lysis Solution: 10mM Tris-HCl buffer, 1mM EDTA and 0.5% SDS (see Note 

3). 

6. DNA Hydration Solution: 1 mM EDTA, 10 mM Tris-HCI pH 7.5 (see Note 4). 

7. Protein Precipitation Solution: 7.5M ammonium acetate (see Note 5). 

 

2.2. Triplet-primed PCR (TP-PCR) in human  

1. GC-Rich AMP Buffer: 7.5mM MgCl2 and 7% w/w DMSO (see Note 6). 

2. GC-Rich Polymerase Mix:  20mM Tris-HCL pH 8.0, 100mM KCL, 0.1mM EDTA, 

1mM DTT, 0.5% Tween 20 (v/v), 0.5% Nonidet, P40 (v/v), 50% glycerol (v/v) (see 

Note 7).  

3. FMR1 Forward, Reverse FAM-Primer. 

4. FMR1 CGG repeat specific primer (CGG)5. 

5. Genomic DNA (Positive Control or Nuclease Free H2O for negative control). 

6. Nuclease Free H2O. 

7. ROX 1000 Size Ladder. 

 

2.3. Isolation of DNA from mouse tails 

1. Tail Buffer: 50 mM Tris pH=7.5, 10 mM EDTA, 150 mM NaCl, 1% SDS (see Note 

8). 

2. Proteinase K (10mg/ml) (see Note 9). 

3. 6M NaCl (see Note 10). 

4. Ethanol (100%, 70%). 

5. Nuclease Free water. 
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2.4. CGG repeat sizing in mouse 

1. 5x Expand HF plus buffer with Mg: 25 mM TAPS [tris(hydroxymethyl)methylamino] 

propanesulfonic acid -HCl (pH 9.3 @ 25°C), 50 mM KCl, 2 mM MgCl2, 1 mM b-

mercaptoethanol, 200 µM dNTPs including [3H]-dTTP and 15 nM primed M13 

DNA. 

2. 5 M betaine (see Note 11). 

3. DMSO. Store at room temperature in the dark. 

4. dNTP solution: 25 mM (see Note 12). 

5. Primers: (see Note 13) 

a. Forward (5’- CGGAGGCGCCGCTGCCAGG-3’) 

b. Reverse (5’- TGCGGGCGCTCGAGGCCCAG-3’) 

6. Expand High Fidelity plus PCR system Enzyme. 

7. Nuclease Free water. 

 

2.5. Quantitative reverse transcriptase PCR (qRT-PCR) of FMR1 mRNA 

1. 10x PCR Buffer: 500mM Tris.HCl pH 9.0, 15 mM MgCl2, 220mM (NH4)2SO4, 

2% triton x-100 (see Note 14). 

2. 25 mM MgCl2 (see Note 15). 

3. dNTP (25mM). 

4. Hexamers (100 µM). 

5. Rnase Inhibitor (40U/ µl). 

6. Mulv RT (200U/ µl). 
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7. DEPC H2O. 

8. FMR1 specific primers (100µM). 

9. Probe designed for a specific targeted region. 

10. Taqman Master Mix. 

11. 384 well plate. 

12. 96 well plate. 

13. Optical Adhesive seal 

 

3. Methods 

DNA isolation can be performed using standard reagents available from different 

companies like Qiagen Valencia. 

 

3.1. DNA isolation from human blood 

1. Add 900 µl, of RBC Lysis Solution into a 1.5 ml micro centrifuge tube and add 300 

µl, whole blood mix by inverting 10 times. 

2. Incubate for 1 min at room temperature (15–25°C) and invert at least once during 

the incubation. 

3. Centrifuge for 20 s at 13,000–16,000 x g to pellet the white blood cells and remove 

the supernatant. 

4. Vortex the tube vigorously to suspend the pellet in the residual liquid and then add 

300 µl, Cell Lysis Solution, and pipet up and down to lyse the cells or vortex 

vigorously for 10 seconds. 
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5. To remove RNA, add 1.5 µl, RNase A Solution, and mix by inverting 25 times. 

Incubate for 15 min at 37°C. Then incubate for 1 min on ice to quickly cool the 

sample. 

