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Fragile X syndrome (FXS) is the most common heritable form of intellectual disability, as well
as the most common known monogenic cause of autism spectrum disorder (ASD), affecting 1 in
4000-8000 people worldwide. Almost 30 years ago, in 1991, the causative mutation for FXS was
identified to be a CGG-repeat expansion in a gene named Fragile X Mental Retardation-1 (FMR1) located
on the X chromosome [1,2]. At that time, it also became clear that methylation of a CpG island proximal
to the repeats results in loss of gene expression and disease pathology [3-7]. While many decades have
elapsed since these early discoveries, the underlying mechanisms involved in the expansion mutation,
as well as the resulting gene silencing, still remain elusive.

Soon after the identification of FMR1, a knockout mouse model was developed to better understand
the role of FMR1 and its protein product, FMRP, in FXS [8]. Work from this mouse model, as well as
other models, implicated FMRP activity in brain development, synaptic plasticity and neuronal
transmission circuits [9,10]. This body of work led to clinical trials attempting to correct the deficient
pathways in the brain of FXS patients [11]. However, all these clinical trials, although based on
successful preclinical studies, did not show beneficial effects in FXS patients. Thus, currently there is
no cure or effective treatment for FXS, and all the available interventions are focused on managing
patient symptoms.

Confronted with the gaps in knowledge and lack of treatments for FXS patients, the scientific
community decided to revisit the approaches and practices used, implementing changes both in the
preclinical and the clinical arenas. This special issue addresses some of the changes that are being
made in the field towards finding effective treatments for FXS.

As reviewed by Kumari et al. [12], there are two major avenues currently being pursued for
development of effective treatments: (1) Targeting pathways altered in the absence of FMRP in the brain,
and (2) Restoring FMRP expression. The fact that clinical trials focused on the restoration of altered
pathways have not shown much promise to date, together with the development of new techniques
and approaches in the biomedical field, has led many scientific groups to revisit the restoration of
FMRP as a potential treatment approach for FXS. Several strategies are currently being investigated as
potential ways to restore FMRP expression in patients. One such strategy is gene therapy, wherein,
FMRP could be produced from an exogenous DNA introduced into patients’ cells. Hampson et al. [13]
discuss this approach and the current work using viral vectors to introduce the FMRP coding sequence
into patients. While studies using adeno-associated viral vector FMRP therapy in the Frnr1 KO mouse
model are showing promising results, additional work needs to be done in this area before such
treatments can be considered for clinical trials.

Given that the loss of FMR1 expression leads to the absence of FMRP in the majority of FXS
patients, and that epigenetic silencing is reversible, another approach for restoring FMRP would be
to reactivate the silenced FMR1 gene. Understanding the molecular mechanism underlying FMR1
silencing in FXS is key for the better identification of targets for its reactivation. In this regard mouse
models cannot be used as they fail to recapitulate the repeat mediated FMR1 gene silencing seen in
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humans. Thus, human cell lines are currently the most widely used model for such research. In this
special issue, Abu Diab et al. [14] describe the use of pluripotent stem cells as a model for investigating
both the timing and mechanism of gene silencing. They also describe how such models have been
used to understand the mechanism of repeat expansion. Kumari et al. [12] expand further on the use
of cultured cells as a model system to investigate gene silencing. The authors describe what has been
learnt from these models about the pathways involved in silencing and how this knowledge can enable
us to develop mechanism-targeted drugs for gene reactivation. They further describe how unbiased
screening in cell culture models can be used as an alternative to identify small molecules that target
silencing pathways and could potentially restore FMR1 expression in FXS patients.

The third strategy discussed in this special issue for the restoration of FMRP expression in patients
utilizes the CRISPR-Cas9 gene-editing technology. Yrigollen et al. [15] discuss the use of CRISPR-Cas9
as an alternative method for the reactivation of the FMR1 gene via two different approaches: the use of
Cas9 to (1) facilitate the recruitment of either DNA demethylases or transcriptional activators to the
FMR1 gene, or (2) delete the CGG repeats, which will hopefully lead to the loss of methylation. While
such approaches are very appealing, they have many limitations such as their efficacy, off-target effects
and efficiency of delivery. Thus, as with the previously described approaches, further study is required
before they can be considered for therapeutic uses.

Another avenue for therapeutic targeting is to reduce, if not eliminate, the pathological expansions
of the CGG repeats. To identify such targets, understanding the mechanism underlying the CGG-repeat
expansion mutation is crucial. Moreover, better understanding of the expansion mechanism can also
enable clinicians to better assess disease risk in patients who display high variability in the extent of
expansions as well as the penetrance and manifestation of disease. Zhao et al. [16] address the current
knowledge from an Fmr1 KI mouse model, and the potential implications for humans. Saré et al. [17]
present data on a different mouse model, investigating the function of FXR2P, an FMRP paralog, as a
possible modulator of FXS phenotypes. Applying the lessons learnt from different mouse models to
develop research in humans has the potential to increase our understanding of disease risk and repeat
instability, develop better diagnostic tools for use in the clinic, identify outcome measures for clinical
trials and discover new targets for drugs.

Regardless of the therapeutic approach, when moving from preclinical studies to clinical trials,
objective, measurable and reliable molecular biomarkers that differentiate healthy controls from
patients are necessary for evaluating the efficacy of the drugs used in the clinical trials. The failure of
clinical trials in finding drugs that can be used specifically for FXS has drawn attention to the need for
finding better outcome measures in FXS clinical trials. Such need is highlighted by the fact that placebo
response in FXS clinical trials is strong, which can result in difficulties in assessing positive responses.
Zafarullah et al. [18] list in their review the currently known candidate molecular biomarkers, and
Pal et al. [19] focus on one such measure, protein synthesis, as a potential biomarker. While there are
a few potential candidates, to date none of these biomarkers have been shown to be robust, reliable
or accurate, or can be measured in an accessible tissue (such as blood). Therefore, there is still an
urgent need to find appropriate biomarkers for the assessment of drug response in FXS clinical trials in
parallel to advancing novel drug discovery.

Fragile X syndrome is a multi-symptomatic disorder and in addition to intellectual disability
and ASD, there are many associated behavioral symptoms such as anxiety, depression and others.
As discussed above, scientists are trying to find drugs that will be able to cure FXS, yet, until then,
treatments for FXS are focused on ameliorating specific symptom/s of patients. However, what
symptom/s should be the focus when developing treatments and designing clinical trials for FXS?
There is an increased appreciation in the field of the importance of involving patients and their
families in creating priorities for treatments. Weber and colleagues [20] created a survey for family
members/caretakers as well as patients to identify such priorities. They found that learning difficulties,
anxiety and behavioral problems are major concern areas that should be taken into consideration when
developing treatments for FXS. They also point out that when designing clinical trials for treating
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these, or any other, symptoms there is a need to take into consideration both the age and the gender of
patients to better target the treatment and assess outcomes.

Bartholomay et al. [21] expand on the differences between genders and draw attention to the
fact that the scientific community mainly focused their research and clinical interventions on affected
males, as females tend to exhibit milder symptoms of FXS. In this review, they present preliminary data
from their prospective longitudinal study to identify factors that contribute to the overall functional
outcomes in girls with FXS and may represent potential targets of intervention in this patient group.

The study by Bartholomay et al. [21] emphasizes the fact that we still have much to do to
understand all the deficits in this multi-symptomatic syndrome. Language and communication skills
are known to be significantly delayed in patients with FXS. However, very little work in the field
has focused on language development and abilities during infancy and toddlerhood, due to the
difficulties in assessing these early on in development. Reisinger et al. [22] describe their pilot study
for the evaluation of early language development using the LENA (Language ENvironment Analysis)
automated vocal analysis system. Consistent with previous literature, they found that caregivers of
infants with FXS vocalize less around their children when compared to those of typically developing
matched controls. Because language acquisition and cognitive development have been found to
correlate with the amount of language in a child’s environment, this might indicate that a simple
and effective intervention such as an increase in the FXS children’s caregiver’s verbal responses may
positively affect the child’s language development.

Deficits in executive functions, cognitive abilities that support adaptive goal-directed behavior,
are also a characteristic of FXS. In this special issue, Schmitt et al. [23] present a literature summary of
executive function deficits in FXS patients. Given that deficits in executive functions have negative
effects on FXS patients as well as their families, the authors emphasize the importance of better
understanding the underlying affected processes and the identification of good outcome measures to
develop treatments for improving these functions in FXS patients.

Another important factor when developing treatments is the time of intervention. It is believed
that in a neurodevelopmental disease such as FXS, early intervention is critical for achieving the
maximal therapeutic effect. The work by Reisinger et al. [22] described above, addresses language
and communication skills as one example for the potential benefits of early intervention. A major
confounding factor for early intervention is the age of disease diagnosis. Currently, the average age
of diagnosis of FXS is three years, and usually later in affected females, which delays the onset of
treatments. Okoniewski et al. [24] address this major concern and discuss screening approaches such
as voluntary newborn screening (NBS) that can enable early diagnosis. They describe the creation
of one such expanded NBS, called Early Check, for FXS in North Carolina. The potential benefits
of such screening programs extend beyond the ability for early intervention, such as the ability of
long-term follow-up and the collection of natural history data that can be used to better understand
the development of the disease and its risk factors. This is especially important for documenting
the relative risk of developmental differences and the identification of biological or environmental
predictors of worse outcomes in infants with a premutation allele.

A major challenge for finding better drugs for FXS is the ability to translate the preclinical studies
into successful clinical trials. To address this issue and provide guidelines to enhance the success of
clinical trials, the Clinical Trials Committee (CTC) was formed in 2015. The CTC is made up of FXS
experts as well as family stakeholders as a one-stop point of contact to consult and give input on any
interventional trials planned for FXS patients. In this special issue, members of the CTC describe the
changes that need to be implemented and factors to be considered when designing future clinical
trials [25].

For optimal outcomes, changes should also be implemented in drug and clinical trial designs
carried out within the pharmaceutical industry, a major driver of drug development. Lee et al. [26]
discuss drug development from the industry point of view, and describe the modifications taking
place within the industry to improve clinical trials. One of the major changes is the involvement of
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FXS families and patients and the consideration of their insights when designing trials. This can have a
positive effect not only on the outcomes but also in the recruitment and engagement of patients in
clinical trials. This, together with reaching out to the scientific community (such as the CTC), the use of
better outcome measures, reducing potential placebo responses and considering the heterogeneity
of the condition can all lead to the development of drugs that have a meaningful impact on FXS
patients’ lives.

We hope that addressing the issues raised in this special issue will result in new studies that will
help fill the knowledge gaps and identify objective outcome measures for successful clinical trials.
This will ultimately advance the field in its search for effective treatments, or even a cure for FXS.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: More than ~200 CGG repeats in the 5 untranslated region of the FMRI gene results
in transcriptional silencing and the absence of the FMR1 encoded protein, FMRP. FMRP is an
RNA-binding protein that regulates the transport and translation of a variety of brain mRNAs in an
activity-dependent manner. The loss of FMRP causes dysregulation of many neuronal pathways and
results in an intellectual disability disorder, fragile X syndrome (FXS). Currently, there is no effective
treatment for FXS. In this review, we discuss reactivation of the FMRI gene as a potential approach
for FXS treatment with an emphasis on the use of small molecules to inhibit the pathways important
for gene silencing.

Keywords: fragile X syndrome; gene reactivation; RNA:DNA hybrid; FMRP; histone methylation;
DNA methylation; FMR1; PRC2

1. Introduction

Fragile X syndrome (FXS, MIM 300624) is the most common form of inherited cognitive disability
affecting 1 in 5000 males and 1 in 8000 females [1,2]. In addition to intellectual disability, FXS often
presents with a characteristic behavioral and physical phenotype that includes attention deficit, anxiety,
and autism spectrum disorders as well as a prominent forehead, long face, and protruding ears [3].
FXS is caused by the loss of function of the fragile X mental retardation protein (FMRP) that is encoded
by the fragile X mental retardation 1 (FMR1I) gene. An unstable CGG repeat tract is present in the
5" untranslated region (UTR) of the FMR1 gene. In the general population, the repeat tract has less
than 45 repeats [4]. FMR1 alleles with 55-200 repeats are known as premutations (PM), and those
with greater than 200 CGG repeats are referred to as full mutations (FM) [5,6]. Most FM alleles show
aberrant DNA methylation and are transcriptionally silenced, resulting in the absence of FMRP and
thus FXS [7,8]. A minority of FXS patients who do not carry the FM have deletions or point mutations
in critical regions of FMRP that result in a loss of function [9-12]. Some FXS patients have a mixture
of PM and FM alleles and/or some proportion of unmethylated FM alleles. These individuals make
some FMRP and present with a milder clinical phenotype [13-22].

FMRP is an RNA-binding protein that regulates the transport and translation of many mRNAs
in the brain [23-27]. The loss of FMRP results in defects in synaptic plasticity and neuronal
development [28,29]. In addition, studies have implicated FMRP in the cellular stress response [30],
cancer metastasis [31], the DNA damage response [32,33], pre-mRNA alternative splicing [34], and
RNA editing [35,36]. Thus, the loss of FMRP has pleiotropic effects.

There is no cure or effective treatment for FXS. Most available medications provide only
symptomatic relief, are not very effective, and can be associated with deleterious side effects.
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Two different options for developing an effective treatment for FXS are possible: (i) compensating for
the loss of FMRP function by identifying and normalizing the altered pathways, and (ii) restoring
FMRP expression either by reactivating the silenced FMRI gene or by providing exogenous FMRP
using gene therapy or mRNA-based approaches (Figure 1). While preclinical testing of targeted
treatment strategies aimed at compensating for the loss of FMRP has been successful in mouse models
of FXS (reviewed in [37]), many of the clinical trials based on these studies were unsuccessful (see [38]
for a recent review). There are a variety of possible explanations for why this was the case, including
heterogeneity in the FXS patient population, the lack of suitable objective outcome measures, and the
fact that only a subset of altered pathways were targeted.
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repeats _ Treatment approaches:
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* CRISPR repeat deletion
» CRISPR gene reactivation
Unaffected FXs « Pharmacological reactivation
v -

Improving translational efficiency

FMRP

© RNA processing and transport
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© DNA damage response

© Other roles

Normalization of dysregulated pathways

Figure 1. Possible treatment approaches for fragile X syndrome (EXS).

In principle, restoring FMRP expression may be more broadly useful as it targets the root cause of
the disease, the absence of FMRP. Different strategies are being pursued for this purpose. Preliminary
studies using clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9-mediated gene
editing approaches to (i) delete the expanded CGG repeats in FXS patient cells [39,40], (ii) induce DNA
demethylation in the FMR1 promoter region [41], and (iii) target transcriptional activators to the FMR1
promoter in FXS cells [42] have all been successful in partially reactivating the FMR1 gene in cell models.
Gene therapy approaches are also being pursued to restore FMRP expression. For example, FMRP
expression can be achieved in the brains of Fmr1 knockout (KO) animals using adeno-associated virus
(AAV) vectors for gene delivery. Such exogenous expression of FEMRP corrects abnormally enhanced
hippocampal long-term synaptic depression [43] and reverses some of the abnormal behaviors seen in
this mouse model [44]. These approaches are discussed elsewhere in this special issue. In this review
we will focus on pharmacological approaches for FMR1 gene reactivation [45-48]. The use of small
molecules for gene reactivation is currently being tested for a number of other disorders including
myelodysplatic syndromes [49], Rett Syndrome [50,51], Angelman syndrome [52], frontotemporal
dementia [53], and Friedreich ataxia [54]. As a result, the list of small molecules able to reactivate
silenced genes that have been approved for use in humans is growing rapidly [55]. The search for
small molecules suitable for gene reactivation can be divided into two categories: (i) a rational or
candidate approach, in which specific pathways important for silencing are identified and targeted for
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gene reactivation, and (ii) an unbiased screening approach to identify small molecules that are capable
of reactivating the silenced gene in patient cells.

2. Targeting Specific Pathways and Proteins Involved in FMR1 Gene Silencing in FXS

The rational or candidate approach to reactivating the FMRI gene in FXS requires a clear
understanding of the underlying silencing mechanism. Despite the fact that it has been more
than 25 years since the FMR1 gene and the causative CGG expansion mutation were identified,
the mechanism by which the repeat expansion leads to gene silencing in FXS is still not completely
understood. In the following sections, we will review the research that has identified some of
the epigenetic modifications present on silenced alleles, some of the proteins important for these
modifications, and the various small molecule-based approaches that have been used to date for
gene reactivation.

2.1. Epigenetic Marks Associated with the Silenced FMR1 Gene in FXS

The transcriptional activity of a gene is regulated by various epigenetic marks that include
DNA methylation and modifications of the N-terminal tails of histone proteins associated with
the promoter. In general, transcriptionally active regions are hypomethylated and enriched for
acetylated histones. These modifications result in an open chromatin conformation or euchromatin.
In contrast, transcriptionally inactive regions often show high levels of CpG methylation of the DNA
and are associated with histone modifications that result in compact chromatin (heterochromatin).
Heterochromatin is generally hypoacetylated and enriched for H3 and H4 histones methylated at
specific lysine residues. Some of these modifications are characteristic of facultative heterochromatin,
which is found on developmentally silenced genes, whilst other modifications are more typical of
constitutive heterochromatin, which is important for the silencing of repeat elements in the genome.

Most of the knowledge about the contribution of various epigenetic modifications to FMRI gene
silencing has been obtained from studies done with FXS patient cells. It was observed early on that
the FM alleles show increased CpG methylation [7,8]. In vitro methylation of the FMR1 promoter
repressed its activity in transient expression assays [56], perhaps because it abolishes the binding of
the transcription factor alpha-Pal/Nrf-1 and reduces binding of upstream stimulatory factor (USF) 1
and USF2 [57]. Moreover, treatment of FXS patient cells with an inhibitor of DNA methyltransferase 1
(DNMT1), 5-azadeoxycytidine (5-aza-dC), leads to gene reactivation [45]. These data, together with
the existence of rare individuals with unmethylated FM alleles who are high-functioning, reinforce the
importance of DNA hypermethylation and FMR1 gene silencing for the development of FXS symptoms.

The FMRI promoter in FXS patient cells is also associated with a decrease in the levels of active
histone marks that include acetylation of histone H3 at lysine 9 (H3K9ac), di-methylation of lysine 4
(H3K4me2), and acetylation of histone H4 at lysine 16 (H4K16ac) [46,47,58]. Moreover, the levels of
repressive histone marks are increased on the FM alleles. These include di- and tri-methylation
of histone H3 at lysine 9 (H3K9me2, H3K9me3), tri-methylation of lysine 27 (H3K27me3), and
tri-methylation of histone H4 at lysine 20 (H4K20me3) [58-60]. Thus, the silenced allele is enriched for
histone modifications characteristic of both facultative and constitutive heterochromatin.

2.2. Models for FMR1 Gene Silencing

In addition to the identification of chromatin modifications important for silencing, a knowledge
of the timing and sequence of events leading to these modifications may also be important for
designing effective strategies for gene reactivation. Early studies of FXS embryonic stem cells (ESCs)
suggested that H3K9me?2 is a relatively early event in the silencing process, occurring before DNA
methylation [61]. This is consistent with the observation that DNA demethylation does not affect
the levels of H3K9 methylation in differentiated cells [58,62]. Many regulators of heterochromatin
formation bind methylated histone lysines [63] and recruit DNA methyltransferases. For example,
methylated H3K9 serves as a binding platform for the recruitment of heterochromatin protein 1 (HP1)
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that in turn recruits the de novo DNA methyltransferases 3A and 3B [64]. Enhancer of Zeste 2 (EZH?2),
the catalytic component of polycomb repressive complex 2 (PRC2) that is responsible for H3K27me3,
has also been shown to be necessary for DNA methylation of PRC2-target genes [65], although it is not
sufficient for methylation at all loci [66]. Since DNA demethylation of FXS alleles results in increased
H4K16 acetylation [47], it may be that H4K16 deacetylation occurs downstream of DNA methylation.
However, a better understanding of the silencing process is required in order to understand the
relationships between all of the epigenetic factors involved.

One model for gene silencing suggests that silencing is initiated by the loss of binding of an
insulator protein to a region upstream of the FMR1 promoter [67]. This in turn is suggested to disrupt
the chromatin boundary upstream of the FMR1 promoter, thus allowing the spread of DNA methylation
and repressive histone marks from an upstream heterochromatic zone [60,67]. A recent study has
also suggested that CCCTC-binding factor (CTCF) plays a role in maintaining the topologically
associated domains (TADs) at disease-associated short tandem repeats like those at the FMR1 locus
and that disruption of the higher-order genome folding alters the enhancer landscape leading to gene
silencing [68]. While CTCF binding has been seen in some cells from unaffected individuals and is
missing from the same cell type in affected individuals [69,70], demethylation of the FMR1 promoter
in FXS lymphoblastoid cells by 5-aza-dC treatment did not restore CTCF binding. Furthermore,
knockdown of CTCF in cells from unaffected individuals and those with unmethylated FMs did not
result in the spreading of DNA methylation from the upstream boundary into the FMR1 promoter [70].
This suggests that CTCF does not act as an insulator at the FMR1 locus. Whether the loss of the
chromatin boundary is relevant to FMR1 gene silencing is still unclear.

An alternate hypothesis is that silencing is initiated by chromatin changes occurring in the repeat
itself. This idea is supported by the observation that the constitutive heterochromatin marks, H3K9me3
and H4K20me3, show a focal distribution on the FMR1 gene in FXS cells, being enriched in the
vicinity of expanded CGG repeats. In contrast, the facultative heterochromatin marks, H3K9me2 and
H3K27me3, are more widely distributed, perhaps, due to the propensity of these marks to spread [60].
In this view, the spreading of the facultative heterochromatin from the vicinity of the expanded repeat
results in its merging with the upstream heterochromatin zone, and thus giving the impression of a
loss of boundary function.

The expanded CGG repeats could trigger heterochromatin formation by processes that are DNA-or
RNA-dependent (Figure 2) (reviewed in [71]). The expanded CGG/CCG repeats in the DNA and
RNA form unusual structures in vitro that include stem-loop /hairpins, G-tetraplexes/quadruplexes,
and R-loops/RNA:DNA hybrids [48,72-86], and there is evidence that such structures are also
formed invivo [84,86]. These secondary structures may in turn recruit chromatin modifiers.
For example, it has been suggested that CGG hairpins can directly recruit DNA methyl
transferases [73,87]. Sequence-specific factors that bind CGG repeats in the DNA may also play
a role in heterochromatization of the FMRI locus by directly recruiting chromatin modifiers, as has
been reported for Suv3%h recruitment to major satellite repeats in mice [88].

An RNA-based mechanism for the initiation of silencing is appealing since it has been shown
that the increase in the levels of repressive mark H3K27me3 after 5-aza-dC treatment is dependent
on the levels of the FMRI transcript and that blocking deposition of this repressive mark is able to
significantly delay the re-silencing that happens after 5-aza-dC is withdrawn [48,62]. In addition,
the observed similarity between the chromatin marks associated with the silenced FMR1 gene and
Sat2 repeats [60] suggests that FMR1 gene silencing might involve a mechanism similar to the
RNA-dependent mechanism involved in the formation of pericentromeric heterochromatin (reviewed
in [89]). Both RNAi-dependent and RNAi-independent RNA-based models have been proposed for
silencing in FXS. RNAi-dependent gene silencing involves the generation of small double stranded
(ds) RNAs by Dicer cleavage of larger dsRNAs. The small dsRNAs associate with Argonaute (AGO)
proteins which in turn recruit chromatin modifiers to the locus that result in transcriptional silencing.
A complex mixture of sense and antisense transcripts have been identified at the FMR1 locus, and their
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pairing could provide a substrate for the generation of small dsRNAs [60,69,90]. Another potential
source of small dsRNAs could be the hairpins formed by the CGG repeats in the RNA which are
known to be substrates for Dicer [80]. Indeed, small RNAs, ~20 nucleotide (nt) in length that are
derived from the FMR1 promoter and CGG repeat region, have been reported in FXS lymphoblastoid
cells after treatment with 5-aza-dC. However, similar levels of these small RNAs were also seen in
cells from unaffected individuals [60]. A recent study also reported the presence of ~21 nt RNAs
containing CGG repeats in association with AGO1 in FXS ESCs. This was suggested to lead to the
recruitment of the H3K9 histone methyl transferase, SUV39H, to the FMRI1 locus [91]. However,
while members of the AGO protein family have been shown to be important for heterochromatin
formation and transcriptional silencing of repetitive sequences in fission yeast [92], Tetrahymena [93,94]
and Drosophila [95], their role in transcriptional gene silencing in mammals in general [96-98] and in
the context of FXS in particular [82] is unclear.
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Figure 2. Schematic representation of the recruitment of repressive chromatin modifiers to the FMR1
locus leading to a heterochromatic silenced state in FXS.

RNAi-independent mechanisms for heterochromatin formation at the FMR1 locus could involve
the recruitment of chromatin modifiers by the FMRI mRNA through a mechanism similar to that
used by long non-coding RNAs like HOTAIR [99], Air [100], and Xist [101,102]. This would require
the interaction of FMRI mRNA with the FMR1 locus either directly or indirectly. The FMRI mRNA
from reactivated alleles is preferentially enriched in the chromatin fraction and thus supporting such
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interaction [48]. Moreover, an R-loop is present at the FMR1 locus [48,82-84,86]. R-loops can potentially
recruit chromatin modifiers to a genomic locus, as was proposed for the recruitment of the PRC2
responsible for H3K27me3 deposition at the RASSF1A gene [103]. Stable R-loops have also been
shown to recruit the G9a histone methyltransferase, which is responsible for H3K9me?2, to expanded
GAA repeats in the frataxin gene in Friedreich ataxia [83]. Furthermore, RNA:DNA hybrid formation
has also been implicated in the recruitment of H3K9 trimethylases, Suv39hl and Suv39h2, to the
heterochromatin in mouse ESCs [104]. While an R-loop is present at the FMR1 locus in unaffected
individuals, the R-loop formed on FM alleles would be longer and more stable and thus perhaps more
effective at recruitment of epigenetic repressors. PRC2 can directly bind quadruplexes in RNA or
unstructured G-rich RNA sequences [105] and has been shown to interact with the Fmr1 transcript
in mouse ESCs [106]. Since the 5" end of mouse and human FMR1 transcripts share much sequence
similarity, it is possible that PRC2 also directly binds the human FMRI transcript. This may represent
one way in which R-loops are able to recruit PRC2 to the 5’ end of the FMRI gene. In addition,
SUV39H1 has also been shown to directly bind RNA in both mice and humans, although it does not
show any major preference for particular structures or sequences [104,107-109]. A persistent R-loop
could also cause transcription termination. The resulting short nascent RNAs from the 5" end of the
FMR1 transcript may also have the potential to recruit chromatin modifiers including PRC2 [110].

2.3. Targeting the Activity of Repressive Chromatin Modifiers for Gene Reactivation

In principle, inhibition of the repressive epigenetic modifiers involved in the silencing of FM
alleles could result in gene reactivation. For example, inhibition of DNMT1 with 5-aza-dC reactivates
the FMR1 gene in FXS lymphoblastoid, fibroblasts, and induced pluripotent stem cell (iPSC)-derived
neural progenitor cells (NPCs). Given that differentiated cells express little, if any, active demethylation
factors, DNMTT1 inhibitors are thought to be effective primarily in dividing cells where methylation
of nascent daughter strands is prevented and existing methylation marks are gradually diluted by
successive rounds of replication. In addition to 5-aza-dC, another somewhat less effective DNMT1
inhibitor, 5-azacytidine (5-aza-C), has been shown to partially reactivate the FMRI gene in NPCs
derived from FXS iPSCs [111,112] and in vitro differentiated neurons [111]. However, given that
only ~50% of the cells in the differentiated population were neuronal cells, whether demethylation
actually occurred in the neurons is unclear. An effect of DNMT1 inhibitors in non-dividing cells
like neurons would be both surprising and important given the need to restore FMRP expression
for proper neuronal function. Valproic acid (VPA), a drug used for the treatment of epilepsy and as
a mood stabilizer, has been shown to trigger replication-independent active demethylation at other
loci [113]. However, treatment of FXS lymphoblastoid cells with VPA had little effect on transcriptional
activation and did not induce DNA demethylation of the FMR1 gene [114]. Another compound that
has been suggested to cause DNA demethylation is methotrexate (MTX), an inhibitor of dihydrofolate
reductase [115,116]. However, while treatment of FXS fibroblasts with MTX did indeed reactivate the
FMR1 gene, it did not decrease promoter methylation, suggesting that its effect on FMR1 transcription
was independent of local DNA demethylation [117]. There is some evidence to suggest that 5-aza-dC
can affect gene expression independently of its effects on DNA demethylation, and it is possible that
this accounts for the high efficacy of this compound relative to other DNMT1 inhibitors [118,119].

Treatment of FXS cells with inhibitors of class I, I, and IV histone deacetylases (HDAC) including
4-phenylbutyrate, sodium butyrate (NaB), trichostatin A (TSA), romidepsin, and vorinostat have
been shown to be ineffective at reactivating the silenced FMR1 gene; however, a synergistic effect
of 5-aza-dC and some of these inhibitors has been reported [120,121]. Treatment with either NaB or
TSA increased total H4 acetylation but did not increase H3 acetylation [58]. In contrast, inhibition of
Sirtuin 1(SIRT1), a class Il HDAGC, is able to reactivate the FMR1 gene to levels similar to those seen
with 5-aza-dC treatment [47] and results in increased acetylation at both H3 lysine 9 and H4 lysine
16. Because SIRT1 inhibitors do not require replication to be effective, this class of inhibitors might be
better for the reactivation of FM alleles in non-dividing cells like neurons.
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While gene reactivation with 5-aza-dC treatment does not lead to any significant changes in
the levels of repressive histone marks H3K9me2, H3K9me3, or H4K20me3 [58,62], it increases the
levels of H3K27me3 as well as EZH2, the catalytic component of the PRC2 that is responsible for
H3K27me3, at the FMRI promoter [62]. EZH2 inhibition by itself does not reactivate the FMRI gene
in FXS cells; however, EZH2 inhibitors are very effective at preventing the re-silencing of reactivated
alleles after 5-aza-dC is withdrawn [48]. This would be consistent with the idea that PRC2 recruitment
to the FMR1 locus likely also occurs prior to DNA methylation. Since DNA methylation is likely
to be clonally propagated in differentiated cells [122,123], DNA methylation effectively provides
an epigenetic memory of the silenced state in these cells. Thus, inhibition of DNMT1 is likely to
be required for inhibitors of early steps in the silencing pathway to be effective at reactivation of
silenced alleles.

It is also important to note that the efficacy of all of these compounds varies considerably between
different cell lines. Whether this is due to differences in the length of the CGG repeat tract and the
extent of DNA methylation or other genetic differences that might impact the drug uptake and efflux
is unclear. Furthermore, these compounds are likely to have off-target effects that include altered
expression of other repressed genes [124,125] and other effects on cell viability [126,127].

2.4. Targeting the Recruitment of Chromatin Modifiers for Gene Reactivation

While it has been reported that some inhibitors of epigenetic modifying enzymes do not
have the global effects on gene expression that one might expect [124,125], in principle, a more
gene-specific strategy for the reactivation of FMR1 would reduce the likelihood of undesirable effects
at other loci. Given that inhibition of PRC2 after 5-aza-dC withdrawal prevents the re-silencing
of reactivated alleles and that the FMRI transcript is involved in PRC2 recruitment and gene
silencing, blocking this recruitment might be one way to achieve a more specific effect on FMR1
expression. This could be accomplished either by preventing the interaction of FMRI mRNA
with the FMRI locus or by blocking the binding of FMRI mRNA to PRC2. For example,
Compound 1a (9-hydroxy-5, 11-dimethyl-2-[2-(piperidin-1-yl)ethyl]-6H-pyrido[4,3-b]carbazol-2-ium)
is a small molecule that stabilizes the hairpins formed by the CGG repeats in the RNA (rCGG)
and disrupts protein-binding [128,129]. Treatment of FXS lymphoblastoid cells with Compound 1a
reduced H3K27me3 levels and prevented re-silencing of 5-aza-dC-reactivated alleles [48]. However,
this treatment had no effect on the formation of RNA:DNA hybrids, suggesting that Compound
la was acting to prevent re-silencing by blocking the interaction of FMR1 mRNA with PRC2 [48].
Since Compound 1a also binds other G-rich repeats [130], and such repeat tracts are present at multiple
locations in the human genome, it is possible that Compound 1a will have undesirable effects on the
expression of other genes. While the extent of off-target effects of Compound 1a requires additional
study, the development of more FMR1I-specific small molecules that are also able to block PRC2
recruitment may be desirable.

3. Unbiased High-Throughput Screens to Identify Compounds that Reverse FMR1 Gene
Silencing

High-throughput screening (HTS) is an approach to accelerate drug discovery that involves testing
a large number of potential biological modulators and effectors against a specific target. With respect
to identifying compounds that can reactivate the FMR1 gene in FXS cells, HTS can help identify new
biologically active small molecules against known targets, for example, DNA methyltransferases,
histone deacetylases, and histone methyltransferases, as well as identify additional targets that might
provide new insights into the gene silencing mechanism. This is particularly important as many of the
compounds that have been shown to reactivate the silenced FMR1 gene so far are toxic and may not be
suitable for long-term use in humans.

The success of an HTS depends on a robust readout that can be measured using an assay that
is reliable and economical. In addition to the detection assay, the cells used in the screen are also
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important. Most FXS fibroblasts are mosaic for PM and FM alleles as well as their methylation
status. Hence, it is difficult to assess if the increase in FMRP levels is due to an increase in translation
from transcriptionally active alleles or reactivation of the silenced alleles. Furthermore, primary
fibroblasts have a finite life span making it difficult to generate the large number of cells required for
HTS. These characteristics make primary human fibroblast cells less desirable for HTS. In contrast,
FXS iPSC-derived neural stem cells (NSCs) or NPCs are suitable for HTS because they can be used
to rapidly generate a large number of cells. Furthermore, given that FM alleles in FXS iPSCs remain
methylated [131,132], it is relatively easy to generate lines with a homogeneous population of silenced
FM alleles.

In this respect, HTS designed for identifying drugs that can increase FMR1 transcription have
relied on both the detection of endogenous FMRP in FXS NSCs or NPCs and the use of reporter cell
lines. In the following sections we review the library screens that have been done thus far to identify
compounds that reactivate the FMR1 gene.

3.1. HTS Based on Measuring Endogenous FMRP Levels

Two different HTS have been reported for identifying molecules that are able to reactivate the
FMR1 gene [133,134]. For one of these screens, a specific and sensitive time-resolved fluorescence
resonance energy transfer (TR-FRET)-based FMRP assay was developed and used to perform HTS in a
1536-well plate format [134]. Given that long CGG repeats negatively affect translation, the authors
chose an iPSC line carrying a completely methylated FM allele with relatively short CGG repeats
(~300) to generate NSCs and neurons. The NSCs were treated with 5-aza-dC to confirm the production
of FMRP by western blot analysis and TR-FRET assay. FXS NSCs and in vitro differentiated neurons
were first evaluated in test screens of a LOPAC'?8 compound library, and two hits were identified,
protoporphyrin IX and SB216763. These hit compounds were further validated by the dose response
in TR-FRET assay and in a quantitative reverse transcription (qQRT)-PCR assay for FMR1 mRNA.
The authors then screened a ~4000 compound FDA-approved library. Four additional compounds
(sodium decanehydroxamate, geliomycin, tibrofan, and deserpidine) were identified from this HTS.
With the exception of sodium decanehydroxamate, which is known to have HDAC activity, the mode
of action of these compounds is unknown. While the compounds identified in this HTS were
effective at very high concentrations and thus not likely to be biologically useful, it provides proof of
principle of the approach and suggests that better lead compounds might be identified using larger
compound libraries.

In another screen, Kaufmann et al. [133] used high-content imaging with FMRP antibodies to
screen 50,000 compounds in a 384-well plate format. The cells used were FXS NPCs derived from an
iPSC line carrying a single methylated FMR1 allele with ~480 CGG repeats. The authors also used
5-aza-dC as a positive control compound for the HTS. A total of 2099 compounds were identified that
induced a small FMRP increase, and 790 of those were further tested in dose response assays. Only one
compound was identified that had a previously known mode of action—a hydroxamate-based HDAC
inhibitor, similar to the one identified in the HTS by Kumari and Swaroop et al. [134]. The identity
of other hit compounds was not disclosed. The advantage of high-content imaging-based FMRP
detection is that it provides information about FMRP levels in single cells. However, careful calibration
is required to enable the detection of weak hits.

3.2. HTS Using Knock-In Reporter Cell Lines

While HTS based on assays using antibodies to detect FMRP were successful at identifying a
number of hit compounds, the cost of antibodies is a limiting factor. To eliminate the requirement for
antibodies, Li et al. [112] inserted the Nano luciferase gene (Nluc) into the endogenous FMR1 gene
locus in FXS iPSCs and control H1 ESCs using CRISPR/Cas9 gene editing. The authors then generated
NPCs from the H1 control and FXS FMR1-Nluc reporter lines and optimized the HTS in 384-well and
1536-well plates. Both 5-aza-C and 5-aza-dC were used as positive control compounds to screen a
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128 epigenetic compound library and ~1134 FDA-approved drug library using NPCs differentiated
from the FXS-FMRI1-Nluc reporter iPSCs. While no new compounds were identified in these screens,
the sensitivity and cost-effectiveness of these reporter lines will make it feasible to screen very large
compound libraries.

The FMRP-based screening assay and the Nano-luc reporter lines share a common
drawback—namely, the negative effect of CGG repeats on translation, which limits the amount
of protein that can be detected. Thus, these assays are less sensitive than assays that detect FMR1
mRNA levels. However, currently, RNA detection assays are not economical, and the generation
of new reporter cell lines that allow the effect of compounds on transcription or translation to be
distinguished would thus be highly desirable for large library screens.

4. Limitations and Challenges of Using FMR1 Gene Reactivation as a Treatment Approach
for FXS

Restoring FMRP expression in FXS cells by reactivating the endogenous FMR1 gene is a potentially
useful treatment option for FXS. However, many challenges to this approach remain. More work
is needed to identify additional proteins important for gene silencing that can be targeted for gene
reactivation. Conducting genome-wide CRISPR/siRNA screens for gene reactivation is one way to
identify new targets. In addition, better model systems to understand the initiating events leading
to gene silencing may allow the identification of novel proteins for pharmacological targeting. Early
work in humans had led to the suggestion that FMR1 gene silencing occurs relatively late in embryonic
development at around 10 weeks of gestation [135]. If so, then the FM alleles in ESCs would be
expected to be active, thus making these cells useful for understanding early steps in the silencing
process. Indeed, a few studies have reported that the FMRI gene is actively transcribed in FXS
ESCs and undergoes differentiation-induced silencing [61,82,136]. However, many FXS ESC lines
already show some DNA methylation, suggesting that differentiation per se is not required for gene
silencing [137,138]. Moreover, the silenced FMRI gene was not reactivated in iPSCs derived from
EXS patients [131,132]. Both human ESCs and iPSCs are thought to more closely resemble primed
pluripotent stem cells rather than the earlier more naive state present in the preimplantation embryo,
and it may be that FMR1 gene silencing occurs at an earlier stage of embryonic development. It is
therefore possible that naive FXS iPSCs or ESCs could provide a better cell model for understanding
the very earliest events in FMR1 gene silencing [139].

Additional challenges include the necessity for overcoming the negative effect of the CGG repeats
on the translation efficiency of FMRT mRNA [140-143] and to reduce the toxicity associated with rCGG
expression that is thought to be responsible for fragile X-associated tremor/ataxia syndrome (FXTAS)
and fragile X-associated primary ovarian insufficiency (FXPOI) in PM carriers [144-148]. Indeed,
some carriers of unmethylated FM alleles have been reported to show symptoms of FXTAS [149-151].
However, there is a wide variability in the expression levels of FMRP in unaffected individuals [152]
and FM females who express FMRP in only 50% of their cells usually present with milder intellectual
impairment [153,154]. Similarly, males mosaic for PM and FM alleles and those with unmethylated FM
alleles can make some FMRP and can be high-functioning. Thus, reactivation that results in expression
of even low levels of FMRP may be clinically beneficial. In principle, pharmacological approaches
that maximize translation may be useful in reducing the level of FMR1 gene reactivation required.
This would also reduce the risk of developing pathology resulting from rCGG expression. Furthermore,
small molecules like Compound 1a that prevent gene re-silencing in a relatively gene-specific way
while also reducing the deleterious effects of rCGG may be particularly useful [48,128,129].

Finally, the challenge of if, when, and how a gene reactivation approach could be deployed needs
to be considered. For families with a known history of FXS, preimplantation genetic diagnosis might
be the preferred option [155]. Most new cases of FXS are diagnosed when the child is already 2-3 years
old [156]. While FXS deficits that likely arise during embryonic life are unlikely to be modulated by
postnatal gene reactivation, there is evidence from work in Frmr1 KO mice to suggest that increasing
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FMRP production during postnatal life may still have some clinical benefit [157,158]. Whether gene
reactivation in utero will be feasible given the potentially detrimental effects of epigenetic modulators
in early development remains to be seen.

5. Concluding Remarks

Preliminary studies using cell-based models for FXS have shown that it is possible to reactivate
the silenced FMRI gene and suggested approaches for gene reactivation that are most likely to be
effective. However, we still have a long way to go before this approach is therapeutically useful.
A number of new tools are needed, including an animal model that recapitulates the repeat-mediated
FMR1 gene silencing seen in FXS and human cell-based /organoid models that can be used to verify
the compounds and approaches that work in the animal models. In addition, the identification of
molecular biomarkers, a focus area for FXS, will be useful not only to test the efficacy of treatment
strategies based on restoring FMRP expression but also for those aimed at compensating for its loss.
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Abstract: Fragile X syndrome (FXS) is the most common heritable form of cognitive impairment. It
results from a deficiency in the fragile X mental retardation protein (FMRP) due to a CGG repeat
expansion in the 5'-UTR of the X-linked FMR1 gene. When CGGs expand beyond 200 copies, they
lead to epigenetic gene silencing of the gene. In addition, the greater the allele size, the more likely it
will become unstable and exhibit mosaicism for expansion size between and within tissues in affected
individuals. The timing and mechanisms of FMR1 epigenetic gene silencing and repeat instability are
far from being understood given the lack of appropriate cellular and animal models that can fully
recapitulate the molecular features characteristic of the disease pathogenesis in humans. This review
summarizes the data collected to date from mutant human embryonic stem cells, induced pluripotent
stem cells, and hybrid fusions, and discusses their contribution to the investigation of FXS, their key
limitations, and future prospects.

Keywords: fragile X syndrome; unstable repeat diseases; epigenetic gene silencing; DNA methylation;
repeat instability; pluripotent stem cells

1. Introduction

Fragile X syndrome (FXS; OMIM#300624) is the most common heritable form of cognitive
impairment (1 in 4000 male and 1 in 8000 female births). It is inherited as an X-linked condition
and results from a deficiency in the fragile X mental retardation protein (FMRP). Nearly all FXS
patients lack FMRP due to a CGG repeat expansion in the 5'-UTR of FMR1 [1-3]. The CGG repeats
are located downstream to a CpG island promoter. Rarely, a normal allele in FMR1 exceeds its
standard length to a medium size ((55 < CGGs < 199), premutation or PM) by the addition of CGGs
during parent-to-offspring transmission. PM alleles confer a risk of fragile X-associated tremor/ataxia
syndrome (FXTAS) and fragile X-associated primary ovarian insufficiency (FXPOI), both of which are
thought to result from a combination of toxic gain-of-function RNA and repeat-associated non-ATG
(RAN)-translation mechanism [4-8]. The greater the size of PM in the mother, the more likely it will
further expand and transform into an FXS-causing mutation (CGGs > 199, full mutation, FM) in the next
generation [9]. Once CGGs increase and reach the FM range, they induce aberrant DNA methylation
and other changes from active to repressive histone modifications that are typical of densely packed
chromatin [1,10-15]. This results in FMR1 transcriptional silencing by abolishing promoter activity.
In addition, the greater the allele size, the more likely it will become unstable [2,16,17]. Despite
intensive research, the timing and mechanism(s) by which FMR1 becomes epigenetically modified or
unstable are at present far from clear. It is still unknown which repressive histone marks [10-15] or
chromatin modifying enzymes [18-20] are critical for eliciting or maintaining FMR1 gene silencing.
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Moreover, it is commonly assumed that gene silencing is facilitated by an RNA-dependent mechanism,
although this question remains to be resolved [18-21]. An additional concern relates to the timing
of FMR1 gene inactivation, which is still a controversial topic [22,23]. Other unresolved issues have
to do with the mechanisms underlying repeat instability, and which may differ among germ line,
preimplantation stage embryos, and somatic cells. In addition, it is perplexing as to why CGG
instability in FXS is at its peak during early fetal development and how this is typically constrained
later in life [24,25]. Furthermore, there is conflicting evidence as to the effects of differentiation and
methylation in restricting repeat instability in affected tissues [25,26].

Current mouse models, including humanized mice, fail to fully recapitulate the molecular features
that are typically associated with the disease in humans. For example, Knock In (KI) mouse models
with CGG expansions greater than 199 repeats fail to show hypermethylation of the FMR1 promoter
and inactivate the gene, as observed in humans [27-29]. One approach to circumventing this difficulty
is to force greater expansions in PM-sized mice by artificially inducing mutations into various DNA
processing pathways [30-33]. These strains have been found useful for investigating the role of
DNA repair proteins in promoting CGG instability. However, why these induced expansions do not
elicit epigenetic gene silencing in mice remains unclear. An alternative approach for FXS disease
modeling is to utilize human pluripotent stem cell (PSC) lines that naturally harbor the disease-causing
mutation [21,34-39]. This review summarizes the data collected to date on the contributions of currently
available PSC model systems to investigate the timing and mechanisms governing epigenetics and
repeat instability in FXS, their apparent limitations, and future prospects. The contribution of these
cell models to a better understanding of the neural phenotype of the disease, including the effect of
RNA /protein toxicity by gain-of-function mechanisms contributed by unmethylated FM alleles, and
their therapeutic potential is beyond the scope of this manuscript and can be found elsewhere [40-42].

2. Currently Available Pluripotent Stem Cell (PSC) Models for Investigating FXS

Pluripotent stem cells are undifferentiated cells that are capable of differentiating into all three
embryonic germ layers and their differentiated derivatives [43]. They are transiently present during
embryonic development but can also be maintained as established cell lines. PSC lines can be derived
from the inner cell mass of blastocysts (embryonic stem cells (ESCs)), primordial germ cells (embryonic
germ (EG) cells), or from tumorigenic derivatives of germinal tissues (embryonic carcinoma (EC)
cells). The primary advantage of these cell lines is that they can be maintained in vitro indefinitely
without undergoing cell senescence while preserving their wide developmental and self-renewal
potentials. One fascinating feature of PSCs is their ability to de-differentiate somatic cells by fusion.
This is achieved by resetting the epigenetic marks that distinguish somatic cells from undifferentiated
embryonic cells and is exhibited by re-establishment of methylation patterns that are characteristic of
early embryonic cells [44].

2.1. Human Embryonic Stem Cells (hESCs)

Of the various pluripotent cell lines, ESCs best resemble early stage embryos. This is because they
are derived from 7-day old spare in vitro fertilized (IVF) human embryos. In addition, they can be
established directly from genetically diseased embryos (Figure 1A), which are occasionally available for
research purposes from preimplantation genetic diagnosis (PGD) procedures [45,46]. The derivation
of human ESCs (hESCs) from FXS affected embryos constitutes a powerful tool for disease modeling
since FXS hESCs naturally harbor the disease-causing mutation. This obviates the need to clone
lengthy repetitive elements and accurately integrate them into the genome. In addition, FXS hESCs are
expected to complement currently available mouse models, which may not accurately replicate the
epigenetics or repeat instability aspects of the disease (possibly due to the lack of sequence conservation
at the borders of the region that become differentially methylated in patients [47]). Moreover, by more
closely resembling preimplantation embryos, they are likely to be a better model for investigating the
earliest phases of disease pathology as compared with other human-based model systems such as
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aborted fetuses, adult postmortem brain samples, or disease unrelated tissues [48-50]. Thus far, over a
dozen EXS cell lines have been established worldwide and are currently being utilized to address some
of the key questions outlined above [42]. However, the accessibility of FXS hESCs is a limiting factor
because their derivation is totally dependent on the infrequent availability of PGD derived embryos.

2.2. Pluripotent Hybrid Cells Fusions (PHCFs)

An alternative approach to modeling early events in FXS pathogenesis is to de-differentiate patient
cells by somatic cell reprogramming. One method to reprogram somatic cells is by fusing them with a
PSC [44] (Figure 1B). This can be done by whole-cell fusion or microcell fusion, if the transfer of a single
mutant chromosome is desired. The hybrids (hereafter referred to as PHCFs), although chromosomally
unbalanced, are considered pluripotent because they preserve their self-renewal and developmental
potential as long as they remain undifferentiated. Hence, they constitute a valuable experimental
resource for resetting the epigenetic memory of somatic cells/single chromosomes obtained from
patients. In the case of FXS this is particularly instructive, since it may allow for reversal of the
pathogenic epigenetic modifications that are induced by the CGG expansion in patients’ cells.
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Figure 1. Currently available pluripotent stem cell (PSCs)-based models for investigating the
underlying mechanisms for fragile X syndrome (FXS): (A) human embryonic stem cell (hESC) lines
derived directly from genetically affected FXS embryos following preimplantation genetic diagnosis
procedures; (B) reprogramming of somatic cells from patients by whole cell /microcell fusion with a
pluripotent stem cell, leading to the creation of pluripotent hybrid cell fusions (PHCFs); and (C) induced
pluripotent cells (iPSCs) derived from patients’ somatic cells by over-expression of a defined set of
transcription factors.

2.3. Induced Pluripotent Stem Cells (iPSCs)

Another approach for inducing somatic reprogramming of patient cells is to transiently express
a small number of transcription factor master regulators [51] (Figure 1C). Quite remarkably, the
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resulting cell lines, dubbed induced PSCs (iPSCs), closely resemble embryo-derived hESCs in many
respects [52,53]. In addition, they are considered superior to PHCFs since they have a normal karyotype
and are considered non-tumorigenic. The benefits of iPSC technology are clear. It can be applied,
in principle, to any cell type in the body, thus circumventing the obstacle of inaccessibility of spare
IVF embryos for hESC line derivation. This technique can be carried out directly on cells obtained
from patients, thus enabling any tissue culture laboratory to create pluripotent-based disease models.
In addition, the iPSCs derivation procedure typically results in the creation of multiple clones from the
same individual (isogenic), that can strengthen the robustness of research findings. Thus far, many
iPSCs have been established with the FXS mutation [34,36-39,54] and are used mostly for the study of
the neuronal aspects of the disease [55,56]. One limitation of the iPSC system which is also relevant to
PHCEFs, is that they are derived by clonal selection. As a result, single clones do not accurately reflect
the composition of all alleles within individuals, particularly if the primary cells were derived from
subjects who are mosaic for methylation or repeat size [57,58].

3. Epigenetics

3.1. The Timing of FMR1 Gene Inactivation in FXS

At the time the gene was discovered, it was assumed that CGG expansion is established and
transmitted by the mother to the offspring in its methylated and inactive form. However, later
studies on chorionic villus samples (CVS) and fetal tissues appeared to suggest that a developmentally
regulated process takes place between 8-16 weeks of gestation [22,24,59-61]. This led to the view
that differentiation-dependent factor(s) are necessary to translate the mutation into gene silencing.
Nevertheless, attempts to test this model using patient-derived reprogrammed cells (iPSCs and
PHCFs) or FXS hESCs yielded conflicting results. For example, when mouse EC/ES cells were used as
recipients to reprogram a fragile X chromosome with a heavily methylated and FMRI-inactive gene,
this frequently led to de-methylation and restoration of FMR1 activity in the PHCFs [25]. This not only
validated the widespread assumption that FMR1 epigenetic silencing is triggered by differentiation,
but also encouraged researchers to posit that somatic cell reprogramming by iPSC technology could
also reverse the epigenetic modifications that are acquired as a consequence of the mutation. In fact,
when the first FXS hESC line was established it was found to be completely FMR1 unmethylated and
gene active [35]. However, as more FXS hESC lines were characterized, it became apparent that FMR1
methylation is not restricted to differentiated cells but can be displayed by undifferentiated cells as
well [21,34,62]. Specifically, of the 11 FXS hESCs examined to date, the majority present varying levels
of FMR1 methylation, as high as 65% [34].

Clearly, the wide variability in FMR1 methylation across different FXS hESCs lines runs counter
the claim that gene inactivation is initiated by the end of the first trimester and calls for re-evaluation
of the timing of FMR1 hypermethylation in FXS (reviewed by [23]). In addition, it may suggest
that the expansion is not evenly methylated or is not long enough in all cells of the preimplantation
embryo. This is consistent with the realization that FMRP loss-of-function may not be the sole
mechanism contributing to the clinical phenotype in FXS patients, because mosaicism for allele
size and methylation within affected tissues [63] may lead to typical features of FXTAS by toxic
gain-of-function mechanisms [57]. An alternative explanation for the extent of variability in FMR1
methylation among the different FXS hESC lines has to do with the pluripotency state of hESCs, which
are heterogeneous in that some cells may reflect a less primitive ground state of pluripotency (primed)
as compared to the inner cell mass (ICM) cells in the embryo (naive) [42,64]. It is thus imperative to
directly monitor the expansion size and methylation state of FMRI in FXS preimplantation embryos
to better understand the dynamics of both expansion size and methylation early in development.
In addition, it would be worthwhile establishing FXS hESCs with a FM under naive conditions to
examine whether methylation is abolished under these conditions.
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Importantly, when patients’ skin fibroblasts were reprogrammed to generate FXS iPSCs, FMR1
was consistently hypermethylated and gene inactive [36-38]. Moreover, when iPSCs were derived
from the skin of an atypical individual who carried an unmethylated FM, reprogramming frequently
led to FMR1 hypermethylation (instead of remaining hypomethylated) and transcriptional silencing
in the newly established iPSC clones [39]. On the other hand, in a different study, when iPSCs were
derived from blood cells from subjects with an unmethylated FM, FMRI remained unmethylated and
gene active [54]. The inconsistency in the methylation status of the gene following reprogramming may
stem from inter-individual heterogeneity among unmethylated FM carriers due to “clonal selection
bias” or may simply result from a difference in the type of cells used for reprogramming (fibroblasts
vs. peripheral blood mononuclear cells).

3.2. The Role of DNA Methylation in the Silencing Process

When CGGs increase in size and reach the FM range, it results in aberrant DNA methylation
in a region that initiates approximately 650-850 nucleotides upstream to the CGGs and extends
into intron 1 of the FMR1 gene [47,65,66]. This disease-associated Differentially Methylated Region,
DMR, covers a CpG island (91 CpG sites, GRCh38/hg38 chrX:147,911,574-147,912,682) that overlaps
with the FMR1 promoter and the downstream repeats [47,67]. Upon expansion, the DMR becomes
incorrectly methylated presumably by the spread of methylation from the upstream flanking region [47].
This is accompanied by the switch from active (histone acetylations and H3K4me2/3) to repressive
(H3K9me2/3, H4K20me3 and H3K27me3) histone modifications [10-15], resulting in heterochromatin
induction and transcriptional silencing of the FMR1 gene.

Little is known about the specific role of DNA methylation or the order of events that lead to
FMR1 epigenetic silencing. This is because methylation is only rarely uncoupled from the repressive
histone modifications that are associated with silencing in the cell types examined including PSCs [12].
This makes it hard to decipher the role of each of these epigenetic modifications in this process. It is
generally assumed that methylation is a relatively late event in the timeline of gene silencing and is
responsible for locking up the inactive state. This is because in rare individuals with an unmethylated
FM allele, FMR1 remains transcriptionally active (nonetheless enriched for H3K9me2/3) [14]. Other
evidence to support this supposition comes from the treatment of patients’ cells with the demethylation
agent 5-aza-dC, which results in partial re-activation of the FMR1 gene without affecting H3K9me2/3
levels [11,18]. Together, this suggests a mechanism of DNA methylation that is downstream or
independent of H3K9me2/3 deposition. With respect to H3K27me3, the results are less consistent.
While some FXS PSC lines/clones with a hypermethylated and inactive gene have been significantly
enriched for the repressive H3K27me3 mark [68], others were not [69]. The significance of this
variation remains to be determined. In addition, it should be mentioned that when FMR1 was partially
re-activated by 5-aza-dC treatment, it led to the recruitment of EZH2, the catalytic subunit of PRC2
(histone methyl transferase that modifies H3K27) and to an increase in H3K27me3 in a manner which
is dependent on FMR1 mRNA expression [18]. The relevance of this to the process of gene silencing,
as naturally occurs in patient cells, remains to be determined.

To isolate the functional significance of DNA methylation in FXS, researchers have designed DNA
methylation editing tools that exploit the fusion of a catalytically inactive Cas9 with the demethylating
enzyme TET1 (dCas9-Tetl) to target methylation at a specific locus in the genome [70]. By designing
a single gRNA directed against the CGG repeats, they targeted the dCas9-Tet1 to the FMR1 locus in
multiple FXS patient-derived iPSCs, and efficiently demethylated the repeats [69]. Erasing methylation
from the CGGs resulted in hypomethylation of the flanking sequence, increased H3K27 acetylation
and H3K4 methylation, and reduced H3K9me2 at the FMR1 promoter. This unlocked the epigenetic
silencing of FMRI and restored its activity to nearly normal levels (90%, as compared to 25% after
5-aza-dC treatment [18]) by the recruitment of RNA Pol II to the promoter region. Gene re-activation
and demethylation in the FXS iPSC edited clones persisted for at least 2 weeks after inhibition of the
dCas9-Tetl protein in vitro and was sustained in vivo in neurons after transplantation into the mouse
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brain. This provided the first direct evidence that demethylation of the CGGs is sufficient to re-activate
the gene and to switch the region from closed to open chromatin. It would be beneficial if the same
programmable dCas9 toolkit approach could be utilized to determine the cause-and-effect relationship
between DNA methylation and the other histone marks accompanying the cascade of FMR1 epigenetic
silencing. For example, while there are some hints that H3K9me2/3 is involved in steps preceding
DNA hypermethylation, this needs to be experimentally substantiated. By directly tethering the
catalytic domain of G9a or Suv39H to the CGGs and depositing H3K9me2/3 in unmethylated FM
alleles, it may be possible to uncouple these epigenetic changes to define their causal relationship.
Crucially, however, when targeting the CGGs (rather than the flanking sequence) this may lead to
off-target effects, given the many CGG repetitive sequences spread throughout the genome [69].

To determine whether CGG expansion is needed at all times to preserve aberrant methylation once
silencing is achieved, researchers have taken advantage of XY FXS iPSCs with a heavily methylated
expansion to eliminate (as opposed to shorten) the CGGs from FMR1 with the CRISPR/Cas9 system
using gRNAs directed against the flanking sequences [71,72]. By monitoring for changes in FMR1,
Park et al. demonstrated that excision of the CGGs with a single gRNA completely eliminated aberrant
methylation from at least a portion of the FMR1 promoter (22 CpG sites), switched from H3K9me?2 to
H3K4me3 enrichments, rescued FMRI transcription, and restored protein levels [71]. In a different
study Xie et al. were able to reactivate the FMR1 gene in some of the targeted cells (67% of somatic
cell hybrids and only 20% of iPSCs) and increase the mRNA to at least 50% of WT mRNA levels, by
efficiently deleting the CGGs using a pair of gRNAs targeting either side of the repeats [72]. However,
in the latter study repeat deletion was mostly inefficient or only partly reduced methylation levels to
wild type control levels at the promoter (altogether 8 CpG sites). It is hard to reconcile the difference in
the methylation changes between the clones. Considering that the precision of the deletion with a single
gRNA by Park et al. was not as precise as in the latter report and often led to indels, interpretation calls
for caution. Nevertheless, together these studies provide evidence that the repressive marks elicited by
the mutation under certain conditions are reversible and need to be established persistently at each
DNA replication cycle. Clearly, this should be taken into account when considering the mutation as a
potential therapeutic target in non-dividing cells such as affected neurons.

Finally, in a recent study, Haenfler et al. achieved re-activation of a completely methylated FMR1
gene in an hESC line with approximately 800 repeats by targeting a catalytically inactive Cas9 and
transcription activator VAP192 fusion protein directly to the repeats [62]. Using this approach, they
induced transcription from the FMR1 gene despite high levels of methylation in both the promoter
and the repeats. This implies that epigenetic silencing in undifferentiated PSCs can be overcome by
sustained accessibility of transcription factors to the locus.

3.3. The Significance of DNA Hydroxymethylation at the FMR1 Locus

While the role of DNA methylation in FMR1 epigenetic silencing has been extensively studied,
the contribution of 5-hydroxymethylcytosine (5ShmC) to this process is less clear and has not been well
characterized in differentiated and undifferentiated iPSC-based models. The epigenetic mark 5hmC is
produced by DNA demethylation through oxidation of 5mC by the TET family of deoxygenases [73,74].
It acts as an intermediate in DNA demethylation during the conversion of 5mC into cytosine, and
thus is implicated in transcriptional activation of genes. There is evidence to show that TET1 acts in
differentiated cells as a maintenance demethylase to prevent aberrant methylation spreading into CpG
islands [75-77]. Consistent with this idea, it was hypothesized that repeat expansion elicits FMR1
epigenetic silencing by impeding TET-mediated demethylation at the otherwise hypomethylated
CpG Island. With this in mind, Esanov and colleagues analyzed the levels of 5ShmC at the FMR1
promoter in post-mortem brain samples, primary fibroblasts and immortalized lymphocytes from
FXS and control subjects as well as in vitro differentiated neural progenitors (NPCs) from FXS iPSC
and hESCs (WCMC-37) [50]. In their study, the FMR1 promoter was found to be exclusively 5hmC in
primary neurons of FXS patients, suggesting that NPCs established from patient-derived iPSCs or FXS
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hESCs may not reflect the complete repertoire of epigenetic modifications that are typically found in
mature neurons in brains of patients. The reason for the discrepancy between the different cell types is
unknown however it may be because 5hmC cannot be well maintained in highly proliferating cells [78].
Hence, the significance of this epigenetic mark to gene silencing is uncertain as it may simply reflect
changes in other processes that lead to DNA demethylation such as the activity of repair proteins [79].

3.4. The Effect of Differentiation on the Epigenetic Status of the Gene

To date, no simple model can be put forward based on the data collected from FXS PSC-based
systems. In some reports, epigenetic modifications were reversed by reprogramming or, conversely,
triggered by differentiation [20,21,25]. In other reports, in vitro differentiation, particularly to neurons,
had no effect on the methylation status of the gene [54,68]. On the other hand, there is some evidence
to suggest that the threshold for silencing lies around 400 repeats in iPSCs derived from individuals
with an unmethylated FM, and that this may be the cause of the failure of FXS undifferentiated
cells, in general, to methylate the mutant gene [54]. Taking advantage of a selectable reporter system
which can be harnessed to identify spontaneous silencing events in FMR1, studies have shown that
silencing can be induced by increasing the length of the repeats and reversed by contractions [54].
A different study indicated that when the size of the mutation drops below ~400 repeats, but still
remains in the FM range, methylation erodes [68]. It would be useful to extend these studies to
explore whether PSCs (embryonic or induced) are distinct from other cell types in that they require a
greater number of repeats (>199) for methylation to be elicited. In addition, it would be worthwhile
exploring whether differentiation can indirectly lead to an increase in methylation levels by selection
against unmethylated FMs, as was previously suggested [23,42,68]. In fact, in vitro differentiated iPSC
neurons carrying unmethylated FMs presented in addition to FMRP aggregates increased numbers of
ubiquitin-positive inclusion bodies as compared to their PM isogenic controls, thus pointing to toxicity
of unmethylated FM alleles [54].

3.5. Potential Mechanisms for Epigenetic FMR1 Silencing

Mechanistically, researchers are attempting to address how CGG expansion leads to de novo
methylation at the 5-UTR of FMRI using FXS hESCs. FXS hESCs may be particularly useful
for this type of study since they carry a FM that is frequently unmethylated [34]. This provides
a rare opportunity to uncouple the CGG expansion and the epigenetic marks that are elicited
post-fertilization. It is generally accepted that untranslated repeat expansions, including the CGGs
in FMR1, trigger hypermethylation by a common mechanism that relies on incorrect recruitment of
silencing complexes/chromatin modifying enzymes to the otherwise hypomethylated CpG island in
which they reside. This may result from binding loss/gain of specific DNA-interacting proteins that
normally counteract/promote de novo methylation, respectively.

CTCF and TADs: One model to explain how CGG expansion leads to hypermethylation of the
5'-UTR of FMR1 suggests that the insulator-binding protein CTCF differentially binds to the FMR1
locus next to the repeats thereby protecting the region from the spread of adjacent heterochromatin [80].
CTCF is a zinc finger protein that functions as a barrier against the influence of neighboring regulatory
elements. It also blocks the spread of inactive chromatin (for a review see [81]) and separates the
genome into independent functional domains (called topologically associated domains or TADs),
ranging from 10kb to a few megabases. Consistent with functional studies involving other loci, it was
initially hypothesized that when the CGGs expand and reach a pathological range, this leads to the loss
of CTCF binding in the immediate proximity of the repeats, resulting in the spread of heterochromatin
and promoter inactivation.

To explore the potential role of CTCF as an insulating factor in FMR1, researchers took advantage
of FXS hESCs and examined whether methylation was coupled with the binding loss of CTCF next to
the CGGs. However, no enrichments for CTCF could be detected by Chromatin immuno-precipitation
(ChIP) analysis in wild type or expanded cells [34]. This is consistent with an earlier study where the
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knock-down of CTCF in cells from healthy individuals as well as subjects with an unmethylated FM
did not induce FMR1 hypermethylation [66]. Nonetheless, in a recent genome-wide study using Hi-C
datasets from wild type hESCs as well as patient tissues and cell lines, Sun et al. bioinformatically
identified chromatin folding patterns that are typical of unstable repeat-associated loci, including
FMR1 [82]. Akin to other unstable tandem repeats, the CGGs in FMR1 co-localize with the boundaries
of TADs, which are typically positioned in CpG-island-dense regions and are occupied by CTCE. Upon
expansion, when the gene is epigenetically silenced and heavily methylated, the boundaries of the
TADs are altered and CTCF occupancy is abolished (100 kb upstream to the repeats).

While the mechanistic relationship between CTCF binding, TAD boundaries, and epigenetic gene
silencing remains to be discovered, it is tempting to suggest that the repeat expansion disrupts the
TAD structure by interfering with CTCF occupancy by long range interactions. This could ultimately
result in hypermethylation and gene silencing in affected cells, possibly by a shift in the location of
the gene from a downstream TAD containing active enhancers to an upstream TAD that is poor in
active enhancers. Understanding the cause and effect between repeat expansion, boundary disruption
and epigenetic silencing is expected to pave the way for research and provide new insights into the
mechanisms that may apply to noncoding repeat expansion pathologies as a whole. On the other hand,
hypermethylation may be upstream to the changes in TAD boundaries and the loss of CTCF binding.
Alternatively, hypermethylation may be unrelated to these events since the majority of disease-causing
repeat loci that co-localize with TAD boundaries in the Sun et al. study, were not coupled with aberrant
DNA methylation or gene silencing in patients (21 out of 23 examined loci including HTT, ATN1,
ATXN3, ATXN7,CSTB, JPH3, ZIC2 and CACNA1A).

RNA-mediated epigenetic silencing: Other models (not necessarily conflicting with insulator-interacting
protein binding loss and /or TAD change models), argue for a mechanism that is mediated by RNA [83].
On the basis of accumulating data related to epigenetic gene silencing in other loci, particularly
at repetitive elements, it is commonly thought that FMR1 inactivation is elicited in a way that is
RNA-directed. In fact, antisense transcription, siRNAs and R-loop retention have all been put forward
as candidates for mediating this process [83]. However, there is no robust experimental evidence
to firmly support any of these possibilities. One hypothesized RNA-directed epigenetic silencing
mechanism is based on bi-directional transcription, given the identification of two antisense long
noncoding RNAs at the 5'-end of FMR1; FMR4 and ASFMRI [80,84]. FMR4, is a primate-specific
noncoding RNA transcript (2.4 kb) that resides immediately upstream and shares a bidirectional
promoter with FMR1. Like FMR]I, it is epigenetically silenced in FXS patients and is up-regulated in
PM carriers. However, knockdown of FMR4 did not affect FMR1 expression, nor vice versa, suggesting
that FMR4 most likely is not involved with epigenetic regulation of the FMR1 gene [84]. ASFMR]I, is
an overlapping antisense transcript which initiates from intron 2 of FMR1 and extends past the CGGs.
Similar to FMR4, ASFMR1 is upregulated in PM carriers but is silenced in FM individuals. Given the
capacity of long double strand RNA (dsRNA) molecules to be processed into small RNA molecules by
the RNAi machinery, it was posited that ASFMR1 may contribute to epigenetic silencing of FMR1 by
forming dsRNA structures together with FMRI mRNA [80]. Another hypothesis is that the propensity
of CGG-expanded RNAs to fold into hairpin structures provides a favorable substrate for Dicer activity.
Regardless of the mechanism (bi-directional transcription or RNA hairpin structures), Dicer-processed
short RNA molecules are thought to attract silencing complexes to the region via pairing directly to
the DNA or to nascent RNA transcripts (for instance in pericentromeric regions [85]).

By taking advantage of cell fusion technology to reprogram patient cells with mouse
Dicer-depleted ESCs (knocked down with 10% residual mRNA levels), Hecht et al. abolished H3K9me3
marking and hence interrupted the silencing process of FMR1 directed by cell differentiation [20].
Likewise, by fusing patient cells with a mouse ESC that was completely deficient for the histone
methyl transferases Suv3%h (double mutants for Suv39h1 and Suv39h2) they successfully abolished
heterochromatinization and the transcriptional inactivation of the gene. These findings led to the notion
that FMRI gene silencing is triggered by the recruitment of Suv39%h to the repeats via Dicer-processed
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CGG-containing small RNAs, resulting in the local induction of heterochromatin (H3K9me3, HP1 and
DNA methylation). These authors reported a 2 to 3-fold increase in the number of small RNA molecules
with pure CGGs in an FXS hESC with an unmethylated mutation (HEFX), as compared to the wild
type control. Their study suggests that FMRI transcriptional repression is differentiation-dependent
and is mediated by small RNAs working upstream to H3K9me3 heterochromatin induction and
DNA hypermethylation. Conversely, in a different study, the knockdown of Dicer, Agol and Ago2 in
FMR1-expressing FXS hESC lines (WCMC-37 and SI-214) did not prevent epigenetic gene silencing
upon differentiation [21], suggesting that gene inactivation may not depend on the RNAi pathway as
originally thought. This underscores the need to examine whether over-expression of CGG-pure small
RNAs is sufficient to trigger repressive epigenetic modifications in FXS hESCs with an unmethylated
FM with/without differentiation.

Other studies exploring the mechanism of FMRI gene silencing have pointed to the role of
R-loops (three-stranded nucleic structures composed of persistent DNA:RNA hybrids) in the process.
For instance, Colak et al., who employed two FXS hESC lines with expansions exceeding 400 CGGs,
claimed that hybridization of the mutant mRNA to the promoter and the 5 flanking region of
FMRT1 elicits silencing by inducing a change from active (H3K4me2) to repressive (H3K9me2) histone
modifications during neural differentiation [21]. Disrupting the interaction of the mRNA with the
CGG-repeat portion of the gene only abolished silencing if induced at a critical time point during
differentiation. However, careful examination of the methylation status of FMR1 in the FXS hESC
lines in this study indicated that they were methylated to a certain extent to begin with. Clearly, this
should be taken into consideration when addressing the issue of how and when aberrant epigenetic
modifications are first set in FXS.

A different RNA-based model relies on the observations that R-loops frequently form across the
CGGs between nascent RNA and DNA in FMRI-expressing cells with wild type, PM and unmethylated
FM alleles [19,86-88]. In line with this reasoning, Groh and colleagues suggested that co-transcriptional
forming R-loops across the CGGs provide the first trigger for heterochromatinization by directly
recruiting the histone methyltransferase G9a and locally depositing H3K9me2 [19]. One assumption is
that R-loop stability should be greater in unmethylated FM vs. PM alleles. To confirm this, it would
be imperative to stabilize co-transcriptionally formed R-loops in FXS hESCs with an unmethylated
FM and monitor for H3K9me2 enrichments. This would attest to a function for R-loops in triggering
heterochromatin as proposed in Groh'’s study.

However, a study suggests that R-loops may play the opposite role FMR1 silencing. Ginno
and colleagues examined the potential role of R-loops as a counteracting mechanism for de novo
methylation at CpG island promoters [89]. Using a computational approach, they showed that
promoters embedded within CpG islands are particularly enriched for R-loops. They provided
experimental evidence that R-loops in CpG island promoters can prevent de novo DNA methylation
by interfering with the recruitment of DNMT3b, the most widely expressed DNMT during early
embryo development. This may imply that R-loops normally protect the 5-UTR of FMRI from de
novo methylation by preventing the binding of DNMT3Db to the region, and that this is hampered
upon expansion. It would be of key interest to design studies to interfere with the formation of
R-loops across normal or unmethylated FM alleles, to ascribe a function to R-loops in counteracting de
novo methylation at the FMR1 promoter. A summary of potential factors/mechanism(s) that may be
involved in FMRI epigenetic silencing, as exhibited by the the currently available PSC-based models,
is presented in Table 1.
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Table 1. Evidence for the presence (+)/absence (—) of factors that may be involved in FMRI epigenetic
silencing in various pluripotent stem cell (PSC)-based models of FXS.

Model System
hESCs iPSCs PHCFs
Epigenetic Marks
[34] (+)
[36] (+)
[21] (+/-) [371 (+) [20] (=)
. [34] (+/-) [38] (+) [25] (=)
CpG methylation 162] (+) [39] (+) [26] (+)
[68] (+) [54] (+) [72] (+)
[69] (+)
[72] (+)
5-hydroxymethylation [50] (—) (501 (=)
[34] (+) [391 (=)
H3Kdme3 [68] () [69] (+)
211 (-)
[34] (+/-) [39] (+) _
H3K9me2/3 [39] (+) [69] (+) [20] (=)
[69] (+)
H3K27me3 [68] (+) (691 ()
Modifying Enzymes
G9%a [20] (+)
Suv39 [20] (+)
DNMT3A [20] (+)
Insulator Binding Proteins
[34] ()
CTCF 182] (+)
RNA Mediated
RNAi pathway [20] (+) [20] (+)
[21] (+)
R-loops 187] (+)

4. Repeat Instability

4.1. CGG Instability in FXS PSCs

The mechanism governing CGG instability in FXS is far from understood. Nor do we know when
and where precisely repeat instability occurs. There is strong evidence to suggest that FM alleles are
initially set by expansions of PM alleles pre-zygotically in the female oocyte [90]. However, large
expansions and contractions must also arise in the early embryo since FXS patients typically present
somatic mosaicism for expansion length even though FM alleles are stable in terminally differentiated
patient cells [24,25,63,91]. Consistent with the concept that instability persists post-fertilization is the
data from 2-cell stage PM mouse embryos demonstrating both expansions and a high frequency of
large contractions [92]. It remains uncertain whether this equally applies to early cleavage human
FXS embryos.

The mechanisms underlying CGG instability in the early embryo may be different from those in the
oocyte because in the oocyte (a non-dividing cell) repeat instability must be driven by a mechanism(s)
that does not depend on DNA replication (repair or recombination). Whereas, in the early cleavage
embryo (high proliferating cells) instability may result from both: DNA-replication-dependent and
independent mechanisms. CGG instability in the early embryo [92] most likely involves more than one
mechanism. This is because expansions and contractions most likely arise from different mutational
events [93].
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Given the tight inverse correlation between CGG hypermethylation and instability in patient
cells [94], it was assumed that FXS hESCs, which best resemble embryos before/at the time of
implantation, would present extensive CGG instability (large expansions and contractions) when the
FM is unmethylated [21,34,35]. Indeed, when the FM allele was hypermethylated and transcriptionally
inactive in FXS PSCs, mutation size remained unaltered. On the other hand, when the FM allele
was hypomethylated, it manifested a high degree of size variation [25,34,54,68]. Nevertheless, as
increasingly more FXS hESC/iPSCs cell lines are being established and monitored for expansion size
for longer periods, it has become apparent that unmethylated FM alleles rarely expand in culture [54].
In fact, the only clear example of large expansions was reported in iPSCs at very low frequencies and
was dependent on selection [54]. In a different study, when single cell clones were monitored for repeat
size and methylation in a given FXS hESC line with >400 repeat expansion (WCMC37), unmethylated
FM alleles systematically underwent small increases and decreases in repeat numbers reminiscent of
microsatellite instability (gain and loss of a few repeat units) [68]. In no case was there evidence for large
step-wise expansions such as the ones described in hESC/iPSC models with other repeat-associated
mutations [95,96]. One potential explanation for these small length changes may be due to errant
DNA replication through the CGGs, an effect that would be compatible with rapidly dividing cells.
In addition, studies have shown that upon extended propagation in an initially heterogeneous cell
population, there is selection against unmethylated FM alleles, likely due to toxic gain-of-function
mechanisms [54,68]. Altogether, the findings in FXS hESCs and iPSCs with unmethylated FM imply
that the currently available FXS PSC lines may not be a suitable model for investigating how FM alleles
are initially established. Nevertheless, they may be informative for investigating how DNA replication
is impaired by CGG expansion in highly proliferating embryonic cells, and for characterizing the DNA
structures (that are formed in vivo) which may predispose the locus to instability.

4.2. Potential Mechanisms that May Account for CGG Instability in FXS

DNA replication and repair: Over the years, various models have been suggested to explain how
the CGGs become increasingly unstable in FXS cells. One DNA replication-based model relates to the
slippage of Okazaki fragments during lagging strand synthesis due to unequal distribution of Gs and
Cs (positive GC-skew) between the template (C-rich) and the non-template (G-rich) DNA strands in
FMR1. It is based on that G-rich single stranded DNA tends to form hairpin and other non-canonical
intramolecular structures that are more stable and difficult for the cell to resolve than C-rich repeats
(CCG) during DNA replication [97-99]. According to this model, when the CGG-strand provides the
template for lagging DNA synthesis, it induces contractions. This is because the replication machinery
skips the secondary structures that are frequently formed by strand-slippage in the template DNA.
On the other hand, when the CCG-strand serves as the template for lagging strand synthesis, it favors
expansions. This is because the newly synthesized CGGs tend to slip and form hairpin structures in
the Okazaki fragments that result in the addition of repeats in newly synthesized DNA [100]. Thus,
replication direction and ORI usage relative to the CGGs is likely to dictate whether expansions (ORI
located 5’ to the CGGs) or contractions (ORI located 3’ to the CGGs) will be induced. To explain the
difference in CGG stability between embryonic (unstable) and adult (stable) tissues, it was postulated
that during early embryogenesis there is a switch in ORI usage, leading to a change in the direction of
replication across the repeats (origin-shift model).

In line with the replication-based ORI switch model, using a pair of FXS hESCs Gerhardt
and colleagues reported a difference in ORI usages between wild type and expanded alleles [100].
By applying an innovative technique for mapping replication origins and measuring fork progression
at single molecule resolution (SMARD), they found a switch in the replication direction relative to the
repeats combined with fork stalling. Unlike wild type hESCs, they showed that replication initiates
mainly from a downstream, rather than an upstream ORI (-53kb), in undifferentiated FXS hESCs,
paralleling early embryonic cells. This may indicate that replication across the CGGs can mainly
be attributed to lagging strand synthesis and therefore should promote expansions. Gerhardt et al.
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suggested that once the cells begin to differentiate, replication patterns change and become more similar
to those in normal hESCs, which would imply that replication irregularities are developmentally
regulated, and by extension that instability is lost with differentiation. In a different study, a
polymorphism in the upstream ORI site was identified and associated with the propensity of the
CGGs to expand to FMs, thus providing a potential mechanistic link between CGG instability and the
failure to activate an upstream ORI by a cis-acting DNA sequence in undifferentiated FXS embryonic
cells [101].

It remains unclear whether the change in ORI usages in mutant undifferentiated cells is the cause
or the effect of the expansion, and whether this is mechanistically associated with CGG embryonic
instability. This is particularly important given the stabilizing effect of de novo methylation, which
apparently does not depend on the differentiation state of the cell.

Another suggested mechanism for CGG instability, besides those that rely on a problem in DNA
replication, is incorrect DNA repair. It should be noted that as explained above CGG instability
may result from both DNA repair and replication problems, depending on the cell type involved.
A driving mechanism for error-prone repair, rather than replication, would be particularly pertinent
to non-dividing cells like neurons and oocytes. While evidence in human cells is still lacking,
accumulating data in PM mice carrying mutations in various DNA repair pathways suggest that
CGG instability is promoted by the incorrect recruitment of mismatch repair proteins, particularly
MSH2, MSH3 and MSHS6, which leads to the activation of error-prone repair pathways [102].
The data related to repeat instability in hESCs/iPSCs in other loci tend to confirm this reasoning.
For example, it was shown that when the mismatch repair (MMR) proteins MSH2, MSH3 and MSH6
are downregulated upon differentiation, repeat instability is considerably reduced in hESC/iPSCs with
myotonic dystrophy (DM1; CTG repeats), Huntington’s disease (HD; CAG repeats) and Friedrich’s
ataxia (FRDA; GAA repeats) mutations [95,96]. In addition, knockdown of MSH2 and MSH6 in iPSCs
with the FRDA mutation impeded repeat expansions [103]. In fact, genome-wide association studies
(GWAS) in humans with these conditions support a relationship between MMR proteins and levels
of somatic instability [104,105]. It would be imperative to manipulate the levels of these factors in
undifferentiated hESCs/iPSCs with an unmethylated FM to confirm the mechanistic link between
these factors and CGG instability in FXS early embryos, as suggested in mice [30,32,102].

RNA transcription as a mediator of CGG instability: Regardless of the mechanism (DNA repair or
replication), there is a growing consensus that repeat instability is mediated by RNA transcription,
potentially through the formation of R-loops. It is assumed that R-loops promote instability by
enhancing the formation of unconventional structures such as hairpin and G-quadruplexes by the
G-rich unpaired DNA strand in the R-loop. In a recent study, researchers used hESC with wild type
and FXS-expanded alleles to finely characterize and precisely map R-loops and single strand DNA
displacements across and near the CGG repeats in vivo to better understand the propensity of this
locus to become highly unstable [87]. FXS hESCs are particularly useful for this type of study because
they often carry unmethylated FM alleles. These authors showed that the CGGs constitute preferential
sites (hotspots) for DNA unpairing in normal range alleles. When R-loops are formed, DNA unpairing
is more extensive, and is coupled with interruptions of double strand structures by the non-transcribing
(G-rich) DNA strand. These interruptions, which were described in an earlier study by Loomis et al.
in somatic cells with normal and PM size alleles [86], are likely to reflect unusual structures in the
DNA that are hard to process when the CGGs expand significantly. Strikingly, when the FMR1 gene
was hypermethylated and transcriptionally inactive, local unpairing was abolished. This is consistent
with the strict inverse correlation between repeat instability and the methylation/transcriptional
competence of the gene [87]. It remains unclear whether more complex double strand structures
are actually formed in the locus when it is fully expanded and transcribed. Once these structures
are identified, they will need to be associated with the induction of DNA damage or replication
irregularities to mechanistically link them with CGG instability in FXS.
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Three-dimensional DNA structure: Another feature that may relate to instability has to do with the
3D structure of the FMRI containing region. In the study by Sun et al. (see Section 3.5) it was suggested
that repeat instability occurs as a consequence of TADs boundary disruption [82]. Accordingly, short
tandem repeats that are located at the TAD boundaries may be inherently unstable. This may be
due to their position at the junctions of physical domains, which interferes with mechanisms that
normally suppress excessive expansions. Given that TAD boundaries are hotspots for DNA double
strand breaks [106], this may predispose the CGGs to error-prone replication or repair. It would be of
great interest to explore whether interfering with the insulator function of the TAD boundary, possibly
via disruption of a CTCF binding site, would elicit CGG instability (as in the Atxn7 transgenic mice
model [107]), as suggested by this bioinformatic association study.

5. Conclusions

Despite intensive research, the timing and mechanism(s) by which FMR1 becomes epigenetically
silenced or extensively unstable in FXS patients remains obscure. This is at least partially due to
the lack of appropriate animal and cellular models. Given that mutant PSCs most resemble early
embryonic FXS development, they may provide a valuable model system to investigate the dynamic
changes that take place in diseased cells at stages that are otherwise inaccessible to research.

Based on the data obtained from these cell lines to date, it is becoming increasingly clear that FMR1
hypermethylation is not limited to or triggered by differentiation, and that the threshold for silencing
in undifferentiated PSCs is most likely higher than assumed and is situated around 400 repeats. Clearly
the wide variability in FMR1 methylation among the different FXS hESC lines calls for re-evaluation of
the timing of FMR1 hypermethylation and suggests that the expansion is not evenly methylated or
not sufficiently long enough in all the cells in the preimplantation embryo. In terms of the molecular
mechanisms involved in this process, it will be important to identify the earliest epigenetic modification
that provides the trigger for heterochromatin induction. The role of RNA transcription and CTCF
binding far from the repeats, as well as the significance of the topological organization of the locus,
need further study. In addition, given the tight association between CGG instability and the epigenetic
status of the repeats, it should become possible to validate the mechanistic association between de
novo methylation and CGG instability with the advent of locus-specific epigenetic editing tools. The
role of ORI switching and the formation of unusual non-canonical DNA structures in the locus should
be further characterized and mechanistically linked to the enhancement of CGG instability in FXS PSCs.
In addition, the possibility that the de-methylation of FM alleles can naturally occur in post-mitotic
neurons should be explored. Finally, attempting to replicate the results in FXS PSCs and reactivate the
silenced gene by modifying the chromatin state of the locus in slow/non- dividing cells will be a major
challenge as a therapeutic approach. Even if achieved, the problem of toxic RNA /protein will need to
be addressed. Clearly, the currently available FXS PSC models, particularly hESCs and iPSCs, will
continue to contribute as complementary powerful systems to fill the gaps in our knowledge of the
molecular mechanisms that go awry in FXS at very early stages of development.
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Abstract: Viral vector-mediated gene therapy has grown by leaps and bounds over the past several
years. Although the reasons for this progress are varied, a deeper understanding of the basic biology
of the viruses, the identification of new and improved versions of viral vectors, and simply the
vast experience gained by extensive testing in both animal models of disease and in clinical trials,
have been key factors. Several studies have investigated the efficacy of adeno-associated viral (AAV)
vectors in the mouse model of fragile X syndrome where AAVs have been used to express fragile X
mental retardation protein (FMRP), which is missing or highly reduced in the disorder. These studies
have demonstrated a range of efficacies in different tests from full correction, to partial rescue, to no
effect. Here we provide a backdrop of recent advances in AAV gene therapy as applied to central
nervous system disorders, outline the salient features of the fragile X studies, and discuss several
key issues for moving forward. Collectively, the findings to date from the mouse studies on fragile X
syndrome, and data from clinical trials testing AAVs in other neurological conditions, indicate that
AAV-mediated gene therapy could be a viable strategy for treating fragile X syndrome.

Keywords: adeno-associated virus; autism spectrum disorders; cerebral spinal fluid; fragile X mental
retardation protein; neurodevelopmental disorders; viral vector

1. Molecular and Clinical Aspects of FXS

Fragile X syndrome (FXS) is a genetic disorder caused by a pathological expansion of a triplet
repeat in the 5 untranslated region of the FMR1 gene. Expansion from the normal 5-55 repeats
to 200 or more causes hypermethylation of the gene promoter and shutdown of transcription and
translation of the encoded protein, fragile X mental retardation protein (FMRP) [1,2]. The expanded
repeat also induces formation of RNA:DNA duplexes that induce epigenetic gene silencing [3].
Although most persons with FXS do not express FMRP, some individuals with the full mutation
do produce low amounts of the protein (<10% of “normal levels”). In persons without FXS, the levels
of FMRP in human brain [4], and in human blood platelets, a rich source of FMRP [5], vary over
a wide range, and interestingly in persons with FXS, FMRP levels have been shown to positively
correlate with intelligence scores [5,6]. As delineated below, these findings have implications for FXS
gene therapy. Individuals with an intermediate triplet expansion of about 60-199 repeats, called the
“premutation”, are at risk for developing adult onset fragile X-associated tremor/ataxia syndrome
(FXTAS) or premature ovarian insufficiency [7]. Fragile X-associated tremor/ataxia syndrome is a
late-onset neurodegenerative condition that manifests in some carriers of the FMR1 premutation;
approximately 40-75% of males and 16-20% of females with a premutation develop FXTAS [8].