6. Add 100 µl, Protein Precipitation Solution, and vortex vigorously for 20 seconds at 

high speed. Centrifuge for 1 min at 13,000–16,000 x g. 

7. Pipet 300 µl isopropanol into a clean 1.5 ml tube, and add the supernatant from 

the previous step by pouring carefully 

8. Mix by inverting gently 50 times until the DNA is visible as threads or a clump. 

9. Centrifuge for 1 min at 13,000–16,000 x g and the DNA may be visible as a small 

white pellet. 

10. Carefully discard the supernatant and drain the tube by inverting on a clean piece 

of absorbent paper, taking care that the pellet remains in the tube. 

11. Add 300 µl of 70% ethanol and invert several times to wash the DNA pellet. 

12. Centrifuge for 1 min at 13,000–16,000 x g removes the ethanol and air dry the 

pellet for 5 min. 

13. Carefully discard the supernatant. Drain the tube Add 100 µl DNA Hydration 

Solution and vortex for 5 s at medium speed to mix. 

14. Incubate at 65°C for 5 min to dissolve the DNA then incubate at room temperature 

overnight with gentle shaking. Samples can then be centrifuged briefly and 

transferred to a storage tube. 

 

3.2. DNA isolation from cultured cells 

1. Harvest cells and determine the number of cells. 
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2. Take 1–2 x 10^6 cells in growth culture medium to a 1.5 ml micro centrifuge tube 

and centrifuge for 5 s at 13,000–16,000 x g to pellet cells. 

3. Carefully discard the supernatant by pipetting or pouring, leaving approximately 20 

µl residual liquid. 

4. Now Vortex the tube vigorously to resuspend the cells in the residual supernatant 

and add 300 µl Cell Lysis Solution to the resuspended cells and pipet up and down 

or vortex on high speed for 10 s to lyse the cells. 

5. To remove RNA, add 1.5 µl of RNase A Solution, and mix by inverting 25 times. 

Incubate for 5 min at 37°C. Incubate for 1 min on ice to quickly cool the sample. 

6. Add 100 µl Protein Precipitation Solution, and vortex vigorously for 20 s at high 

speed. 

7. Pipet 300 µl isopropanol into a clean 1.5 ml microcentrifuge tube add the 

supernatant from the previous step by pouring carefully. 

8. Mix by inverting gently 50 times. 

9. Centrifuge for 1 min at 13,000–16,000 x and carefully discard the supernatant. 

10. Drain the tube by inverting on a clean piece of absorbent paper, taking care that 

the pellet remains in the tube. 

11. Add 300 µl of 70% ethanol and invert several times to wash the DNA pellet. 

Centrifuge for 1 min at 13,000–16,000 x g. 

12. Carefully discard the supernatant and drain the tube on a clean piece of absorbent 

paper. Allow to air dry for 5 min. 

13. Add 100 µl of DNA Hydration Solution and vortex for 5 s at medium speed to mix. 
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14. Incubate at 65°C for 1 h to dissolve the DNA. Samples can then be centrifuged 

briefly and transferred to a storage tube. 

 

3.3. DNA isolation from tissue 

1. Dissect tissue sample quickly and freeze in liquid nitrogen. Grind 5–10 mg or 

frozen or fresh tissue in liquid nitrogen with a mortar and pestle 

2. Add 300 µl Cell Lysis Solution into a 1.5 ml grinder tube on ice, and add the ground 

tissue from the previous step.  

3. Add 1.5 µl Proteinase K, mix by inverting 25 times, and incubate at 55°C for 3 h or 

until tissue has completely lysed. 

4. Add 1.5 µl RNase A Solution and mix the sample by inverting 25 times. Incubate 

at 37°C for 15–60 min and then cool down on ice quickly. 

5. Add 100 µl Protein Precipitation Solution, and vortex vigorously for 20 s at high 

speed. 

6. Centrifuge for 3 min at 13,000–16,000 x g. 

7. Pipet 300 µl isopropanol into a clean 1.5 ml microcentrifuge tube and add the 

supernatant from the previous step by pouring carefully 

8. Mix by inverting gently 50 times and centrifuge for 1 min at 13,000–16,000 x g. 

9. Carefully discard the supernatant and drain the tube by inverting on a clean piece 

of absorbent paper. 

10. Add 300 of 70% ethanol and invert several times to wash the DNA pellet. 

Centrifuge for 1 min at 13,000–16,000 x g. 
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11. Carefully discard the supernatant. Drain the tube on a clean piece of absorbent 

paper, taking care that the pellet remains in the tube. Allow to air dry for 5 min. 

12. Add 100 µl DNA Hydration Solution and vortex for 5 s at medium speed to mix. 

13. Incubate at room temperature (15–25°C) overnight with gentle shaking. Ensure 

tube cap is tightly closed to avoid leakage. Samples can then be centrifuged briefly 

and transferred to a storage tube. 

 

3.4 . Triplet-primed PCR (TP-PCR) in Human 

1. The following volumes of the PCR mix are for one PCR-reaction: 11.45 µl of GC-

rich AMP buffer, 0.5 µl of each primer: FMR1 forward and FMR1 reverse, 0.5 µl of 

FMR1 CGG primer, 0.5 µl of Nuclease Free H2O, 0.05 µl of GC-rich polymerase 

mix, 2 µl of DNA sample. Total volume is 15 µl. 

2. Initiate the PCR program and wait until the block has reached at least 103˚C before 

putting the tubes into the cycler machine. PCR conditions are as: 95˚C 5 min, 10 

cycles (97˚C 35 sec, 62˚C 35 sec, 68˚C 4 min), 20 cycles (97˚C 35 sec, 62˚C 35 

sec, 68˚C 4 min + 20s/ cycle), 72˚C 10 min, then hold at 4˚C or store at -20˚C. 

3. The products can be analyzed on an agarose gel or by capillary electrophoresis 

using the Hi-Di/ROX-MW Ladder (Hi-Di/ROX solution). 

 

3.5. Premutation animal models 

  Premutation mouse models, a CGG –Knock in (CGG-KI), were developed even 

before the discovery of the FXTAS as they were designed to study the CGG repeat 

instability. These mouse models which express a CGG repeats in premutation range (81 



 

 
 

242 

CGG and 97 CGG), showed to stably inherited through generations compared to humans 

(49,50). However, later the same authors demonstrated CGG repeat instability upon both 

maternal and paternal transmission in the same KI mouse model [51]. Further, several 

transgenic mouse lines showed the length-dependent instability in the form of small 

expansions and contractions in both male and female transmissions over five generations 

[52]. 

  Increased FMR1 mRNA levels and intranuclear inclusions throughout the brain 

were observed in these mice [53]. A different knock-in mouse model harboring an allele 

of 118 CGG repeats show repeat instability and high expression levels of FMR1 mRNA 

and low level of FMRP. The large expansion into the full mutation in one single generation 

was observed in these mice [54]. However, no methylation of the promoter region has 

been detected thus far in any these mice [53-57]. CGG mice display heightened anxiety, 

deficits in motor coordination and impaired gait and represent the first FXTAS model that 

exhibits an ataxia phenotype as observed in patients [35, 56, 58-60].  

 A Drosophila model was generated by expressing 90 CGG repeats, which results 

in neuronal death of the peripheral and central nervous system [61]. Further, the 

overexpression of Pur α, an RNA-binding protein expressed in the neuronal cytoplasm 

found to be associated with (CGG)n RNA, also suppress the eye neurodegeneration 

phenotype. This protein is present in the inclusions in Drosophila [62], as well as in human 

FXTAS brain [63] supporting the sequestration model of FXTAS as one of the 

mechanisms leading to altered cellular function and ultimately neuronal cell death [62]. 
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3.5.1. Isolation of DNA from mouse tails 

1. Incubate tail in 300μl tail buffer and 20 μl of Protease K (10 mg/ml) at 55ºC for 24 

hrs. 

2. Add 100μl 6 M NaCl to the tail/buffer mixture and shake vigorously. 

3. Spin at maximum rpm for 10 minutes, collect the supernatant and add 1ml of 100% 

Ethanol. 