FMRP is a master regulator of gene expression in various organs including the brain, testes,
and ovaries where it is highly expressed. The FMR1 gene undergoes alternative splicing to generate
at least 16 mRNA isoforms [9]. FMRP is a pleiotropic protein that plays a critical role in both CNS
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development and oogenesis [10,11], and in cognitive function in the mature brain as demonstrated
in a fragile X conditional restoration mouse line [12]. FMRP contains several mRNA binding motifs
that are capable of binding hundreds of mRNAs [13,14]. However, the ability to bind hundreds of
mRNA substrates has been questioned by some who instead suggest that the protein regulates only a
restricted number of key mRNA substrates including diacylglycerol kinase kappa, which is thought to
act as a master regulator that controls switching between the diacylglycerol and phosphatidic acid
signaling pathways [15].

In addition to its mRNA binding role, FMRP also associates with and regulates other
proteins directly. Salient examples include voltage-gated potassium channels which modulate the
sodium-dependent action potential in neurons [16-18]. In the case of the Kv1.2 potassium channel,
it has been demonstrated using wild-type and Frmrl KO mice, that FMRP plays an essential role in
cerebellar inhibitory interneurons by both assisting in the trafficking of the channel to nerve terminals,
and by facilitating Kv1.2 channel activity. In cerebellar basket cell interneurons, Kv1.2 controls (inhibits)
gamma-aminobutyric acid (GABA) release from basket cell terminals [18]. Therefore, the absence of
FMRP at the cerebellar basket cell-Purkinje neuron synapses results in elevated GABA release onto
Purkinje dendrites causing a reduction in Purkinje neuron activity. In addition to the Fmr1 KO mouse,
reduced Purkinje neuron activity has been observed in other mouse models of autism; therefore, we
speculated that this property might be a common denominator in mediating some features of the
autistic phenotype [18].

The clinical profile of FXS overlaps with that of autism spectrum disorders (ASD). Shared
characteristics include impaired communication, sensory hypersensitivity, anxiety, stereotyped or
repetitive behaviors, aggression, and cognitive impairment [19]. However, not all persons with FXS
meet the clinical diagnostic criteria for ASD; approximately 50% of males and 20% of females with
FXS meet the criteria for autism [20]. As seen in various forms of ASD, individuals with FXS are at
increased risk for developing epileptic seizures in childhood. It has been estimated that about 12% of
males and 6% of females with FXS experience spontaneous seizures during early childhood [19,21].
The seizures are partial complex, generalized tonic-clonic, and/or absence seizures that typically
resolve by puberty.

Current pharmacotherapy for FXS still consists exclusively of symptomatic drug treatment.
Examples include stimulants, antidepressants, antipsychotics, and valproate that are each somewhat
effective in suppressing a subset of symptoms [22]. Over the past decade more than a dozen clinical trials
of compounds considered to be potential second generation drug candidates were conducted based on
what was thought to be mechanisms more closely linked to the underlying dysfunctional neurochemical
pathways in the disorder. The most prominent examples include metabotropic glutamate receptor
5 antagonists and an agonist at the GABAg receptor. Progression to Phase 2 (mGluR5 antagonists)
and Phase 3 (a GABAg agonist) clinical testing was based on extensive encouraging results from both
in vitro tests, and in vivo animal analyses using the fragile X knockout mouse model. However, none
of the clinical trials led to new drug approvals due in large part to lack of efficacy [23].

The failure of small molecule drugs in clinical trials to date might reflect, in part, the pleiotropic
nature of FMRP. In light of the many varied roles of FMRP it should not be completely surprising
that drugs that specifically block or activate individual receptors, enzymes, or other proteins may
not be sufficient to provide a deeper and more comprehensive correction of the disorder. A priori,
a major motivation for pursuing small molecule drugs has been based on the idea that a particular
receptor, enzyme, or other type of protein that is over- or under-expressed, or is over- or under-active,
induces a major symptom or cluster of symptoms, and that when normalized, will result in major
therapeutic improvements. The fundamental issue here stems from the difficulty in determining which
of the many potential targets of FMRP, when corrected, will actually result in robust, measurable
improvements in physiology, behavior, and health of persons with FXS.

An alternative approach is to try to correct the basic underlying biochemical defect of the
disorder-the absent or dramatically reduced levels of FMRP in the brain. Viral vector-mediated gene
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therapy is one potential avenue for rectifying the fundamental molecular defect in FXS. This approach
may also be amenable to other genetic disorders associated with ASDs [24]. The essence of the strategy
is simple - to incorporate the coding sequence of FMRP, along with appropriate regulatory elements,
into the genome of a recombinant viral vector so as to provide a vehicle for transducing (expressing) the
recombinant FMRP “transgene” protein in brain cells [22]. However, as outlined below, achieving this
to obtain substantial therapeutic improvement and correction of FXS is complicated and challenging
from several perspectives.

2. General Features of Adeno-Associated Viral Vectors Used as Gene Therapy Vehicles

Recombinant adeno-associated viral (AAV) vectors are currently the most widely employed
class of viral vectors for gene therapy. Less commonly used vectors include adenovirus vectors and
lentivirus-based vectors. The lentiviral vectors have been used successfully in ex vivo treatments,
for example in treating X-linked cerebral adrenoleukodystrophy where therapy requires infusion
of purified autologous CD34+ cells transduced with a lentiviral vector [25]. Nevertheless, AAV
vectors have advantages over other types of vectors for gene therapy. In addition to not causing
any known pathology, additional upsides of the AAV class of vectors include high infectivity of
cells and tissues, small particle size (about 25 nanometers in diameter) facilitating diffusion through
tissues, multiple unmodified natural serotypes and modified synthetic serotypes encoding viral capsid
proteins, non-replicating, low (but not zero under some conditions) genomic DNA integration, and
relatively low immunogenicity [26].

Limitations of AAV vectors are the restricted room for target DNA insertion into the AAV vector
and the presence of pre-existing circulating anti-AAV capsid antibodies in up to about half of the
human population [27,28]. Preexisting neutralizing anti-AAV antibodies present in the body prior
to gene therapy administration can reduce therapeutic efficacy, while additional antibody and T
cell induction after AAV vector treatment can further impair efficacy. Obviously, this also presents
a problem for a second injection of AAV in cases where a boost in the transgene expression level
is desirable.

In addition to multiple serotypes, recombinant AAV vectors are of two main types; single-stranded
vectors (ssAAV) and self-complementary vectors (scAAV). The former possesses a larger insertion
capacity of about 4.6 kilobases of DNA, while the latter has a very limited capacity restricted to a
maximum of 2.4 kilobases, but is more efficient at expressing the inserted transgene [26]. It should be
noted that these size limits must include not only the coding sequence of the desired transgene but
also the regulatory elements (e.g., promoter) and other regulatory sequences such as the short but
mandatory inverted terminal repeats required in all AAV vectors. In the context of the FMR1 gene
sequences, ssAAV vectors are deployable for all isoforms including the full-length isoform 1 [29,30].
The scAAV vectors may also be amenable for use with the shorter isoforms and possibly isoform 1
depending on the size of the promoter used. Another potential issue with AAVs is the possibility of
insertional genotoxicity leading to oncogenesis, particularly in the liver, where AAV9 encapsulated
genome capsids have been shown to integrate under certain conditions, for example when a strong
ubiquitous promoter is used to drive expression [31]. So far, this phenomenon has only been reported
in mice, and whether or not AAV vector incorporation into human genomic DNA occurs, and whether
it presents a genotoxic threat in humans remains unknown [32].

Recombinant AAV vectors used for gene therapy are packaged into virus particles and subjected
to purification by density gradient centrifugation (e.g., with iodixanol) followed by high performance
liquid chromatography with ion exchange chromatography. After binding to an AAV receptor protein
on the surface of cells, the viral particle enters the cell and begins to transcribe and translate copies
of the encoded transgene, but the virus itself does not replicate. Each AAV serotype has one or more
receptor protein(s) that is primarily responsible for mediating viral uptake into cells and tissues [28].
The choice of AAV serotype is important as the available array of virus serotypes have different but
partially overlapping tissue and cellular preferences. For CNS applications, AAV9 has been the most
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widely studied in animal studies as it has an excellent ability to transduce neurons and glia. In addition
to AAV9, AAV2 and AAVrh10 have also been used to express proteins in the brain in clinical trials [33].
The development of novel modified AAV serotypes is an active area of research with the goal of
discovering improved versions of AAVs that possess higher selectivity and binding to more restricted
subsets of cells and tissues.

In addition to relatively low tissue and cell-type selectivity imparted by most of the natural
viral serotypes, further restriction of transgene expression is achieved via the use of customized
gene promoters. Several CNS specific or selective promoters have been tested in AAV gene therapy
experiments in preclinical animal studies. Examples include the synapsin promoter for neuron-selective
expression [29], the dIx5/6 promoter for GABAergic inhibitory neurons [34], glia fibrillary acidic
protein for expression in astrocytes [35], and myelin basic protein for expression in oligodendroglia [35].
Further refinement of short, cell-type specific gene promoters for use in AAV gene therapy will likely
be actively pursued over the next few years.

Another very attractive aspect of AAV vectors for treating CNS disorders is the capacity for
long-term expression of the therapeutic protein. Upon administration, recombinant AAV-mediated
therapeutic protein expression gradually ramps up over the first few weeks after injection and plateaus
about 3—4 weeks post-injection. The epichromosomal presence of the AAV is static and can translate
into long-term expression of the desired transgene. In tissues containing dividing cells with cellular
turnover, expression levels will dwindle over time. In non-dividing long-living cells like differentiated
neurons, recombinant transgenes are typically expressed for years. For example, transgenes expressed
from injected AAVs have been shown to persist in the primate brain and maintain a therapeutic effect
for up to 10 years [36-38]. This is a crucial aspect of CNS gene therapy considering the invasive nature
of the treatment when administered into the CNS via direct parenchymal injections or into the cerebral
spinal fluid (CSF).

3. Theoretical Aspects of Treating FXS with Viral Vector-Mediated Gene Therapy

As noted above, developing AAV-FMRP gene therapy for FXS presents a numbers of issues that
need to be resolved for moving this potential biological therapeutic drug from the laboratory to clinical
trials and beyond. At the top of the list are issues associated with CNS delivery of biologically-based
therapeutic drugs such as viral vectors. Because of the pan distribution of FMRP throughout the brain,
direct injections into the parenchyma are largely precluded due to lack of sufficient spread of the
virus to other brain regions. The logical solution would be to administer the vector systemically, for
example, via intravenous injection. Several obvious problems here include the very large quantities of
a very expensive vector that need to be injected, much or most of which binds to and is taken up by
peripheral organs such as the liver and heart that act as sinks for several types of viral vectors, and the
potential complications of virus-induced side effects from treating patients with the large doses that
would be required to obtain adequate FMRP expression levels in the CNS [39].

A potential solution is to infuse the vector into the cerebral spinal fluid (CSF) through the spinal
canal (intrathecal injection, i.t.), by intra-cisterna magna (i.c.m.) injection near the base of the skull,
or by intracerebral ventricular injection (i.c.v.). All three of these routes are applicable to studies in
experimental mammals, while i.t. injections have been most the widely used mode for administering
drugs into the CSF in humans and non-human primates [40—-43]. However, i.c.m. infusions are also
feasible and may become more widely used in clinical testing. An important parameter after injection
into the CSF is the extent of diffusion of the vector from the point(s) of injection. It has been suggested
that the flow of CSF through the so-called “glymphatic system” of the brain may facilitate dispersion
of injected AAV particles [29]. For treatment of FXS, the goal is to mimic as closely as possible the
natural brain-wide expression of FMRP. As discussed in Arsenault et al., 2016 [30], i.c.v. injection of
AAV-FMRP in mice at Postnatal Day 2 gave a wider brain distribution of the vector than injection
at Postnatal Day 5. This might be related, in part, to the less mature ependymal lining surrounding
the walls of the ventricles in the mouse brain two days after birth compared with a few days later.
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Because the very early postnatal rodent brain corresponds approximately to a third trimester human
fetus, vector injection into the brain of a rodent immediately after birth is not directly translatable to
the situation for human therapeutics. Whether or not the drop off of vector diffusion seen in mice
occurs in other mammalian species has not been sufficiently explored to date, but such experiments
conducted in other species, including non-human primates, would be of considerable value.

A second issue that must be dealt with is proper dosing with the goal of achieving normal
“wild-type” levels of FMRP in as much of the brain as possible. Achieving vector-derived FMRP
expression at an adequate level in the brain, and in the appropriate types of cells are important
parameters that are discussed further below. Viral vectors differ from small molecule drugs in that
they are typically given only once or a few times, and are not easily amenable to dose modulation. This
means that the injected dose(s) must be carefully established prior to initiation of treatment because
with current vector systems, there is no opportunity for reducing the dosage and level of transgene
expression downward. Additional dosing to achieve a higher level of expression can be accomplished
by one or more subsequent treatments, but as noted above this comes with increased risk of inducing
the immune system to generate anti-capsid antibodies that can neutralize or hinder the efficacy of the
viral vector therapeutic effects (see Reference [28] for discussion of this topic).

Cell-type selectivity is another variable that needs to be considered for CNS treatment with viral
vectors and represents a strength of this approach. Unlike many small molecule CNS drugs which
generally lack cell-type targeting specificity, viral vectors capitalize on the use of selective promoters
to direct transgene expression in subtypes of neurons and glia. In the case of FXS, selection of a
suitable promoter to use is somewhat complicated by the observation that in mice, early in postnatal
brain development, FMRP is expressed in virtually all types of neurons and glia. Over the first four
weeks after birth, with several exceptions such as the corpus callosum, glial expression gradually
down-regulates so that in the mature brain FMRP expression in glia is very low relative to the moderate
to high expression in neurons [44]. Extensive analyses of FMR1 gene regulatory elements have been
carried out, and although a minimal FMR1 promoter region that works in cells in vitro has been
identified, it is not known if additional regulatory elements might be necessary for proper neuronal
regulation of the FMR1 gene in vivo [45-51]. Therefore, due to the size constraints of some viral vectors,
and the fact that a compact “mini” version of the Fmr1 promoter has not been identified for use in vivo,
other mini-gene promoters have been tested in gene therapy experiments conducted in the Fmr1l
KO mouse.

4. Successes and Shortcomings of AAV-Mediated Gene Therapy Studies Conducted in the Fmrl
Knockout Mouse

To date, studies using viral vector gene therapy in the Fmrl KO mouse model of FXS have
employed AAV5 and AAV9 vectors and the coding sequence of the full-length Fmr1 isoform 1. The first
published report on the testing of a viral vector for FXS was by Zeier et al. (2009) [52]. This group used
an AAV5 vector with a chicken 3-actin core promoter containing elements from the cytomegalovirus
immediate-early enhancer, the full-length Fimr1 coding sequence, and a FLAG epitope tag. The virus
was injected bilaterally directly into the hippocampus of 5 week-old Frmr1 KO mice. At the cellular level,
Fmr1 KO mice have been shown to display abnormal synaptic plasticity as manifested by impaired
long-term potentiation and enhanced long-term depression. Zeier et al. (2009) conducted brain slice
recordings of extracellular postsynaptic field potentials from area CA1 of the hippocampus 3-5 weeks
post-injection [52]. Fmr1 KO mice treated with AAV5-FMRP showed correction of abnormally enhanced
long-term depression. This finding is important because altered synaptic plasticity in FXS is thought
to contribute to the cognitive deficits in the disorder.

The next published study (Gholizadeh et al., 2014) was conducted by our group which utilized an
AAV9 vector administered by i.c.v. injection at Postnatal Day 5 [29]. Here, a series of biochemical and
behavioral tests was used to assess the degree of reversal of abnormal endophenotypes at four to eight
weeks of age. The AAV vector contained the full-length mouse Fmr1 isoform 1 under the control of the
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neuron-specific synapsin promoter. Anatomical and cellular analyses using immunocytochemistry
revealed transgene expression in neurons in various forebrain regions with lower expression in more
caudal areas of the CNS. The observed rostral-to-caudal gradient was expected based of the location of
the injection site in the lateral ventricles. Quantitative western blotting using an anti-FMRP antibody
of samples collected at Postnatal Days 30 to 60 showed a range of transgene expression levels across
different brain regions, from a high of 71% in the cerebral cortex to a low of 18% in the striatum
compared to baseline wild-type expression. Low but detectable levels were also seen in the cerebellum.
AAV-FMRP expression was still detected at 7-months post-injection demonstrating the stability of the
FMRP transgene.

For behavioral analyses, a range of tasks were employed to judge normalization after
AAV-FMRP [29]. In uninjected Fmr1 KO mice, motor activity is increased relative to wild-type mice,
marble burying reflecting repetitive behavior, is increased, social dominance as determined by the tube
test is decreased, as is the number of ultrasonic vocalizations. Treatment of KO mice with AAV-FMRP
normalized stereotyped behavior and social dominance, whereas no significant changes were observed
in motor activity or the frequency of vocalizations. Fmrl KOs but not wild-type mice are highly
susceptible to sound-induced (audiogenic) seizures. This is a dramatic and robust endophenotype
of Fmr1 mice in which typically 50-75% of the tested KO mice undergo seizures [53,54]. Gholizadeh
et al., 2014 reported that the incidence of audiogenic seizures in both PBS-injected Fmrl KO mice
and AAV-FMRP-injected mice was significantly elevated compared to PBS-injected wild-type mice,
however, the AAV-FMRP group was not different to the PBS-injected Fmr1 group.

To summarize, the Gholizadeh et al. (2014) study injected AAV9-FMRP with a neuron-specific
promoter into the CSF of Fmr1 KO mouse neonates and obtained FMRP expression mainly in forebrain
regions; this translated into correction of repetitive behavior and social dominance but not motor
hyperactivity, abnormal calling frequency, or increased seizure susceptibility [29].

The third published study to date was also carried out by our group. In the Arsenault et al.
(2016) study we again used AAV9 and mouse isoform 1 driven by neuron-specific promoters, but
instead of injecting control mice with phosphate-buffered saline, an AAV9 carrying no transgene
was used as the negative control (termed AAV empty vector or “AAV-EV” here and “AAV-null” in
Arsenault et al., 2016) [30]. This study had several new objectives. First, we compared FMRP transgene
dispersion in the brain after i.c.v. injection on Postnatal Days 1, 2, 3, or 5. It was concluded that
treatment on Postnatal Day 2 or 3 gave the best results with respect to the health of the mice, spread of
the vector within the brain, transgene expression levels, and therapeutic outcome. It should be noted
however that this early postnatal age in mice corresponds to roughly the third trimester of a human
fetus, and therefore, strictly in terms of the timing, is not directly translatable to a human therapeutic
situation (see additional discussion on this topic below).

A second objective was to extend behavioral testing to additional tasks not carried out in the
previous Gholizadeh et al. (2014) study [29]. The new tasks included the elevated plus maze, ostensibly
measuring “anxiety”, and prepulse inhibition together with the acoustic startle response to measure
auditory sensory perception. AAV-FMRP corrected the abnormal “reduced anxiety” and the elevated
acoustic startle response observed in the control KO mice injected with AAV-EV. Interestingly, on the
elevated plus maze task, we (Arsenault et al., 2016) [30], and others have shown that Frmr1 KO mice
display an increase in the number entries and the time spent in the open arms of the maze [55-57]. This
phenomenon has also been described for other mouse models of autism spectrum disorders [58,59].
Traditionally, more entries into and more time spent in the open arms are interpreted as a reduction in
anxiety. This is perplexing as it is well established that persons with FXS and ASD typically display
high anxiety. Arsenault et al. (2016) offered an alternate interpretation whereby rather than measuring
anxiety, performance on the elevated plus maze test in Frmr1 KO mice, and perhaps other lines of mice
with autistic features, may instead reflect cognitive impairment [30]. In this interpretation, cognitively
impaired mice, unlike wild-type mice, are not cognizant of the potential danger of spending time in
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open spaces. The inability to appreciate potentially dangerous situations may be a trait characteristic
of some and possibly many persons with autism (see References [60,61]).

A third objective of the Arsenault et al. (2016) study was to examine the normalization of
FMRP substrates in the CNS after treatment [30]. The highly abundant post-synaptic density protein
95 (PSD-95), a scaffolding protein required for synaptic function and plasticity, is known to be
down-regulated in Fmrl KO mice. We also ascertained that the transcription modulator MeCP2,
the mutation of which causes Rett Syndrome and is associated with some autistic features, is a
substrate for FMRP (i.e., MeCP2 mRNA binds to FMRP). We found that MeCP2 protein levels are
elevated in the Fnr1 KO mouse brain. Both PSD-95 and MeCP2 proteins reverted to wild-type levels
4 weeks after injection with AAV-FMRP under the control of the synapsin promoter. Therefore, at the
biochemical level, treatment with AAV-FMRP was capable of correcting the expression of key proteins
that are regulated by FMRP.

Finally, the fourth major objective was to probe the consequences of under and over-expression
of FMRP relative to normal wild-type levels in the CNS. The purpose of this part of the study was to
conduct the first dose ranging study of FMRP in Fmr1 KO mice. We compared five treatment groups
injected with one of three test vectors: wild-type (WT) mice treated with AAV-EV (the control baseline
group), WT mice treated with the AAV-FMRP vector, and Fmr1 mice treated with AAV-EV (control
baseline group of impaired KO mice), AAV-FMRP (the therapeutic treatment group), or the AAV-FMRP
high-expressing vector representing a high over-expression group. This allowed for an assessment of
the effects of a wide range of FMRP levels in the brain. Distillation of the results indicated that partial
rescue of the Fmr1 phenotype was observed in mice with forebrain FMRP levels of approximately
35-70% of wild-type, while moderate over-expression of up to approximately 120-140% did not
induce behavioral abnormalities. However, massive over-expression of 200-600% of normal wild-type
levels induced aberrant behaviors such as hyperactivity and an abnormally reduced startle response.
The take-home message here is that modest under-expression appears to produce some therapeutic
effects, while modest over-expression of FMRP does not appear to induce pathology. These findings
suggest that a fairly wide range of CNS FMRP levels could translate into therapeutic benefits.

5. The Pathway from Preclinical Experimentation to a Clinical Trial

The three studies reviewed above that explored the efficacy of AAV-FMRP therapy in the mouse
KO model have collectively demonstrated a general proof-of-principle whereby AAV-FMRP fully
or partially corrected abnormalities on several behavioral tasks and in vitro assays conducted at the
cellular and biochemical levels. However, considering the high bar likely to be set by regulatory
agencies for moving forward with a Phase 1 clinical trial for FXS, additional evidence supporting the
efficacy and safety of viral vector-mediated gene therapy would bolster the case for proceeding to a
clinical trial. To date, clinical trials for CNS disorders using viral vector-mediated gene transfer were
approved by regulatory agencies, in part, because they addressed unmet needs for treating severe
degenerative disorders such as Parkinson’s and Alzheimer’s disease, or neurodevelopmental disorders
that cause paralysis and/or death such as spinal muscular atrophy type 1 and giant axon neuropathy.
In contrast, FXS and most other forms of autism spectrum disorders do not lead to dementia, severe
paralysis, or premature death. Nevertheless, FXS and ASDs are life-long disorders in which the
majority of affected individuals display moderate to severe cognitive impairment along with a slew of
additional medical problems. Most will need some type of life-long care from an early age. Therefore,
the discovery and development of an effective treatment would have enormous benefits not only for
those with FXS, but also their families and health care funders.

Optimization of several technical parameters should also be considered in moving forward
towards clinical testing. First, further assessment of drug delivery methods could be beneficial.
Ultimately, experimental treatment methods in the laboratory should be representative of routes of
administration that will be used in patients. Assessing additional drug delivery protocols that could
provide more wide-spread diffusion of the AAV vectors after injection into the CSF, especially to more
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caudal regions of the brain, would likely boost the therapeutic response. Simply administering a larger
amount of the virus from a single point-source injection may not be a solution because of the liability of
transgene over-expression near the needle injection site. However, injecting at more than one site might
provide a work-around. Our preliminary observations in mouse brain suggest that simultaneously
injecting the vector into the CSF at more than one site, for example, an i.c.v. injection together with an
i.c.m. (ori.t.) injection, may enhance transgene coverage in the brain (e.g., see Figure 1).

Figure 1. Distribution of AAV serotype 9-mediated transgenes following an i.c.v. and i.c.m. double
injection. Two different AAV vectors were injected into a C57BL/6] mouse at Postnatal Day 2. One
encoding a cytomegalovirus promoter driving enhanced green fluorescent protein (eGFP; visible in
cyan color; dose: 2 x 109 GC) was injected bilaterally into the lateral ventricles (i.c.v.); the other
using a GABAergic neuron promoter driving a myc-tagged sodium channel protein was injected
into the cisterna magna (i.c.m., visible as magenta color; dose: 3 x 10!0 GC). At Postnatal Day
18, the distributions of the two proteins were examined in sagittal sections of fixed brain tissue
using immunocytochemistry and anti-c-myc and anti-green fluorescent protein (GFP) antibodies. GFP
immunolabeling was detected in the cerebral cortex (a), hippocampus (b), and Lobules VII to X of
the cerebellum (c), while the myc-tagged protein was expressed in soma and eGFP was expressed in
axons in the frontal regions of the brain (d), hypothalamus, (e), and the inferior colliculus (f). Thus, the
two vectors administered into the CSF at the same time by two different injection routes were largely
distributed in distinct brain regions.
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The small size of the mouse brain relative to the human brain is a limitation of mouse models.
However, previous studies in dogs, pigs, and monkeys have demonstrated successful scale up of AAVs
injected into the CSF [62-64]. So far, in human trials testing AAVs in neurological disorders, direct
parenchymal injections have been the most widely used, while a few have utilized i.t. or intravenous
treatment [33,65]. In the highly successful AAV trial of spinal muscular atrophy type I, the pediatric
subjects were injected intravenously with a high dose of an AAV9 therapeutic vector [66]. This is now
being followed up by a second Phase 1 trial in which the vector is administered i.t. [32]. Although
intravenous AAV administration is attractive from the standpoint of likely attaining a more thorough
and uniform coverage of the brain, the downsides include the potential inability to reach a sufficiently
high level of transgene expression in the brain to produce a therapeutic effect, the as-yet unclear
medical consequences of high systemic dosing with an AAV, and the substantially higher cost of
treating patients with large amounts of a highly purified virus.

Second, testing additional isoforms of FMRP could be informative. The human FMR1 gene on
chromosome Xq27.3 is 38 kilobases long and encompasses 17 exons and 16 introns. As outlined above,
the three studies on AAV-FMRP published to date have all used the full-length mouse isoform 1
encompassing 4411 nucleotides. This was based on the assumption that the full-length isoform 1
was a major variant. However, this turned out to be incorrect as FMR1 mRNA isoform expression
surveys conducted in human [67,68] and mouse blood cells and brain tissue [69] have indicated that
isoform 1 is expressed at lower levels compared to several other splice variants. For example, isoforms
lacking exon 12 appear to be among the most abundant [68]. Moreover, deletion of exon 14 has been
found to affect the subcellular localization of FMRP [67,70], and in premutation carriers all isoforms
are elevated with isoforms 10 and 10b showing the largest increase; the consequences of differential
elevations in Fmrl isoforms remain unknown [9]. It is important to note that no studies have yet
examined the translated FMRP protein isoforms in terms of functional differences or even relative
levels of expression in the mammalian brain. This could be important because mRNA levels do not
always accurately reflect expression levels of the encoded proteins.

Third, in addition to ongoing work in mice, testing AAV-FMRP distribution and efficacy in
additional species could provide further confidence in establishing AAV-FMRP as a viable therapeutic
agent. In terms of an alternative disease model, the logical choice would be the Fmr1 KO rat. Although
the Fmr1 KO mouse has been the most widely used animal model of FXS, it does display somewhat
subtle and difficult to replicate endophenotypes on some behavioral tests, especially those tasks
probing cognitive function. Although the adult rat brain is only about four times larger than a mouse
brain (about 2 g vs. 0.5 g), rats are generally thought to be smarter and capable of performing more
difficult cognitive tasks [71]. Deficiencies with other mouse models of CNS disorders have also
prompted the neuroscience research community to pursue the development of rat disease models, for
example Huntington’s Disease, Rett Syndrome, and Parkinson’s Disease [72-74].

Because it is much newer on the scene, the Frnr1 KO rat is relatively uncharacterized compared
to the Fmrl KO mouse. Nevertheless, the Fmr1 KO rat has been reported to display impairments
or abnormalities on tests measuring sensory perception, communication, cognition, and other
functions [75-81]. The first version of the KO rat model was created in collaboration with Autism
Speaks in the U.S.A. and underwent initial phenotypic characterization by Paylor and colleagues
at Baylor College of Medicine [75]. Juvenile animals exhibited abnormalities in ASD phenotypes
including juvenile play, perseverative behaviors, and sensorimotor gating. Further early study of this
line showed cortical representation of speech sounds is impaired in Fmr1 KO rats, despite normal
speech discrimination behavior. Evoked potentials and spiking activity in response to speech sounds,
noise burst trains, and tones were degraded in primary auditory cortex and the anterior and ventral
auditory fields compared to wild-type rats [76].

Abnormalities were also documented in an analysis of neuronal morphology and neurochemistry
in the auditory brainstem of Fmr1 knockout rats [78], and importantly, KO rats have been reported
to have deficits in hippocampal-dependent, but not hippocampal-independent memory, indicating
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that the absence of FMRP causes defects in episodic-like memory [77]. Robust changes were also
reported in long-term potentiation, long-term depression, and in hippocampal-dependent memory as
assessed using the Morris water maze [80]. Finally, cortical electroencephalographic (EEG) recordings
conducted on juvenile Finrl KO rats showed that during quiet rest when activity in wild-type rats
became dominated by the inactivated state (3-9 Hz), cortical activity in the KO rats remained activated,
resulting in increased high-frequency and reduced low-frequency power during rest [79]. Moreover,
firing rate correlations revealed reduced synchronization in Fmrl KO rats, particularly between
fast-spiking inhibitory interneurons. The findings from this study, together with data from EEG
analyses conducted in Fmr1 KO mice [82], and from clinical EEG studies in subjects with FXS [83], are
important because (a) they provide new insight into cortical defects in the disorder, and (b) indicate that
EEG may be a very useful tool as an endpoint measurement in clinical trials for FXS. Taken together,
these findings suggest that the Fmr1 KO rat is likely to be a useful addition for testing AAV-FMRP
efficacy, particularly in probing cognitive and sensory functions.

6. Conclusions

Gene therapy studies conducted so far have used the mouse model of FXS and demonstrated full
or partial correction of selected deficits after early postnatal treatment with AAV-FMRP. Two of the
published studies injected AAV-FMRP vectors containing neuron-specific promoters into the CSF of
the neonatal mouse brain to drive FMRP transgene expression in neurons [29,30]. The lower levels
of expression of FMRP in more caudal regions of the brain, such as the cerebellum and brainstem
compared to forebrain regions after ventricular injection, may explain in part, the lack of a more
complete correction of the phenotype in the Fmrl KO mouse. Whether or not this is an issue for the
treatment of human subjects remains unknown. Injecting AAV-FMRP via the intra-cisterna magna
route with (Figure 1) or without the simultaneous injection into the ventricles may improve brain
coverage and therapeutic efficacy. Although systemic injection (e.g., i.v.) of AAV-FMRP has not been
assessed in rodent models of EXS, translating this to human therapy faces the issues of high peripheral
organ uptake of the vector, possible elevated immune reactions, and the very high cost of the large dose
that would be required for systemic administration. Finally, in terms of the effects of varying levels of
FMRP expression, the findings from the Arsenault et al. (2016) study suggest that FMRP transgene
expression below wild-type levels may be sufficient to produce at least some therapeutic benefits, and
conversely, mild over-expression does not appear to be associated with deleterious consequences [30].

Moving forward, useful experimentation should encompass exploring the therapeutic effects of
administering AAV-FMRP at later time points after birth to more closely mimic a clinical trial situation.
Additionally, results from the study of Fmr1 conditional knockout and conditional restoration mice
have demonstrated that the selective deletion of FMRP in glia or in the prefrontal cortex after birth
results in cellular and behavioral deficits [12,84]. The observation that behavioral deficits induced by
the deletion of FMRP in the prefrontal cortex during development could then be reversed in the same
line of mice after FMRP expression in the adult cortex suggests that (a) the continuous expression
of FMRP is needed in the mature CNS for normal brain function, and (b) that viral vector-mediated
production of FMRP initiated in adult or young adults might be capable of rescuing at least some
aspects of impaired brain function in FXS.

Additionally, more in-depth characterization of rodent tests that are translatable to a clinical
trial, such as prepulse inhibition and EEG, and the effects of AAV-FMRP on normalization of these
parameters, could prove essential in eventual approval of this experimental biological therapeutic
drug. Finally, encouraging positive results from recent clinical trials using AAVs in severe childhood
diseases have generated extremely useful information from several technical standpoints ranging from
drug delivery and drug dosage to post-treatment care and follow-up. Overall, the momentum attained
in the field of viral vector-mediated gene therapy has now created further incentive to continue to
develop this technology for treating not only FXS, but also other neurodevelopmental disorders caused
by known gene mutations.
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Abstract: Gene-editing using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
is promising as a potential therapeutic strategy for many genetic disorders. CRISPR-based therapies
are already being assessed in clinical trials, and evaluation of this technology in Fragile X syndrome
has been performed by a number of groups. The findings from these studies and the advancement
of CRISPR-based technologies are insightful as the field continues towards treatments and cures of
Fragile X-Associated Disorders (FXADs). In this review, we summarize reports using CRISPR-editing
strategies to target Fragile X syndrome (FXS) molecular dysregulation, and highlight how differences
in FXS and Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) might alter treatment strategies
for each syndrome. We discuss the various modifications and evolutions of the CRISPR toolkit that
expand its therapeutic potential, and other considerations for moving these strategies from bench to
bedside. The rapidly growing field of CRISPR therapeutics is providing a myriad of approaches to
target a gene, pathway, or transcript for modification. As cures for FXADs have remained elusive,
CRISPR opens new avenues to pursue.

Keywords: Fragile X syndrome 1; Fragile X-associated Tremor/Ataxia Syndrome 2; CRISPR 3;
Trinucleotide Repeat 4; Gene editing

1. Introduction

The expansion of the CGG trinucleotide repeat within the 5 untranslated region (UTR) of the
Fragile X Mental Retardation 1 (FMR1) gene is the predominant cause of Fragile X syndrome (FXS),
and the only known cause of Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) and Fragile
X-associated Primary Ovarian Insufficiency (FXPOI) [1]. The trinucleotide repeat is normally between
5 and 44 CGG repeats in length and interspersed with up to 4 AGG interruptions.

Premutation carriers have 55-200 CGG repeats which lead to misregulation of the FMRI gene
in several ways. Carriers of the premutation allele have elevated FMR1 mRNA levels but also have
a reduction in the translational efficiency of the FMR1 encoded protein FMRP. FMR1 transcripts
harboring premutation length CGG repeats can give rise to Repeat-Associated Non-ATG (RAN)
homopolypeptides (FMRpolyA, FMRpolyG, and FMRpolyR), some of these RAN translation products
with homopolymeric amino acid tracts have been shown to be toxic [2-4]. Additionally, RNA toxicity
can result from the long CGG tracts with FMR1 transcripts forming stable hairpin structures and
binding with proteins. This aberrant protein-RNA interaction results in protein sequestration and
mislocalization, impairing normal cellular processes and leading to the formation of intranuclear
inclusions [5-7]. Premutation carriers are at risk of developing the neurodegenerative disorder FXTAS.
The age of onset for FXTAS is typically greater than 55 years of age with core features including
intention tremor, gait ataxia, executive dysfunction, and neuropathy. Post mortem evaluation of FXTAS
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patients has identified the presence of intranuclear inclusions throughout the brain [8]. Women have
a lower risk of developing FXTAS but are at risk for developing the reproductive disorder FXPOI.

Individuals with more than 200 CGG repeats, categorized as a full mutation allele, are diagnosed
with FXS when this mutation becomes hypermethylated leading to a loss of FMRP. Women with
FXS are often less severely affected than men; women have a protective second copy of the FMR1
gene that is expressed in cells when the full mutation resides on the inactive X chromosome.
FXS is a neurodevelopmental disorder when the full mutation allele is aberrantly methylated and
transcriptionally silenced. FMR1 epigenetic changes occur early during embryonic development and
cause intellectual disability, facial dysmorphia, macroorchidism, and hyperextensible joints, which are
diagnosed early in childhood [9].

Both FXS and FXTAS are neurological disorders with no disease modifying therapies. Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) is a relatively new gene editing technology
which has quickly proven effective in correcting a number of pathological mutations in model systems
and is advancing to clinical trials [10]. In this review, the current state of CRISPR as a tool to treat
Fragile X-Associated Disorders (FXADs) will be presented.

2. CRISPR

The utility of CRISPR as a genome editor in eukaryotic cells was first reported in 2013 [11-13];
since these publications, the technology has quickly evolved and now offers a multitude of modified
CRISPR associated (Cas) enzymes capable of an array of genetic modifications [14,15]. CRISPR,
which was discovered as an adaptive immune system for bacteria [16], uses Cas enzymes complexed to
RNA to identify invading virus and phage DNA. The “memory” mechanism, which occurred during
a previous invasion with a similar species, resulted in short DNA sequences from the invaders being
stored between short palindromic repeats. When these sequences are expressed into RNA, they are
resolved into a structured RNA fragment that is loaded onto the Cas nuclease. The approximately
20 bp RNA sequence that corresponds to the DNA target is accessible to genomic DNA as the nuclease
scans the genetic code. When the guideRNA complements with a DNA strand the nuclease changes
conformation to a catalytically opened state that cleaves the foreign DNA [17]. To use CRISPR as
a genome editor, the endogenous system has been adapted by using synthesized guideRNAs that
direct the Cas nucleases to the genomic region of interest. After DNA cleavage, the double stranded
breaks at the target site are repaired by one of the host cells’ DNA damage response mechanisms,
non-homologous end joining (NHE]) or homology directed repair (HDR) [12].

Cas9 from Streptococcus pyogenes (SpCas9) was the first CRISPR enzyme shown to edit eukaryotic
DNA using synthetic guideRNAs (Figure 1a). It was successfully adapted for use in eukaryotic cells
because cleavage could be achieved using only Cas9 and two short RNA molecules. Since these first
reports, novel CRISPR based tools have been developed with a range of functions and advantages [14].
Modified Cas9 enzymes can now be completely deactivated from cleaving DNA while retaining their
binding activity (dCas9; Figure 1d) [18,19]. When coupled to repressive proteins, the guideRNAs guide
the Cas9 to the appropriate site to repress transcription (dCas9-HDAC; dCas9KRAB; Figure 1e) [20].
Variants have also been made that generate single stranded breaks (Cas9 nickases; Figure 1b) [21],
increase transcription (dCas9-Suntag, dCas9-p300, dCas9-VP64, dCas9-SAM; Figure 1g-i) [20,22-24],
label DNA (dCas9-GFP; Figure 1f), or directly convert cytosine nucleotides to thymine, or guanine
to adenine (Base Editors; Figure 1k) [25,26]. Modifications to SpCas9 and other newly characterized
Cas enzymes have also improved the specificity of the nuclease to a target sequence (High Fidelity
Cas9) [27-29], altered the required protospacer adjacent motif (PAM) motifs (Figure 1j) [30,31],
and demonstrated RNA targeting capability (C2c2; Figure 11) [32].
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Figure 1. Overview of Clustered Regularly Interspersed Short Palindromic Repeats (CRISPR)
technologies with therapeutic utility. (a) Wildtype SpCas9 is directed to the target site for editing
through guideRNAs possessing sequences complementary to the DNA region of interest. When bound
to the target site, the active Cas9 induces a double stranded DNA break. When repaired, this can
induce the formation of indels. (b) Mutations that inactivate either the RuvC or HNH domain in
Cas9 (Cas9 nickase) impacts nuclease such that cleavage in only one strand can occur; the other
DNA strand remains intact. (c) Expressing split Cas9 that complexes into a functional nuclease when
complementing the target DNA sequence. (d) Mutations in both RuvC and HNH domains deactivate
Cas9; the ‘dead” Cas9 retains the ability to bind target sequences but is incapable of generating single or
double stranded breaks. When Cas?9 is directed to genomic regions near start transcription start sites,
expression can be inhibited because normal transcription factor binding sites are blocked. (e) Fusing
a Krueppel-associated box (KRAB) domain onto dCas9 recruits chromatin remodeling factors that
elicit heterochromatinization of the target locus, further reducing transcription (f) GFP fused to Cas9 is
used as a molecular beacon to monitor specific regions of the genome in vitro and in vivo. (g-i) Fusing
demethylases or transcriptional activators onto dCas9 to upregulate target genes. Suntag and VP192
use multiple copies of the activating domains to induce higher upregulation. (j) SpCas9 nuclease
mutations to alter PAM recognition motifs. Wildtype Cas9 recognizes NGG, and mutation variants
recognize NGCG, NGAG, NGAN, and NGNG. (k) Cytosine deaminase fused onto Cas9 nickase for
conversion of cytosine to thymine without inducing double stranded breaks. (1) Cas enzymes that
target RNA include C2c2, renamed Cas13a.

3. Recently Reported CRISPR-Based Therapies

The first study published using CRISPR to edit FMR1 targeted the full mutation allele in human
induced pluripotent stem cells (iPSCs; Table 1). These cells, harboring an epigenetically silenced full
mutation, were electroporated with plasmid DNA encoding SpCas9 and a guideRNA designed to
target 47 base pairs upstream of the start of the trinucleotide repeat [33]. Complete deletion of the
CGG repeats were observed in iPSCs. These cells, clonally expanded post-editing had a reported 2-3%
editing efficiency. The edited iPSCs were shown to reactivate FMR1 expression to levels similar to the
control cells with normal CGG repeat alleles. The authors further reported a loss of methylation at
the promoter following CRISPR mediated deletion of the full mutation CGG repeats, and sustained
FMR1 expression was present after reprogramming the iPSCs into neuronal cells [33]. The edited
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cells that were differentiated into mature neurons stained positive for FMRP compared to a lack of
FMRP positive cells in the unedited parental lines. Differences in genes expressed in edited and
unedited neurons showed a reduction in three glutamate receptor genes, GRIA1, GRIN2B, and GRIN3A
following deletion of the CGG repeat, consistent with restoration of FMRP expression.

Xie and colleagues [34] used a similar strategy to delete the CGG repeats from HEK 293 cells
and iPSCs using nucleofection of CRISPR plasmids with guideRNAs targeting 40 bps upstream and
35 bps downstream of the trinucleotide repeat (Table 1). With dual guides, the editing efficiency
increased to 20% in iPSCs. Importantly, this study replicated that a silenced full mutation could be
reactivated by deletion of the CGG repeats in iPSCs, and this transcriptional activation was stable for
a prolonged time in culture (50 days post reactivation). However, it was reported by Xie et al. that not
all of the clonal lines reactivated following CRISPR editing. Evaluation of epigenetic status showed
that reactivated clones had decreased methylation levels at the CpG sites at the promoter region and
adjacent to the CGG repeat locus, while clones that lacked reactivation showed similar methylation
levels as unedited iPSC clones. This variability in epigenetic modifications and FMR1 expression in
CGG deleted cells was hypothesized to be the result of incomplete DNA remethylation following
DNA replication. As such, more actively replicating cell types would be expected to undergo more
efficient FMRI reactivation following CRISPR editing of the CGG repeat, while nondividing cell types
will be less prone to this demethylation. While promising, neither study showed direct editing in
differentiated cells, and further investigation into the reactivation capabilities of nondividing neurons
is warranted.