4. Mix it well and take out the DNA cloud forming with pipette and put into the tube 

containing 500 µl ethanol.  

5. Spin at maximum rpm for 7 minutes, discard supernatant and dried the pellet. 

6. Suspend the DNA pellet into nuclease free water and store at -20 ºC for further 

use. 

 

3.5.2. CGG repeat sizing in mouse 

1. The following volumes for the PCR master mix are for one PCR-reactions: 10.5 µl 

of commercial water, 1 µl of 100 µM forward primer, 1 µl of 100µM reverse primer, 

0.5 µl of 25mM dNTP mix, 1 µl of DMSO, 25 µl of 5 M betaine, 1 µl of Expand High 

Fidelity plus PCR system Enzyme and 10 µl of 5x Expand HF plus buffer with Mg 

and 1 µl of DNA sample. Final volume is 50 µl. 

2. Initiate the PCR program and wait until the block has reached at least 103˚C before 

putting the tubes into the cycler machine. PCR conditions are as follow: 95˚C 10 

min, 35 cycles (95˚C 1 min, 65˚C 1 min, 75˚C 5 min), 75˚C 10 min, then hold at 

10˚C or store at -20˚C until ready to analyze. 
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3. The products can be analyzed by 1.5 % agarose gel electrophoresis. An 

approximate repeat length is calculated based on making a (logarithmic) standard 

curve.  

4. For more accurate size determinations, the samples can be analyzed on a 6% 

polyacrylamide gel. Alternatively, if one the primer is FAM labeled, CGG sizing can 

be obtained on a capillary electrophoresis. 

 

3.6. Analysis of mRNA expression of premutation career by qRT-PCR  

 The premutation clinical involvements, including FXTAS are thought to be associated 

with increased level of CGG expanded FMR1 mRNA. The level of increased mRNA can 

be quantified by quantitative reverse transcriptase PCR (qRT-PCR) [64]. 

 

3.6.1. Reverse Transcriptase: first strand cDNA synthesis 

 For making cDNA, PCR master mix should be made on ice to give sufficient volume 

for several RT-PCR reactions. The following volumes are for one PCR-reaction: 10 µl of 

10x PCR buffer, 22 µl MgCl2 at 25mM, 4 µl of dNTP at 25mM, 5 µl of hexamers at 100µM, 

1 µl of Rnase Inhibitor at (40U/ µl), 1.25 µl of Mulv RT at 200U/ µl and 51.75 µl of DEPC 

water.  

1. No RT-PCR control reaction is as follows: 10 µl of 10x PCR buffer, 22 µl MgCl2 

at 25mM, 4 µl of dNTP at 25mM, 5 µl of hexamers at 100µM, 1 µl of Rnase 

Inhibitor at (40U/ µl, No Mulv) and 53 µl of DEPC water.  
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2. 500ng of total RNA should be used for each RT reaction. To control for RT 

efficiency three total RNA concentrations should be used (i.e., 500ng, 250ng, 

125ng). 

3. Initiate the PCR program and wait until the block has reached at least 103˚C 

before putting the tubes into the cycler machine. PCR conditions are as follow: 

25˚C 10 min, 48˚C 40 min, 95˚C 5 min, then hold at 4˚C or store at-20˚C until 

ready to use. 

 

3.6.2. Quantitative PCR (qPCR) of FMR1 mRNA 

1. To analyze gene expression levels relate to a reference gene using the 

comparative method (64) prepare a primer /probe mixture (P/P) as follow: 152 µl 

DEPC H2O, 8 µl probe (FMR1 or reference gene) (100µM), 40 µl Forward primer 

(100µM) and 40 µl Reverse primer (100µM). The final volume is 240 µl. 

2. Prepare 7 µl of master mix which contains: 6 µl of Taqman master mix plus 0.42 

µl of H2O and 0.58 µl of P/P. Add 5 µl of cDNA to each tube. The final volume is 

12 µl. If you are using 96 or 384 plates, seal with foil. 