CRISPR has also been used to epigenetically modify the FMR1 full mutation outright [35]. In the
first study of this kind, catalytically deactivated SpCas9 (dCas9) was fused to Tetl, an enzyme that
induces demethylation of cytosines to create a methylation eraser (dCas9-Tet1l). When dCas9-Tetl and
guideRNAs designed to target the CGG repeats were introduced into iPSCs with lentivirus, epigenetic
changes occurred at the FMR1 locus. As expected, gene expression occurred without sequence
modifications of the trinucleotide repeat. Edited FXS iPSCs showed FMRI expression levels that were
90% of that measured in a control human embryonic stem cell. There was also DNA hypomethylation
of the CpG island adjacent to the repeats, and histone modifications including H3 lysine 27 acetylation,
H3 lysine 4 trimethylation, and a decrease of H3 lysine 9 trimethylation at the promoter of FMRI.
The histone modifications reactivated transcription, and this was maintained for over 35 days in culture.
When the edited iPSCs were derived into neurons FMR1 remained transcriptionally active and the
electrophysiological hyperactive firing rate phenotypes were rescued. Gene expression changes were
described for 41 identified off target genes to be less than 4-fold upregulated in the edited neurons,
while one gene RGPD1 had a 9-fold increase in gene expression. In contrast, FMR1 was reported to have
a 481-fold increase in gene expression following epigenetic editing. When engrafted into mouse brains,
the edited cells expressed FMRP for 3 months post-transplantation. This is the first in vivo analysis of ex
vivo edited, transplanted neuron. These findings demonstrate the utility of targeting epigenetic-editors
to the CGG repeat locus. A critical question in using gene editing technologies for FXS is whether
a constitutively active dCas9-Tet1 is necessary for long term reactivation at the FMR1 locus. Epigenetic
editing of iPSC derived neurons was shown to be less efficient than in iPSCs, FMRI mRNA levels were
restored to 45% that of control neurons and a 20% decrease in CpG methylation at the FMR1 promoter
was achieved post editing. These differences could have been the technical limitations of isolating the
edited neurons or differences in mechanisms to demethylation between cell types. The authors also
reported a rescue of hyperactivity in the edited FXS neurons compared to their unedited counterparts.
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In another approach, Haenfler et al. [36] fused dCas9 to multiple VP16 transcriptional activator
domains (dCas9-VP192) to drive expression of FMR1 without altering the genetic sequence (Table 1).
Human embryonic stem cells harboring a silenced full mutation allele were transfected in vitro with
dCas9-VP192 and guideRNAs targeting either the FMRI promoter region or the ~800 CGG trinucleotide
repeats. Cells transfected with the transcriptional activator targeting the CGG repeats showed robust
transcriptional reactivation but only modest gains in FMRP. The CGG targeting guideRNAs were
reported to induce higher transcriptional activity than guideRNAs that targeted the promoter region.
The ability of the CGG targeting guideRNAs to target within the trinucleotide repeats multiple times
might explain the stronger reactivation of FMR1, as more VP192 activating domains are recruited to
the gene. They also transfected neuronal progenitor cells derived from the fully methylated hESC
with the CGG targeting dCas9-VP192 and reactivated FMR1 and increased transcriptional expression.
Again, there was a limited increase in FMRP. This work highlights a key limitation of reactivating a full
mutation; long CGG repeats have been shown to decrease the translational efficiency of FMR1 [37].
The molecular implications of expressing long CGG repeat tracts is also an area that needs further
investigation, as 55-200 repeats can give rise to FXTAS and individuals with an unmethylated full
mutation have been reported to develop FXTAS symptoms [38,39]. Thus it will be important to
understand if expressing more than 200 repeats will increase the risk of developing FXTAS or increase
the severity of clinical pathology.

The first in vivo gene-editing in animal models of FXS was recently reported by Lee et al.
This strategy assessed both Cas9 and Cpf1 for their efficiency to knockout gene expression in vivo
in mice. The nucleases were delivered to specific regions of the brain using gold-nanoparticles with
editing in neurons, astrocytes, and microglia shown to decrease reporter gene expression. In an
alternative gene editing strategy to targeting Fmr1, the metabotropic glutamate receptor (mGIuR5)
encoding gene Grmb5 was targeted for knockdown with Cas9 in the striatum of Frmr1 knockout mice
(Table 1) [40]. Grmb was targeted because of the over-activation of mGluR5-dependent signaling
present in FXS and other autism spectrum disorders. The efficiency of editing Grm5 was measured to
be 14.6%, resulting in a 40-50% reduction in the encoded protein. Repression in mGluR5-dependent
signaling resulted in a rescue of a marble burying phenotype in Fmr17/ mice as well as jumping
behaviors, both considered measures of hyperactivity and stereotypy. While this study demonstrated
in vivo gene-editing in an animal model of FXS, it did not target the FMRI locus directly. However,
the work did establish a potential strategy for treating autism. Although the authors used CRISPR
editing to treat FXS-like phenotypes in mice, they did so by inducing a loss of function mutation in
a second gene rather than correct the initial null mutation in Fmr1; the authors suggest that while
clinical trials that used drugs to reduce mGluR5 activity were disappointing, using CRISPR to target the
overactivation may be more effective. Of note, the delivery strategy resulted in a focused treatment area,
which is necessary when knocking out an important regulator of plasticity. However, it has limitations
if multiple regions or a large area of the brain must be edited for therapeutic effect, an important
consideration in translating from mice to humans. Notably, gold nanoparticles have been shown to
have cellular toxicity at high or repeated doses [41,42].

Other trinucleotide repeat disorders are also being targeted with CRISPR-based therapies [43].
One example is the Huntingtin gene (HTT), which has been corrected in vitro using patient derived
fibroblast cells by targeting only the expanded allele for deletion of the CAG repeat and knocked
down expression. This strategy was also used in vivo in a mouse model of the expanded CAG repeat,
with similar decreased expression of the gene and encoded protein as was seen in cell lines [44].
An in vivo mouse model of Friedreich Ataxia showed partial increased expression of the frataxin
(FXN) gene when GAA trinucleotide repeats were deleted from intron 1 with Cas9 [45].

The modifications, fusions, and evolutions of CRISPR for therapeutics opens the field to numerous
strategies for using gene-editing to treat and cure FXADs. For example, RNA targeting nucleases can
be used to target the CGG repeat in FXTAS and off-target activity can be decreased using split Cas9 or
Cas9 nickases that require two guideRNAs to complement the genomic sequence near each other [46,47].
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The SpCas9 nuclease has also been genetically modified to decrease off-target activity while maintaining
high editing activity at the target loci [28,29]. These designer nucleases can improve the safety of these
therapies by minimizing unwanted DNA damage. Cas9 enzymes with alternative PAM motifs are also
available, and these make more of the genome accessible for CRISPR modification [31].

4. Further Considerations for Gene-Editing for FXTAS and FXS

4.1. Delivery

Delivering CRISPR-based therapeutics into the brain and specifically neuronal cells is essential
for FXS and FXTAS therapy. Several strategies to deliver gene therapies to the brain, some with success
in model systems, are described below. Also see a more comprehensive review by Cwetsch, Pinto [48].

Transducing neurons with Adeno Associated Virus (AAV) is the most common method to deliver
CRISPR editors in vivo. AAVs have high transduction efficiency and low immunogenicity profiles
compared to many other viral vectors, contributing to their broad use in gene therapy applications [49].
AAVs can package approximately 4.8 kb of foreign DNA sequence, which is only 600 bp larger than
the coding sequence of SpCas9. This leaves minimal room for cassettes to drive guideRNAs and Cas9
expression. Strategies to bypass this limitation include dual vector systems where the nuclease and
guideRNAs are packaged into separate AAV vectors [50] or splitting Cas9 into two fragments that
dimerize in the presence of a small molecule (Figure 1c) [51]. Alternative enzymes that are encoded by
sequences smaller than the 4.2 kB sequence for SpCas9 include the 3.2 kB Staphylococcus aureus Cas9,
which is small enough to allow for cis expression of one or two guideRNAs [30,52].

AAV capsids vary in their tropism, defined as their ability to bind to and be internalized by
specific cell types. AAV serotype 9 has been used to deliver an FMR1 transgene into Fmr1 knockout
neonate mice via intracerebroventricular injection [53]. These experiments showed neuronal expression
of FMRP in several brain regions including the cortex, hippocampus, and striatum. The cortex and
hippocampus had the highest transduction efficiency as measured by the number of FMRP-positive
cells for a given area. However, FMRP was not detected beyond the midbrain and cerebellum. Together
with AAV9, AAV1, AAV2, AAV5 and AAVS have been reported to express transgenes throughout
the brain [54,55]. Developing genetically engineered AAV serotype variants that increase overall
transduction efficiency or specificity is an active area of research [56,57].

Lentiviruses have also been engineered to deliver CRISPR components into cells. Unlike AAVs,
that remain mostly episomal; lentiviruses integrate into the host genome, a mechanism that can
increase the risk of insertional mutagenesis. An advantage of lentiviruses for gene editing is that
they have a packaging capacity of approximately 9 kb. Lentiviruses have been used to deliver CGG
targeting CRISPR components into iPSCs in vitro for gene editing as discussed above [35].

Lipid nanoparticles (LNPs) are a non-viral strategy to deliver CRISPR components in vivo. In
the liver, high editing efficiency was shown after a single intravenous injection of CRISPR-mRNA
containing LNPs [42], or LNPs containing plasmids encoding Cas9 and guideRNAs [58,59]. Currently,
efficient editing in the brain using LNP-based systems have not been shown. However, Frnr1 knockout
mice have been focally transfected with gold nanoparticles, as described above [40].

The main advantage of non-viral delivery is that the Cas nuclease is present and functional for
a limited time. In recent studies comparing plasmid expression systems or RNPs of Cas9/guide
RNAs, Behlke and colleagues showed that transient Cas9 exposure minimizes off target activity [60].
Additionally, transiently expressing Cas and guideRNAs provides the availability of the full CRISPR
toolkit for editing new targets without interference from a previous treatment.

The route of CRISPR delivery into the brain has to be considered. Some modalities will allow
for widespread delivery but require larger dosages to be administered (i.e., intraventricular injection)
while others can provide for targeting a precise region (i.e., intracerebellar or cerebral injection).
Localized injections will minimize the amount of therapeutic administered while having a high
coverage of cells in the targeted area. Such a delivery strategy will also narrow the functional range
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of the therapy. This is unlikely to be useful for FXS and FXTAS therapy where pathology occurs in
many brain regions [61,62]. FXS is associated with increased white matter and gray matter volume
in the thalamus, frontal and temporal lobe, cerebellum and caudate by magnetic resonance imaging
(MRI). Histopathological analysis of brains from individuals with FXS identified abnormalities in the
hippocampus and cerebellar vermis [63]. Patients with FXTAS often have increased T2 intensity by
MRI in the middle cerebellar peduncles (MCPs), this is referred to as the MCP sign and occurs in
approximately 60% of diagnosed cases of FXTAS. Other hallmarks of the disorder include cerebellar
and cerebral atrophy and a thinning of the corpus callosum. Hippocampal and amygdala structural
differences are less obvious and not consistently seen across studies. Balancing precision and spread
of the therapeutic components will be important for successful clinical results, and will be heavily
dependent on the delivery vehicle [64].

Another important consideration is when to deliver the gene-editors. The timeframe for treatment
will be different depending on whether FXS or FXTAS is being treated. While FXS symptoms occur
early during development and early interventions show the greatest outcomes [65], FXTAS is a late
onset and incompletely penetrant disorder. Premutation carriers may never develop FXTAS or require
medical intervention, but we are yet unclear whether features of FXTAS can be improved post onset
and what treatment windows will be beneficial.

4.2. Off-Target Editing

The main concerns of researchers developing CRISPR therapies are the off-target and undesired
editing effects permanently incorporated into patients’ somatic cells. Off target editing has
been studied in vitro and in vivo using a variety of genome-wide protocols (i.e., Genome-wide,
Unbiased Identification of DSBs Enabled by Sequencing [GUIDE-seq] [66]; High-Throughput
Genome-Wide Translocation Sequencing [HTGTS] [67]; Integrative-Deficient Lentiviral Vectors
[IDLV] [68]; Digenome-sequencing [Digenome-seq] [69,70]; Circularization for In vitro Reporting of
Cleavage Effects by sequencing [CIRCLE-seq] [51]; Selective enrichment and Identification of Tagged
genomic DNA Ends by sequencing [SITE-seq] [71]; Breaks Labeling, Enrichment on Streptavidin,
and Sequencing/Breaks Labeling In Situ and Sequencing [BLESS/BLISS] [30,72,73], and others [74]).
These off-target detection screens have demonstrated that prediction of sites prone to erroneous
cleavage by CRISPR is challenging and impacted by the guideRNA sequence, tissue or cell type,
the specific nuclease used, and the method of delivery. Off-target activity is balanced with on-target
editing efficiency. A high on-target, low off-target ratio is of course the holy grail of therapeutic editing.
To reduce off-target binding of guide RNAs, most current guideRNA design tools use algorithms
that allow minimizing the number of mismatches of off-target sequences in the host genome to the
on-target sequence. Some algorithms also consider chromatin accessibility and guideRNA stability
in vivo, although this information changes with cell type [75-77].

Characterizing and reducing off-target effects are critical to move any gene-editing therapy into
the clinic. None of the recently published FMR1 editing studies have surveyed off-target editing
using one of the genome wide unbiased methods [51,66,68,69,72,73], with predicted off-targets shown
to have little overlap with off targets identified using these approaches. Off-target loci have been
shown to occur with as many as 6 mismatches to the 20 nucleotide guideRNA sequence [78], and are
significantly reduced with transient Cas9 expression, either by delivery of mRNA encoding the
nuclease and guideRNAs, or delivery of the complexed RNPs [79]. Self-destroying CRISPR (KamiCas9)
systems has also been shown to limit the time Cas9 is present in treated cells, reducing off-target
accumulation [80].

Editing systems must be empirically tested for each gene, and possibly for each cell type, of interest.
In general, multiple guideRNAs are tested and their on- and off-target editing efficiencies evaluated.
A consideration of off-target effects is whether a biological consequence (e.g., truncated protein) would
result from misdirected editing and how well such an outcome is tolerated by the cell type.
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CRISPR-editing of the FMR1 gene may erroneously repair the on-target sequence resulting in
large deletions, incorporation of plasmid or viral DNA sequences, or fusion of FMR1 with other genes
at other loci. A non-biased genetic analysis of repaired sequences will quantify which mistakes are
prone to occur and at what frequency. Large deletions extending beyond the start codon, or upstream
of the transcriptional start site, would disrupt FMR1 expression or function. Incorporation of foreign
DNA sequences may dysregulate FMR1 reducing therapeutic rescue post editing [81,82]. Fusions of
genes after editing could create novel, immunogenic or toxic proteins or protein chimeras that could
alter the function of the cell or even be tumorigenic [83,84]. While these possibilities seem dire, careful
preclinical testing in relevant model systems would identify problematic editing components such that
alternative approaches could be developed and tested.

One of the unique considerations of gene-editing for FXADs therapy is the presence of functional
and dysfunctional CGG repeats in females. Females are genetically protected by the presence of
anormal CGG repeat allele in a portion of their cells [85,86]. It is important to avoid editing the normal
allele-containing cells, while targeting premutation or full mutation expressing cells. Liu et al suggest
that preferential editing at the expanded allele occurs because the CGG repeats provide more targetable
sequence compared to the few CGG repeat in the normal allele or at other genomic loci Liu, Wu [35].
While possible, this requires more thorough investigation using single cell RNA seq analysis of cells
after CRISPR/Cas9 editing of a mixture of cells harboring normal and expanded repeat sequences.

4.3. CRISPR Limitations

There are several additional limitations when implementing the CRISPR technology as
a therapeutic strategy. The stringency of CRISPR nucleases to a PAM sequence can prevent researchers
from targeting a specific genomic locus because there are no available PAM sites within that region,
this results in changing the gene-editing strategy to conform to the currently accessible sequences.
However, CRISPR tools are being developed to broaden the sites that Cas9 and other nucleases
recognize [31]. The incomplete editing of CRISPR in somatic cells can result in mosaicism of desired and
off target modifications in vivo. These mosaic modifications can result in unpredictable outcomes [87].
As the field continues to progress, we will have an improved perspective on how often these sporadic
events occur and the severity they have in vivo.

4.4. Ethical Considerations

With the rapid progress of CRISPR in the biomedical field, keeping pace with the ethical issues that
arise is important. Like clinical trials that are currently underway for new pharmaceuticals and gene
therapies, gene-editing has the potential for unforeseen outcomes and side effects. Because the therapy
is a permanent modification of the genome, these unexpected effects can carry a greater burden to the
participant. Treatment of an embryo, child, or patient incapable of understanding the risks associated
with the therapy mean informed consent cannot be obtained. In a disorder as variable as FXS, balancing
the potential benefit of treating a patient during early development with the ability to assess the severity
of the individual’s symptoms later in life comes into question. Mosaic off-target mutations can result in
unpredictable side effects to the therapy in a single participant. Additionally, as access to gene-editing
therapies becomes available, equal access to these technologies across society will be essential to not
disenfranchise sectors of our society [88]. The ethical issues that arise as genome editing in humans
continues to advance are important and more each come with serious consequences can result from how
these issues are resolved. As we move forward with developing genome editing therapies that have
the potential to greatly improve the quality of life of individuals within the Fragile X community, it is
important to also move forward in our understanding of these issues and decide how to address these
ethical considerations.
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5. Final Remarks

The recent successes that have been achieved using CRISPR for genetic and epigenetic editing and
the advances being made to deliver, control, and modify Cas nucleases are driving rapid development
of editing-based gene therapies for disease treatment. The continued developments in the field, even for
other disorders, will allow us to optimize CRISPR technology for FXADs with regards to efficacy
and safety. Finally, CRISPR/Cas9 technologies may also provide tools to develop an in vivo model of
the FMR1 epigenetically silenced full mutation, which to date does not exist. Thus, the technological
advancement of CRISPR/Cas9 has infiltrated many sectors of biomedical research and provides one of
the more promising approaches for FXS and FXTAS therapy.
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Abstract: The fragile X-related disorders (FXDs) are a group of clinical conditions that result primarily
from an unusual mutation, the expansion of a CGG-repeat tract in exon 1 of the FMR1 gene. Mouse
models are proving useful for understanding many aspects of disease pathology in these disorders.
There is also reason to think that such models may be useful for understanding the molecular basis
of the unusual mutation responsible for these disorders. This review will discuss what has been
learnt to date about mechanisms of repeat instability from a knock-in FXD mouse model and what
the implications of these findings may be for humans carrying expansion-prone FMR1 alleles.

Keywords: CGG Repeat Expansion Disease; DNA instability; expansion; contraction; mismatch
repair (MMR); base excision repair (BER); transcription coupled repair (TCR); double-strand break
repair (DSBR); Non-homologous end-joining (NHE]); mosaicism

1. Introduction

The fragile X-related disorders (FXDs) are X-linked disorders that include a form of ovarian
dysfunction known as fragile X-associated primary ovarian insufficiency (FXPOL; MIM# 311360), a
neurodegenerative condition, fragile X-associated tremor/ataxia syndrome (FXTAS; MIM# 300623)
and fragile X syndrome (FXS; MIM# 300624), a major cause of intellectual disability and autism [1].
FXPOI and FXTAS are seen in carriers of FMR1 premutation (PM) alleles, alleles that have a tandem
array of 55-200 CGG repeats in exon 1. Most cases of FXS are seen in carriers of FMR1 full mutation
(EM) alleles, alleles that have >200 repeats, with a minority of individuals having deletions or point
mutations that affect the levels or functionality of FMRP, the FMR1 gene product, an important
regulator of translation in the brain. The difference in the clinical consequences of the inheritance of a
PM versus a FM allele results from the paradoxical effects of the repeat on FMR1 expression. Most
FM alleles are epigenetically silenced, resulting in the absence of FMRP. In contrast PM alleles are
transcriptionally active and can have transcript levels anywhere between 2 and 8 times the levels of
normal alleles [2]. Both FM and PM carriers show wide variability in their clinical presentation and
both FXTAS and FXPOI show incomplete penetrance suggesting the contribution of other genetic
factors to disease severity.

The CGG-repeat tract is unstable and is prone to expand and contract in a manner dependent on
repeat number and the number of AGG interruptions present at the 5 end of the tract [3,4]. Instability
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occurring in somatic cells can lead to repeat size mosaicism. In fact, it has been estimated that >40% of
individuals with alleles >55 repeats are mosaic [5]. Mosaicism for both PM and FM alleles results in
some individuals showing symptoms characteristic of both PM and FM alleles [6,7]. The mechanism(s)
responsible for the repeat instability is largely unknown. While some instability has been reported in
various human cells in culture [8-10], most studies of the instability mechanisms have used mouse
models [11-14]. Mouse models offer a number of clear advantages over some of these cell-based
systems, including the high frequency of both expansions and contractions and the ability to examine
instability in different biologically relevant organs at various stages of development. In addition, since
the size of the original allele can be readily established based on the allele size at birth, alleles arising
from expansion can be clearly distinguished from those arising by contraction. Of the various mouse
models for the FXDs that have been generated, most work on repeat instability has made use of a
model in which the short CGG-repeat tract present in the endogenous mouse FMR1 gene was replaced
with ~130 CGG-repeats [14]. In this review we will address what we have learnt to date about repeat
instability from this mouse model, as well as from other model systems and other related Repeat
Expansion Disorders. We will also discuss some of the implications of this information for diagnosis
and disease risk assessment in humans.

2. Instability in Humans and Mice May Share a Common Molecular Basis

There are a number of reasons to think that instability in mice and humans share common
mechanisms. Firstly, while both expansions and contractions are seen, in both species expansions
predominate over contractions, at least in the PM range. Secondly, in both humans and mice expansion
events require transcription or the presence of the PM allele in a region of open chromatin [15,16].
In addition, both mice and humans show a maternal age effect for expansion risk [3,17], suggesting
that expansion occurs in the oocyte in both species. While some postnatal oogenesis has been observed
in mice whose existing oocytes have been ablated [18], the contribution of a dividing oocyte stem
cell population to postnatal oogenesis and the pool of viable oocytes that can be fertilized in normal
mammals is still controversial. Thus, since oocytes do not divide, a maternal age effect for expansions
is generally considered to reflect events that occur in the absence of cell division. This suggests that the
underlying mechanism in both species involves aberrant DNA repair and/or recombination, rather
than a problem with chromosomal replication. Finally, many of the same genetic factors that affect
expansion risk in the FXD mouse are known to modulate expansion risk in other human Repeat
Expansion Diseases [19-21]. Since current evidence supports a common mutational mechanism for all
of these diseases, this suggests that the FXD mouse may accurately recapitulate at least some aspects
of repeat expansion in the FXDs.

Whilst most intergenerational expansions in mice are relatively small, large expansions
characterize the PM to FM transition on maternal transmission in humans. However, there is no
clear evidence that the PM to FM transition occurs in a single step in women and, in principle, it is
possible to generate an equivalent increase in repeat number by a series of small expansions occurring
over the decades that the human oocyte spends in dictyate arrest prior to fertilization [17]. Furthermore,
while small expansions predominate in mice, larger intergenerational expansions are seen albeit at a
lower frequency [17]. These larger expansions are sensitive to the same genetic factors that affect small
expansions and thus likely arise from the same basic mechanism [22,23]. While much less is known
about contractions, work in both mice and humans suggest that the underlying mechanism is likely
different from the mechanism that gives rise to expansions [4,24,25].

Although available evidence suggests that mice may be useful for understanding the instability
of human PM alleles, mouse Fmr1 alleles with repeat numbers in the FM range do not undergo
repeat-mediated epigenetic silencing as do FM alleles in humans. However, there is reason to think
that X chromosome inactivation in female mice can provide a window into the factors associated with
the instability of silenced alleles [16].
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3. Different Cell Types Show Different Propensities to Expand in Mice

As can be seen in Figure 1, in the FXD mice some organs, like heart, show very little post-natal
expansion, as evidenced by the fact that the repeat PCR profile of this organ does not change with
age and remains indistinguishable from the profile seen in the tail DNA taken at 3 weeks of age [26].
In contrast, most other organs show some expansion as evidenced by the presence of alleles larger than
the heart allele (Figure 1) [17,26]. In organs like testes and liver, expansions are apparent as a shift from
a unimodal repeat PCR profile as seen in the tail DNA, to one that is more bimodal (Figures 1 and 2a).
In young animals that have not yet accumulated many expansions, the second peak can appear more
like a “shoulder” rather than a distinct peak, as in the example of the liver of a 3-month old mouse
shown in Figure 2a. However, over time, as expansions continue to accumulate, expanding alleles
diverge further from the original allele resulting in 2 clearly distinct allele peaks (Figures 1 and 2a).
This bimodal peak distribution reflects the fact that, in some organs some cells are expansion-prone
whilst others are not.
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Figure 1. Different mouse organs show different propensities to expand. Repeat PCR was carried out
on DNA extracted from different organs of a male mouse with 191 inherited repeats and analyzed
as previously described [26]. The tail DNA sample was taken at 3 weeks, the remaining samples at
8 months of age. The arrowhead and dotted lines indicate the repeat number in the original inherited
allele as assessed from tail DNA taken at 3 weeks of age. The numbers within each panel indicate the
number of repeats added.

For example, in testes expansion is confined to the spermatogonia or primary spermatocytes [17],
with the shorter alleles in the testes profile in Figure 1 corresponding to alleles in the somatic cells and
the longer alleles corresponding to alleles in the gametes. Similarly, in the liver, expansion is confined
to hepatocytes [27], while in the brain expansion is more extensive in the striatum and basolateral
amygdala than in the medial prefrontal cortex [26]. Unlike PM alleles in testes and liver, PM alleles in
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blood show relatively little expansion and what little expansion is seen has a unimodal distribution in
males (Figure 1). This may reflect the fact that all white blood cells are equally prone to expansion.
Why some cells are expansion-prone and others are not is not fully understood. It does not seem to be
simply related to the amount of Fmr1 transcription since tissues with similar levels of Fnrl mRNA
can show very different propensities to expand [26]. Rather it may be related to the balance between
the levels of expression of proteins involved in the generation of expansions and those involved in
the pathway(s) that promotes contraction or error-free repair [26,28]. Computer simulations suggest
that the expanded allele profile, even that seen in very expansion-prone tissue, is consistent with the
addition of 1-2 repeats with each expansion event [29]. However, as will be discussed below, larger
expansions and contractions also occur (Section 7).
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Figure 2. Change in the PM repeat PCR profiles and o with age and extent of expansion. The PCR
profiles and os were generated from male mice as previously described [26,27]. (a) Liver PCR profiles
of mice of different ages, all with an original allele of ~145 repeats. The arrowhead on the bottom of
each panel and the dotted lines indicate the original inherited allele as assessed from tail DNA taken at
3 weeks of age. The numbers above the panels indicate the number of repeats added to the expanded
allele. The o of the stable allele and the expanded allele are shown in black and red, respectively.
The examples shown in this panel are derived from previously published work [27]; (b) PCR profiles
and corresponding o for alleles in hearts and brains of 1-year old (155 repeats) and 6-month old (175
and 185 repeats) mice. The number associated with each arrowhead represents the number of repeats
in the indicated allele. For the hearts, this number corresponds to the original inherited allele. For the
brains, the repeat size reflects a gain of 6-9 repeats from the original allele.

As alleles expand, their PCR profile widens as differences in the timing and size of expansions in
different cells transforms the original discrete allele into a more heterogenous mixture of allele sizes
(Figure 2a). Thus, the broadness of the allele peak, as reflected in the standard deviation (o), can be a
sensitive metric of expansion [27,29]. In our experience, stable alleles, like those in heart, show a o
of <2.5, for a wide range of repeat sizes and mouse ages as illustrated in Figure 2b. In contrast, the
o of alleles in expansion-prone cells is >2.5 and increases as expansion increases as the animals age
(Figure 2a,b). Overlapping allele peaks can result in an overestimation of the o of the smaller allele and
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an underestimation of the larger one (Figure 2a). However, in unimodal PCR profiles or profiles with
distinct peaks, an allele that has expanded has a larger o than a stable allele of the same size (compare
brain to heart in Figure 2b).

It should be noted that while the repeat PCR profiles for alleles in the heart of WT mice shows
no evidence of post-natal expansion, they differ from the heart profiles in mice with mutations that
abolish expansions completely [30]. Specifically, the profile in WT animals has a normal distribution
while the profile in mutant mice is not only sharper, but is also left-skewed [30]. This left skew likely
reflects PCR stutter products, while the normal distribution of the WT heart profiles likely reflects
some expansion that occurs in these animals during early embryonic development.

Implications for humans: Analysis of the CGG repeat in the human FMRI gene is routinely
performed using blood where, as in mice, a unimodal PCR profile is commonly seen in males. However,
by analogy with what is seen in mice, a unimodal PCR profile may not mean that the allele is stable.
As with mice, the o of an allele profile likely reflects the extent of somatic expansion. This would be
predicted to vary with total repeat number, the number of AGG interruptions and the effect of different
genetic and/or environmental modifiers of expansion risk. As with mice (Figure 2a), age may also be a
factor, at least for very unstable alleles. Figure 3a shows examples of unimodal repeat PCR profiles
characteristic of stable (top panel) and unstable (bottom panel) alleles.
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Figure 3. Blood repeat PCR profiles for 3 human male PM carriers. Repeat PCR analysis was carried
out as described previously [31]. The number associated with each arrowhead represents the number
of repeats in the indicated allele. (a) Profiles of two individuals showing a unimodal profile with a
sharp peak (top) and a broad peak (bottom); (b) Profiles generated from the same individual using
samples taken 4 years apart. The dotted line in these panels indicates the size of the major allele at
the earlier timepoint. A shift corresponding to the gain of 5 CGG repeats is seen in the later sample.
In each case the o values are for the major allele peak.

As illustrated in Figure 3b, multiple peaks are also sometimes seen in males. These alleles may
arise by contraction of larger alleles or from large expansions. As can be seen in the 2 different blood
samples from the same individual taken 4 years apart (Figure 3b), these peaks can be broad, indicative
of subsequent expansions. Notably, in this individual, both the repeat number and the o were larger in
the second sample taken 4 years later, consistent with an age effect.
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PM alleles are relatively stable in mouse blood compared to alleles from other cells. Thus, it is
possible that any evidence of expansion in human blood, reflects the presence of even more extensive
expansion in organs like brain or gonads. Different allele profiles in different tissues have been
reported in some PM carriers [32-39] and 2 different studies support the idea that some men have
larger expansions with broader os in sperm relative to blood [40,41]. Differences between allele sizes
in blood and in brain or gonads in expansion-prone individuals could lead to an underestimation of
the intergenerational expansion risk. It may be that it also contributes to the apparent variability in the
penetrance of FXTAS and FXPOL

4. Expansions in Females Only Occurs on The Active X Chromosome

While in male mice a bimodal repeat PCR profile is seen in organs that have cell types with
different expansion rates, most female mice show a bimodal PCR profile for the PM allele in all
expansion-prone tissues [16]. This is a consequence of the fact that expansions in females are confined
to alleles on the active X chromosome [16]. Thus, even in expansion-prone cell types, expansion only
occurs in ~50% of cells in females with normal X chromosome inactivation (XCI).

Implications for humans: A bimodal PCR profile for the PM allele is also sometimes seen in human
females (Figure 4). The larger alleles are lost from the repeat PCR profile when the DNA is digested
prior to PCR with a methylation-sensitive enzyme that has one or more cleavage sites within the PCR
amplicon. Such an enzyme cuts the FMR1 allele on the active X chromosome, leaving the allele on
the inactive X as the only template for PCR. Thus, in the example shown in Figure 4a, alleles on the
active X have gained ~7 repeats relative to alleles on inactive X chromosomes (bottom panel). Notably,
unlike the roughly normal distribution seen in the repeat PCR profiles of expanded alleles, the shape
of the repeat PCR profile for alleles on the inactive X is asymmetric and closely resembles the shape of
the PCR profile seen in mice with mutations that completely block expansions [30,42]. Even among
women with a bimodal allele distribution, differences in the extent of instability can result in dramatic
differences in their PCR profiles. Figure 4b illustrates the 2 extremes of the possible bimodal PCR
profiles, with the woman in the top panel showing a very low level of somatic instability and the
woman in the bottom panel showing unusually high levels.

However, not all women show a bimodal profile for the PM allele. For example, as shown in the
upper panel of Figure 4c, women with a high activation ratio (AR), that is, a high proportion of cells in
which the active X chromosome carries the normal allele, would show a single sharp peak for the PM
allele, with little, if any, evidence of a second peak, since no expansion would take place on the inactive
X. In contrast, a woman with a low AR, would be more likely to have a profile with more expanded
alleles than stable ones as shown in the bottom panel of Figure 4c. An even lower AR might result
in unimodal PM profile with a large o, as reported for a woman with an AR of 0.06 [43]. A single,
sharp PM allele profile can also be seen even in the absence of skewed XCI (Figure 4d). Such alleles
may result from the presence of AGG interruptions that reduce the expansion frequency, a genetic
background that is not prone to expansion or, potentially, to an effect of age, with very young females
being more likely to show such a profile. In the cases shown in Figure 4d, both women were of similar
age, showed no skewing of XCI and had no AGG interruptions. Thus, the sharp and asymmetric
profile seen for the 133 repeat allele may reflect genetic or environmental factors that reduce expansion
risk as in mice with mutations that block expansions [24,30,42].
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Figure 4. PM Repeat PCR profiles from the blood of human female PM carriers. The arrow in each
instance indicates the stable allele with the indicated number of repeats. (a) Profiles for a female PM
carrier without (top panel) and with (bottom panel) Hpall pre-digestion were generated as previously
described [16]. The alleles on both the active and inactive X are shown in blue in the top panel and
the alleles on the inactive X in green in the bottom panel; (b) Examples of very different bimodal
PCR profiles; (c) Profiles for 2 women with different activation ratios (ARs); (d) Profiles of two
females of similar ages and ARs, both with no AGG interruptions showing very different levels of
somatic expansion.

5. Expansion in the Male and Female Germline

More expansions are seen in the oocytes of older female mice than younger ones [17]. This is
consistent with some expansions occurring postnatally in non-dividing oocytes. In contrast, germ line
expansions in male mice occurs in the spermatogonial stem cells (S5Cs), cells that undergo multiple
rounds of cell division [17]. Furthermore, male mice show a higher frequency of germ line expansions
than females [17]. Studies of mice with mutations in different genes shows that the same genetic factors
affect expansions in males and females and the same genetic factors also account for large and small
expansions [24,25,28,30,42,44]. This would be consistent with single mechanism being responsible for
all expansions in both males and females.
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Implications for humans: Almost all expansions from a PM to a FM allele in humans occurs on
maternal transmission. However, men with PM alleles transmit more expansions at least for smaller
PM alleles [4,45] consistent with what is observed in mice. The fact that expansions in male and
female mice share a dependence on a common set of genes would argue against a female-specific
mechanism for the generation of FM alleles in humans. The FX repeat forms unusual intrastrand
secondary structures [46-50], that are thought to make the repeat tract difficult to replicate [49,51,52].
This may result in pressure for larger alleles in dividing gametes to contract over time, as is seen in
FX embryonic stem cells [53]. Germ cells in a 30-year old man will have undergone ~400 divisions,
compared to 31 in a woman the same age [54,55]. However, by analogy with mice, most expansions
in the female germline likely occur during post-natal life, well after cell division is complete. Thus,
expanded alleles in female gametes face little pressure to contract, whilst male gametes are under
continuous pressure to do so. This might explain why FMRP was detected in primordial germ cells of
a 17-week old male FM fetus but not in those of a 13-week old fetus [56] and why older FM males only
have PM alleles in their sperm [57,58]. It may also provide an explanation for why male PM carriers
do not generally transmit FM alleles to their children.

6. Genetic and Environmental Factors Affecting Instability

A number of genetic and environmental factors have been shown to impact expansion risk in
mice. For example, an exogenous source of oxidative stress increases expansions [59]. Mutations in
different DNA repair genes also affects the extent of expansion, with some mutations reducing
expansions [24,25,28,30,42,44] and others increasing them [27,30,44,60]. For example, mutations
in mismatch repair (MMR) proteins, including MSH2, MSH3, MSH6 and MLH3, either eliminate
expansions altogether [24,30,42] or severely reduce their incidence [25]. Similarly, a single hypomorphic
allele of Pol, a DNA polymerase that plays an essential role in base excision repair (BER), is sufficient
to significantly reduce the expansion frequency [28]. Thus, proteins from multiple DNA repair
pathways that normally work to prevent mutations, interact in such a way so as to actually cause the
repeat expansion mutation. Work in vitro has shown that the FX repeats form unusual DNA structures
including hairpins that have a mixture of Watson-Crick and non-Watson-Crick base pairs [46-50,61,62].
Current thinking is that these structures are the substrates upon which this process acts but the
sequence of events and all the factors involved are still not fully understood (see [23] for recent review).

Mutations in other proteins, including two 5'-3’ exonucleases, EXO1 and FAN1, lead to an increase
in expansions, suggesting that these proteins are protective [30,60]. Loss of EXOL1 affects expansions
in the germ line and in the small intestine but not in the brain [30]. In contrast, loss of FANT1 affects
expansion in multiple organs including brain but does not affect the germ line expansion frequency [60].
ERCC6/CSB plays a paradoxical role in repeat expansion playing a minor role in promoting expansions
in some instances [44] and protecting against them in others [63]. This paradoxical effect may reflect
this protein’s ability to participate in multiple DNA repair pathways. Recently, DNA ligase IV (LIG4)
has also been shown to protect against expansion [27]. Since LIG4 is essential for non-homologous
end-joining (NHE]), a form of double strand break (DSB) repair, it suggests that the expansion process
competes with the NHE] pathway for a common substrate. This supports the idea that expansion
proceeds through a DSB intermediate, perhaps one generated by MutLy [27]. A simple gap-filling
model for the generation of expansions from a staggered DNA DSB arising during transcription or
DNA repair has been suggested [27].

Very little is known about the factors that promote contractions. In the mouse model, factors that
abolish expansions do not necessarily reduce contractions [24,25,28,30,42]. In fact, the frequency of
contractions usually increases when the expansion frequency drops. This suggests that some, if not
all, contractions occur via a mechanism that differs from the expansion mechanism and that when
expansions are blocked, a process or processes that favors contractions predominates. This would be
consistent with the observation that AGG interruptions, which are an important modifier of expansion
risk, do not affect the contraction frequency [4]. Moreover, while transcription or open chromatin
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is required for expansion, contraction of methylated alleles can be seen in both mouse and humans,
particularly in rapidly dividing cells such as those in the early embryo or in cells grown at low cell
densities in vitro [10,17,53]. Contractions under these circumstances may reflect the difficulty the
cell has in replicating the FX repeats [49,51,52], thus favoring cells in which repeats have been lost.
Tandemly repeated sequences often contract via strand-slippage during replication in a variety of
organisms [64-66]. Such a mechanism could explain the observed loss of AGG interruptions sometimes
associated with contraction [4], if slippage occurred upstream of the interruption with re-priming of
DNA synthesis occurring downstream of the interruption. Strand-slippage by the FX repeat also has
the potential to generate point mutations within the repeat by frameshifting or limited intra-strand
template switching with priming within the hairpin [67-69].

Implications for humans: Genetic factors that impact expansion may contribute to the increased
expansion risk seen for PM carriers with a family history of FXS relative to carriers of similar PM
alleles in the general population [70]. It may also account for why some individuals show more
somatic expansion than others (Figures 3 and 4). Interestingly, single nucleotide polymorphisms
(SNPs) in genes including ERCC6/CSB [71], MSH3 [21,72] and FANT1 [19,20] are thought to modify
disease risk in other Repeat Expansion Diseases via their effect on somatic expansion. A SNP in MLH1,
the binding partner of MLH3 in the complex MutLy, has also been shown to have a similar effect [19].
Since most factors that affect expansion in somatic cells also affect expansion in germ cells in mice, it is
likely that similar genetic factors would also impact the risk of intergenerational expansion. However,
as illustrated by the differences between the effects of FAN1 and EXO1 mutations on expansion in
different tissues in mice, some genetic factors may be more important modulators of expansion in
some cells than in others and thus, may affect expansion differently in different organs. For example,
a polymorphism in FAN1 may result in increased expansion in brain but not necessarily in oocytes,
while EXO1 polymorphisms may result in increased expansion in gametes, but not liver or other
somatic tissue. Thus, a thorough understanding of expansion predisposition may require testing of
multiple tissues.

7. The Frequency of Large Contractions and Expansions can be Underestimated

Analysis of repeat length and somatic instability is routinely performed on bulk genomic
DNA. Such analysis on mice tissue indicates that somatic instability mostly involves the gain of
relatively small number of repeats (Figure 2). However, large expansions and contractions can be
seen in intergenerational transmission in mice [17]. They can also be seen if they occur during early
embryonic development when they represent a significant fraction of the alleles in the population.
These observations indicate that large expansions and contractions can occur not only in humans but
also in mice. However, similar events occurring postnatally are difficult to detect using PCR on bulk
genomic DNA since the resultant alleles vary considerably in the number of repeats gained or lost.
Thus, each of these alleles represents a very small proportion of alleles in the population and likely
will not be detected in standard PCR analysis. For example, as seen in Figure 5, when bulk DNA
from the brain of a 1-year old mouse is analyzed, the PCR profile is consistent with most changes in
repeat number involving the gain of a small number of repeats. However, PCR on single genome
equivalents from the same brain sample shows that almost 30% of alleles have lost or gained more
than 25 repeats. Thus, larger expansions and contractions actually occur relatively frequently and may
ultimately reflect a relatively large fraction of the total alleles in the population.

Implications for humans: This combination of expansion and contraction can result in individuals
being highly mosaic for a variety of different alleles. The fact that larger expansions and contractions
that occur later in development are difficult to detect in mice, raises the possibility that some humans
may be even more mosaic than analysis of their bulk DNA suggests. Thus, careful analysis of the
distribution of allele sizes in carriers might be needed to properly assess disease risk.
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Figure 5. Distribution of the changes in the repeat number seen in the brain of a 1-year old mouse
with an inherited allele of 162 repeats. The repeat number of individual alleles was determined by
small pool PCR of single genome equivalents as described previously [30]. The data shown represent
119 individual PCR reactions. The inset panels show the bulk PCR profiles for the heart and brain of
the same animal.

8. Concluding Remarks

The use of a mouse model allows the dynamics of repeat instability in the FMR1 gene to be
explored over time in multiple tissues. This has resulted in a number of observations that may be
relevant to repeat instability in humans. For example, we have learnt that some cell types show more
expansion than others [16,17,24,26]. In particular, expansions are more extensive in brain and gonads
than in blood. This may mean that, in some people, the size of the repeat or the extent of somatic
expansion seen in blood may not reflect what is present in disease-relevant cells. Examination of
the repeat PCR profiles from mice over time has also shown that the o of the allele peak provides a
sensitive measure of the extent of somatic instability. Specifically, stable alleles have a low ¢ (<2.5),
while expanded alleles have a larger 0. A wide range of o values can be seen for human PM alleles
in blood that, by analogy with FXD mice, likely reflects a wide variation in the extent of somatic
expansion in different people.

A number of genetic factors that promote or protect against expansions in the FXD mouse model
have been identified [24,25,27,28,30,42,44,60,63,73,74]. Some of these factors have been implicated
in expansion in humans with other Repeat Expansion Diseases [20,21,75-77], suggesting that they
may be relevant for human carriers of unstable FMRI alleles as well. If so, the prediction would be
that polymorphisms in these factors would be modifiers of both germ line and somatic expansion
risk in FX families. As such, people who have elevated activities of protective factors or reduced
activities of factors that promote expansion may show little, if any, somatic expansion. In contrast,
those with elevated activities of expansion-promoting factors or reduced activities of protective factors
may show more somatic expansion. Evidence from other Repeat Expansion Diseases suggests that
somatic expansion contributes to differences in the age at onset and disease severity [20,21,75-77]. In a
recent study, women who showed PM allele mosaicism reported more severe symptoms than women
who were not mosaic [39], suggesting that somatic instability may exacerbate PM symptoms. However,
additional studies are needed to fully understand the contribution of somatic expansion to disease
pathology in PM carriers. In any event, an increased propensity for somatic expansion likely indicates
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an increased propensity for germ-line expansion and thus an increased risk of intergenerational
transmission of larger alleles. Additional work is also needed to assess whether the same genetic
factors that affect expansion risk in mice also modulate the risk of somatic and intergenerational
expansion of human FXD alleles.
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Abstract: Fragile X syndrome (FXS) is caused by silencing of the FMR1 gene leading to loss of the
protein product fragile X mental retardation protein (FMRP). EXS is the most common monogenic
cause of intellectual disability. There are two known mammalian paralogs of FMRP, FXR1P, and FXR2P.
The functions of FXR1P and FXR2P and their possible roles in producing or modulating the phenotype
observed in FXS are yet to be identified. Previous studies have revealed that mice lacking Fxr2 display
similar behavioral abnormalities as Frmr1 knockout (KO) mice. In this study, we expand upon the
behavioral phenotypes of Fmr1 KO and Fxr2*/~ (Het) mice and compare them with Frr1 KO/Fxr2
Het mice. We find that Fmr1 KO and Fmrl KO/Fxr2 Het mice are similarly hyperactive compared to
WT and Fxr2 Het mice. Fmrl KO/Fxr2 Het mice have more severe learning and memory impairments
than Frmr1l KO mice. Fmr1l KO mice display significantly impaired social behaviors compared to
WT mice, which are paradoxically reversed in Frnrl KO/Fxr2 Het mice. These results highlight the
important functional consequences of loss or reduction of FMRP and FXR2P.

Keywords: Fragile X; FMRP; Fxr2; Fmrl

1. Introduction

Fragile X syndrome (FXS) is the leading heritable cause of intellectual disability in humans,
affecting about 1 in 4000 males [1]. In addition to intellectual disability, FXS patients often display
multiple behavioral phenotypes including hyperactivity, attention deficits, susceptibility to seizures,
hypersensitivity, sleep abnormalities, and social anxiety/autism-like behaviors [2]. FXS is primarily
caused by a CGG repeat expansion in the 5UTR of FMRI which leads to gene silencing and the
consequent loss of its protein product, FMRP [3]. FMRP is an RNA-binding protein with over
800 mRNA targets [4]. FMRP is highly expressed in the brain, and is thought to act as a translational
suppressor [5]. The loss of translational regulation by FMRP has been shown to lead to excessive brain
protein synthesis in Frnr1 knockout (KO) mice, a mouse model of FXS [6]. In addition to its presumed
role in mRNA regulation, FMRP is also thought to be involved in nuclear export and cytoplasmic
transport [7], ion channel activity [8], and participates in the DNA damage response [9].

Fmr1 KO mice exhibit many of the behavioral symptoms seen in humans with FXS, including
hyperactivity, deficits in learning and memory, reduced preference for social novelty, repetitive
behaviors, and reduced sleep [10-12]. In mammals, there are two autosomal paralogs of FMRP,
FXR1P and FXR2P, which together comprise the fragile-X related (FXR) family of proteins [13].
FXR1P and FXR2P share a conserved structure and amino acid sequence (86% and 70% respective
conservation in the N-terminus and central regions) with FMRP; this conservation includes the
presumed RNA-binding sites [13]. Due to sequence homology and similar expression patterns,
these proteins are hypothesized to have similar functions [14]. Therefore, it is thought that these
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proteins can, at least partially, compensate for loss of FMRP, thereby playing an as yet undiscovered
role in FXS [15]. The FXR family of genes has been investigated in a clinical setting. The FXR2 gene is
located on chromosome 17. Microdeletions in the 17p13.1 comprise a syndrome that is often associated
with dysmorphic features and developmental delay [16,17]. Given that this microdeletion syndrome is
accompanied by the loss of multiple genes, it is hard to identify the specific role of FXR2. Additionally,
it has been suggested that accumulation of single nucleotide polymorphisms in the fragile x gene
family (including FMR1, FXR1, and FXR2) are associated with autistic phenotypes [18].

To further study the roles of the FXR mutations, Fxr1 and Fxr2 KO mice have been generated [15,19].
Fxr1 KO is lethal shortly after birth [19]. In addition to brain expression, FXR1P is highly expressed
in cardiac and skeletal muscle (more so than FMRP or FXR2P) and is likely involved in RNA
translation/transport regulation in muscle; it is this role that may lead to early lethality in knockout
models [19]. Like FMRP, FXR2P is expressed in brain with a similar regional distribution and mice
deficient in FXR2P (Fxr2 KO) exhibit some of the same behavioral deficits seen in Fmrl KO mice such
as hyperactivity and learning and memory impairments [15].

Fmr1/Fxr2 double KOs animals have been shown to have a greater enhancement in metabotropic
glutamate receptor activated long-term depression than Fmr1 or Fxr2 KO mice [20]. Behaviorally,
Fmr1/Fxr2 double KOs exhibited increased hyperactivity and greater impairments in contextual fear
conditioning compared to single Fmr1 or Fxr2 KO mice [21]. Importantly, it was noted that Fmr1/Fxr2
double KO mice had reduced survival rates and were often runted in size [21], so the adult animals
studied were a select population of survivors with likely higher functioning than the total population.
To get a better idea of the overlapping and novel functions of FMRP and FXR2P, we chose to perform
studies in Fmr1 KO/ Fxr2 Het mice to ensure a non-biased sample. Both Fmr1 KO/Fxr2 KO and Fmr1
KO/Fxr2 Het have been shown to have similar impairments in circadian rhythm compared to Fmr1 KO
mice [22], indicating that, in this modality, Fxr2 haploinsufficiency is sufficient to induce an impairment
in the context of Fmr1 deletion. Furthermore, Frnr1 KO/Fxr2 Het mice had a further decrease in sleep
than Fmr1 KO animals [11].

In this manuscript, we present behavioral studies of Fmr1 KO, Fxr2 Het, and Fmr1 KO/Fxr2 Het
mice. We hypothesized that Fmrl KO/Fxr2 Het mice would have an exaggerated behavioral phenotype
compared to either single mutation. We found that both Fmr1 KO and Fmr1 KO/Fxr2 Het mice are
similarly hyperactive compared to wild-type (WT) and Fxr2 Het mice. Additionally, Fmr1 KO mice
have statistically significantly impaired social behavior compared with WT mice, which is paradoxically
reversed in Fmrl KO/Fxr2 Het mice.

2. Materials and Methods

2.1. Animals

These studies were conducted on male WT, Finrl KO, Fxr2 Het, and Fmr1 KO/Fxr2 Het mice on a
C57BL/6] background maintained in house. The original breeders were obtained from David Nelson
at Baylor [22] and genotyped as previously described [11]. Breeders were either male Fxr2 Het and
female Fmr1 Het mice or male WT mice and female Fmnrl Het/Fxr2 Het mice. Mice were group housed
in a central climate-controlled facility with a standard 12:12 light:dark (lights on at 6:00 a.m.) facility.
Food and water were available ad libitum. All procedures were carried out in accordance with the
National Institutes of Health Guidelines on the Care and Use of Animals and approved by the National
Institute of Mental Health Animal Care and Use Committee.

2.2. Behavior Testing

Mice were subjected to a battery of behavior tests starting between 63-77 days of age. Behavior
tests were conducted from the least stressful to the most stressful in the following order: open field,
novel object recognition, zero maze, marble burying, social behavior, and passive avoidance. No more
than two tests were conducted in the same week with at least two days between tests. Our initial
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cohort of animals consisted of WT (n = 33), Fmr1 KO (n = 26), Fxr2 Het (n = 22), and Fmr1 KO/ Fxr2
Het (n = 24).

2.3. Open Field

Open field testing was done to assay activity and anxiety-like behaviors in response to a novel
environment. Mice were placed in the center of a plexiglass open field arena (Coulbourn Instruments,
Holliston, MA, USA) and allowed to explore for 30 min. Total distance traveled as well as distance
traveled in the center of the chamber were recorded by TruScan software (Coulbourn Instruments)
in five-minute epochs. Anxiety-like behavior was assessed by the ratio of distance traveled in the
center to the total distance traveled; the center to total distance ratio is inversely proportional to anxiety
levels. For open field testing, nine WT mice were not included (one due to missing data, three due
to equipment malfunction, and five were statistical outliers); eight Finrl KO mice were not included
(one due to missing data, three due to equipment malfunction, and four were statistical outliers);
eight Fxr2 Het mice were not included (three due to equipment malfunction and six were statistical
outliers); and ten Fmr1 KO/ Fxr2 Het mice were not included (two due to missing data, three due to
equipment malfunction, and five were statistical outliers.

2.4. Novel Object Recognition (NOR)

NOR was performed to assay learning and memory capability. Testing was performed in the
open field arena (Coulbourn Instruments). We used open field testing as the habituation phase for
the NOR on Day 1. On Days 2 and 3, two identical objects were placed in the arena and the mouse
was allowed to explore the objects for 5 min. Any animal that showed a preference for one of the
two identical objects on these training days was eliminated from the study. Any animal that did not
spend more than 10 seconds sniffing objects was also eliminated. On Day 4, one of the objects was
replaced by a novel object and the mouse was allowed to explore for 5 min. The behavior of the mice
was recorded by a video camera for later analysis of sniffing behavior. A discrimination index was
calculated as the (sniffing time of novel—sniffing time of familiar)/total sniffing time. For NOR, 14 WT
mice were not included (one was not run due to scheduling conflicts and 13 did not sniff for enough
time); seven Frmrl KO mice were not included (one was not run due to scheduling conflicts, four did
not sniff for enough time, and two knocked over the objects); seven Fxr2 Het mice were not included
(six did not sniff for enough time and one knocked over the objects); and seven Fmrl KO/Fxr2 Het
mice were not included (five were not run because of scheduling conflicts, one demonstrated a side
preference, and one did not sniff for enough time).

2.5. Zero Maze

Anxiety-like behavior was assayed by means of the zero maze. Mice were placed inside the closed
portion of the maze facing toward the open portion. They were then allowed to explore the maze for
5 min and the total time spent in the open portion was recorded. A mouse was counted as being in
the open/closed portion when both front paws had crossed the threshold. If the mouse fell off the
maze during the test period, its results were disqualified from the analysis. For zero maze testing,
five WT mice were not included (one due to missing data, two fell off, and two were statistical outliers);
two Fmr1 KO mice were not included (one due to missing data and one was a statistical outlier); 0 Fxr2
Het mice were not included; and two Fmrl KO/Fxr2 Het mice were not included due to missing data.

2.6. Marble Burying

Repetitive behaviors were assayed by means of the marble burying test. A standard cage with
bedding at a depth of 4.5 cm was prepared and 20 marbles were evenly arranged in a 4 X 5 grid on top
of the bedding. The test mouse was placed in the cage and allowed to explore for 30 min. The number
of marbles buried (>50% covered) was recorded. For marble burying, four WT mice were not included
(one due to missing data, one not properly set up, and two were outliers); three Fnr1 KO mice were
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not included (one due to missing data, one was not tested due to scheduling issues, and one was a
statistical outlier); one Fxr2 Het was not included as it was a statistical outlier; and four Fmr1 KO/Fxr2
Het mice were not included (two due to missing data, one was not tested due to scheduling issues, and
one was a statistical outlier).

2.7. Social Behavior

Sociability and preference for social novelty were tested by means of the three chamber social
behavior apparatus [23]. The test mouse was placed in the center chamber of a three-chamber apparatus
and allowed to explore all three chambers for a 5 min habituation period. If an animal spent more than
3 min in one chamber or did not explore a chamber during the habituation period, it was excluded.
Following habituation, an empty holding enclosure (10 cm diameter) was introduced to one of the
side chambers and another identical enclosure with a stranger mouse inside was introduced to the
other side. The test mouse was allowed to explore for another 5 min. In the third part of the test,
a novel stranger mouse was introduced to the previously empty enclosure. The test mouse was
then allowed to explore for another 5 min. Time in each chamber was recorded automatically by
photobeam breaks. Video recording was performed for later assessment of sniffing behavior which was
assessed by means of an automated software (TopScan) (Clever Systems, Reston, VA, USA). Sniffing
was defined as the animal being within 2.0 cm of the enclosure with his nose directed toward the
enclosure. For social behavior, 12 WT mice were not included (one due to missing data, three because of
a side preference during habituation, one was not run due to scheduling issues, and six were statistical
outliers); seven Fmrl KO mice were not included (two due to missing data, one due to equipment
malfunction, and three were statistical outliers); eight Fxr2 Het mice were not included (one because of
missing data, three because of a side preference during habituation and four were statistical outliers);
eight Fmrl KO/Fxr2 Het mice were not included (two due to missing data, three because of a side
preference during habituation, and three were statistical outliers).

2.8. Passive Avoidance

The passive avoidance test was done to assess memory. The apparatus is a light/dark shuttle box
with a shocker in the floor and a guillotine door (Coulbourn Instruments). The test was conducted over
three consecutive days. On Day 1, habituation to the shuttle box, the test mouse was placed on the
lighted side; after 30 s, the guillotine door opened to the dark chamber and the mouse was free to enter.
Once the mouse entered the dark chamber, it was removed from the apparatus. Day 2 was the training
day. The mouse was placed in the lighted chamber, and after 30 s the door opened to the dark chamber.
Once the mouse entered the dark chamber, it received a mild foot shock (0.3 mA, 1 s). The mouse
was then placed in a recovery cage for 2 min before being placed back in the lighted chamber with
the guillotine door closed and the training repeated. On Day 3, the mouse was placed in the lighted
chamber, and after 30 s the door opened to the dark chamber. The latency (maximum of 10 min) for the
mouse to enter the dark chamber was recorded. If the animal did not enter the dark, the maximum
value was assigned. For passive avoidance, 10 WT mice were not included (three were not run due to
scheduling issues and seven due to equipment issues); six Fmrl KO were not included (three were
not run due to scheduling issues and three due to equipment issues); six Fxr2 Het were not included
(three were not run due to scheduling issues and three due to equipment issues); seven Frrl KO/Fxr2
Het were not included (two were not run due to scheduling issues and five due to equipment issues).

2.9. Protein Expression

Adult male Fmrl KO and Fmrl KO/Fxr2 Het mice were decapitated and brains were rapidly
removed and the hippocampus dissected. Tissue was placed into Precellys lysis kits (Bertin Corportation,
Rockville, MD, USA) and stored at =80 °C until further processing. Protein was extracted using the
Precellys Homogenizer as previously described [24] and 15 ug of protein was loaded per lane. We used
the Bio-Rad mini-protein stain-free gel technology for Western blotting as previously described [24].
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We chose the stain free technology in order to normalize to total protein loaded rather than a standard
housekeeping gene. In disorders like fragile X syndrome, where protein translation is thought to be
affected, normalizing to a housekeeping protein might alter the results. The blot was incubated in
primary antibody solution (1:1000 FXR2 (A303-894A) (Bethyl Laboratories, Montgomery, TX, USA))
overnight at 4 °C.

2.10. Statistical Analysis

Data reported are the means + standard error of the mean (SEM). Data for a given behavioral test
were excluded if one data point from that mouse was more than two standard deviations away from
the mean. Zero maze, marble burying, and passive avoidance were analyzed by a one-way ANOVA
with genotype as the variable. Open field (epoch) and social behavior (chamber) were analyzed by
repeated measures ANOVA with the corresponding repeated measure as a within subjects’ variable.
When appropriate, post-hoc t-tests were performed with Bonferroni correction. The results of all
ANOVA tests are presented in Table 1. We considered tests with p < 0.05 statistically significant. In the
figures, these effects are denoted with a “*”. We also indicate effects that are approaching statistical
significance 0.05 < p < 0.10 with a “~".

Table 1. Results of repeated measures ANOVA for behavior testing with corresponding F-values and

p-values. *, p < 0.05. ~, 0.05 < p < 0.10.

ANOVA Results
Behavior Interaction Main Effect F(iferron Value p-Value
Open Field
Distance Genotype X epoch F(14,300) = 0.796 0.671
Genotype F3,66) = 7477 <0.001 *
EpOCh F(5/300) =105.254 <0.001 *
Center/Total Distance Genotype x epoch F(13,279) = 2.390 0.005 *
Genotype F3,66) = 13.296 <0.001 *
EpOCh F(4,279) =2.034 0.074 ~
Zero Maze Genotype F(3,92) =2.283 0.084 ~
Marble Burying Genotype F(3,80) = 2.675 0.052 ~
Sociability
Time in Chamber Genotype x chamber F(3,609) = 0.252 0.860
Genotype F3,69) = 0.236 0.871
Chamber F1,69) = 47.857 <0.001 *
Sniffing Time Genotype x chamber F,67) = 0.026 0.994
Genotype Fi67) = 1.186 0.322
Chamber F1,67) = 53.519 <0.001 *
Social Novelty
Time in Chamber Genotype X chamber F(3,60) = 0.427 0.734
Genotype F(3,609) = 1.981 0.125
Chamber F(1/69) =0.206 0.651
Sniffing Time Genotype X chamber F67) = 2.871 0.043 *
Genotype Fi367) =1.516 0.218
Chamber F(7,67) =6.344 0.014 *
NOR Genotype F(3,70) = 0.519 0.671
Passive Avoidance Genotype F(3,72) = 3.421 0.022*
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3. Results

3.1. Expression of FXR2

We measured FXR2 protein expression in Fmr1 KO and Fmrl KO/Fxr2 Het mice. FXR2 protein
expression was reduced by 60% in Fxr2 heterozygous animals compared to controls (p = 0.0001,
student’s t-test) (Figure 1). Protein expression was normalized to total protein loaded.
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Figure 1. FXR2 protein expression is reduced in Fxr2 heterozygous mice. (A) Western blots showing
FXR2 protein expression in Fnr1 KO and Fmrl KO/Fxr2 Het hippocampus. (B) FXR2 protein expression
is reduced by 60% in Frmr1 KO/Fxr2 Het animals (*** p = 0.0001, student’s t-test). Each bar represents
the mean + SEM for the number of mice indicated on the figure. (C) Stain-free image of total protein
loaded for FXR2 protein expression. FXR2 protein expression (seen in Figure 1) was normalized to the
total protein loaded shown here. The image was acquired by UV Trans illumination, exposed for 2 s.
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3.2. Activity in the Open Field

We measured activity in response to a novel environment by analyzing distance traveled in the
open-field test. There was no genotype x epoch interaction indicating that, regardless of genotype,
all mice showed a typical burst of activity in the beginning of exposure to the open field followed
by adaptation to the environment (measured by decreased activity with time) (Figure 2). We found
a statistically significant main effect of genotype (p < 0.001) (Table 1). Both Fmr1 KO (p = 0.017) and
Fmr1 KO/Fxr2 Het mice (p < 0.001) were statistically significantly hyperactive compared to WT mice
(Figure 2). In addition, Fmrl KO/Fxr2 Het mice were more active compared to Fxr2 Hets (p = 0.025).
WT and Fxr2 Het mice showed similar levels of activity (Figure 2).
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Figure 2. Distance traveled in the open field across the 30 min testing period. We found a statistically
significant main effect of genotype (p < 0.001). Both Fmrl KO and Fmrl KO/Fxr2 Het mice were
statistically significantly hyperactive compared to WT (p = 0.017 and p < 0.001, respectively).
Additionally, Fmrl KO/Fxr2 Het mice were more active than Fxr2 Het mice (p = 0.025). Each point
represents the mean + SEM for the number of mice indicated on the figure.

3.3. Anxiety-Like Behavior

The ratio of distance traveled in the center to total distance traveled was analyzed as an inverse
measure of anxiety-like behavior. We found a statistically significant (p = 0.005) genotype X epoch
interaction (Table 1). Post-hoc tests are shown in Table 2. In general, both Fmrl KO and Fmrl
KO/Fxr2 Het mice traveled more relative distance in the center compared to WT indicating lower
anxiety. Fxr2 Het mice had similar distance traveled in the center compared to WT mice (Figure 3A).
These results suggest that both Frmr1 KO and Fmr1 KO/Fxr2 Het mice are statistically significantly less
anxious than either WT or Fxr2 Hets.

Table 2. Results of post-hoc t-tests, Bonferroni corrected, following statistically significant genotype
X epoch interaction in the ratio of center distance to total distance in the open field. *, p < 0.05. ~,
0.05 <p <0.10.

p-Values for Post Hoc Pairwise Comparisons—Center: Total Distance Ratio Open Field

Epoch WT X Fmrl WT X Fxr2 WT X Fmr1/Fxr2 ~ Fmrl X Fxr2  Fmrl X Fmr1/Fxr2  Fxr2 X Fmrl/Fxr2

1 0.973 1.000 0.085 ~ 1.000 1.000 1.000
2 0.036 * 1.000 <0.001* 0.312 0.567 0.006 *
3 0.261 1.000 <0.001* 1.000 0.031* 0.003 *
4 0.014* 1.000 0.001 * 0.710 1.000 0.128
5 0.001 * 1.000 0.003 * 0.006 * 1.000 0.010 *
6 <0.001* 1.000 <0.001* 0.005 * 1.000 0.005 *
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Figure 3. Tests for anxiety-like behavior. (A) In the open field test, the ratio of center distance to total
distance traveled is an inverse measure of anxiety-like behavior. The genotype X epoch interaction was
statistically significant (p = 0.005). Overall, Fmr1 KO/Fxr2 Het mice traveled more relative distance in
the center than WT mice throughout the test. Similarly, Fimr1 KO also traveled more relative distance in
the center than WT mice in almost every epoch of the test (Table 2). Fmr1 KO (Epochs 5 and 6) and Fmr1
KO/Fxr2 Het mice (Epochs 2, 3, 5, and 6) also traveled more relative distance in the center than Fxr2 Het
mice. In epoch 3, Fmr1 KO/Fxr2 Het mice traveled more relative distance in the center than Fmr1 KO
mice. Each point represents the mean + SEM for the number of mice indicated on the figure. (B) In the
zero maze, the time spent in the open portions of the maze is an inverse measure of anxiety-like
behavior. The effect of genotype approached statistical significance (p = 0.084) so we proceeded with
post-hoc t-tests. Fmrl KO/Fxr2 Het mice tended to spend more time in the open portions than WT
mice (p = 0.065). Each bar represents the mean + SEM for the number of mice indicated on the figure.
~,0.05 < p <0.10.

We also used the time spent in the open portion of the zero maze as another inverse measure of
anxiety-like behavior. We found that the main effect of genotype approached statistical significance
(p = 0.084). Post-hoc t-tests showed a trend for the Frmr1 KO/Fxr2 Het mice to spend more time in the
open portion than WT mice (p = 0.065) (Figure 3B). These results are consistent with a reduced anxiety
phenotype also demonstrated in the open field in Fmrl KO/Fxr2 Het mice.
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3.4. Repetitive Behavior

The number of marbles buried during this 30 min test is considered a measure of repetitive
behavior. We found a near statistically significant effect of genotype (p = 0.052) (Table 1). Post-hoc
comparisons revealed trends with Fmrl KO mice burying more marbles than both WT (p = 0.095) and
Fmr1 KO/Fxr2 Hets (p = 0.098) (Figure 4). These trends suggest that, of these four genotypes, only Fmrl
KO mice show elevated repetitive behavior.
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Figure 4. The number of marbles buried is a measure of repetitive behavior. We found a near statistically
significant effect of genotype (p = 0.052). Post-hoc tests revealed that Frnr1 knockout (KO) mice tended
to bury more marbles than wild-type (WT) (p = 0.095) and Fmr1 KO/Fxr2 Het (p = 0.098) mice. Each bar
represents the mean + SEM for the number of mice indicated on the figure. ~, 0.05 < p < 0.10.

3.5. Social Behavior

We tested social behavior by means of the three-chambered apparatus. In this test, we measured
both time in chamber and time sniffing either the enclosure or the mouse. In the first phase of the task,
the sociability phase, all genotypes showed a preference for the stranger mouse compared to the object
with respect to both the time in chamber (Figure 5A) and sniffing time (Figure 5B) (Table 1).

For the second phase of the task, the preference for social novelty, all four genotypes spent about
the same amount of time in the two chambers showing no preference for either the novel or familiar
mouse (Figure 5C) (Table 1). The time sniffing either the familiar or novel mouse differentiated the
genotypes (Figure 5D). The genotype X chamber interaction was statistically significant (p = 0.043)
(Table 1), and post-hoc t-tests showed that Frnrl KO/Fxr2 Het (p = 0.006) mice showed a clear preference
for the novel mouse compared with the familiar mouse. This phenotype was also seen in WT, but to
a lesser degree (p = 0.062). Sniffing times for the novel and familiar mice in Fmr1 KO and Fxr2 Het
mice were not significantly different, suggesting no preference for social novelty in these genotypes
(Figure 5D).
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Figure 5. The three-chambered apparatus was used to assess social behavior. (A) In the sociability phase,
there were no effects of genotype on time in chamber. All mice spent more time in the chamber with
the stranger mouse compared to the chamber with the object. (B) In the sociability, phase, there were
also no effects of genotype on time spent sniffing either the object or the stranger mouse. All mice
sniffed the stranger mouse statistically significantly more than the object. (C) In the preference for
social novelty phase, there were no effects of genotype on time in chamber. None of the four genotypes
showed a preference for either the chamber with the novel mouse or the chamber with the familiar
mouse. (D) In the preference for social novelty phase, there was a statistically significant genotype x
chamber interaction for sniffing time (p = 0.043). WT and Fmr1 KO/Fxr2 Het mice spent more time
sniffing the novel mouse compared with the familiar mouse (p = 0.062, and p = 0.006, respectively),
whereas Frmrl KO and Fxr2 Het mice did not. Each bar represents the mean + SEM for the number of
mice indicated on the figure. *, p < 0.05. ~, 0.05 < p < 0.10.

3.6. Learning and Memory

To assay learning and memory, we performed NOR. Our data had high variability and we did not
see any statistically significant effects (Table 1, Figure 6).

For learning and memory, we also performed passive avoidance testing. With this test, we found
a statistically significant main effect of genotype (p = 0.022) (Table 1). Post-hoc t-tests indicate that
Fmr1 KO/Fxr2 Het mice had statistically significantly (p = 0.014) shorter latencies to enter the dark
than WT mice. This result suggests that learning and memory is more compromised in mice with the
double mutation (Figure 7).

96



Brain Sci. 2019, 9, 13

NOR

0.3
0.25

0.2

0.15
0.1
0.05
0

WT (n=19) Fmr1 KO (n=19)  Fxr2 Het (n=15) Fmr1 KO/Fxr2 Het
(n=17

Discrimination Index

Figure 6. To assay learning and memory, we performed novel object recognition (NOR). We did not
find any statistically significant effects. Bars represent the means + SEMs for the number of mice
indicated in parentheses.
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Figure 7. To assay learning and memory, we performed the passive avoidance test. We found a
statistically significant effect of genotype on latency to enter the dark chamber (p = 0.022). Post-hoc
tests revealed that Fmr1 KO/Fxr2 Het mice had statistically significantly shorter latencies to enter the
dark than WT mice (p = 0.014), indicating a deficit in memory. Each bar represents the mean + SEM for
the number of mice indicated on the figure. *, p < 0.05.

4. Discussion

Here, we present behavioral similarities and differences between WT, Fmr1 KO, Fxr2 Het, and Fmrl
KO/Fxr2 Het mice. Our data suggest that, in the context of Fmr1 deletion, deleting one copy of Fxr2
does not have a detrimental effect on activity and therefore one copy may be sufficient for maintaining
this behavior. With respect to learning and memory, deleting both Fmr1 and Fxr2 has a more severe
effect than either single mutation suggesting that one protein can compensate for loss of the other.
Finally, paradoxically, these proteins seem to have opposite roles in social behavior. Deleting both
Fmr1 and one copy of Fxr2 results in improvements in behavior compared to single Fmr1 deletion.
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These data highlight possible differing roles of these proteins depending on the behavior examined.
Our results add to our understanding of the functions of fragile X related proteins.

Fmr1 KO/Fxr2 KO mice have been previously described to have worse learning and memory
(measured by fear conditioning) than either of the single mutations alone [21]. In passive avoidance,
we find that Fmr1 KO/Fxr2 Het mice have more profound learning and memory impairments than
do the other genotypes studied. This behavior may be a reflection of either learning and memory or
of impulsivity [25] and impulsivity is also known to be affected in Fmr1 KO mice [26]. We did not
find deficiencies in the passive avoidance test in single Fmr1 KO mice, which contrasts with several
published studies [12]. Importantly, whereas we do not see statistically significant genotype differences
between WT and Fmr1 KO mice, the mean values do reflect the expected trend that Frmr1 KO mice have
shorter latencies to enter the dark suggesting impaired memory. The differences between this and
previous studies might have more to do with increased variability in the current results. During the
course of this study, we had to replace our passive avoidance equipment. Although our new equipment
was from the same company (Coulbourn Instruments), it is possible that changing the system affected
the results. Another possible caveat is that we capped the latency to enter the dark compartment at
10 min. A large number of animals timed out of the study and were assigned the maximum value
of 10 min (43.5% WT, 12.5% Fxr2 Het, 35% Fmr1 KO, 5.9% Fmr1 KO/Fxr2 Het). If the threshold were
higher, it might be possible to detect more genotype differences.

One important note to the behavior testing conducted in this study is the fact that two different
experimenters performed the testing, one male and one female. Prior studies have shown that the sex
of the experimenter can have effects on anxiety behavior in WT mice. The mice respond with increased
anxiety in the presence of a male experimenter [27], and effects on anxiety may have affected other
behavioral measures. It is not known how Fmr1 KO and Fmr1 KO/Fxr2 Het mice may respond to this
difference, but we note that in our study, the male experimenter tested more Fmr1 KO/Fxr2 Het mice
than the female experimenter. Whereas this may have biased our results, the fact that Frmr1 KO/Fxr2
Het mice demonstrated the least anxiety-related behavior suggests that the direction of the bias would
be to underestimate the genotype difference.

Previously published results suggested that anxiety-like behavior was the same between the Fmrl
KO and Fmrl KO/Fxr2 KO mice based on the open field test and the light:dark box [21]. Similarly,
our open field results suggest that Fmr1 and Fmr]l KO/Fxr2 Het mice have similar reductions in anxiety
compared to WT mice. However, another measure of anxiety-like behavior, the zero maze, showed a
statistical trend indicating that Fmr1 KO/Fxr2 Het mice had even lower anxiety than Fmr1 KO mice.
It should be noted that, although studies have reported a phenotype in Fmrl KO mice on the zero
maze [12], we did not detect any statistically significant differences between WT and Fmr1 KO mice in
the current study.

We also assessed repetitive behaviors and social behaviors, two behaviors that are relevant to
mouse models of autism. This is important given that autism is reported to be present in about 50% of
patients with fragile X syndrome [28]. In agreement with previous studies [12], we found that Fmr1
KO mice had a trend toward increased repetitive behaviors and impaired preference for social novelty.
Paradoxically, these phenotypes were reversed in Fmrl KO/Fxr2 Het mice, suggesting contrasting
functions between these two proteins in repetitive and social behaviors.

Although FMRP and FXR2P have similar regional distributions in brain, the results of our studies
indicate that the functional roles of these proteins may differ. Other studies have also indicated
functional differences between FMRP and FXR2P. For example, at the synapse, the fragile X related
proteins form granules with ribonucleoprotein particles [29]. FXR2P is always expressed in these
granules, but FMRP is only co-expressed in the granules in certain brain regions (the granules in much
of the brain stem and cerebellum do not contain FMRP) [30]. For the most part, FMRP and FXR2P
seem to have overlapping, cooperative roles in regulating metabolism. It had been shown previously
that the phenotype of Fmrl KO/Fxr2 Het mice was not as severe as that of Fmr1 KO/Fxr2 KO mice [31].
To fully assess the potentially compensatory functions of these proteins for each other, it would be best
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to study full Fxr2 KOs with and without the deletion of Fmr1. However, we chose to study only the
Fxr2 Het because we know from prior studies that these animals have a high mortality and we were
concerned that we would be studying a selected population of survivors.

5. Conclusions

Overall, our data point to important functions of Fmr1 and Fxr2 in behavior. Based on these results,
there are some domains (like learning and memory) where Fmrl and Fxr2 may have overlapping
functions and can partially compensate for loss of the other. However, there are other domains
(like social behavior) in which they appear to have different, even opposite roles in behavior.
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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 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 cause 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, impulsivity, insomnia, seizures and
physical features such as hypotonia, flat feet, hyperextensible joints, and macroorchidism [3]. FXS is
caused by the abnormal expansion, 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, named 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)
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expression and to the diagnosis of fragile X syndrome [4-6]. Individuals carrying expansion of 55-200
CGG repeat are premutation carriers and 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 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.
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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, 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.
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The Fmr1 knockout (KO) mouse model [20], lacks a functional FMR1 gene and therefore does not
express FMRP. Many studies have shown that the Fnr1 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 Finrl 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.

Hope has been tempered by the lack of translating the positive results observed in the Fmrl
KO mouse model into therapy in a clinical setting. Currently, nonpharmacological 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 Frmr1 KO mouse as an early sign of drug promise and in some
cases, later moved to a clinical trial in patients with FXS.
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Figure 2. Candidate molecular biomarkers for FXS include a number of targets and substrates of
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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. Fmnrl mRNA and fragile X mental retardation 1 protein (FMRP) expression, de
novo protein synthesis, y-aminobutyric acid (GABA) receptors (GABA s and GABAg), phosphoinositide
3-kinase (PI3K), extracellular-regulated kinase (ERK), matrix metalloproteinase-9 (MMP-9), brain-derived
neurotrophic factor (BDNF), mammalian target of rapamycin (mTOR), p70 ribosomal S6 kinase (S6K1),
ion channels (KNa, BKCa, CaV, Kv, HCN1), bone morphogenetic protein receptor Type 2 (BMPR2),
Diacylglycerol Kinase Kappa (Dgkk), endocannabinoid system (eCS), amyloid-f 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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2. FMIR1 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.

Variation in CGG repeat size and methylation, so-called mosaicism, could be a useful biomarker
of various types of risks that could affect subjects with FXS. Mosaicism defines differences in gene
expression between those with fully hypermethylated FMR1 alleles and those carrying unmethylated
alleles, and ultimately reflects the levels of expression of FMR1 mRNA and FMRP. Generally, mosaicism
refers 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 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].

3. Metabotropic Glutamate Receptors (mGluRs)

The “mGluR theory of FXS” states that the absence of FMRP leads to excessive metabotropic
glutamate receptors (mGluRs, mGIluR1 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 are contributing to the neurological and psychiatric symptoms of
FXS [45-47]. Reduction of mGluR signaling has demonstrated a reversal of 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 mGIuR5 inhibitors tested in both the Frnr1 KO mouse [49-53] and in the Drosophila models
of FXS [54-62]. Fmrl mutant mouse with a 50% reduction in mGIuR5 expression was generated to
demonstrate that a range of FXS phenotypes could be corrected by downregulating signaling through
group 1 mGluRs [45]. Their 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 Fmrl KO neurons to the levels observed in wild-type
neurons [64]. Further, MPEP treated Fmrl KO mouse showed improved behavior by significantly
fewer errors, less perseveration, and 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
(5)-3,5-dihydroxyphenylglycine) responsive cells (responsible for activation of ionotropic receptors in
mouse FXS neurospheres) and corrected morphological defects of differentiated cells [66].
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Similarly, a study on 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 the increased synaptic spine density, protein synthesis
rate, aberrant synaptic plasticity, learning and memory deficits, increased body growth rate,
and sensitivity to audiogenic seizures. In addition, this study shows a reduction of both extracellular
signal-regulated kinase (ERK) activity and mTOR phosphorylation levels in the Fmrl KO but not
in wild-type (WT) animals, suggesting that they could represent potential biomarkers in FXS [53].
These studies have shown that the long-term, uninterrupted mGIuR5 inhibition is essential for a
successful pharmacological intervention as a single dose of the mGluRS5 inhibitors was not sufficient
to correct the mouse phenotypes. [50,53]. One of the potential molecular mechanisms for mGIluR5
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 Frr1 KO and corrected much of the mGIuR5 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 mGIuR5 association 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 (DmGIluRA), 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 3-lobe crossing, suggesting that other morphological abnormalities
are responsible for the memory defects [54,70].

Molecular analyses reveal an inverse relationship between dFMRP and DmGIuRA, with the
latter overexpressed in dFmrl null animals and dFMRP overexpressed in DmGIuRA nulls [57].
The DmGIuRA 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 naive courtship behavior,
immedjiate recall memory, and short-term memory of dFmr1 mutants [56,59]. The compelling results
of these 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 EXS. Thus, clinical trials in FXS patients have been conducted to explore the safety, tolerability,
and efficacy of a number of different mGIuR5 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 (AFQO056) [73] was tested in a randomized
double-blind crossover study of 30 FXS males. In this study, seven patients with a hypermethylated full
mutation with no detectable FMRI mRNA expression, improved stereotypic behavior, hyperactivity, and
inappropriate speech, while no improvement found in 18 patients with partial promoter methylation [74].
Thus, it appears that those with full methylation 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 with lack of methylation responded and others did not [74]. In addition, the reported behavioral
effects of stereotypic behavior, hyperactivity, and inappropriate speech were not replicated with FXS
male and female adolescents and adults either full or partial FMR1 methylation in subsequent 12-week
double-blind mavoglurant studies [75].
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Similarly, 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] these studies ended
because no improvement in the clinical phenotype of patients enrolled in the clinical trials using
these modulators were observed [29,81,82]. Recently, in a phase 2 12-weeks 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 (1 = 119,
aged 12-19 years) and adult (n = 148, aged 1845 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. y-Aminobutyric Acid (GABA) Receptors

GABA is the most prominent inhibitory neurotransmitter that acts through three receptors
in the brain. GABA, receptors are ligand-regulated chloride channels that upon activation cause
hyperpolarization in mature neurons; GABAg receptors are heterodimeric G protein-coupled receptors
(GPCRs) which are mostly expressed presynaptically in the brain; and, GABA( is CYS-loop ligand-gated
ion channels receptors with a similar pentameric structure to GABA but are homomeric. FMRP
directly binds several GABA 4 receptor («l1, a2, «3, 5, and y2) mRNAs of which expression is reduced
in the cortex and cerebellum of young Fmr1 KO mouse. Thus, the mRNA expression level of these
subunits could be used as biomarker; however, they have not been studied in clinical trials for FXS
with any GABA agonists [85]. The introduction of a yeast artificial chromosome (YAC) containing the
“healthy” human FMR1 genomic region into Fmrl KO mouse rescued the expression of these specific
subunits of GABA receptors [86]. A recent electrophysiological study supported the notion that the &
subunit of the aminobutyric acid type A receptors (GABAsRs) is compromised in the Fnr1 KO mouse,
by 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 Fmrl 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 Frr1 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 a study, the response of the FXS neurons (differentiated in vitro from human embryonic stem
cells lacking synaptic activity) has been investigated by pulse application of the neurotransmitter GABA.
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 of the observed default synaptic activity in XS patients. [90]. Some GABA agonists have
been used in the Frmr1 KO mouse to rescue behavioral abnormalities. The primary neuron excitability
deficits in the amygdala of the Frmr1 KO mouse was restored by gaboxadol (THIP), a GABA 5 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 hyperactivity and autistic behaviors [89]. Finally, arbaclofen, a GABAg agonist, improved protein
synthesis, the abnormal auditory-evoked gamma oscillations, working memory and anxiety-related
behavior in Fmrl 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
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determine the safety and efficacy of arbaclofen for improving social behavior in XS 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 GABAg and GABA 4 receptors,
also improved several phenotypes like cortical upstate duration, behavioral improvement, anxiety,
locomotor tests in Frmrl 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 617 years with FXS. It was
found safe and well-tolerated and resulted in better social behavior and reduced hyperactivity [107].
Ganaxolone is a neurosteroid and a positive GABA , modulator that rescued several phenotypes in
the Fmr1l KO mouse, like increased marble-burying assay, sensory and sensorimotor gating in the
acoustic startle response, and prepulse inhibition [86]. Tested in a recent randomized double-blind
placebo-controlled crossover trial in children with FXS, aged 6-17, years, ganaxolone was found to
be safe and 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 of
GABA receptors involved in the pathology 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 that enables synapses to alter their
function and structure autonomously [109]. FMRP, an RNA binding protein which 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 indicate 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 Frnr1 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 % (ERK1/2), and phosphorylated p70 ribosomal S6 kinase
1 (p-S6K1) [111]. Similarly, a recent study reported that the level of protein synthesis increased in
fibroblast cell lines derived from individuals with FXS and from Fmr1 KO mouse. However, this cellular
phenotype displayed a broad distribution with a proportion of individuals with FXS and in 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 treatment of fibroblast cells derived from FXS patients, with small molecules that block
S6K1 and phosphoinositide 3-kinase (PI3K) catalytic subunit p110f3, decreased the rates of protein
synthesis in both control and patient fibroblasts; the role of these targets as a potential biomarker
should be considered [111]. EXS 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 sedative Frnr1 KO mouse 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 to be efficacious in reversing the increased rCPS in the Fmr1 KO mouse [114].
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Some studies have shown that the mechanisms regulating the levels of protein synthesis,
can be restored by reducing the mGIuR5 signaling genetically or with pharmacological
treatments [46,53,100,115-118]. Moreover, haploinsufficiency of mGluR5, 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 Finrl KO mouse with a cell-permeable
peptide able to modulate ADAM metallopeptidase domain 10 (ADAMI10) activity and amyloid-f3 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, but unfortunately, replicating this optimal
translational scenario into reality has not been fully successful [27]. The extent to which excessive
protein synthesis associated with cognitive and behavioral impairments also remained 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, p110x, p1103, p110y, and p1105, have their specific
dysregulation in FXS [128]. FMRP regulates the synthesis and synaptic localization of p110f3, which is a
crucial signaling molecule downstream of group 1 metabotropic glutamate receptor (gp1 mGluRs) and
other membrane receptors. Lack of FMRP in the Frnr1 KO mouse leads to excess mRNA translation and
synaptic protein expression of p110f3 [123]. Treatment with a p110B-selective antagonist was effective in
rescuing the excess of protein synthesis in the Finrl KO mouse synaptoneurosomes and in lymphoblastoid
cells derived from FXS patients [123,129]. Further, a prefrontal cortex (PFC) selective knockdown of
p110B, reversed deficits in higher cognition, normalized excessive PI3K activity, restored stimulus-induced
protein synthesis, and corrected increased dendritic spine density in the Frmrl 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 an essential regulator
of cell proliferation, autophagy, translation, and growth. 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 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 elF4E-binding proteins (4E-BPs), and it is also known to regulate the activity of
phosphatases such as protein phosphatase 2A (PP2A). These phosphatases, in turn, regulate mTOR
substrates, thereby generating mTOR-dependent feedback loops that control initiation rates. 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].
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The enhanced mTOR signaling observed in the hippocampus of the Frnr1 KO mouse associates 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 biomarkers. Since the molecular signaling
effects resulting from FMRP loss are likely causal in the wide-range of the severity of the FXS symptoms,
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 FXSbased on preclinical studies. 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, a double-blind placebo-controlled trial of metformin in individuals
with FXS is currently ongoing which 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 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 Frnr1 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 in a pilot
open-label trial in FXS or with riluzole treatment [143,144]. These findings, based on a small number
of subjects, suggest ERK activity as 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 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’s 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 deficitis associated with alterations in the expression of a number of proteins, including matrix
metalloproteinase 9 (MMP-9). MMP-9 is an extracellular operating Zn?* dependent 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 in both establishing synaptic
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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 Fnr1 KO mice suggesting its contribution to the aberrant dendritic spine morphology
observed in the Frmr]l 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 MMP-9 is necessary to the
development of FXS-associated defects in the Fmrl KO mouse. Interestingly, a high level of MMP-9
has been observed in the auditory cortex of adult Frnr1 KO mice and the deletion of MMP-9 reversed
the habituation defects [151]. A decreased MMP-9 activity in the hippocampus of the Fmr1 KO mouse,
dendritic spine maturation, improvement in anxiety, and strategic exploratory behavior were observed
after treatment with the antibiotic minocycline [152]. These findings prompted the use of minocycline as
a targeted treatment in humans with FXS through open-label trials which have demonstrated benefits
with 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 plasma MMP 9 activity was found after treatment with sertraline [157], a selective
serotonin-reuptake inhibitor which selectively blocks the uptake of serotonin at the presynaptic
membrane, resulting in an increased synaptic concentration of serotonin in the central nervous system
(CNS), and therefore, to an intensified serotonergic neurotransmission. Interestingly, a reduction of the
MMP-9 levels was also reported in the Frnrl 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 the learning and behavioral phenotypes, including
fear conditioning, pain behaviors, and hyperactivity, was examined in the Frnr1 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 learning, and startle responses typical of Fmrl 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. One study found that the Val66Met
BDNF polymorphism associates with epilepsy in a Finnish FXS male [162] but 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 GABA 5 agonist acamprosate [107]. Although more
studies are warranted, these findings point to BDNF genotype as a potential molecular biomarker
in FXS.
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11. Amyloid-f Protein Precursor and Amyloid-f3 (APP, Ap)

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 3-amyloid (Af) accumulation, results in synaptic loss and
impaired neurotransmission. APP is processed by [3- and y-secretases to produce amyloid-3 (Af),
which is the prominent peptide found in the case of Alzheimer’s disease (AD).

A study by Westmark et al. 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, nGLuR-LTD, and the ratio of
mature versus immature dendritic spines [163]. APP and A3 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 sAPP« [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 past studies
showed their involvement in the FXS pathology [165]; more specifically, with the voltage-gated calcium
channels (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 Cacnala gene, in Finr1-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-33 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, improved 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 Fmrl 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 that GSK-3 activity may represent a biochemical
mediator biomarker of impaired cognitive function in FXS and that modulators of its activity may
have potential as therapeutic agents [176].
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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 Fmrl KO mouse,
genetic reduction of STEP significantly diminishes some FXS-associated behaviors in Fnr1 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 Fmrl 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.