3. Spin tunes or plates for 1min at 2000rpm at 4 ˚C. 

4. Run the reaction in a 7300/7500 real time PCR system. 

5. Expression data can be analyzed as detailed in [64] or 

https://assets.thermofisher.com/TFS-Assets/LSG/manuals/cms_053412.pdf 
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4. Notes 

1. For 100 ml of 70% ethanol dissolve the 70 ml of 100% ethanol in 30 ml of water. 

For the higher volume the amount can be adjusted accordingly.  

2. For 500ml of RBC lysis buffer dissolve 4.15 g of ammonium chloride (53.491 

g/mol) and 605 mg of Tris-HCL (121.14g/mol) in a 450 ml of distilled water. 

Adjust the pH to 7.2 with HCL and bring the volume to 500ml. 

3. Dissolve 605 mg of Tris-HCL (121.14g/mol), 146.12 mg of EDTA (292.24g/mol) 

and 250 mg of SDS (288.372g/mol) into 450ml of water. After dissolving 

properly add up more distilled water and bring the volume to 500ml. 

4. Dissolve 146.12 mg of EDTA (292.24g/mol) and 605 mg of Tris-HCL 

(121.14g/mol) into 450ml of water. Adjust the pH to 7.5 with HCL and bring the 

volume to 500ml. 

5. Dissolve 289g of ammonium acetate (77.0825g/mol) into 450ml of water. After 

proper dissolving add the distilled water to bring the volume to 500ml. 

6. Dissolve 0.578 mg of MgCl2 (77.0825g/mol) and 70 mg of DMSO (78.13 g/mol) 

into 0.5ml of water. After proper dissolving add the distilled water to make up 

the volume up to 1ml. 

7. Add 200 µl of 1M Tris HCL pH 8.0, 74 mg of 1M KCl, 100 µl of 10mM EDTA, 

10 µl of 1mM DTT, 50 µl of Tween 20, 50 µl of Nonidet P40 and 500 µl of 

glycerol. Bring final volume to 1ml with distilled water. 

8. Add 50 µl of 1M Tris-HCL pH 7.5, 10 µl of 1M EDTA, 876 mg NaCl, 50 µl of 

20% SDS and make the volume to 1ml.  
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9. Dissolve 10 mg of proteinase K into 1ml of TE buffer (10mM Tris-HCl, 1mM 

EDTA).  

10. Dissolve 35 g of NaCl (58.44 g/mol) into 80 ml of water and bring up the volume 

to 100ml. 

11. Dissolve 3.38 g betaine monohydrate (135.163) into 5ml of distilled water. Filter 

through a 0.2 µm filter to sterilize and store at 4˚C. 

12. For 1ml of 25 mM dNTP mix add 250 µl of each deoxynucleotides (dATP, 

dCTP, dGTP, dTTP), at a concentration of 100 mM. 

13. Make a 100µM stock solution of each primer by resuspension in the appropriate 

volume of the nuclease free water. Use the appropriate dilution based on the 

final volume reaction. 

14. Add 250ml of Tris-HCL (121.14g/mol), pH 9.0, 714 mg of MgCl2 (95.211g/mol), 

14.5354g of (NH4)2SO4 (132.14 g/mol) and 10ml of triton x-100 (647g/mol) and 

bring the final volume to 500ml. 

15. Dissolve 2.38 mg of MgCl2 (95.211g/mol) into 1ml of water.  
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6. Tables 

 

Table 1 Diagnostic criteria of FXTAS 

 

Diagnostic criteria 
Definite Probable Possible 
One clinical major + [one 
radiological or 
pathological major]. 

 

Two clinical major or [one 
clinical minor + one 
radiological major]. 
 

One clinical major + 
one radiological 
minor. 