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-1a, RANTES,
and IP-10 [184]. Tt is currently unknown if the changes in the cytokine and chemokines are determinant
in the development of FXS and if they occur throughout the lifetime of FXS patients, and therefore,
their potential use as biomarkers needs more investigation.

12.5. Diacylglycerol Kinase Kappa (Dgkx)

Diacylglycerol kinase kappa (Dgkk) 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 Dgkk 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 Dgkk deregulation in FXS pathology and suggest that overexpression of Dgkk in
neurons could rescue the dendritic spine defects of the Fnr1 KO mouse. Thus, DGKk expression levels
could represent a biomarker and targeting DGKk signaling might provide new therapeutic approaches
for FXS [185].

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 brain exhibits 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 Frmr1 KO mouse brain identified miR-125a, miR-125b,
and miR-132, and disruption of the regulating of these miRNA-mediated protein translation results in
early neural development and synaptic physiology [190,191]. Another microarray study [192] in the
Fmr1l 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 resulted 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
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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 preclinical work, carried out in the FXS animal models, has provided ways to improve
the behavior, language, and cognitive ability, but several factors (complex clinical phenotype, genetic
variability, gender differences, and use of multiple medications, 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 Fmrl 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 molecule 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), no one is accurate enough as changes according to
disease modifications in a trial 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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Abstract: The most conserved molecular phenotype of Fragile X Syndrome (FXS) is aberrant protein
synthesis. This has been validated in a variety of experimental model systems from zebrafish to rats,
patient-derived lymphoblasts and fibroblasts. With the advent of personalized medicine paradigms,
patient-derived cells and their derivatives are gaining more translational importance, not only to
model disease in a dish, but also for biomarker discovery. Here we review past and current practices
of measuring protein synthesis in FXS, studies in patient derived cells and the inherent challenges in
measuring protein synthesis in them to offer usable avenues of modeling this important metabolic
metric for further biomarker development.

Keywords: protein synthesis; Fragile X Syndrome; biomarker; iPSC; fibroblast; lymphoblast

1. Fragile X Syndrome as a Translational Control Disorder—Early Studies Leading
to General Consensus

Fragile X Syndrome (FXS) is a triplet repeat disorder, where runaway expansion of CGG
repeats at the promoter region of FMR1 gene causes promoter hypermethylation leading to failure
of gene transcription and subsequently loss of protein expression of Fragile X mental retardation
protein (FMRP) [1]. FMRP is a versatile protein important in a variety of cellular processes which
include ribonucleoparticle packaging and transport [2], mediating micro RNA interactions with target
mRNA [3,4], translation elongation [5] and interaction with large conductance ion channels [6]. It is,
therefore, not unexpected that the major role of FMRP is in determining timely mRNA translation and
by extension, loss of FMRP in FXS, has been noted to cause an imbalance in de novo protein synthesis.

The above states the general consensus that has emerged in the FXS field, through multiple
progressive contributions from varied groups [7]. In the 1990s, FMRP as a constituent of
ribonucleoparticle (RNP) and mRNA binding protein was uncovered, following which its role
in sensing synaptic activity and coupling it to trafficking of RNPs in dendrites and spines
was established [8-10]. The association of FMRP with ribosomes was established by multiple
studies [11-16], while the evidence that FMRP suppresses the translation of its target mRNAs was
provided by Laggerbauer et al. [17] and Li et al. [18] in rabbit reticulocyte lysates. Two seminal studies
in 2011 [19] and 2014 [20] showed that FMRP actively engages in ribosome stalling and does so by
structurally occupying the cleft between ribosomal subunits and mRNA respectively. These findings
firmly established the idea of a ‘translational brake’, which received ancillary support from studies
that showed FRMP-Cyfip1 association occludes eIF4E from interacting with a productive cap-binding
complex and initiating translation [21].

This mechanism of FMRP action led to a natural investigation into the net rates of proteins
accumulation in cells lacking FMRP, hence modeling FXS. It was actually in rabbit reticulocytes that
loss of FMRP was first reported to cause enhanced protein synthesis [18]. However, almost all work
that can be found on this topic is done in neurons and brain slice preparations from FXS mouse models,
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since it was believed that FMRP expression was largely limited to neurons. Expression profiling in
the brain was undertaken by Devys et al., [22] which registered the highest expression of FMRP in
cerebellar grey matter in human sections, while Bakker et al., [23] did so in mice tissues. Both studies
observed little to no glial staining and focused primarily on neurons. Taminini et al. [24] testing a
variety of FMRP antibodies, concluded that majority of FMRP staining was neuronal, giving rise to the
notion that FMRP expression is limited to neurons in CNS. It took Wang et al., [25] followed by Pacey
and Doering [26], to show the developmental stage specific expression of FMRP in glial cells. It is
noteworthy that the initial characterization of the FXS mice model [27] included spine morphology
and behavioral experiments. Beebe-Smith and colleagues [28] provided the first metabolic readout in
FXS mice, showing elevated cerebral glucose metabolism rates across 38 brain regions. The highest
elevation was seen in areas that were active in behaviors such as open field activity and passive
avoidance or areas with highest FMRP expression in control animals. This group followed up this
work with the first comprehensive study of protein synthesis rates in 2005 [29] using in vivo L-[1-14C]
leucine intra-arterial introduction to label nascent proteins within a 60 min time window in four- and
six-month-old mice. A total of 75 brain areas were monitored, and overall a 10% increase in basal
protein synthesis rates was reported compared to wild type littermates, with differences ranging from
18% in the paraventricular nucleus to 4% in the periaqueductal grey. This study forms an important
resource for any proteostatic study in FXS, but it is relevant to note that these were averaged across a
brain region and did not distinguish between specific cell types.

Experiments tracking protein synthesis in FXS model mice have largely concentrated on
the hippocampus and that too in the context of activation of metabotropic glutamate receptor
5 (mGluR5), [30-32]. This focus on one specific brain area arose from data that showed that mGluR
activation in area CAl of the hippocampus induced a protein-synthesis dependent form of long-term
depression (LTD) [33] and that this LTD was exaggerated in FXS [34]. Additionally, FMRP was
shown to be a conduit of this mGluR5-protein synthesis connection by Muddashetty et al. [35] using
mouse synaptoneurosomes and S*® methionine labelling of nascent proteins. Hence hippocampal
mGluR5-LTD and protein synthesis measures in slices quickly emerged as two experiments that
could be used as yardsticks to measure the efficacy of pharmacologic and genetic interventions in
mice models over the next several years. The biochemical readout of de novo protein synthesis
was facilitated by the development of a method to measure translation in acutely-prepared intact
hippocampal slices [30], marrying techniques of electrophysiological slice preparation and incubation
with metabolic $* methionine labeling. This technique enjoys widespread acceptance in the FXS
community [31,32,36,37]. Measuring protein synthesis rates in vivo, in humans, has been fraught with
experimental confounds like anesthetic administration [38]. However, the same group has recently
published a method to measure cerebral translation rates in awake subjects as well [39] and hence
raises the expectation of doing the same in FXS cohorts.

With the advent of non-radioactive probes for measuring protein synthesis in the past decade,
it has become easier for a variety of labs and clinics to measure protein synthesis. These tools were
quickly embraced for studying translation control in FXS. SUnSET or Surface sensing of translation [40]
was employed by Bhattacharya et al [41], to check whether a genetic deletion of S6K1 rescued FXS
mouse phenotypes. SUnSET employs sub-critical levels of puromycin as a t-RNA analog that end labels
nascent proteins in the ribosomes. SUnSET was subsequently used to measure translation in FXS model
mice [42-44] and human patient derived fibroblasts [45]. Cell-type specific monitoring of translation
using non-canonical amino acid tagging (NCAT, [46]) was first employed to measure translation
rates in FXS patient derived lymphoblastoid cells (LCLs) [47], following which this technique was
adopted for use in acute brain slices [48,49]. This method has two variants BONCAT (Bio-orthogonal
non-canonical amino acid tagging) and FUNCAT (fluorescent non-canonical amino acid tagging) which
employs orthogonal amino acid substitutes to label newly synthesized proteins, which are then tagged
using click-chemistry and then detected by western blot (BONCAT) using biotin or fluorescent-tagged
alkynes or azides. It is currently unclear if there is any disruption in astrocytic protein synthesis in FXS.
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Taken together, the nexus of protein synthesis, FMRP loss and FXS pathology has been a
cornerstone of mechanism-based research in this field. Using multiple measurement techniques,
in multiple model systems (mouse, rat, drosophila, zebrafish) it can be shown that there is a surfeit of
basal translation in FXS models compared to matched controls [30,36,41,50,51]. Resetting translational
homeostasis using a variety of interventions [30,37,41,43,52-55] have yielded ameliorative effects
on a wide range of FXS phenotypes correlated with the human condition. Therefore, measuring
protein synthesis and its regulation has become an inescapable benchmark of model validity and/or
monitoring treatment outcome efficacy.

2. Patient-Derived Models of FXS that Model ‘Disease in a Dish’

Studying neurologic disorders, are amongst the most challenging largely due to inaccessibility of
neural tissue. The traditional source has been post mortem samples, which are perhaps more useful in
studying pathological changes in ageing [56] and neurotrauma [57]. It is also easier to build a sample
repository for these conditions simply due to higher numbers and lifespan ranges of the patients.
In contrast it is extremely challenging to retrieve post-mortem tissue for neurodevelopmental disorders
like ASDs, intellectual disabilities, spina bifida, fetal alcohol syndrome, etc., [58] owing to younger
ages of the patients and far fewer fatalities. Even when post-mortem tissue is available, experimental
results are strongly influenced by the manner in which tissue was harvested, preserved, tissue pH,
transit time, and duration of storage. Finally, measuring live cell metrics, like metabolism and protein
synthesis, is not possible in post-mortem tissues.

Human Embryonic stem cells (huESC) were first isolated by Thomson et al., [59] in 1998 from the
inner cell mass of the blastocyst of pre-implantation human embryos. These cells are pluripotent and
can be further differentiated to cell types of interest. Verlinsky et al. [60] isolated the first FXS huESCs
followed by multiple other groups [61-63]. The FMR1 gene is found to be expressed in pluripotent
stem cells but can undergo transcriptional silencing upon differentiation [64]. Over the years, the use
of hECS has been mired in ethical issues which has limited the availability of cell lines to researchers.
Therefore, the bulk of precision medicine efforts in other diseases, has come to rely on the availability
of induced pluripotent technology (iPSC) [65], to generate human iPSCs (hiPSCs) from fibroblast
samples. In the FXS field, Urbach et al., [66], first reported the generation of hiPSC from fibroblasts of
individuals carrying the FXS mutation followed by others [67,68].

One critical difference between huESC and hiPSC in FXS is that the epigenetic silencing due
to hypermethylation of the CGG repeats can be retained in the reprogrammed cells. This naturally
spurred researchers to use FXS hiPSCs to study DNA methylation as an in vitro human model of FXS
(see Bhattacharyya and Zhao [69], 2016 for an in-depth review). Hierarchical clustering and analysis
of DNA microarray show that the hiPSCs cluster together with human ESCs [70] and functionally
can form embryoid bodies that develop into the three germ layers besides forming teratomas [71].
Also, the FMR1 gene is expressed in both differentiated and undifferentiated wild type cells and is
transcriptionally silenced in patients [72]. It is worth noting, that Sheridan et al., [67], first reported that
reprogrammed FXS fibroblasts showed an instability in the CGG trinucleotide stretch in the 5" UTR of
the FMR1 gene and some of the FXS hiPSC clones had repeat lengths shorter than the control fibroblast
samples. Additionally, in the same study, multiple hiPSC clones were derived from mosaic individuals
resulting in a set of genetically matched hiPSC lines (isogenic pairs).There have been no reports of
reprogramming human lymphoblastoid cell lines (LCL) from FXS mutant patients.

Further, studies have investigated the effects of the FXS mutation on iPSC differentiation to a
neural lineage. However, none of these reports have been conclusive; possibly due to the genetic
differences in samples, source of human material and differentiation protocols used. Castren et al., [73]
reported that differentiation of neurospheres derived from post mortem human FXS brain and control
fetal brain showed differences in neurite length, number, morphology, and altered Tuj1 to GFAP ratio
while Bhattacharyya et al. [74] found no significant difference in neurons differentiated from FXS
and healthy samples. Contrastingly, Sheridan et al. [67] demonstrated FXS-associated morphological
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differences in hiPSC-derived neurons, with FXS cells having fewer and shorter neurites than control
cells. Investigating beyond morphological parameters have revealed electrophysiological deficits in
huES derived FXS samples. In a series of studies by Ben-Yosef’s group [75-77] several functional
deficits in FXS neurons differentiated in vitro huESC have been demonstrated. These include the
inability to fire repetitive action potentials (AP), reduced AP amplitude and longer AP duration
and immature responses to GABA [78]. Therefore, to date a variety of groups have shown different
phenotypes in neurons-derived from FXS hiPSCs with more focus on discovery rather than developing
a consistent cell-autonomous or network-level biomarker for modeling FXS.

3. Protein Synthesis Studies in Human Derived Cells in FXS

In contrast to the remarkable amount of work done in understanding the methylation and
transcriptional silencing, structural and electrophysiological deficits in FXS huESC and hiPSCs,
there are but a handful of studies that have measured protein synthesis in these cells. The first
study was in two control and patient-derived LCL lines, wherein FUNCAT was used to measure
steady-state and IL-2 induced translation [47]. While FXS LCLs showed increased basal protein
synthesis, the translation rates decreased in IL-2 stimulated cases contrary to matched controls. A
subsequent publication [79], reverted to a more traditional method to test translation in patient-derived
fibroblasts using H? leucine autoradiography. This study utilized eight FXS and nine control fibroblast
lines spanning a large age range (0-62 years for controls and 1-23 years for FXS). All EXS lines were
from patients with greater than 200 repeats, including mosaics. The study reported elevated rates of
leucine incorporation in five of the eight FXS lines, with the other three showing comparable translation
to WT controls. Grouped data across cell lines did show an extremely significant elevation in protein
synthesis rates of patients-versus controls. Curiously, protein synthesis appeared to be correlated
with phospho-S6 ribosomal protein abundance in control samples, whereas it had a significant direct
correlation with age for FXS lines. This runs counter to Qin (2005) study in mice, where there
was a sharp drop in translation across brain areas as soon as FXS model mice attained middle-age.
Furthermore, FXS lines showed the same negative correlation with age for phospho-states of mTOR,
S6K1, and ERK 1/2, as has been shown in many other cases [80]. These pro-translation kinases have
been found to be upregulated in FXS animal models, and targeting these molecules, either genetically
or pharmacologically has been found to ameliorate several behavioral, synaptic and morphological
phenotypes associated with FXS [41,52]. Therefore the conundrum of decreasing mTOR and S6K1
phosphorylation and hence activation, yet increasing protein synthesis drive remains to be reconciled.

Though the Kumari et al. [79] study had a larger cohort, it was not truly multi-center, that would
better simulate a large clinical trial setting. This was addressed by a recent study that combined protein
synthesis measurements across three laboratories in Europe and US [45]. The study measured rates
of protein synthesis in fibroblasts from 32 individuals with FXS and compared them to 17 controls
(ages 6-69 years for FXS; 10-50 years for controls). Further, they compared translation rates in FXS
model mouse embryonic fibroblasts and primary neurons within the same experimental parameters.
An important finding in this study is the inherent consistency in control fibroblasts across passages,
which did not hold for the FXS counterparts. It is not entirely clear if control and FXS cells underwent
SUNSET as yoked sets, wherein control and FXS fibroblast samples grown under similar conditions
underwent SUnSET puromycin and processing at the same time, which has important implications for
the metabolic variability of the samples. A noteworthy finding of this study was that almost a third of
the FXS lines had puromycin labeling similar to controls. No correlation with age, nRNA and FMRP
protein levels was to be found again. The study further explored the consistency of fibroblasts and
neurons from FXS model mice, which has yielded far more consistent elevation in protein synthesis
in previous studies [29,31,32,41]. Individual preparations of mouse embryonic fibroblasts (MEFs)
and neurons had more variability for the FXS sets and the population spreads were non-normal,
however the overall elevation in protein synthesis levels held in neurons and MEFs.
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The disparate results from these studies gives an important insight into the heterogeneity in FXS.
Contrary to simple and elegant molecular etiology, FXS is not one disease. While there are stand-alone
“FXS-only” patients and there also exist large patient subsets like FXS 4= ASD, FXS 4 Prader-Willi etc.
Therefore, sample and patient stratification is very important at the outset. Similarly, mRNA translation
or protein synthesis is a metabolic process that is exquisitely sensitive, to the genetic background,
culturing conditions of cells and method of detection used. It would have been useful to know if there
are de novo mutations in translation control and executive factors like eEF2, in any of the cell lines that
was tested. These likely have a strong bearing on the total efficiency of the translation process that is
being studied (see Figure 1 for a graphical depiction). A quick comparison of the culturing conditions
in these three studies yields different culturing and experimental conditions in each study. LCLs used
in Gross and Bassell [47] used the obligate RPMI media supplemented with FBS, with methionine
withdrawal- being the only stressor for the protein synthesis experiment. Kumari et al. [79] fibroblasts
were cultured in DMEM + FBS, while the protein synthesis assay was done with cells incubated in
ACSE. This incubation starved cells of amino acids and growth factors when the radioligand was
added. Jaquemont et al. [45] fibroblasts were cultured in DMEM/F12 + FBS with translation assay
done on cells that were serum starved for 16 hours, followed by recovering in FBS for four hours,
after with puromycin was added for 30 min. Therefore, it is possible that the outcomes of this metabolic
assay could be sensitive to culturing conditions and serum withdrawal states.
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Figure 1. Schematic representation of intrinsic variation at multiple levels (tempo-spatial, tissue,
experimental protocols) during development of essential patient derived substrates that influence
decisive outcome measures such as protein synthesis.

4. Translation, Neural Differentiation and Loss of FMRP: Challenges for Deploying Translation
as a Biomarker

A key property of any deployable biomarker is prior knowledge of its variation and natural
history. Variability in translation in fibroblasts has been reported in almost all FXS studies with a
modest cohort size. However, the natural consistency in protein synthesis in control fibroblasts is
not well understood. In synchronized MEFs, general rates of protein synthesis undergo a diurnal
variation that is dependent on circadian regulators acting on mTORC1 components [81]. Translation is
a key process involved in differentiation and cell fate specification and, recently, a slew of papers has
identified key proteins that mediate this process [82,83]. Indeed, patterns of activation of mTORC1
change as cells differentiate [84,85]. Hence development and stem cell differentiation are multi-layered
processes where key players governing translation itself are in constant flux.
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In this state of dynamic equilibrium, loss of FMRP recreating FXS, creates a perturbation that has
long term effects on cell fate and translation in general. Through chorionic villus sampling of human
fetus, Willemsen et al. [86] demonstrated that FMRP loss occurs between 10-13 weeks in gestation. This is
approximately when neuronal migration and maturation commences from neural stem cells. There is no
clear in vivo study in rodent models to show deficits in this process in FXS. Similarly, there appears to
no systematic cataloging of the changes in protein synthesis flux as ES or iPSC differentiate into neurons
or glia and how this course changes in FXS derived cells. Without the support of this natural history,
using translation as a biomarker or treatment yardstick will always be plagued by uncertainty. This is
perhaps due to the fact that understanding the fluctuations in protein synthesis as a metabolic metric has
frequently been overshadowed by the motivation to find what individual proteins are misregulated and
hence offer potential node points for intervention.

Recently two studies were published that delved to some degree into matter changing transcriptomic
hits with differentiation in FXS. Sunamara et al. [87] generated full knockouts (KO) of FMR1 in hiPSC
cells using CRISPR /Cas9 and transcriptomically characterized the differentiating cells from their isogenic
controls. Loss of FMRP did not compromise the proliferation of the neural precursor cells derived from
these cells. However, FMRP ablated neural precursor cells (NPCs) aberrantly expressed glial fibrillary
acidic protein (GFAP) which continued even when the cells were differentiated into neurons. KO cells
displayed transcriptomic profiles that were reminiscent of a more pluripotent stage rather than being
committed to a neuronal or glial fate. Intriguingly though there was an increase in mTOR and S6
phosphorylation in hiPSCs lacking FMRP, which may allude to a higher translational rate. A second
paper in 2018 by Richter laboratory [88] measured translational efficiency disruption in the event of
FMRP loss in murine adult neural stem cells. Using ribosomal profiles and whole RNA sequencing, they
were able to show that that FMRP loss affects different transcripts at different points of gene expression
including translation, ribosome stalling and mRNA abundance. This suggests a possible dysregulation of
translation in stem cells (human and murine-derived) and FMRP’s role in early development. Since stem
cells are a population that are always in a state of dynamic equilibrium, there are likely to be effects on
protein synthesis and causing variability in its measurement.

5. Patient Specific Treatment in FXS: Potential Ways to Leverage Protein Synthesis as
a Diagnostic Marker

The importance of preclinical animal models in understanding the cardinal mechanisms
underlying FXS and other models of autism spectrum disorders (ASD) cannot be overstated [89].
However, setbacks in the recent drug trials has perhaps had a positive outcome in highlighting
the need for having interim validation of drug effects in patient-derived cells. Another transition,
that has occurred, more for cancer therapeutics, is a move towards using patient-derived cells to tailor
patient-specific treatments. An elegant demonstration of the power of this approach was Chia et al., [90]
wherein cells isolated from cancer biopsy from the patient were used to identify the best therapy
course. However, this work rested upon well-characterized and accepted yardsticks of cancer biology
that are, at present, lacking for cultured patient-derived cells for FXS.

This highlights a need to not only understand disease biology in a dish, but also to generate
benchmarks in such systems that can be used for diagnostic purposes. One category of this could be
signatures that individually or in combination, measure a cell-autonomous feature that can be reliably
measured across multiple sites in adherence to an agreed-upon, consensus protocol. Structural and
physiological signatures as mentioned above in neurons from FXS samples offer one such avenue.
The downside is the long time and high cost involved in generating these neurons. A faster and
cost-effective readout can be protein synthesis, which can give a quantum of holistic translation in a
patient-derived fibroblast or LCL provided the background mutational load is known and the culture
passage, media and incubation conditions are standardized.

Imperatively, for therapeutic discovery or even therapy choice, it is prudent to appreciate that the
cell types of the human brain do not function in isolation. It is a continuous orchestration of electrical and
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chemical signaling events organized in a spatio-temporal fashion in a tightly regulated microenvironment.
It is increasingly becoming crucial to ask how each of these cell types communicate with the milieu
around it. Clearly, this is lacking in the two-dimensional in vitro stem cell derived models and hence
has been unable to mimic many of the diseased phenotypes [91]. Organoids are an initial step in this
direction, wherein three-dimensional culturing of cells using suitable matrices, scaffolds and shearing
force, has resulted in the capability to re-construct cerebral organoids [92]. These have been found to
mimic neural development and incorporate structural and functional deficits in diseased samples [93,94].
Electrophysiological recordings from cerebral organoid slices [95] validates the functional properties
of neurons from the different regions of the brain. Mariani et al. [96] has demonstrated that cerebral
organoids derived from ASD patients show significant differences in the number of synaptic contacts
made. Additionally, forebrain organoids from severe idiopathic ASD exhibit dysregulation of forkhead
box G1 expression, high cell cycle progression and higher levels of GABA produced by the cells [96].
This is a simple example of how modelling using organoids can be used to identify new drugs
using a candidate-based approach for studying aberrant neurodevelopmental processes. The key
question would be whether protein synthesis fluxes in FXS organoids will be similar to those in 2-D
cultured cells.

To summarize, the FXS research community is slowly embracing the power of patient-derived
cells for biomarker discovery. However with growing appreciation, there is a need to identify robust
measures of disease-states that address with patient heterogeneity to predict accurately any treatment
response. Protein synthesis is a consistently aberrant molecular phenotype in FXS, however there
needs to be further research devoted to mapping the natural history of cells derived from FXS patients,
controlled for intrinsic genetic variation and also experimental conditions. This is a fundamental
characterization effort that needs to be undertaken by any outfit aiming to utilize patient-derived cells
for developing diagnostics and therapeutic interventions.
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Abstract: Preclinical studies using animal models of fragile X syndrome have yielded several agents
that rescue a wide variety of phenotypes. However, translation of these treatments to humans with
the disorder has not yet been successful, shedding light on a variety of limitations with both animal
models and human trial design. As members of the Clinical Trials Committee of the National Fragile X
Foundation, we have discussed a variety of recommendations at the level of preclinical development,
transition from preclinical to human projects, family involvement, and multi-site trial planning. Our
recommendations are made with the vision that effective new treatment will lie at the intersection of
innovation, rigorous and reproducible research, and stakeholder involvement.

Keywords: fragile X syndrome; clinical trials; treatment development; best practices

1. Introduction

Since the proposal of the “mGluR theory of fragile X syndrome (FXS)” over a decade ago, there
has been an explosion of preclinical small molecule investigation in FXS leading to a number of
mechanistically-targeted treatments moving into FXS human study. Despite significant pre-clinical
data supporting translation of many drugs to humans, combined with some success in early-phase
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studies, no definitive large-scale placebo-controlled trials have met primary endpoints leading to
drug use indications specific to FXS. As leaders and stakeholders in the field of FXS, we recognize
the importance of issuing recommendations for methodology, including study design and strategies,
which can maximize potential for success for the bench to bedside treatment development pathway.
With this in mind, we review key aspects of the process of FXS treatment development with an eye
towards ensuring that successful trials of new treatments, incorporating innovative research and
stakeholder concerns, can be enacted.

2. Fragile X Clinical and Research Consortium Clinical Trials Committee

The National Fragile X Foundation (NFXF) has developed a Clinical Trials Committee (CTC)
structure made up of Fragile X Clinical and Research Consortium (FXCRC) members, FXS clinicians,
expert FXS trialists, outcome measure experts in the field, and family stakeholders to assist and
support treatment developments. This committee reports and provides recommendations to the
NEXF'’s Facilitation of Research Oversight Group (FROG). The authors of this commentary all sit on the
CTC. The CTC is designed to provide a one-stop point of contact to interface with industry, academic,
and other partners seeking to move forward FXS-focused new treatment development at any stage.
The CTC centralizes new treatment development support and advising in an orphan disease condition
of great interest to potential business and academic partners. Moving forward the FXCRC Clinics have
embraced the concept that, with many potential trials in FXS proposed, it will be critical to protect
patients and optimize FXS participant resources through careful discussions about proposed trials
and development programs with the CTC. The CTC will review preclinical data in early stages of
drug development and subsequently help with recommendations regarding trial designs, outcome
measures, and development strategy for agents showing promise on appropriate rigor preclinical
and/or early phase clinical studies.

Given the history of large-scale trial failures, and the large list of mechanistic targets and treatment
development partners, it is critical for the FXS field to create a collaborative framework of expertise.
The latter include those experts who led the first round of trials and representatives of affected families,
who will collaborate in the design of trials and drug development paths that can capitalize on lessons
learned and result in clear delineation of the drugs that have a positive impact in FXS and, ultimately,
in the successful registration of these drugs for use by patients. Given this, it is advised that sponsors
of all drug development in FXS that have reached the stage of multi-site Phase II or III trials, hold
advisory meetings with and seek endorsement from the CTC, prior to use of EXCRC Clinics to carry
out further development in FXS. Those seeking to engage the CTC may contact the National Fragile X
Foundation CTC liaison (J.D.W.; jayne@fragilex.org) to initiate a dialogue. This recommendation is
made to ensure that study sponsors receive accurate information facilitating the conduct of trials in
FXS including broad stakeholder input.

3. Preclinical Development

Experience with mouse models of FXS and other neurodevelopmental disorders has demonstrated
their value as experimental systems for proof-of-principle assessments of new interventions [1].
Nonetheless, this work has also shown that phenotypes that are improved in mice do not necessarily
translate directly to affected individuals [2]. Therefore, our field needs to emphasize the development
of preclinical animal testing that can be evaluated in a similar manner in humans [3]. As important as
the limited relevance of animal models to the human disorder, is the concern about reproducibility of
animal data. The NIH has published guidelines promoting standardization of experimental paradigms
and “best preclinical practices” for animal model work [4] and these have begun to be applied to
neurodevelopmental disorders [5]. We recommend that any new treatment should be evaluated
in blinded randomized experiments performed for multiple phenotypes in different domains (e.g.,
electrophysiological, molecular, behavioral), with some phenotypes being directly translatable to
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humans, and reversal of phenotypes shown in at least two independent laboratories [2] and ideally in
several species, given the fact that rat and Drosophila models of FXS also exist.

The presentation and publication of negative preclinical testing results is crucial to inform study
design, outcome measure selection, and execution of first in human studies. Thus, this practice
should be encouraged and is of importance to our field. The FXS field is challenged early on in drug
development in part by a publication culture focused on “positive” preclinical data. Understanding
which particular treatments may not improve murine or other animal phenotypes may be as important
as understanding the aspects of success with a specific drug.

In the same manner that human trials may not result in efficacious treatments for every individual
with FXS, understanding variation within animal treatment response in vivo may provide early clues
to features that may predict treatment response later in affected patients. Preclinical focus to date
on murine findings has been on rescue or non-rescue with drug versus placebo treatment across
various behavioral, molecular, and neuroanatomical assays and not on variation within treatment
response. Further investigation into potential variability in preclinical treatment response may aide
future planning when treatments move into human studies.

Considering that mouse or other animal models work only provides evidence of treatment
adequacy but not of specific outcomes, the possibility of skipping altogether in vivo model testing
has been raised. Instead, in vitro evaluation of iPSC-derived neural cells offers the opportunity of
testing directly cells from individuals with FXS and showing correction of cellular abnormalities, data
that not only could be used for demonstrating treatment effectiveness but also subject selection [6].
However, this intriguing new approach does not test extension of cellular changes to neurobehavioral
outcomes and will need to be systematically compared with current animal model standards prior to
its full implementation [2]. In summary, the rigor, reproducibility, and specific findings of treatment
development preclinical data should be evaluated in detail in planning for the scope and potentially
specific aspects of the design of first in FXS human studies.

4. Transition from Preclinical Studies to Human Subject Projects

Once preclinical work has demonstrated the scientific validity of a particular treatment through
in vivo and/or in vitro studies, other elements of the experimental data can inform the subsequent
steps. For initial human FXS trials, a project relying on single laboratory murine data or an
iPSC model alone may be best served moving first into a human Phase Ib proof-of-concept target
engagement study versus a brisk move into a large-scale first in FXS Phase II study. The latter would
be more adequate for treatments supported by multiple preclinical studies providing convergent
evidence and/or supported by small initial target engagement focused Phase Ib work in FXS. Drugs
for which there is improvement of a directly translatable animal pharmacodynamic marker (e.g.,
event-related potential (ERP) abnormality) can be quickly tested initially in early phase human
pharmacokinetic/pharmacodynamic (PK/PD) studies applying the biomarker prior to moving to
larger clinical trials to help inform a large-scale study. Elements of adaptive trial design can be
considered even in the earliest stages of human projects in FXS to facilitate the establishment of a
predictive model incorporating biological markers and clinical outcomes.

A process of de-risking large-scale multi-site projects in our field, utilizing well-conceived proof of
concept early human studies, is quite possible. Such early work would need to include use of extensive
objective and/or directly observable measures of brain function, communication, and behavior in
order to determine potential clinically-relevant changes with treatment. Use of a crossover design,
while potentially problematic in large-scale studies, given increased length, treatment expectation,
and potential carryover effects on proxy outcome measures, may provide additional strength to Phase
Ib projects that focus primarily on objective evaluations of target engagement. A rigorously designed
Phase Ib trial in FXS may allow for an earlier go- or no-go decision on future larger scale multi-site
studies of a drug, by requiring significantly less investment -in dollars and stakeholder commitment-
than approaches with initial large-scale Phase II projects and by allowing for more informed biomarker
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and outcome measure selection based on a particular treatment or a particular cohort of individuals
with FXS.

Drugs targeting brain mechanisms in FXS with predominant effects on molecular, anatomical,
and electrophysiological parameters, resulting in reversal of multiple and diverse phenotypes in
animal models, would best move into human therapy through a Phase Ib PK/PD study looking at a
broad range of objective outcomes, as optimal outcome measures are too difficult to predict in humans
in this kind of scenario. Drugs that have an expected or known behavioral effect deemed important in
FXS that has been replicated in multiple labs, and which target behavior as supportive care, may move
faster to Phase II or Phase III trials with outcome measures directed at the predicted behavioral targets.
Whether human studies entered in a gradual manner or with a rapid move into regulatory grade
Phase II and III projects, the transition into and through the human stages of treatment development
in FXS will benefit from many practice recommendations put forth below. Although early phase trials
focused on safety or PK/PD could be conducted at a single site, studies evaluating efficacy benefit
from a multi-site design. Regardless of size and scope, in the case of rare diseases like FXS, expertise in
the disorder at the trial sites enhances the possibility of successful implementation and stakeholder
satisfaction as discussed in more detail below.

5. Best Practices in Human Subjects Projects: Detecting Treatment Response

Heterogeneity in the clinical presentation of FXS relates to several factors including FMR1 gene
variations and background genetic and epigenetic effects, environmental stimulation, as well as
negative life experiences. These factors lead to variability not only in the symptoms of FXS that
individuals manifest but also in their response to treatment [2,7]. Likely, not all individuals with FXS
will have a uniformly positive clinical response even to the best targeted treatments for FXS. Placebo
effects are also remarkable in our field, especially when parent questionnaires regarding interfering
behavior are used. Animal models have helped to guide us to specific treatments for patients, such
as mGluR5 antagonists, the GABA-B receptor agonist arbaclofen, minocycline, metformin and other
agents. However, trials with these agents have been potentially complicated by the presence of
subgroups of responders, making entire cohort efficacy difficult to demonstrate. In this context,
utilization of biomarkers such as EEG findings or responses in iPSC-derived neuronal cell cultures
may be able to identify potential treatment responses for specific individuals with FXS, helping with
stratification or selection of subjects for future trials.

The large placebo effect and selection of outcomes have been challenges in clinical trials in FXS.
For example, in a well powered study reported by Berry-Kravis and colleagues (2016) there was a
remarkable change in caregiver measures in the placebo group [8]. This significant placebo effect could
have obscured true treatment-related changes in the active drug group. In the related field of autism
spectrum disorder (ASD), a meta-analysis of 25 studies involving 1315 subjects, investigating placebo
response in medication trials, demonstrated a “moderate effect size” for overall placebo response
(Hedges’ g = 0.45, 95% confidence interval (0.34-0.56); P < 0.001) [9]. Reports like this raise the question
whether we ought to expect a greater placebo effect when employing caregiver measures of abnormal
behavior, in patients with neurodevelopmental disorders than in other populations [10]. If the answer
is an affirmative one, that may reflect particularly high expectations among caregivers of individuals
with developmental disabilities, including FXS, for treatments targeting key symptoms and reduction
of disease burden [10], especially when widespread success of preclinical models is highly publicized.
The strength of the placebo response in clinical trials for FXS supports the need to use more objective
neurobehavioral and functional measures and/or to develop approaches that substantially mitigate
biased reporting of treatment effects. Like all effective outcome measures, such “placebo-resistant”
evaluations would need to be psychometrically sound (e.g., with known test-retest reliability), sensitive
to change, and reflect improvements that are meaningful in the daily life of individuals with FXS.
Ideally, the relationships between these measures and the underlying neural systems impaired in FXS
should be understood so that in any given trial a measure can be chosen because it is proximal to the
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mechanism of action of the drug under study. It would also be useful if the clinical outcome measures
have relevance to the neural cellular and circuit targets evaluated in preclinical studies [2].

Unfortunately, available outcome measures, including those in use in ongoing trials, generally do
not meet all of the criteria outlined above [11]. Nonetheless, progress is being made in establishing the
psychometric adequacy of several objective measures for quantifying change in important domains of
general cognitive functioning [12], as well as specific areas of language [13] and executive function [14].
Preliminary results suggest that many of these promising measures are feasible for individuals of
a wide range of ages and abilities, display minimal practice effects and strong test-retest reliability,
and have good construct validity. At the same time, it is important to acknowledge that performance
on these novel measures, as for most cognitive and behavioral measures, is likely to be affected by a
number of skills and motivational factors and, thus, will reflect the functioning and complex interaction
of multiple neural circuits that may result in attenuation of their sensitivity to detect drug efficacy.
Also, we should acknowledge that placebo effects may occur even when using objective performance
measures in individuals with intellectual disability [15].

Quantitative measures of pathophysiology are generally considered as potential continuous
measures of efficacy; however, they can be equally considered as baseline predictors of treatment
response. Genetic and blood-based molecular markers have already shown promise as identifiers
of potential responders in drug trials in FXS [16]. While there is a high bar for official biological
marker qualification as FDA-accepted surrogate biomarkers that can be used as regulatory endpoints
in trials, use of biomarkers to identify target engagement, generally, and subgroups of potential
responders with FXS is tractable in the near term. An approach like this may be able to parse the
sometimes underappreciated heterogeneity of FXS in early trials, in order to guide subject selection
or stratification in large-scale treatment trials. An example of this approach is ongoing work using
single-dose placebo-controlled probe studies in adolescents and adults with FXS [17]. Another strategy,
which should be incorporated as a standard procedure for all large-scale trials, is to collect blood
samples for evaluation of genetic and other molecular markers. Development of brain- or blood-based
markers will enrich research populations with responders to enhance treatment success and de-risk
the perils faced by trials similar to unsuccessful past trials in FXS, which had broad inclusion criteria
and relied on placebo-sensitive measures. For this reason, the NFXF has developed a NFXF Biobank™
program to receive biological samples and associated clinical data from persons with FXS including
trial participants to provide a repository that will benefit biomarker understanding for the field
regardless of final trial result.

Previous publications have examined the current status of outcome measures in FXS, providing
practical recommendations and future directions [11,18]. Attributes considered critical for novel
and improved outcome measures are the following: quantitative; reflecting brain circuits, function,
or molecular pathways affected in FXS; relevant to experimental models of FXS; and reflecting quality of
life of individuals with FXS. An example of these promising measures is event related potentials (ERPs),
using repetitive auditory or visual stimuli and measuring habituation to the stimuli which is known to
be abnormal because of inhibitory (GABA) deficits in FXS. Significant improvements in this measure
were documented by Schneider and colleagues [19] in a controlled trial of minocycline compared to
placebo and similar ERPs are being studied in the NeuroNext trial (FX-LEARN) with AFQ056 and
parent-implemented language intervention (PILI, NCT02920892). Another type of promising measures
are molecular markers reflecting core abnormalities in FXS, such as excessive protein production in
FXS. For instance, levels of the matrix metalloproteinase 9 (MMP9) that are up-regulated in FXS have
been shown to be reduced by administration of minocycline [20].

Biomarkers sensitive to change and correlated or predictive of clinical behavioral changes are
of particular interest. Thus, assessment of how quantitative measures such as auditory ERPs, eye
tracking and molecular biomarkers correlate with the clinical outcomes measured by behavioral
ratings, cognitive and language tests, is critical. A number of recent phase 1b and 2a trials in FXS have
incorporated all of these measures (NeuroNext AFQ056 (NCT02920892), metformin (NCT03479476),
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AZD7325 (NCT03140813), BPN14770 (NCTO03569631)), such that the outcomes of these studies
will improve our understanding of the relationships between biomarkers and clinical behavioral
measures. An NIH multisite initiative called the Autism Biomarkers Consortium for Clinical Trials
(www.asdbiomarkers.org) aims to identify a useful set of such tools.

Lessons learned from prior unsuccessful clinical trials in FXS suggest that greater emphasis on
clinician- than caregiver-based measures; training systems for caregivers, clinicians, and other raters
(e.g., teachers); evaluations in multiple settings (e.g., school, home, workplace); and behavioral ratings
in real time on an electronic device or by videotaping, are approaches that could complement or replace
current instruments, in particular behavioral rating scales. Finally, careful attention to other study
aspects such as randomization and placebo inclusion in most early- and all late-phase trials; longer
trial duration (to capture cognitive and adaptive changes); approaches to minimize placebo effects
(e.g., placebo run-ins, enrichment in non-placebo responders, rater training); and younger cohort age
would maximize the possibility of success.

6. Family Involvement

It is important that a family stakeholder voice is heard in FXS treatment development programs.
Stakeholders can optimize recruitment and retention for FXS clinical trials. To accomplish this,
it is important to provide parents with the most detailed possible information about all aspects
of the trial. This would include: inclusion/exclusion criteria, length of the study, location,
number/length/flexibility of visits, details on what will occur at each visit, and whether there is any
travel /participation reimbursement available. It is imperative that family stakeholders understand the
clinical manifestation targeted by the drug or intervention under study. It should also be noted that
inclusion of an open-label extension phase following a placebo-controlled treatment will inherently
boost study recruitment and retention. Enhanced communication with families about trial details, such
as inclusion criteria and endpoints, should include the importance of adhering to the study design and
avoiding attempts to “boost” reporting of a certain feature or behavior to facilitate study participation.
Education on the implications of inaccurate reporting or embellishment of symptoms on the likelihood
of obtaining appropriate results, which may benefit all stakeholders, is another key issue that should
be communicated to families.

Clinicians working with FXS family stakeholders often note the high level of motivation and
commitment regarding treatments or clinical trials that may benefit their loved one with FXS. Given
this zeal, parents/caregivers may be inadvertently drawn to a new treatment that may not be suitable
for their family member with FXS. There are many reasons why a trial could not be an appropriate fit
for a specific individual with FXS, including safety and efficacy concerns, inclusion or exclusion criteria,
outcome measures, length of project and/or number of appointments required. From a caregiver
viewpoint, it is important that drug trials have a protocol that includes an operations manual detailing
the accommodations to take place, such as staff training regarding FXS, visual supports and extra time
during appointments. A well-designed project that is “FXS-friendly” will ensure that families are met
with the expertise and commitment necessary to maximize the opportunity for positive outcomes.

It may be useful to ask family raters (caregivers) what they have heard about the
treatment/medication, to yield information about any bias that may be likely in their future
assessments. Raters should be given explicit permission to not report improvement if none occurred,
to emphasize observed behavior rather than make guesses or inferences or rely overly on third parties,
and to remain agnostic to the extent possible about the probability of treatment benefit.

As a patient advocacy organization that has been serving the FXS community of families and
professionals for nearly 35 years, the National Fragile X Foundation strongly recommends that
parents have a well-defined and meaningful role in providing input regarding clinical trials and
new treatment development. There has been a history of unsuccessful trials, parental confusion
regarding clinical endpoints, disappointment and, at times, anger over the lack of opportunity for
and/or discontinuation of open label extensions among other concerns. Some of these pitfalls can be
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avoided or, at least, minimized by ensuring that researchers fully understand the worries, concerns,
wants, needs, and hopes of parents and other family members. Such input can for example include,
among others, recommendations about targets of treatment of importance to families in terms of quality
of life, preferred routes of drug administration, advice on the conduct of research procedures within
a visit day, feasibility of study designs, and strategies of communication of trials to the community.
By providing such an opportunity for family input during protocol development, researchers and,
ultimately, those in pharmaceutical industry leadership and decision-making positions, will have
access to information that will greatly increase the likelihood of successful trial outcomes and, most
importantly, lead to better lives for those with FXS. Development of a family advisory committee as a
resource to treatment development programs should meet these needs.

Understanding the impact of social media on FXS treatment development is also of importance to
our field. Because it is not possible to completely monitor Facebook and other types of social media,
trial sponsors or investigators should include a stand-alone document on the use of social media
and ask parents to sign it in order to participate in the trial. It should state that it is acceptable for
participants to post about their experience with the study (e.g., how accommodating the staff is, how
to navigate the hospital, tricks they have found successful in helping their family member with FXS
participate, and that they are glad to be supporting research). However, the document should also
clearly describe what comments are inappropriate because they may bias study reporting such as those
about side effects, how the patient is doing, whether they think they are on drug or placebo or how
they think other families should rate scales or questionnaires to qualify for the study.

Many clinical trials have extensively evaluated children and adults with EXS. Assessments might
include IQ or equivalent tests, adaptive behavior, language, and testing regarding autism spectrum
disorder. Much of this information could be beneficial for families to have for school programming and
for additional support services. This testing can be expensive and not readily available to all families.
The CTC recommends that relevant findings be shared with parents and guardians and provided to
them in a written format that would be readily understood by providers or professionals supporting
the child or adult with FXS.

7. Multi-Site Trial Planning

Once FXS treatment development has moved to the stage of large-scale Phase II or Phase III
investigations, opportunities exist to enhance project executions, fidelity of data gathering, and to
facilitate broad human subjects’ recruitment and retention. It is important that within large-scale
projects an operations manual that details accommodations to individuals and families with FXS, as the
one described in the preceding section, is developed. A well-designed project that is “FXS-friendly” will
ensure that families are met with the expertise and commitment necessary to maximize the opportunity
for positive outcomes. Rater and investigator training including presentations by FXS thought leaders
and family stakeholders will ensure EXS specificity, which will overcome barriers inherent in “off
the shelf” central nervous system (CNS) trial approaches grafted into a unique neurodevelopmental
disorder setting.

Such multi-site work should build upon existing FXS centers and clinics with content expertise.
Luckily, over a decade of multi-site trial projects in our field has laid a foundation for large-scale
trials that has united clinical centers with content expertise with best trial practices and the standard
operating procedures of good clinical research. While initial site qualification efforts and trainings
should involve FXS content expertise, ongoing support of fidelity of study execution across sites is
essential. There are also great opportunities for centralized future potential support of recruitment and
retention efforts in large-scale projects given the infrastructure within the FXCRC supported by the
National Fragile X Foundation.
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8. Summary of Key Recommendations

Much has been learned in the burgeoning FXS treatment development field in the past decade.
We have set forth to make many recommendations to enhance the success and stakeholder benefits
from future treatment development in our field. From focusing on reproducible early preclinical data
to moving towards quantitative markers of pathophysiology as markers of target engagement and
change with treatment, clear directions have been defined to broadly support success navigating the
chasm between treatment ideas and success in placebo-controlled trials. Along the way we emphasize
the importance of engaging the FXS stakeholder community to ensure the meaningfulness of project
results and the appropriateness of project procedures from a family and affected individual perspective.
Our group remains optimistic at the near-term prospect for impactful treatment development in FXS.
We believe that our advocacy and engagement with these processes will work to maximize success
and we embrace the opportunity to support the best practices we have defined in this commentary in
partnership with treatment developers worldwide.
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Abstract: To date, there has been limited research on the primary concerns and treatment priorities
for individuals with fragile X syndrome (FXS) and their families. The National Fragile X Foundation
in collaboration with clinical investigators from industry and academia constructed a survey to
investigate the main symptoms, daily living challenges, family impact, and treatment priorities for
individuals with FXS and their families, which was then distributed to a large mailing list. The survey
included both structured questions focused on ranking difficulties as well as qualitative analysis
of open-ended questions. It was completed by 467 participants, including 439 family members or
caretakers (family members/caretakers) of someone with FXS, 20 professionals who work with a
person with FXS, and 8 individuals with FXS. Respondents indicated three main general areas of
concern: Anxiety, behavioral problems, and learning difficulties. Important differences were noted,
based on the sex and age of the individual with FXS. The results highlight the top priorities for
treatment development for family members/caretakers, as well as a small group of professionals,
and an even smaller group of individuals with FXS, while demonstrating challenges with “voice of
the patient” research in FXS.

Keywords: fragile X syndrome; FMR1 gene; voice of the person; voice of the patient; characteristics
that have the greatest impact; developmental disorders

1. Introduction

Fragile X syndrome (FXS) is a neurodevelopmental condition that is caused by the expansion of
the CGG repeat in the 5 untranslated region of fragile X mental retardation 1 (FMR1) gene located on
the X chromosome [1]. This expansion leads to methylation of the FMR1 promoter, transcriptional
silencing of the gene, and subsequent reduction or absence of fragile X mental retardation protein
(FMRP). FMRP is an RNA-binding protein that regulates dendritic translation of many key synaptic
proteins that influence synaptic function and plasticity [2]. FXS is the leading known inherited cause
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of intellectual disability. Individuals with FXS are most commonly diagnosed after presenting with
language delay, and the majority of males with FXS will ultimately meet criteria for mild-to-severe
intellectual disability [3]. The average IQ in men with FXS is 40-50, with a mental age of about of
5-6 years. Females with FXS are often less affected (average IQ about 80) than males, with about 25%
having cognitive impairment and others frequently being diagnosed with learning disabilities [4].
There is a relatively consistent pattern of intellectual weaknesses (visuospatial skills, working memory,
processing of sequential information, attention) and strengths (simultaneous processing, imitation,
visual memory) characteristic of both males and females with FXS [2]. Multiple studies have shown a
decrease in full-scale IQ scores with age as children with FXS become older [5,6]. Likewise, standard
scores on the Vineland Adaptive Behavior Scale for overall adaptive behavior as well as subdomains
have also been shown to decline with age during childhood, in males more so than in females with
FXS [7]. Decline in standard scores for intelligence and adaptive function is not the result of loss of
skills or regression but rather failure to keep pace with the normal rate of intellectual development.
FXS is also associated with a constellation of behavioral symptoms, which can be highly problematic
for functioning and family burden, including but not limited to high levels of anxiety, attention
deficit/hyperactivity disorder, social communication deficits, and self-injurious and sensory-seeking
behaviors [8].

Due to its known genetic and molecular underpinnings, symptoms of FXS can potentially be
targeted via medical interventions. These interventions can focus on increasing expression of the
missing FMRP protein and/or remediating downstream effects of neural and synaptic dysmaturation.
End goals of treatment include both reducing symptom severity and improving activities of daily
living (ADLs) and quality of life in affected individuals and their families. Given the array of
behavioral and developmental symptoms that can exist in individuals with FXS, as well as the range
of potential biochemical targets, it is useful to focus clinical research on symptoms and concerns that
are experienced as most impairing to individuals with FXS and their families. Taking a patient-first
perspective can be facilitated through qualitative research methods, where semistructured and free
responses from patients and their families are used as primary data.

To date, there have been qualitative studies in FXS on topics including but not limited to
diagnosis [9,10], communication impairments [11], physician knowledge [12], and technology use [13].
Closely related to the present work, Bailey and colleagues surveyed parents of children with FXS
regarding the prevalence of developmental delay and eight other symptoms frequently associated
with FXS. These included attention problems, hyperactivity, aggressive behaviors, self-injury, autism,
seizures, anxiety, and depression [14]. Following this work, the same group [15] evaluated caregiver
preferences for six different treatment foci (i.e., learning and applying new skills, explaining needs,
controlling behavior, taking part in new social activities, caring for oneself, and paying attention).
The highest priorities for treatment based on 614 responses from caregivers of males ages 5 years and
older with FXS were (1) controlling behavior and (2) caring for oneself. These priorities were consistent
across age groups. These results have been informative in directing treatment targets, but the present
study has several features that can expand understanding of the needs of individuals with FXS and
their families. These features include the addition of individuals with FXS as well as professionals to
the survey, inclusion of females with FXS, inclusion of family members/caretakers of children under
5 years of age, and free response followed by coding, allowing participants to express interest in a
wider range of treatment foci.

Here, we attempted to address these gaps and report on both quantitative and qualitative findings
from an online survey completed by 467 respondents, including mostly family members/caretakers
but also a small sample of professionals and individuals with FXS. The survey was designed around
key problem areas (i.e., “concepts of interest”) as well as priorities for treatment. Survey items focused
on major concerns, symptom areas, daily living skills, family impact, and treatment priorities, and
results are reported by age and sex of the individual affected by FXS. A free-response item was also
included to allow family members/caretakers to detail concerns above and beyond those offered, as a
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goal of this study was to use a patient-first approach without a priori hypotheses regarding expected
reporting patterns for FXS family members/caretakers and professionals.

2. Methods

Survey: Initial survey questions were created within a focus group of individuals with expertise in
FXS via their involvement in the National Fragile X Foundation. The initial draft survey included both
structured, forced-choice questions as well as open-ended questions, with questions focused on the
following information: (1) Respondent characteristics, including individuals with FXS; (2) major
concerns and symptoms experienced; (3) difficulties with daily living skills; (4) family impact;
and (5) treatment priorities. The survey was divided into age groups based on standard developmental
stages: Early childhood, middle childhood, adolescent/young adult, and adult. This draft survey was
then presented to a focus group including parents of individuals with FXS and medical providers,
with the purpose of confirming that the survey was comprehensive, clear, and respectfully worded.
Minor revisions were made, incorporating the focus group feedback. Subsequently, the final survey
was sent via email to four families of individuals with FXS who had volunteered to pilot the process
involved in completing the survey. No further adjustments were requested based on this pilot sample.
No identifying information was included in the survey. The final survey can be seen in the Appendix A.

Sample: A link to the survey (via SurveyMonkey) was sent to 10,000+ emails subscribed to
receive general emails from the National Fragile X Foundation. Recipients of the email were eligible to
participate if they were an individual with a full FXS mutation or were a family member or caretaker
of an individual with a full FXS mutation or a professional who works with an individual with a full
FXS mutation. For individuals associated with multiple children with FXS, these individuals were
eligible to complete the survey once per affected child.

Analyses: For items where responses required ranking concerns, we included data from
participants who did not use all ranks (e.g., only assigning ranks of 1 and 2 and leaving all others blank)
but excluded rank data higher than those instructed (e.g., assigning a rank of “6” when instructed to
rank top 5). To compare ranked items, a weighted mean rank score was calculated as follows. First,
the number 1 ranked item was given a 5, the number 2 ranked item was given a 4, and so on. Then,
the sum was calculated for each item and then divided by the number of people who completed the
survey. See the Supplementary Tables S1-55.

For survey items concerning overall problems, problematic symptoms, daily living challenges,
and family impact, we therefore report rates of endorsement as well as weighted mean rank scores
across the sample and within groups by age and sex. For open-ended responses, data were first open
coded for themes, and keyword lists were constructed for each theme. Then, all responses were coded
in vivo for presence of any of the key words, with presence of a key word indicating endorsement of
a theme.

3. Results

There were 467 individual responses to the survey, including 8 individuals with Fragile X (i.e.,
endorsing “I have Fragile X syndrome”), 20 professionals (i.e., endorsing “I am a professional who
works with a person with FXS”), and 439 family members or caretakers (i.e., endorsing “I am a
family member or caretaker of someone with FXS”). It should be noted that not everyone answered
every question. Reporters described the individual with FXS on whom they were reporting as being
mostly males (1 = 397, 84.8%), with ages distributed across the lifespan (see Figure 1). See the data in
Supplementary Table S1.
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Respondent Characteristics
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Figure 1. Survey respondent characteristics. FXS: Fragile X syndrome.
3.1. Results from Family Members/Caretakers

Major Concerns. Respondents completed the following question: “Rank these three areas
(behavior, intelligence, physical abilities) from one to three to the extent it affects the person’s daily
life-with one having the greatest impact and three having the least impact:” No other instructions
or definitions were provided for this question on the survey. Each of the three areas of impact was
described as having the greatest impact by at least some family members/caretakers, with behavior
endorsed most commonly as having the greatest impact for males alone. However, for females alone,
intelligence was endorsed as having the greatest impact. This question was answered by 429 family
members/caretakers (see Figure 2). Physical abilities were the main concern in about 15% of FXS males
aged 0-5 and 10% of FXS females age 22+ but were the main concern in less than 10% of all other
groups. Behavior was by far the main concern in FXS males age 12 and under; however, in each older
age category, intelligence was the main concern in a larger percent of males and, by age 22+, the main
concern was divided almost equally between behavior and intelligence, suggesting that intellectual
deficits are perceived as increasingly limiting as FXS males (and females) become older.
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Figure 2. Primary concerns of family members/caretakers of males (A) and females (B) with FXS.
Problematic Symptoms. Family members/caretakers (438) completed the following question:

“Check the five characteristics that have the greatest impact on the life of the person with FXS. Prioritize
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1,2, 3,4,5.” Out of potential symptoms listed (please see Appendix A for a full list), the following
5 symptoms had the highest weighted mean score (see Figure 3A): (1) Anxiety—anticipatory, e.g.,
of new/upcoming events and or social anxiety; (2) learning or intellectual disability (problems with
abstract thinking, learning); (3) speech/language delays—expressive (speaking spoken language);
(4) seizures; and (5) other. Anxiety was rated highest in males beginning at age 6 and in females across
all ages, although in females, anxiety was rated highest at similar rates to learning problems. In young
males (ages 0-5), expressive language delays were described as being the most problematic symptom.
See the data in Supplementary Table S2.
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Figure 3. Family member/caretaker’s 1st rank for characteristics that have the greatest impact on the
life of the person with FXS (A), daily living skills most affected (B), family impact (C).
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Daily Living Skills Most Affected. Family members/caretakers (436) answered the question
“Check the top five areas of daily life the person with FXS is most affected by. Prioritize 1, 2, 3, 4,
5.” Out of 15 possible areas, the five abilities that received the highest weighted rank score were
(see Figure 3B): (1) Ability to learn academic skills/reading/math; (2) ability to speak/communicate;
(3) ability to control behavioral outbursts; (4) ability to take care of self; and (5) independence. Again,
ability to speak was a higher-rated concern in the 0-5 group than the others; however, this was one of
the most highly rated items throughout childhood and adolescence, while in adulthood, ability to live
independently became the highest rated daily living skill concern. In general, ablity to speak, learn
academics, control behavior, and perform self-care were fairly evenenly rated as the skills weighted as
most problematic across all age groups of males, while highest rated daily living problems for females
reflected more social issues. See the data in Supplementary Table S3.

Family Impact. Family members/caretakers (431) answered the question “Which five specific
aspects of daily living with FXS are the most challenging? Prioritize 1, 2, 3, 4, 5.” Out of twenty
potential options, the following five aspects were ranked as the most challenging: (1) Handling
behaviors (negative)—tantrums, aggression, spitting, cussing; (2) worry about the future; (3) always
thinking—how are things going, what do I need to do next? Needing to always be ‘one step” ahead;
(4) person is unable to tell you what he/she wants/needs; and (5) supervision (see Figure 3C). See the
data in Supplementary Table S4.

Treatment Priorities. Participants responded to the question “What are the top three aspects of
Fragile X syndrome that you would like to see a drug treatment address, list in order of preference, with
the most important one first.” After open coding of all three listed responses for all participants, the

i i

following themes emerged: Anxiety (e.g., “anxiety”, “social anxiety”, “reduce anxiety”), learning (e.g.,
“intellect”, “cognitive abilities”, “learning issues”), behaviors (e.g., “behavioral outbursts”, “tantrums”,
“aggression”), Attention Deficit/Hyperactivity Disorder (ADHD) (e.g., “attention span”, “focus”,

noou Vi

“impulse control”), communication (e.g., “speech delay”, “communication delay”, “language”),

o i

sensory (e.g., “sensory processing”, “hyperarousal”, “hand biting”), social (e.g., “social skills”, “social

”ou "oy

behaviors”, “connecting with others”), perseveration (“perseverative behaviors”, “saying the same

oy s ”ou

thing”, “perseveration”), sleep (e.g., “sleep”, “sleeping”, “not sleeping”), mood (e.g., “depression”,

i i

“mood stability”, “mood swings”), motor (e.g., “fine motor skills”, “coordination”, “low muscle tone”),

s s

autism (e.g., “autism”, “autistic behavior”, “autistic tendencies”), eating (e.g., “weight”, “hunger”,
“curb appetite”), and seizures (e.g., “seizures”, “seizure reduction”, “seizure control”). Notably, two
family members/caretakers indicated that they were not interested in development of pharmaceutical
treatments for symptoms of FXS. This question was answered by 439 family members/caretakers

(see Figure 4A). See the data in Supplementary Table S5.
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Professional Drug Treatment Priorities
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Figure 4. Family/caretaker (A) and professional drug (B) treatment priorities.
3.2. Voice of Professionals

Twenty professionals completed the survey. While this sample size prohibited investigations of
mean response frequencies by age and sex for forced-choice questions, themes from free responses to
the question about medication priorities are summarized below (see Figure 4B). Anxiety was most
frequently described as the 1st priority for treatment, with almost half of professionals surveyed listing
anxiety for their first priority.

3.3. Voice of Individuals with FXS

Only 8 individuals with FXS completed this survey, all of whom were female and ages 13 years or
older. Given this small number, we focus here on individual answers to the free response question
rather than group means for the forced-choice questions. In parallel with responses from families,
anxiety was most commonly listed as a priority for treatment for this group of individuals with FXS
(see Figure 5A). Due to the limited number of respondents, a weighted mean score was calculated as
described above for all of the responses received (see Figure 5B).

Self Report of Medication Priorities
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Figure 5. Drug treatment priorities as reported by 8 females with FXS. A: Drug treatment priorities
ranked first as reported by 8 females with FXS. B: Drug treatment priorities, as a mean weighted rank
score of all responses, as reported by 8 females with FXS.

4. Discussion

This paper presents family member/caretaker/professional/self-reported information on the
characteristics of FXS that have the greatest impact on the daily lives of people living with FXS and
their families/professionals and the key areas of need for treatments. Responses highlight the role of
anxiety as well as some other key symptoms in the lives of individuals with FXS and also demonstrate
some of the challenges that can be encountered in “voice of the person” research within this population.

While one goal of this research was to obtain information directly from individuals with FXS,
only eight of the respondents were individuals with FXS themselves (all female), with around 90%
of responses coming from family members/caretakers. It is likely that this distribution was skewed
toward females because females tend to have more typical cognitive abilities, making the survey more
accessible to them. If males with FXS were able to communicate their concerns, based on severity
differences alone, they would likely communicate different concerns than females with FXS, and in
fact, parents of males reported a different pattern of primary concerns than those of females. Most
individuals with FXS, males in particular, would need significant support to provide responses in
the format presented, and for many, intellectual impairment would make the task prohibitive. Even
females who are capable of carrying out a self-report task have been shown to be fairly inaccurate and
erratic in their ratings. This may be due to deficits in understanding quantity, which would interfere
with assignment of severity. While this is partially alleviated by the included free response questions,
this format relies on significant receptive and expressive language skills. Females with FXS may
also have difficulty identifying their own problems as well, or the degree to which they differ from
experiences of typically developing females. Therefore, while future work could use other adaptive
methods for qualitative research (e.g., transcription of patient’s statements as a way to reduce demand
for reading and writing skills), integration of individual’s described experiences with those of family
members/caretakers and professionals will be essential for a comprehensive understanding of the
challenges faced by individuals with FXS.
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Importantly, while survey responses varied, three main concerns emerged as consistently
problematic in the lives of people with FXS: Learning/cognitive problems, anxiety, and behavior
problems. The importance of each of these concerns varied depending on the focus of the question.
Specifically, anxiety was described as the most problematic symptom of FXS, while behavior
problems were listed as most difficult for family members/caretakers, and learning was the most
consistently reported daily living problem. Anxiety was described as a top treatment priority by family
members/ caretakers, professionals, and individuals with FXS alike. Anxiety, however, as defined
in DSMS5, is a symptom that is perceived by the patient and depends on self-report. As defined
this way, anxiety is very hard to assess in most patients with FXS, given the assessment is by proxy.
As such, it will be important to understand the manifestations and symptoms observed by the family
members/ caretakers when they report an individual with FXS as having anxiety. These observable
symptoms would be expected to include: Social avoidance, anticipation of upcoming events with
repeated questioning and need for constant reassurance, difficulty with performance when directly
requested and while being observed, inability to transition, approach-withdrawal behaviors, eye
aversion, and signs of “fight or flight” when the individual is stressed, followed by aggressive outbursts.
Further qualitative work should be done to elucidate and document the types and frequencies of
behaviors observed and reported as a correlate to anxiety experienced in the daily lives of individuals
with FXS, as these symptoms can vary widely across the phenotype.

This study is an important first step in establishing a stakeholder-first perspective on priorities
for treatment in FXS. However, several limitations can be noted. Due to its online nature, all of
the information was self-reported, and we could neither confirm an FXS diagnosis nor determine
the functioning level of the individuals with FXS. Many options were offered in order to capture
potential areas of concern, but as a result, some participants may have found the choices confusing.
In addition, most respondents were family members or caretakers, and this limits our ability to
understand treatment priorities for individuals with FXS themselves. While a sample of females
with FXS completed this study, that sample was relatively small and likely not representative of all
individuals with EXS. Future studies directed more specifically at characterizing treatment priorities in
a larger group of females with FXS are needed and should be performed. Future studies would also
benefit from a design that allows individuals with FXS to self-report by including response formats and
wording of questions that are more accessible to those with intellectual disability. However, due to the
nature of FXS, integration with family members/caretakers and professional reports will be essential
for understanding the patient perspective.

The clinical implications of these survey findings include continued focus by clinicians and
researchers on the three primary concerns noted by survey respondents. Specifically, while participants
noted many areas of concern and difficulty, symptoms related to learning, anxiety, and behavior
problems are reported to cause the most difficulty for individuals with FXS and their families.
There was, however, significant variability in response patterns across age and sex, and these reported
differences will dictate a focus on different clinical features and different clinical outcome assessments
for therapeutic trials, depending on the FXS age/gender subgroup being targeted in the trial.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2076-3425/9/2/18/s1,
Table S1: Percent ranked first and weighted rank score by sex and age group for this question: Rank these three
areas from one to three to the extent it affects the person’s daily life—with one having the greatest impact and
three having the least impact. (Primary Concerns), Table S2: Percent ranked first and weighted rank score by sex
and age group for Question: Check the five characteristics that have the greatest impact on the life of the person
with FXS. Prioritize 1, 2, 3, 4, 5. (Problematic Symptoms), Table S3: Percent ranked first and weighted rank score
by sex and age group for this question: Check the top five areas of daily life the person with FXS is most affected
by. Prioritize 1, 2, 3, 4, 5. (Daily Living Skills Most Affected), Table S4: Percent ranked first and weighted rank
score by sex and age group for this question: Which five specific aspects of daily living with FXS are the most
challenging? Prioritize 1, 2, 3, 4, 5 (Family Impact), Table S5: Percent ranked first and weighted rank score by sex
and age group for this question: What are the top three aspects of Fragile X syndrome that you would like to see a
drug treatment address, list in order of preference, with the most important one first. (Drug Treatment Priorities).
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Appendix A

Voice of people with Fragile X syndrome and their families: Reports from a survey on
treatment priorities

1. Which of the following best describes you?

__TIhave Fragile X syndrome
__Tam a family member or caretaker of someone with FXS
__T'am a professional who works with a person with FXS

2. What is the age of the person with FXS with whom you have the connection? Or your age if you
have FXS.

__Male: Birth to 5 years old
__Female: Birth to 5 years old
__Male: 6 to 12 years old
__Female: 6 to 12 years old
__Male: 13 to 21 years old
__Female: 13 to 21 years old
__Male: 22 years and older
__ Female: 22 years and older

3. Check the five characteristics that have the greatest impact on the life of the person with FXS.
Prioritize 1, 2, 3,4, 5.

__ Anxiety—anticipatory, e.g., of new/upcoming events

__ Auditory processing difficulties—being able to listen to instructions and react to them
__Autism

__ Communication delays—initiation (asking for help) and social (turn-taking)
__Hyperactivity

__ Learning or Intellectual disability (problems with abstract thinking, learning)
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__Memory—short term

__Memory—Ilong term

__ Motor delays (e.g., low muscle tone, poor fine motor skills, poor balance)
__ Motor stereotypes (hand-flapping, spinning around)
__Perseveration—speech (repeating things over and over)

__Seizures

__Sensory processing difficulties

__Short attention span

__Social anxiety

__Speech/Language delays—receptive (understanding spoken language)
__Speech/Language delays—expressive (speaking spoken language)

__ Visual information processing difficulties

__ Other - Describe

4. Rank these three areas from one to three to the extent it affects the person’s daily life—with one
having the greatest impact and three having the least impact:

__Behavior
__Intelligence
__ Physical abilities

5. Check the top five areas of daily life the person with FXS is most affected by. Prioritize 1, 2, 3, 4, 5.

__ Ability to learn academic skills/reading /math

__ Ability to take care of self-care skills/hygiene/cooking
__ Ability to speak/communicate

__ Ability to be left alone/spend time alone

__ Ability to control behavioral outbursts

__ Ability to attend and perform at school

__ Ability to find/maintain job

__ Ability to make and maintain friends

__ Ability to live independently

__ Ability to establish and maintain a relationship

__ Ability to be like other people his/her age.

__ Ability to attend events where there are a lot of people/noise
__ Willingness to go to new places

__ Willingness to travel/ go on vacation

__ Other—Describe

6.  Which five specific aspects of daily living with FXS are the most challenging? Prioritize 1, 2, 3,
4,5.

__ Always thinking—how are things going, what do I need to do next? Needing to always be
‘one step” ahead

__ Checking in/setting up daily programming—school, work, etc.

__Doctor/dentist appointments—finding /attending

__ Doing activities with friends—both child’s and adult’s

__ Extra costs—therapies, medications, clothing, glasses, laundry

__ Extra time it takes to do everything

__ Finding respite
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__ Food—Always hungry/wants to eat out

__Handling behaviors (negative)—tantrums, aggression, spitting, cussing
__Hygiene—shower, toileting, hair cuts

__Impact on non-affected family members

__ Medications—getting prescriptions/not running out/ making changes
__Need for constant supervision

__Needing to make sure everything is “set” for the day—routine, visuals
__Person doesn’t understand directions/can only do one thing at a time
__Person is unable to tell you what he/she wants/needs

__ Running errands—how many stops can I make? What environments could be hard/noisy?
__Sleeping

__ Worry about the future

__ Other—Describe

List three of your favorite things about the person with FXS. (Or three things you like about
yourself).

What are the top three aspects of Fragile X syndrome that you would like to see a drug treatment
address, list in order of preference, with the most important one first.
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Abstract: Fragile X syndrome (FXS) is a genetic condition known to increase the risk of cognitive
impairment and socio-emotional challenges in affected males and females. To date, the vast
majority of research on FXS has predominantly targeted males, who usually exhibit greater cognitive
impairment compared to females. Due to their typically milder phenotype, females may have more
potential to attain a higher level of independence and quality of life than their male counterparts.
However, the constellation of cognitive, behavioral, and, particularly, socio-emotional challenges
present in many females with FXS often preclude them from achieving their full potential. It is,
therefore, critical that more research specifically focuses on females with FXS to elucidate the role of
genetic, environmental, and socio-emotional factors on outcome in this often-overlooked population.

Keywords: fragile X syndrome; X chromosome; females; FMR1; anxiety; avoidance; cognition;
behavior; brain

1. Introduction to Fragile X Syndrome

Fragile X syndrome (FXS) is a genetic condition that is commonly cited as the leading heritable
cause of autism and intellectual disability. Though estimates vary widely, FXS is expected to occur
in one in every 2500 to 7000 males and one in 2500 to 11,000 females [1-3]. Males with FXS tend to
exhibit more cognitive and behavioral problems relative to females with FXS and, therefore, tend to
come to the attention of medical and mental health providers more frequently than females.

The majority of males with FXS meet criteria for severe intellectual disability. The most common
behavioral features include attention deficits and hyperactivity, anxiety, and symptoms of autism
spectrum disorder [4]. In contrast, the phenotype in females with FXS is generally less severe and
more frequently associated with learning disabilities, socio-emotional difficulties, and mental health
issues [5]. This difference in symptom presentation and severity has led, historically, to females
receiving a diagnosis only after a close male relative is diagnosed, leaving many girls and women with
this condition unidentified.

To date, the vast majority of clinical intervention and research funding for FXS has focused
predominately on affected males. The relative scarcity of research into the unique phenotype of
females with FXS represents a significant gap in the field; however, it also represents a potent target
for ongoing research and intervention. Given their typically milder phenotype, females may have
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more potential to attain a higher level of independence and quality of life than their male counterparts,
who will likely need a moderate or greater level of support throughout their lives. However, lack of
specified treatments and resources specifically targeting girls with this condition results in outcomes
that are often no better than those of their more affected male counterparts. Increased emphasis on
research in females with FXS and the development of new treatments is, therefore, paramount.

2. Genetics

2.1. Pattern of Inheritance of Fragile X Syndrome

FXS is a trinucleotide repeat disorder resulting from an expanded CGG repeat in the untranslated
region of the fragile X mental retardation 1 (FMR1) gene. While the unaffected gene carried by the
majority of the population contains fewer than 55 repeats, individuals with full mutation FXS typically
have greater than 200 repeats in this region. Individuals who fall in the intermediate range with 55 to
200 repeats are classified as having the fragile X premutation, which is associated with its own distinct
phenotype [6,7]. This paper will focus exclusively on full mutation (greater than 200 repeats) FXS.

In full mutation EXS, the repeat region is hypermethylated, resulting in transcriptional silencing
of the FMRI1 gene, and, therefore, reduced production of the encoded protein, the fragile X mental
retardation protein (FMRP). FMRP is an RNA binding protein which plays a key role in regulating
local protein synthesis as well as a number of other functions [8,9]. In the absence of FMRP, synthesis
of target proteins is dysregulated, resulting in the FXS phenotype. However, even among people
with fragile X full mutation, there is significant variability in the phenotypic presentation of the
syndrome [10].

2.2. Genetic Foundation of Sex Differences

The FMRI gene is located on the X chromosome, leading to the significant sex differences observed
in the FXS phenotype. Males have only one X chromosome. Thus, if they inherit the X chromosome with
the FMR1 full mutation from their mother, 100% of their X chromosomes are potentially “affected” [11].
Females, however, have two X chromosomes. If they inherit the X chromosome with the FMR1
full mutation from their mother and the unaffected X chromosome from their father, only 50% of
their X chromosomes are potentially affected. The second, “unaffected” X chromosome allows the
production of some FMRP, but the dosage is generally not sufficient to restore full FMRP function in
most heterozygous females [12]. This is the basis for the typically milder, but still affected, phenotype
seen in females with FXS.

The variation in phenotype among females with full mutation FXS can, at least in part,
be attributed to a phenomenon known as X inactivation [11,13]. X inactivation is thought to occur so
that females have approximately equal X chromosome gene dosage despite having twice as many
X chromosomes (known as “dosage compensation” [14]). During female embryonic development,
most of the genes on one X chromosome in each cell are randomly silenced, resulting in approximately
half the cells in the body expressing the genes from each X chromosome. It is believed that only a
small number of embryonic progenitor cells will go on to form the brain, so the ratio of cells that have
the affected X active to silenced is thought to significantly affect the level of FMRP expression in the
developing central nervous system (Figure 1). The variance of this ratio likely contributes to the widely
variable phenotype for females with FXS [11].
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FMR1 Reduced
Protein FMRP

Figure 1. X-chromosome inactivation in females with fragile X syndrome and corresponding production
of fragile X mental retardation 1 (FMRI) protein in each cell. (A) Group of progenitor cells. (B) Each
cell contains two X chromosomes. The unaffected chromosomes are shown in solid green, and affected
chromosomes are depicted with a red band. (C) One of the two chromosomes in each cell will be
silenced at random indicated with red shading. In cells where the affected chromosome is silenced,
there is normal production of the FMR1 protein. In cells where the unaffected chromosome is silenced,
there is reduced production of the FMR1 protein. FMRI: fragile X mental retardation 1; FMRP: fragile
X mental retardation protein.

3. The Fragile X Phenotype in Females

Inheriting the FMR1 full mutation does not directly correspond to the development of the fragile X
syndrome phenotype, but rather represents genetic risk for a particular set of cognitive, socio-emotional,
and behavioral outcomes [15]. Phenotypic signs and symptoms will be expressed differently as a
result of X inactivation, other genetic factors, and environmental influences. Many females with
FXS meet criteria for one or more Diagnostic and Statistical Manual of Mental Disorders-5 (DSM-5)
diagnoses—generalized anxiety disorder (GAD), social anxiety disorder (SAD), math learning disability
(LD), intellectual disability (ID), autism spectrum disorder (ASD), and attention deficit hyperactivity
disorder (ADHD) to name a few. These diagnoses are useful insofar as they enable the individual to
receive necessary services and accommodations. DSM-5 diagnoses can also facilitate communication
among mental health professionals.

The phenotypic profile for males with FXS has been relatively well established and includes
moderate to severe intellectual disability by the time affected individuals reach adolescence or
adulthood, high co-occurrence of autism spectrum disorder symptoms, self-injurious and aggressive
behaviors, and attention deficits [4]. Very few studies have focused exclusively on females with the
FMRI1 full mutation. The female phenotype is less predictable and often less severe, at least with
respect to general cognitive effects. However, females with FXS do not necessarily achieve better
outcomes than their male counterparts, and the socio-emotional burden on affected girls, women,
and their families may still be equal to that of affected males [16,17]. It is, therefore, crucial that females
be equally represented in research to establish a fundamental understanding of sex differences in FXS,
the neural foundations for these differences, and potential targets for intervention to improve the
quality of life and health outcomes for this often-overlooked population.

3.1. Cognitive Effects

The cognitive effect of FXS in females is variable, ranging from moderate intellectual disability
to an average or above average cognitive profile [18]. Females with FXS often exhibit challenges
with executive functioning and impaired spatial reasoning skills, with relative strengths in verbal
skills [10,19-21]. Although females with FXS consistently show milder deficits in both cognitive and
academic function than males with FXS, on average their scores fall below those of typically developing
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peers [10,16,22]. The discrepancy in cognitive function between girls with FXS and their typically
developing peers is larger for IQ than for academic achievement scores [23].

A previous study by our group demonstrated that executive functioning scores declined over
time in girls with FXS while other aspects of intelligence, such as verbal fluency and spatial ability,
remained stable throughout childhood [24]. It is likely that these declines are not due to the loss of skills,
but rather to a slowing rate of acquisition of new skills compared to typically developing peers, as well
as the increasingly strenuous cognitive demands placed on children as they age. A recent longitudinal
study on girls with FXS suggested that, while fluid intelligence was predicted only by biological
or genetic factors, crystalized intelligence may be related to maternal mental health and perceived
closeness of mother—child relationship [13]. Taken together, these studies suggest a vulnerable time
frame in which girls with FXS are prone to decline in cognitive scores, and the importance of protective
factors, such as an enriched environment, that may help mitigate this decline. It is, therefore, critical
that research focus on understanding vulnerable timeframes in the cognitive development of girls
with FXS, while simultaneously developing medical, psychological, and educational interventions to
facilitate improved long-term outcomes.

3.2. Socio-Emotional Effects

Anxiety, avoidance, and arousal (AAA) represent three key behaviors exhibited in response to
acute, potential, and sustained threat, respectively. These behaviors represent typical responses to
aversive or dangerous stimuli. However, existing evidence suggests that the dysregulation of these
systems can result in clinical manifestation of disorders of emotion and affect including anxiety and
depression [25]. Such disorders are commonly cited as primary clinical concerns for females with
FXS [4] and may be, at least in part, responsible for the often-large disparity between actual outcomes
and those predicted by IQ and life skill proficiency [4,17]. Reducing AAA could improve quality of life
and outcomes for girls and women with FXS. Thus, AAA represent critical targets for intervention.

In one of the first studies looking specifically at girls with FXS, Freund et al. found that females
with FXS were more vulnerable to social anxiety, social avoidance, withdrawal, and depression than
their IQ and age-matched peers. Furthermore, affected females showed deficits in interpersonal
and social skills compared to peers who did not carry the fragile X full mutation [21]. In another
study, parental report indicated that 56% of girls and women with FXS had received treatment for
and/or diagnosis of an anxiety disorder while 22% had received treatment for and/or diagnosis of
depression [4]. Another study found that 51.4% of girls with FXS met diagnostic criteria for specific
phobia, 39.5% met criteria for social phobia, and 25.3% met criteria for selective mutism. These rates are
significantly higher than those of the general population or for individuals with intellectual disability
alone [26].

When completing a social challenge, girls with FXS show more gaze aversion, task avoidance,
and behavioral signs of distress than their typically developing siblings, and both boys and girls
with FXS exhibit aberrant cortisol reactivity, and parasympathetic and sympathetic nervous system
dysregulation compared to their same-sex typically developing siblings [27,28]. Further, Hartley et al.
found that the largest predictor of independence for adult women with FXS was the ability to interact
appropriately in social situations and that independence was inversely correlated with the presence of
co-occurring anxiety disorders or depression [17].

Together, these studies support prior findings suggesting that anxiety experienced by girls
with FXS can, in part, be attributed to impairment in social skills and social communication [29,30].
The impact of atypical development of social skills and communication in girls over time may lead
to a wide range of anxiety symptoms or disorders. However, there is little understanding as to
how this process occurs and how biological and environmental factors interact to affect the outcome.
More research into the longitudinal profile of anxiety in girls with FXS is necessary to facilitate such an
understanding and for the eventual development of more effective, disorder-specific interventions
to improve social and communication skills. In particular, interventions implemented before the
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development of anxiety symptoms and disorders in girls with FXS hold particular promise for
achieving a more optimal long-term outcome.

3.3. Adaptive Behavior and Independent Living

Both males and females with FXS experience significant difficulty in the acquisition of adaptive
behavior skills compared to their typically developing peers and struggle to reach independence,
often continuing to live with their parents or in an assisted living environment once they reach
adulthood [17]. Adaptive behaviors, or daily living skills, are a broad group of skills and abilities
accumulated throughout childhood and into adulthood which allow an individual to function in
their daily environment, including skills like verbal and written communication, routine self-care,
and social skills.

Several studies have investigated the acquisition of adaptive behavior in children with FXS. In one
such study, parents of children with FXS were interviewed about their child’s adaptive behavior skills.
Consistent with previous studies [31], females with FXS typically scored higher on adaptive behavior
than males with FXS at all ages. However, their adaptive behavior skills appeared to decline throughout
childhood. These declines were most pronounced in the domain of communication, suggesting that as
girls with FXS age they fall further behind peers in their verbal and written communication skills [32].
This does not necessarily indicate that females with FXS are losing skills during childhood, but rather
that they are not gaining skills at the same rate as their typically developing peers. Another study
demonstrated that both IQ and quality of home environment are predictive of adaptive behavior in
boys with FXS and in the unaffected siblings of children with FXS; however, only IQ appears to be
predictive of adaptive behavior outcomes in girls with FXS [15]. This suggests that boys may have
more adaptive behavior skills than their IQ would predict due to support and accommodations in the
home and school environments allowing them to succeed, while girls with FXS may not be receiving
sufficient support or intervention, or their difficulties may not be identified early enough to implement
effective strategies.

Various studies have also assessed the functional and independent living skills of adults with
FXS. In one study, parents of children with FXS rated their level of independence in various daily
skills. By adulthood, the majority of both males and females with FXS were able to independently
complete most tasks, and females acquired independent living skills significantly faster and reached
a higher level of proficiency than their male counterparts [33]. In another study, parents were asked
to rate the level of independence of their adult children in these types of skills as well as rate their
general level of independence across various domains. In this study, for males with FXS, level of
independence was best predicted by proficiency in daily living skills. However, the strongest predictor
of independence for females with FXS was the ability to interact appropriately in social settings, an area
of significant challenge for affected individuals. Less than half of women with FXS reached very high
or high levels of independence, even though they had significantly more functional skills than their
male counterparts [17].

These studies suggest that, although females with FXS have significantly higher proficiency
in daily living skills both in childhood and adulthood than their male counterparts, there is not a
corresponding increase in their actual levels of independence in adult life. This disparity between girls’
potential, as represented by their IQ and functional skills, and their resulting level of independence
represents a critical target for research and intervention. To ensure girls with FXS are reaching their
maximum potential, it must first be better understood how, when, and why they are falling short
of reaching independence, and interventions must directly target these timeframes and skills to
substantively improve outcomes.

3.4. Barriers to Positive Outcomes

Factors other than genetics play an important role in determining outcomes for females with
FXS. Such factors include severity of social-emotional symptoms, home/family environment, parental
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mental health, and parenting style [24], and likely account for some of the variability in outcome seen
in girls with FXS. These factors also represent important potential targets of intervention.

Several studies indicate that independence and quality of life for females with FXS are
heavily influenced by the DSM-5 disorders for which females show symptoms or reach diagnostic
criteria [4,16,30]. The severity of autism spectrum disorder symptomology is significantly associated
with independent living outcomes for individuals with FXS, and symptoms of affective disorders,
such as anxiety and depression, represent a barrier to achieving independence for females with FXS
specifically [17,34]. A national survey of parents of children with FXS demonstrated that ability to adapt
to changing situations, thinking and reasoning skills, and perceived quality of life were all inversely
correlated with the number of DSM diagnoses for which the child met criteria. The most common
diagnoses among females with FXS were attention deficit, anxiety, hyperactivity, and depression [4].
FXS itself cannot be prevented or treated, so it is crucial that the symptoms of these conditions are
identified early. Early detection can lead to more targeted treatment and ultimately improve the
outcomes and lives of girls with FXS and their families.

The quality of the home environment also plays a role in determining the outcome for both boys
and girls with FXS. One study found that the home environment influences behavioral outcomes for
girls with FXS. Specifically, reported increases in parent psychopathology were correlated with an
increase of child anxiety and depression, while increased efficacy of services was correlated with a
decrease in thought and attention problems for the individual with FXS [35]. Another study found
that increased quality of home environment corresponded with an increase in verbal IQ as well as an
increase in freedom from distractibility [36], and a recent study published exclusively on girls with
FXS demonstrated that lower IQ and increased social aversion could be predicted by higher levels of
maternal distress and reduced perceived closeness of parent—child relationships [13]. These studies
emphasize the importance of providing resources and support for families of girls with FXS to create
home, family, and educational environments that promote their development and optimize behavioral,
cognitive, and quality of life outcomes.

To this end, our research team is implementing a prospective longitudinal study of girls with EXS.
Highlights from some preliminary findings in a small sample set are presented below.

4. Methods

4.1. Participants

The preliminary cohort presented here consists of 21 girls between the ages of 6 to 14
(mean age = 10.53). Participants were recruited through various FXS communities including regional
fragile X organizations, the Fragile X Clinical and Research Consortium, and the Fragile X Online
Registry With Accessible Research Database, electronic media including website and social media
announcements, and with the help of the National Fragile X Foundation. All participants were
diagnosed by an appropriate molecular genetic test as having more than 200 CGG repeats in the FMR1
gene with documentation of previous testing provided by caregivers at enrollment. All participants and
their caregivers were native English speakers. The data presented here represent a partial sample from
the first year and a half of the current five-year longitudinal study and will constitute approximately
40% of our final overall cohort. The research team is still actively recruiting and seeing participants.

4.2. Measurements/Procedures

4.2.1. Cognition and Academics

Cognition was assessed with the Differential Ability Scales, 2nd Edition (DAS-II), which provides
subscales for verbal, nonverbal, and spatial reasoning ability and an overall composite score [37].
Academic skills were assessed with The Kaufman Test of Educational Achievement, Third Edition

163



Brain Sci. 2019, 9, 11

Brief Form (KTEA-3 Brief), which provides reading and math subscales and an overall achievement
composite score [38].

4.2.2. Child Behavior and Emotion

Participants’ caregivers completed the Social Responsiveness Scale-2 (SRS) [39]. The SRS
addresses social awareness, social information processing, capacity for reciprocal social responses,
social anxiety /avoidance, and characteristic autistic preoccupations/traits.

4.2.3. Adaptive Behavior and Functional Skills

Adaptive behavior and functional skills in this cohort were assessed utilizing the Vineland
Adaptive Behavior Scales, Third Edition—Interview Form (VABS-III) which measures adaptive
behavior across the domains of communication, daily living skills, and socialization and includes an
overall adaptive behavior composite score [40]. Caregivers completed the VABS-III interview with a
trained researcher during their research visit.

4.3. Data Analyses

Exploratory analyses were conducted to assess differences between cognitive and achievement
scores and correlations between domains of cognitive, adaptive and social function. Results with a
p value <0.05 were considered significant.

4.4. Preliminary Findings

4.4.1. Cognition and Academics

The distributions of the cognitive and academic assessments are presented in Figure 2. In this
preliminary cohort, girls with FXS performed significantly better on the verbal domain (Mean = 82.25,
SD = 11.56) than on the nonverbal domain (Mean = 73.65, SD = 16.79); t(19) = 2.46, p = 0.012 or the
overall composite (Mean = 74.90, SD = 14.77); t(19) = 3.10, p = 0.003 of the DAS-II (Figure 2A). Girls in
this cohort also performed significantly better on the reading domain (Mean = 84.85, SD = 13.74)
than on the math domain (Mean = 71.20, SD = 14.05); £(19) = 6.87, p = 0.000 or the overall composite
(Mean = 80.35, SD = 15.50); t(19) = 3.07, p = 0.003 of the KTEA-Brief (Figure 2B).