Molecular 
Required FMR1 mutation including the premutation and the 

gray zone. 
Clinical 

Major Intention tremor, Cerebellar gait ataxia. 
Minor Parkinsonism, Neuropathy, Executive function 

deficit, >Moderate generalized brain atrophy. 
Neuropathology 

Major  Ubiquitin-positive intranuclear inclusions. 
Radiological 

Major MRI white matter lesions in MCPs or brainstem. 
Minor MRI cerebral white matter lesions, 

>Moderate generalized brain atrophy. 
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7. Figures  

 

 

Figure 1: Diagram of Southern blot analysis of genomic DNA showing different CGG 

band patterns of alleles throughout the CGG range (normal to full mutation) in both males 

and females. The DNA marker, 1 kb ladder, is shown in Lane 1. Normal unmethylated 

band (2.8 kb) and normal methylated band (5.2 kb) in a normal female are shown in lane 

2. Normal male, and premutation female and male are shown in lane 3, 4 and 5 

respectively. Lanes 6 and 7 show a typical band pattern for full mutation female and full 

mutation male. In the last two lanes, 8 and 9, the mutation pattern of mosaic males, size, 

and methylation, are depicted. 
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Figure 2: Representative CE profiles of normal female (a), premutation female (b), full-

mutation female (c) and full mutation male (d) using the CGG repeat primed PCR which 

generates, in addition to the full-length specific FMR1 allele also many CGG repeat 

primed products, which are resolved by CE as a series of peaks on each 

electropherogram.  
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Conclusion 

Fragile X syndrome is the leading inherited form of intellectual disability and 

autism. The disorder is caused by expansion of a non-coding, trinucleotide CGG repeat 

tract in the fragile X (FMR1) gene to greater than 200 repeats (named “full mutation”). Full 

mutation CGG-repeat expansions are generally associated with methylation of the CGG-

repeat and promoter regions, leading to silencing of the FMR1 gene and the attendant 

loss of the FMR1 protein (FMRP); this protein is critically important for synaptic plasticity, 

memory, and brain development.  

Individuals carriers of a premutation allele are at risk for FMR1 associated 

disorders, including Fragile X-associated tremor/ataxia syndrome (FXTAS, which), a 

relatively newly recognized neurodegenerative disorder that was first reported in 2001 

(Hagerman et al., 2001). FXTAS can occur in up to 75% of males with the premutation by 

the eighth decade of life (Jacquemont et al., 2004) and in approximately 16% of females 

(Hagerman and Hagerman, 2013; Rodriguez-Revenga et al., 2009). The clinical features 

of FXTAS include intention tremor, cerebellar ataxia, cognitive decline, neuropathy, and 

MRI changes. Patients with FXTAS have mitochondrial dysfunction and oxidative stress, 

likely caused by RNA toxicity due to the elevated FMR1 mRNA levels observed in carriers. 

Currently it is unknown when an individual will develop FXTAS, as clinical assessment 

fails to identify carriers at risk before significant neurological symptoms are evident. Both 

the loss of FMRP and RNA toxicity affect multiple pathways and the need for molecular 

measures that accurately detect/predict and monitor disease progression and 

development, remains unmet.  
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To respond to this need; that is, to develop a reliable biomarker for an early 

diagnosis and progression of the premutation associated diseases, I have investigated 

the FMR1 locus transcriptional landscape, the metabolic profile, and the association of 

observed isoforms and metabolites with the brain changes in the individuals who develop 

the FXTAs over time as compared to those who didn’t and to healthy controls.  

 I observed altered expression of alternative spliced FMR1/ASFMR1 mRNA 

isoforms (Zafarullah et al. 2020) and their strong association with the brain changes that 

suggests their role as potential biomarkers for early diagnosis of FXTAS. I also found a 

number of metabolites as biomarkers of early diagnosis, as they showed altered 

expression only in the individuals who developed the disorder over the time, even when 

they didn’t show any clinical symptoms. In addition, I observed several metabolites being 

altered during the same time period as disease progression, and investigated the 

correlation of these isoforms and metabolites with measures of brain areas/volumes, 

including midbrain, MCP width, and the area of the pons. The altered expression 

observed was mainly related to phospholipids (Zafarullah et al. 2021) 

 Finally, I developed a non-invasive approach to establish epithelial cells lines from 

urine samples collected from patients with FXS and from healthy controls.  These cell 

lines represent new resources for investigating the molecular mechanisms of FXS and 

related disorders. In conclusion, to date, there have been no identified molecular or 

metabolic biomarkers of FXTAS, which has delayed treatment, diagnosis, and prognosis 

of patients. So, these findings form these studies have translational potential, as the 

identified biomarkers could be used for the development of effective therapeutics 

Intervention. 
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