164



Brain Sci. 2019, 9, 11

%
100
o L : ° CJ
o9
§ . - .
- A4
-t 80 ‘.‘ Py °
— % 1\ .  hPt_-—_——_ . Pmm==
'g . : °
g K TS
in 60 Qo °
& B
°
°
40
Verbal Nonverbal Composite

Cognitive Scale

B
°
100 .1. J
v ° 00 o

o ® o v
S e . .
w 80 [ ] ? [ ] neaae
° d ) Lo0
@© L — — o —
2 " . °
< a® ® .Iv
1) 60 ‘."
°
40 o
Reading Math Composite

Achievement Scale

Figure 2. Cognitive and achievement score profiles. Each dot indicates a participant, solid horizontal
line represents median, dashed horizontal line represents mean, box represents interquartile range,
and vertical lines upper and lower extremes (excluding outliers). (A) Distribution of participant
cognitive scores on verbal, nonverbal, and overall composite of the Differential Ability Scales,
2nd Edition (DAS-II). (B) Distribution of participant achievement scores on reading, math, and
composite achievement on the Kaufman Test of Educational Achievement Third Edition Brief Form
(KTEA-3 Brief).

4.4.2. Correlations between Cognition and Adaptive Behavior

The verbal and nonverbal domains of the DAS-II are compared with corresponding performance
on each subdomain of the VABS-III in Figure 3. Significant positive (Pearson) correlations were found
between nonverbal reasoning ability and VABS-III communication r(18) = 0.58, p = 0.004, daily living
skills r(18) = 0.59, p = 0.003, and overall composite r(18) = 0.58, p = 0.004 (Figure 3B) while significant
correlations were not observed between verbal reasoning ability and any subdomains of the VABS-III
(Figure 3A).
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Figure 3. Correlations between cognition and adaptive behavior. (A) Correlations of the DAS-II
verbal reasoning subscale with communication, daily living, and socialization subscales and overall
adaptive behavior composite of the Vineland Adaptive Behavior Scales, Third Edition—Interview
Form (VABS-III). (B) Correlations of the DAS-II nonverbal reasoning subscale with all domains of
the VABS-IIL

4.4.3. Correlations between Social Skills and Adaptive Behavior

The associations between total score on the SRS-2 and corresponding scores on each VABS-III
domain are presented in Figure 4. Increasing SRS scores (representing increasingly aberrant social
skills), were correlated with decreasing VABS-III scores across all subdomains: communication
7(18) = —0.62, p = 0.002, daily living skills (18) = —0.45 p = 0.023, socialization r(18) = —0.747, p = 0.000,
composite r(18) = —0.618, p = 0.002.
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Figure 4. Correlations between social skills and adaptive behavior. Correlations between difficulties
with social skills as measured by total score reported by caregivers on the Social Responsiveness Scale-2
(SRS) and the communication, daily living, and socialization subscales and overall adaptive behavior
composite scores of the Vineland Adaptive Behavior Scales, Third Edition—Interview Form (VABS-III).

5. Discussion

5.1. Cognition and Academics

Consistent with prior investigations of girls with FXS, the overall cognitive profile of children
from our preliminary cohort was within the borderline/low average range [41]. The preliminary
cohort presented here also scored significantly higher on the verbal subdomain than on the non-verbal
subdomain of the DAS-II cognitive assessment (Figure 1A) and performed significantly better on
the reading domain than on the math domain of the KTEA achievement assessment (Figure 1B).
These relatively lower scores on nonverbal domains of cognitive and achievement assessments are
consistent with previous reports of relative strengths in the verbal ability for females with FXS. Relative
strengths include acquired knowledge, long-term memory for verbal information, and simultaneous
processing [10,41]. Although verbal ability represents a cognitive strength, average verbal scores
for girls with FXS remain within the low average range when compared to their age-matched
peers. One hypothesis put forward to explain this discrepancy is that the social demands of the
language environment for children with FXS (coordination of syntax, semantics, conversational
pragmatics, and eye contact) promotes AAA symptoms, which then challenge proper regulation of
verbal responses [23]. Thus, it may be important to focus on the development and management of
AAA symptoms in girls with FXS to optimize their cognitive as well as social-emotional outcomes.

Although the data showed no significant difference between participant scores on the cognitive
assessment and the achievement assessment in our preliminary cohort (Figure 2A,B), it is often
assumed that cognitive ability determines achievement. However, children with FXS frequently
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outperform predictions of academic achievement based on cognitive test scores [23]. One proposed
explanation for the discrepancy between achievement and cognitive scores among females with FXS is
a relative strength in long-term memory and the effect of repeated exposure to academic material at
school [42]. Prior research has also suggested that individuals with FXS have more difficulty processing
highly novel information than learning facts and school-related skills [43]. Since intelligence tests
and cognitive assessments are intended to be novel and unfamiliar, deficits in flexible thinking may
particularly affect performance on these types of tests. These insights may be important for facilitating
successful learning outcomes for girls with FXS who exhibit a wide range of learning difficulties.

5.2. Adaptive Behavior Outcomes

Correlations between cognitive scores and adaptive behavior in our preliminary cohort suggest
a significant association between nonverbal abilities and overall adaptive behavior. (Figure 3A,B).
Given the relative cognitive strength in the verbal ability of individuals with FXS [10,19-22], it is
particularly concerning that these strengths do not appear to be translated readily to outcomes in
functional skills.

Our preliminary results also suggest a negative correlation between social skills and adaptive
behavior (Figure 4), suggesting that aberrant social skills and function are associated with challenges
in adaptive behavior skills. These findings are consistent with prior research, which has suggested
that factors other than cognitive abilities, such as ability to interact appropriately socially [17], autism
spectrum disorder type behaviors [30], and symptoms of affective disorders, such as anxiety and
depression [4], have significant influence on the development of adaptive behavior skills and functional
outcomes for girls with FXS.

6. Conclusions

The preliminary data presented here support prior findings that cognitive abilities do not play
the only, or even necessarily the primary, role in determining functional outcomes for girls with
FXS. Continued research is needed to better understand how functional outcomes are influenced by
other critical factors related to academic, home and educational environments, and socio-emotional

development (Figure 5).
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Figure 5. Genes, environment, cognitive, and socio-emotional factors all intersect to determine outcome.
Anxiety may be inversely related to social skills, adaptive behavior, and cognitive abilities.

Our current study seeks to address the relative paucity of information focusing exclusively on
females with the FMRI full mutation to elucidate the role of these factors in the development of
girls and women with FXS. In particular, a fine-grained examination of gene—environment-behavior

168



Brain Sci. 2019, 9, 11

associations underlying the development and progression of social skills and symptoms of AAA will
provide new information on the degree to which females with FXS experience maladaptive symptoms.
We will also gain a better understanding of how and when biological and environmental factors
most influence the propensity for these symptoms and the role these symptoms play in determining
functional outcomes for this vulnerable population.
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Abstract: Language delay and communication deficits are a core characteristic of the fragile X
syndrome (FXS) phenotype. To date, the literature examining early language development in FXS is
limited potentially due to barriers in language assessment in very young children. The present study
is one of the first to examine early language development through vocal production and the language
learning environment in infants and toddlers with FXS utilizing an automated vocal analysis system.
Child vocalizations, conversational turns, and adult word counts in the home environment were
collected and analyzed in a group of nine infants and toddlers with FXS and compared to a typically
developing (TD) normative sample. Results suggest infants and toddlers with FXS are exhibiting
deficits in their early language skills when compared to their chronological expectations. Despite
this, when accounting for overall developmental level, their early language skills appear to be on
track. Additionally, FXS caregivers utilize less vocalizations around infants and toddlers with FXS;
however, additional research is needed to understand the true gap between FXS caregivers and
TD caregivers. These findings provide preliminary information about the early language learning
environment and support for the feasibility of utilizing an automated vocal analysis system within
the FXS population that could ease data collection and further our understanding of the emergence
of language development.

Keywords: fragile X syndrome; language development; automated vocal analysis

1. Introduction

Fragile X Syndrome (FXS) is the leading inherited cause of intellectual disability (ID) associated
with a mutation on an unstable trinucleotide (CCG) repeat expansion on the fragile X mental retardation
1 (FMR1) gene [1]. EXS impacts 1 in 4,000 males and 1 in 6,000 females and, as an X linked disorder,
has a more severe presentation in males. FXS is characterized by mild to severe ID with a series of
other features including: anxiety, social deficits, communication deficits, gaze aversion, inattention,
impulsivity, aggression and hyperactivity [2]. Within communication deficits, it is evident in the
current literature that FXS is associated with significant language delay, above that expected by given
cognitive deficits, with relevant strengths in receptive communication and relative weaknesses in
expressive communication [3,4]. Unfortunately, it can be quite challenging to accurately assess early
language acquisition in infants and young children due to the natural development of language.
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This can be particularly difficult in clinical populations with known speech delays (e.g., FXS, autism
spectrum disorder, Down syndrome) potentially impacting early diagnostic and treatment efforts.

Within the typically developing population, infants can perceive and attend to speech in
comparison to silence or other sounds prior to speaking their first word [5,6]. The progression of
expressive language development has universally been identified as cooing (between 1 and 4 months),
to babbling (between 5 and 10 months), to meaningful speech (between 10 and 18 months) [7]. The
social environment and interactions with caregivers throughout infancy and toddlerhood provide
key building blocks for language development [8,9]. Specifically, the amount of language in a
child’s environment prior to the age of three is significantly correlated with language acquisition
and cognitive development [10,11]. Furthermore, differences in early language development (e.g.,
use of babbling, frequency of vocalizations) have been found to differentiate infants with atypical
development and typical development including infants with autism spectrum disorder (ASD) [12,13],
Williams Syndrome [14], and FXS [15].

Prospectively in the ASD literature, infants with an older sibling diagnosed with ASD who later
went on to have their own diagnosis of ASD demonstrated significant declines in their trajectories of
receptive and expressive communication across 6 to 36 months of age [13]. Retroactively through home
videos, infants later diagnosed with ASD have been shown to exhibit reduced canonical babbling and
fewer vocalizations deemed relevant for the development of speech across 9 to 15 months of age [12].
Unfortunately, neither of these studies took into consideration the impact of cognitive development on
their language development. Research examining language development in toddlers with ASD have
shown a discrepancy between language abilities and their nonverbal cognitive level suggesting that
these language deficits exist in this population despite their cognitive abilities [16]. Similar findings
have also been observed in infants with Williams syndrome, suggesting overall delays in first word
production and canonical babbling [14] despite their relative strengths in language in adolescence
and adulthood.

Communication deficits in school-aged children and adolescents with FXS have been investigated
extensively in the literature [3,4,17-19]. Individuals with FXS have reported deficits across all
aspects of language (e.g., comprehension, pragmatics, expressive and receptive skills) with these
deficits remaining throughout life into adulthood. Unfortunately, the literature assessing language
development in infancy and toddlerhood is limited. Roberts, Hatton, and Bailey (2001) [20] reported the
age in which infants with FXS spoke their first word was delayed by approximately 17 months; however,
considerable variability was noted in their sample with 30% of the infants with FXS speaking their first
word within age-expected limits. Similar findings were observed by Hinton et al. (2013) [21] where
infants with FXS spoke their first word around 26.2 months. Two studies have utilized retrospective
home videos to examine communication abilities of infants with FXS between the ages of 9 and 12
months [15,22]. Marschik et al. (2014) [22] utilized the Inventory of Potential Communicative Acts
(IPCA) [23] with seven children with FXS to assess social-communicative forms and functions where
specific deficits were identified in requesting, imitating, and decision making. Belardi et al. (2017) [15]
utilized a naturalistic listening approach to identify deficits in canonical babbling (e.g., producing
adult-like syllables) and the frequency of vocalizations in infants with FXS. Utilizing standardized
assessments and parental report for language development to assess how visual attention at 12
and 18 months impacts language outcomes, Kover et al. (2015) [24] found that infants with FXS
were significantly delayed based on both chronological and developmental expectations of language
ability. Furthermore, the infants with FXS were found to acquire language at a slower rate than their
chronological expectations and are likely to fall further behind over time. Overall, infants with FXS are
reportedly exhibiting notable delays in their language abilities early on in development; however, the
current literature lacks prospective, quantitative yet naturalistic methodologies to assess the emergence
and development of these language deficits during the earliest periods of development.

Examining the language learning environment of young children, in particular their social
interactions with caregivers, also provides insight into their language development. [8,9]. Within
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the ASD literature, Warren et al. (2010) [25] found that young children with ASD engaged in fewer
caregiver interactions and vocalizations than typically developing children. They also demonstrated
that their vocal productions increase as the number of words that are addressed to them increases.
Within the FXS literature, little research exists examining their social or language environment and how
this impacts language development. Drawing on the recent work examining maternal responsivity
and language development in young children with FXS, low levels of maternal responsivity have
been found to be related to deficits in receptive and expressive communication abilities along with
vocabulary development in FXS [26,27]. Interestingly, the rate of child communication has been found
to significantly negatively impact maternal responsivity [28] suggesting a disrupted cycle of both
children with FXS and their caregivers communicating less. Further, the literature examining maternal
responsivity in FXS has primarily utilized short structured activities and brief naturalistic observation
to assess child language development through effortful, behavioral coding procedures. The potential
ability to assess the language environment, child language abilities, and caregiver vocalizations in
their natural environment through an efficient manner for longer time periods utilizing a noninvasive
approach would further our current understanding of early language development in FXS.

The present study aims to build on our current knowledge of early language development
in FXS while addressing some of the challenges to assessment in very young children. Utilizing
a pilot sample of infants and toddlers with FXS, the present study examines child and caregiver
vocalizations in their home environment utilizing an automated vocal analysis system. Consistent
with the literature described above, we hypothesize that the infants with FXS will be below their
chronological and developmental age expectations for vocalization use in comparison to age-matched
typically developing peers. Furthermore, we hypothesize that the caregivers of the infants and toddlers
with FXS will also utilize less vocalizations in comparison to other caregivers with typically developing
children. Additional exploratory analyses were assessed for potential relationships between parent
vocalizations and child vocalizations in the FXS sample. This preliminary study is the first to assess
the utility of a noninvasive automated vocal analysis system in individuals with FXS.

2. Method

2.1. Participants

Eleven males with a confirmed molecular diagnosis of full mutation FXS between the ages of 17 to
64 months of age (M = 41.58, SD = 13.43) participated in the present pilot study. Data were drawn from
a longitudinal study at Cincinnati Children’s Hospital Medical Center as a subcomponent of a larger,
multi-site study developing a nationwide research database in FXS. Cincinnati Children’s Hospital
Medical Center Institutional Review Board (IRB) approved the study protocol (IRB #: 2012-2445) and
caregivers signed informed consent for their children to participate. Data were extracted from the
LENA Foundation Natural Language Study [29] to derive a typically developing (TD) normative
dataset to compare to the performance of the children with FXS. Comprehensive results for that study
are reported in Gilkerson and Richards (2008) [29]. Two samples of TD normative data were utilized
to match the FXS sample by both chronological and developmental age. The developmental age of
the FXS sample ranged between 6 and 22 months of age (M = 14.67, SD = 5.10). The final FXS sample
resulted in nine males between the ages of 17 and 58 months (M = 38.33, SD = 13.05) after excluding
two participants (see details below under “LENA”).

2.2. Measures

2.2.1. LENA

The LENA system includes a digital language processor (DLP) that is worn by the participant
and a language analysis software. The DLP is a small digital recorder that is worn in a specially
designed child’s shirt. The device continually records the child’s vocalizations and the language
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environment within a four to six foot radius around the child for up to 16+ hours. Once the recording
is completed, an audio file from the DLP is transferred to a computer and processed by the LENA
language analysis software. The software provides data for three main variables: child vocalizations
(frequency and duration), adult word count, and conversational turns. The device also provides
data for other variables in the environment including: TV /Electronics, Noise (e.g., bumps/rattles),
Distant Sounds, Silence/Background Noise, and Overlapping Speech. Each participants’ first LENA
analysis data point was extracted for the current analysis. One participant was removed from the
dataset due to extreme outlier findings across all variables reported. This participant was 42 months of
age with a developmental age of 36 months with more than double the amount of vocalizations and
conversational turns in comparison to the rest of the sample, causing the FXS sample to be skewed.
Another participant was removed for only having one hour of data collected.

For the purpose of this study, we chose to focus on the three main variables provided by the LENA
system. Child vocalizations (CV) included words, babbles, and pre-speech communicative sounds.
Adult word count (AWC) is an estimate of the number of words spoken near the child. A normative
value for average AWC was derived from the LENA Foundation Natural Language Study [29] in
order to compare the FXS AWC sample to the normal population. Specifically, we utilized the AWC
at the 50th percentile. Conversational turns (CT) in the LENA output occur when a child vocalizes
and an adult responds, or an adult speaks and the child responds. The reliability and validity of the
LENA automated vocal analysis system has been extensively researched in the literature to examine
the automated vocalization systems ability to accurately label the recorded vocalizations correctly. Xu
et al. (2008) [30] reported in comparison to the transcribers’ labeling, the automated system correctly
identified 82% of the segments transcribers labeled as Adult Speech and 76% of the segments labeled
as Child Vocalizations. Further, adult word count estimates were on average 98% accurate compared
to human transcribers” word counts over a 12 hour recording day. Other groups have also found
adequate correlations between human coders and the LENA system ranging between 0.71 and 0.85 [31]
providing additional support for the accuracy of the LENA automated vocal analysis system.

A recording was considered valid if it contained at least two hours of data. As mentioned
above, one participant was dropped due to having only one hour of data. The two hour criteria was
established as an attainable goal for our families given the sensory challenges in the FXS population
and whether or not wearing the device would be tolerable. The amount of data collected in the
remaining nine participants ranged from 7 to 18 hours (M = 12.56, SD = 3.81). Since the TD normative
data was derived from the LENA Foundation Natural Language Study [29] and the chronological age
range for their typical sample was between 2 and 48 months, developmentally age-matched norms
were extracted for all of the FXS participants; however, two participants were outside of the 48 month
window chronologically and therefore not included in the chronological age-matched analyses.

2.2.2. LENA Developmental Snapshot (LDS)

The LENA Developmental Snapshot [32] is a caregiver-report questionnaire that assesses both
receptive and expressive language skills for children ages 2 to 36 months of age. The LDS consist
of 52 items answered with a “yes” or “not yet” about the child’s behavior (e.g., “Does your child
vocalize while gesturing to let you know what he/she wants?”). Domains within the questionnaire
focus on vocal behavior and preverbal communication for infants under 12 months; responsiveness
to instruction, spontaneous speech production and vocabulary development for 1-year-olds; and
conceptual and grammatical development for children over 24 months [33]. The LDS is scored
automatically online through the LENA Online system. The number of “yes” answers reported are
added up to create a total raw score which is then transformed into a Developmental Age. The
LDS was found to be highly correlated (0.81-0.97) with other widely used standardized language
development assessments [32]. The Developmental Age was extracted from the questionnaire for the
FXS participants and used to create a developmentally age-matched TD comparison sample based on
the TD data provided in LENA Foundation Natural Language Study [29]. For example, if a child with
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FXS had a Developmental Age of 14 months, the 14 month data points for CV and CT from the TD
sample through the Natural Language Study were extracted.

2.3. Procedures

Following completion of guardian informed consent, participants’ caregivers were given in-person
or mailed the LENA device along with the appropriate LENA-specific clothing to hold the device.
Instructions were included on how to turn on the device and start the recording. Caregivers were
instructed to have the participant wear the device during a normal day for them (e.g., avoid when
they are sick or attending loud events). Additionally, they were instructed to have the participant
wear the LENA clothing with the device for the entire day with the exception of taking a bath or naps;
however, the device should still be nearby during these activities. The LDS was also included with the
LENA device and the caregivers were asked to complete the form prior to the return of the device.
Once completing the form and recording, the families were provided with materials to mail the device
and questionnaire back. Once returned, the audio file was downloaded from the LENA device and
uploaded to the LENA language analysis software to extract the data and the LDS was entered into
the LENA online scoring system.

2.4. Data Analysis

Analyses were conducted in R version 3.5.1 (R Foundation for Statistical Computing, Vienna,
Austria). First, data were examined for outliers, nonnormality, and homoscedasticity. One participant
with FXS was found to be a significant outlier across all variables and was removed from the analyses.
Data collected on the LENA device were all converted to hourly values in order to account for
the variability in duration of data collection within and across groups. In order to analyze the
differences between the FXS sample and TD infants in regard to their early language development,
independent-sample f-tests and one sample t-tests were conducted. The first set of independent ¢-tests
examined the FXS sample in comparison to their chronologically age-matched TD peers for CV and CT.
The second set of independent ¢-tests examined the FXS sample in comparison to their developmentally
age-matched TD peers for CV and CT. Next, a one sample ¢-test was conducted to compare the AWC
of the FXS sample to the TD average AWC at the 50th percentile. Lastly, exploratory correlational
analyses were conducted to examine relationships between AWC and the other LENA variables (CV
and CT) within the FXS sample.

3. Results
3.1. Child Vocalizations

3.1.1. Chronological Age Comparisons

An independent samples ¢-test was conducted in order to determine if infants and toddlers with
FXS differed significantly in the frequency of their vocalizations in comparison to chronologically
age-matched TD peers. Significant group differences were found, #(12) = —3.26, p = 0.007, d = 1.74.
Specifically, infants and toddlers with FXS (M = 106.00, SD = 45.56) had significantly less vocalizations
on average per hour than their chronologically age-matched TD peers (M = 169.31, SD = 23.73). In
Figure 1A, each participant with FXS’s frequency of vocalizations are graphed in comparison to their
chronologically age-matched TD peers.
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Figure 1. Infants and toddlers with fragile X syndrome (FXS) vocalizations per hour plotted in
comparison to their chronologically age-matched (A) and developmentally age-matched (B) typically
developing (TD) peers with trend lines.

3.1.2. Developmental Age Comparisons

An independent samples ¢-test was conducted in order to determine if infants and toddlers with
FXS differed significantly in the frequency of their vocalizations in comparison to developmentally
age-matched TD peers. No significant group differences emerged, #(16) = —0.68, p = 0.507, d = 0.32.
The infants and toddlers with FXS (M = 99.84, SD = 42.86) had similar average vocalization frequencies
to their developmentally age-matched TD peers (M = 110.99, SD = 24.32) per hour. In Figure 1B, each
participant with FXS’s frequency of vocalizations are graphed in comparison to their developmentally
age-matched TD peers.

3.2. Conversational Turns

3.2.1. Chronological Age Comparisons

An independent samples t-test was conducted in order to determine if infants and toddlers with
FXS differed significantly in the frequency of their conversational turns with caregivers in comparison
to chronologically age-matched TD peers. Levene’s test for equality of variances indicated unequal
variances between groups (F = 20.98, p = 0.001), so the degrees of freedom were adjusted from 12 to
7. Marginally significant group differences were found, #(7) = —1.93, p = 0.094, d = 1.03. The infants
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and toddlers with FXS (M = 25.63, SD = 15.71) had less conversational turns per hour with their
caregivers than their chronologically age-matched TD peers (M = 37.63, SD = 4.77). In Figure 2A,
each participant with FXS’s frequency of conversational turns are graphed in comparison to their
chronologically age-matched TD peers.
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Figure 2. Infants and toddlers with fragile X syndrome (EXS) conversational turns per hour plotted in
comparison to their chronologically age-matched (A) and developmentally age-matched (B) typically
developing (TD) peers with trend lines.

3.2.2. Developmental Age Comparisons

An independent samples ¢-test was conducted in order to determine if infants and toddlers with
FXS differed significantly in the frequency of their conversational turns with caregivers in comparison
to developmentally age-matched TD peers. Levene’s test for equality of variances indicated unequal
variances between groups (F = 17.77, p = 0.001), so the degrees of freedom were adjusted from 16 to 11.
No significant group differences emerged, t(11) = —0.59, p = 0.568, d = 0.28. The infants and toddlers
with FXS (M = 24.75, SD = 15.52) had similar average rates of conversational turns per hour with
their caregivers to their developmentally age-matched TD peers (M = 28.04, SD = 6.33). In Figure 2B,
each participant with FXS’s frequency of conversational turns are graphed in comparison to their
developmentally age-matched TD peers.
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3.3. Adult Word Count

A single sample f-test was conducted to determine if a statistically significant difference existed
between the FXS caregivers’ and the TD caregivers’ word count per hour. Results suggest that FXS
caregivers (M = 772.04, SD = 405.75) had marginally significantly different word counts per hour in
comparison to the TD caregivers (M = 1024.75, (8) = —1.87, p = 0.099, d = 0.60. In Figure 3, each
caregiver’s word count is graphed in comparison to the average adult word count for TD caregivers.
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Figure 3. Caregivers’ of infants and toddlers with FXS adult word count per hour plotted in comparison
to the average adult word count per hour in TD caregivers (M = 1024.75).

Exploratory correlations were utilized to examine relationships between the AWC and the other
LENA variables (CV and CT). Significant associations between AWC and CV (r = 0.82, p = 0.025) as
well as AWC and CT (r = 0.98, p = 0.000) emerged.

4. Discussion

4.1. Summary of Findings

Language deficits are core characteristics of the FXS phenotype. Previous literature has identified
deficits in receptive and expressive communication abilities as early as 9 months of age in FXS [15,22]
with their first word being vocalized between 26 and 28 months [20,21] and a reciprocal negative
relationship between child vocalizations and maternal responsivity on language development and
acquisition [26,27]. The present preliminary study examined early language development through
frequency of child vocalizations, conversational turns between caregivers and child, and adult
vocalizations in infants and toddlers with FXS in comparison to a chronologically and developmentally
age-matched typically developing sample. This pilot study is one of the first to utilize an automated
vocal analysis program within the FXS population.

Partially aligning with our hypotheses and previous literature [15,22,24], infants and toddlers
with FXS were found to vocalize less and engage in fewer conversational turns with their caregivers
in comparison to chronologically age-matched TD peers. Despite previous research suggesting
otherwise [4,24], differences in the frequency of vocalizations and conversational turns were not
observed when compared to a developmentally age-matched TD group in our pilot sample. This could
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be explained by the differences in language assessment methodology. Specifically, majority of the
literature assessing language development in infants and toddlers with FXS have utilized standardized
measures obtaining norm referenced scores rather than the actual frequency of vocalizations in
their normal environment. Given the known cognitive delays and receptive deficits in FXS, it
can be complicated to obtain an accurate score representing their true language abilities utilizing
standardized measures in the youngest children with FXS. Utilizing the LENA device allowed the
present study to automatically and noninvasively obtain a naturalistic language/vocalization sample
in the child’s normal environment without limitations imparted by cognitive level or receptive
communication deficits, which are known to impact language abilities in FXS [34]. In sum, our
preliminary results support the current body of literature across the FXS lifespan suggesting deficits
in verbal communication development; however, these deficits may be accounted for by their
developmental level and additional research is needed to support these findings. Further, the LENA
device may be a potential new mechanism for assessment of not only language but also the language
environment in FXS.

Consistent with our hypotheses and previous literature [26,27], our results suggest caregivers
of infants and toddlers with FXS produced fewer vocalizations around their children in comparison
to caregivers with TD infants and toddlers. Despite the small sample size of this preliminary study,
moderate effect sizes were still reported. These findings of reduced adult vocalizations coupled with
reduced conversational turns between caregivers and their infants and toddlers with FXS are the
first to provide insight into the language environment within FXS. Furthermore, a strong positive
association between caregiver vocalizations and child vocalizations emerged suggesting that for the
FXS caregivers who vocalized more, their children also vocalized more. These findings align with
concerns for a potentially disrupted cycle of communication to evolve between caregiver and child in
regard to the frequency of vocalizations in their language learning environment. Specifically, difficulty
could arise for caregivers to maintain their frequency of vocalizations when their children are less
responsive, which can unfortunately create a cycle of reduced communication across both groups
potentially impacting language development for the child. Further work is needed to assess the impact
of caregiver vocalizations and conversational turns between caregivers and their children with FXS on
child vocalizations to delineate this hypothesis and to determine whether a true gap exists for FXS
caregiver vocalizations in comparison to TD caregivers. Nevertheless, there is an existing body of
literature demonstrating that caregivers can learn to be more responsive resulting in positive language
outcomes for their children [35-37]. As for the FXS literature, there is a promising emerging body
of intervention research demonstrating increases in maternal verbal responses and child prompted
communication [38]. Therefore, there is hope in changing caregiver behavior through appropriate and
effective interventions that can potentially close this communication gap early on, while positively
impacting their child’s language outcomes and potentially their overall quality of life.

4.2. Limitations

A primary limitation of this preliminary pilot study is its small sample size. Despite this, the
sample is similar to those of other studies examining language development in infants and toddlers
with FXS [15,21,23]. Additionally, the present study did not contain its own typically developing
matched control sample to compare the FXS population too; however, utilizing the LENA Natural
Language Study [29] was also a strength by allowing for the present study to utilize a more accurate,
large-scale normed TD sample. Furthermore, the present study utilized a questionnaire to assess
developmental level, which relies on parental report, rather than a standardized test administered
by a clinician. These analyses were also limited to utilizing a cross-sectional design with one day of
language data per child. Since language production can vary from day to day in infants and toddlers,
it would be ideal to have more than one day of language data available. Lastly, reliability of the
LENA device could be assessed through pairing human coding and the automated vocal analysis to
determine the accuracy of the system specific to FXS.
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5. Conclusions and Future Directions

The present study aimed to build on our current understanding of early language development
in FXS utilizing new methodology. Our results suggest that communication deficits, particularly
vocalization production deficits, are apparent very early on in development in comparison to
chronological age expectations. However, language profiles in FXS as measured by LENA appear to
potentially be in line with their developmental expectations. Additional work is needed to replicate
these findings using the same methodology with a larger sample and wider age range. Utilizing a
longitudinal design to obtain a more accurate assessment of language development would be ideal to
further our understanding of the rate of growth in language across development. Furthermore, initial
details about the language learning environment for infants and toddlers with FXS were examined
with additional evidence emerging for a potentially disrupted cycle of communication between FXS
caregivers and their children with reduced caregiver vocalizations being associated with reduced
child vocalizations. Future studies should continue to assess the effectiveness of interventions for FXS
caregivers to increase their responsiveness and vocalizations on child language outcomes. Lastly, the
methodology utilized in the present study provided a measure of communication abilities in infants
and toddlers with FXS and insight into the language learning environment that was noninvasive
and easy to use for their families. This methodology may be promising for future researchers, the
participants, and their families by simplifying data collection without reducing quality and accuracy.
The LENA device may continue to be utilized in future FXS research to not only quantify vocal
production development and the language learning environment, but also assist in collecting outcome
data for future intervention studies.
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Abstract: Executive function (EF) supports goal-directed behavior and includes key aspects such as
working memory, inhibitory control, cognitive flexibility, attention, processing speed, and planning.
Fragile X syndrome (FXS) is the leading inherited monogenic cause of intellectual disability and
is phenotypically characterized by EF deficits beyond what is expected given general cognitive
impairments. Yet, a systematic review of behavioral studies using performance-based measures is
needed to provide a summary of EF deficits across domains in males and females with FXS, discuss
clinical and biological correlates of these EF deficits, identify critical limitations in available research,
and offer suggestions for future studies in this area. Ultimately, this review aims to advance our
understanding of the underlying pathophysiological mechanisms contributing to EF in FXS and
to inform the development of outcome measures of EF and identification of new treatment targets
in FXS.

Keywords: fragile X syndrome; executive function; working memory; set-shifting; cognitive flexibility;
inhibitory control; attention; planning; processing speed

1. Introduction

Fragile X syndrome (FXS) is the leading inherited monogenic cause of intellectual disability,
resulting from >200 CGG trinucleotide repeat expansions in the 5" untranslated region of the Fragile X
Mental Retardation 1 Gene (FMR1). The resulting hyper-methylation and silencing of FMR protein
(FMRP) production disrupts synaptic structure and function [1-5], leading to neural hyper-excitability
and atypical brain development. The characteristic phenotypic features in humans with FXS, including
impaired cognition, are hypothesized to be downstream effects of the altered neurodevelopment [6,7].
Because FXS is an X-linked genetic disorder, females with FXS are typically less severely affected than
males with FXS due to the variability of X-chromosome inactivation in females [8]. Thus, females
with FXS who demonstrate a greater degree of methylation and lower FMRP levels have a phenotype
more similar to males with FXS, whereas females with less methylation and greater FMRP levels
demonstrate more subtle clinical features. This is consistent with numerous documentations that the
severity of cognitive impairments are associated with the degree of methylation mosaicism and FMRP
expression in individuals with FXS [9-12], suggesting a progressive FMRP deficit leading to cognitive
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impairments. Yet, the precise mechanisms underlying specific cognitive impairments remain poorly
understood in FXS.

Executive function (EF), or a group of discrete cognitive abilities that support adaptive goal-directed
behavior [13], has been consistently documented as impaired in individuals with FXS, even beyond
what is expected given their general cognitive impairments (for examples, see [14-23]). Whether
this reflects a generalized deficit in EF or multiple deficits to specific EF domains (i.e., working
memory, response inhibition, cognitive flexibility, attention, planning, and processing speed) is
less clear. Previous studies using parent-report questionnaires have consistently documented high
rates of inattention and hyperactivity in FXS, but these studies have seldom used questionnaires
targeting a broader range of EF impairments or other questionnaires to assess additional EF domains
(for examples, see [24,25]). In contrast, previous studies using traditional neuropsychological and
experimental performance-based measures of EF have been able to capture deficits across all domains
of EF in individuals with FXS. Behavioral performance-based measures have a distinct advantage
over parent-report measures in their potential to be translated into tasks used during brain imaging
studies (i.e., functional magnetic resonance imaging (fMRI) or electroencephalogram (EEG)) or into
analogous versions to be used in studies of rodent models of FXS (i.e., FMR1 KO mouse). Further,
compared to parent-reports, performance-based measures are better able to objectively quantify
performance, which may help provide insights into the specific brain regions affected in FXS as
well as identify EF deficits that may be specific to FXS rather than those related to general cognitive
impairments and/or common comorbid diagnoses, like attention deficit/hyperactivity disorder (ADHD)
and autism spectrum disorder (ASD). Given previous indications of abnormalities in the frontostriatal
regions supporting EF in FXS (for example, see [26]), translational studies of EF offer great promise
for use as quantifiable biomarkers of brain function useful for early-phase drug development and
intervention trials.

Despite over 50 studies examining EF deficits in FXS using performance-based measures,
a comprehensive review of findings from males and females with FXS and their implications still
is needed (Table 1). Generally, previous studies of EF in FXS documented impairments across each
domain of EF relative to both chronologically age-matched (CA) controls and mentally aged-matched
(MA) controls, yet closer examination reveals key differences in performances depending on domain,
measure, task difficulty, sex, and/or control group studied. Understanding specific profiles of executive
dysfunction in FXS whose etiology may be distinct, yet overlapping, with that of general cognitive
impairments, is critical to understanding pathophysiological processes in FXS and developing novel
treatments for this patient population. Though EF impairments are major cause of distress for
individuals with FXS and their families [27,28] and poor EF leads to worse learning and academic
achievement outcomes [29,30], the development of behavioral and pharmacological interventions
aimed at improving EF have lagged behind those targeted towards other key phenotypes, like anxiety
and sensory hyper-sensitivity. Thus, a comprehensive review of previous studies is needed to
summarize EF deficits and their clinical and biological correlates in FXS, establish potential underlying
brain mechanisms of these deficits, and address critical limitations of previous studies. As more clinical
research begins to use EF as outcome measures in treatment trials, it is crucial to review previous
studies to guide future research studies examining EF in individuals with FXS.
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2. Methods

2.1. Search Strategy

To identify studies for inclusion in the review, computerized databases, including PubMed and
PsychINFO, were used to conduct searches. Keywords such as “Fragile X” AND “executive function”,
“working memory”, “inhibitory control”, “cognitive flexibility”, “set-shifting”, “attention”, “processing
speed”, or “planning” as well as variants on these terms were used. After collecting all available
peer-reviewed published articles, their reference sections were scanned to identify additional articles

that may have been previously missed. Authors of articles that were not available were contacted.

2.2. Selection Criteria

Broad inclusion criteria were used in order to provide the most comprehensive review of the
literature. The following criteria were used to determine whether an article could be included in
the review:

1. The paper was published in a peer-reviewed journal,
At least one participant sample had full mutation FXS,

3. Performance of individuals with FXS was compared against either a control population or
normative sample data OR performance of individuals with FXS is documented in the context of
a feasibility study,
At least one measure of EF was used,

5. The study reported quantitative scores (e.g., raw score, T-score, Standard score, etc.) beyond
completion rates,

6.  EF was a primary or secondary research question, and
The study was not a case study.

2.3. Study Organization and Consolidation

The studies and corresponding measures were organized into six executive domains commonly
reported in the literature: working memory, response inhibition, cognitive flexibility, attention,
processing speed, and planning. In the first section, we summarized primary findings within each
executive function domain, separated by males and females (Table 1) and then in relation to clinical
and psychological variables. Next, we discussed current knowledge regarding neurobiology of EF
deficits in FXS by reviewing biological correlates, findings from studies using brain imaging and rodent
models, and potential pathophysiological mechanisms underlying these deficits. Finally, we addressed
critical considerations from previous studies and provide recommendations for future studies.

3. Review
3.1. Executve Function Deficits

3.1.1. Working Memory

Working memory is necessary for temporarily storing information for immediate use,
like remembering the homework assignment the teacher announced, and it often requires the
manipulation of that information, such as remembering to bring home the textbook needed for
the assignment. Theories propose a phonological loop aids in storage of verbal information, while a
visuospatial sketchpad aids in storage of visual-spatial or visual-perceptual information [80]. Here,
we discuss working memory measures based on the type of information needed to be retained: verbal
or nonverbal (i.e., spatial and perceptual).

Verbal working memory was the most common EF domain assessed across FXS studies, with the
majority of studies reporting impairments in males with FXS from school-age to adulthood compared
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to both chronological age (CA) and mental age (MA) control groups [15,17,22,31-41]. Among males
with EXS, the type of stimuli (i.e., words, digits) was less influential on performance than task difficulty,
or cognitive load, and this pattern emerged regardless of age. Cognitive load can depend on the amount
of information needing retention or the degree of manipulation of information needed. For example,
verbal working memory was relatively intact when cognitive load was low, like remembering two
to five words in forward order. In contrast, verbal working memory was significantly impaired in
males with FXS when cognitive load was high, like remembering the first word from two different
five-word lists [21,41,42]. This finding is consistent with studies documenting males with FXS had
a greater likelihood of hitting floor effects on higher load verbal working memory tasks [22,31,32].
Similar findings also arose in some studies comparing males with FXS to other syndromic participant
groups (e.g., individuals with Down syndrome (DS)). For example, males with FXS performed similar
to males with DS when working memory load was either very low (e.g., digit span forward; [17,41] or
very high (e.g., story retelling; [17]). This suggests both groups had relatively intact abilities when
working memory demands were low, whereas both groups were equally taxed compared to CA controls
under high working memory demand conditions. Yet, under moderate verbal working memory
conditions, males with FXS performed worse compared to males with DS, suggesting verbal working
memory deteriorated more rapidly with task difficulty in FXS than in DS. However, other studies do
not support this finding, and instead suggest task difficulty may have been less influential within
syndromic groups [15,35,47,48], warranting future studies that systematically vary difficulty to clarify
these inconsistencies.

With regards to development, two studies reported verbal working memory developed slower in
young males with FXS compared to CA controls even after accounting for mental age [36,50]. However,
in contrast, another study documented a narrowing gap in verbal working memory performance in
male and female children with FXS compared to a normative sample [33]. These contradictory findings
may be accounted, in part, by the presence of females in the latter sample. Alternatively, because
the narrowing gap was documented in an older sample of children (up to age 16 years), it also is
possible that verbal working memory performance in males with FXS developed more slowly during
early and middle childhood, then improved dramatically during adolescence. Visual inspection of
growth curves demonstrating a relatively flat maturation rate from 6-12 years, followed by a rapid
increase in performance beginning around 12 years confirmed this assertion [33]. Still prior studies
have documented impaired verbal working memory in adult males with FXS, suggesting that though
performance may become more similar to CA controls, it is nonetheless impaired. Overall, previous
studies of verbal working memory in males with FXS suggest performance is highly dependent on
cognitive load with more severe impairments as the amount of information is increased or when
manipulation is required and, to some extent, chronological age. However, verbal working memory
deficits may not be specific to FXS relative to other syndromic disorders.

With regards to nonverbal working memory, both visual-spatial (i.e., remembering the location of
an item) and visual-perceptual (i.e., remembering what item was previously shown) subdomains are
impaired in males with FXS relative to both CA and MA control groups [16,21,22,31,32,42,48]. As with
verbal working memory, performance depended on cognitive load, with relatively intact abilities
when demands were low, like remembering two locations in an array, but significantly worse abilities
compared to controls when demands were high, like remembering three locations on two different
arrays [21,42,49,51]. Notably, one study reported a relative strength in visual-perceptual compared to
visual-spatial working memory in males with FXS [48], suggesting the ability to remember what object
was shown is stronger than the ability to remember where the object was located. Young males with
FXS demonstrated slower development of nonverbal working memory compared to CA controls after
accounting for mental age [36,50], suggesting deficient growth of skills. Still longitudinal studies of
nonverbal working memory have not yet been completed in older children and adult males with EXS,
suggesting performance may improve more rapidly in later develop as seen in verbal working memory.
Most studies found that males with FXS performed similarly to other syndromic participant groups on
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measures of nonverbal working memory, [15,35,47,48] with some evidence of worse performance than
syndromic control groups during moderate level tasks [17,41] as found in studies of verbal working
memory. Taken together, this suggests verbal and nonverbal working memory deficits are present in
males with FXS across the lifespan that worsen with increased cognitive load, but are unlikely specific
to this syndromic population.

Few studies examined verbal and nonverbal working memory in females with FXS. Verbal
working memory performance was found to be impaired relative to CA controls [33,38] but relatively
intact compared to age- and IQ-matched [43] as well as environmental (i.e., unaffected family member)
control groups [34,39,40,44]. Though neither stimulus type nor cognitive load emerged as relevant
factors in performance. One study documented verbal working memory performance became more
similar to a normative sample from school age to late adolescence in females with FXS; however,
since males also were included in the sample, it is difficult to determine whether these developmental
findings occurred in one or both sexes [33]. Visual-spatial working memory abilities in females
with FXS also were impaired compared to CA controls, and unlike verbal working memory abilities,
seemed to depend on cognitive load as found in males with FXS [49,51]. For example, females with
FXS performed worse than CA controls when required to match the spatial position with that of
two trials ago (i.e., two-back) but similarly to controls when required to match with one trial ago
(i.e., one-back) [49]. With regards to visual-perceptual working memory, studies reported females with
FXS showed impairments relative to age- and IQ matched [43] and environmental control groups [34].
However, intact visual-perceptual working memory also has been documented compared to an
environmental control group [44]. With fewer studies completed in FXS females, inconsistent findings
make interpretations regarding verbal and nonverbal working memory less clear. Still previous
research suggests working memory performance may be more variable in females with FXS consistent
with their wide spectrum of general cognitive and adaptive abilities.

When comparing verbal and nonverbal working memory, some [32,36,42] but not all [41,51]
studies found verbal working memory to be a relative weakness compared to nonverbal working
memory in males with FXS, whereas the opposite pattern emerged in females with FXS [34,43,51].
For example, Pierpont and colleagues documented females with FXS outperformed males with FXS
on verbal working memory measures regardless of cognitive load [45]. The finding supports studies
documenting stronger expressive language skills in females with FXS compared to males with FXS [81]
as well as more consistent findings of nonverbal, as opposed to verbal, working memory impairments
in females with FXS. Though future studies are warranted to confirm these observations, as these
findings may have distinct treatment implications for males and females with FXS in terms of areas
targeted and strategies used.

3.1.2. Inhibitory Control

Inhibitory control refers to the ability to suppress contextually-inappropriate responses, and it is
critical for adapting behavior to changing and often uncertain environmental demands. Two distinct
cognitive components comprise inhibitory control: prepotent response inhibition (i.e., the ability
to withhold a previously reinforced behavior) and distractor interference (i.e., the ability to ignore
irrelevant information) [82], each of which have been evaluated in FXS.

Studies consistently documented reduced ability to withhold prepotent behavioral responses in
young male children with FXS compared to both MA and CA controls [14,16,52,53]. Fewer studies
have been conducted with older children and adolescent males with FXS, and findings have been
more inconsistent, demonstrating both intact [54] or impaired performance [55]. However, intact
performance only was reported relative to an age- and IQ-matched DD control group during an
fMRI task, suggesting cognitive and behavioral issues may have been less severe in this sample of
males with EXS since they were able to complete an fMRI session [54]. Thus, it is more probable that
prepotent inhibition deficits persists into adolescence in males with FXS, as supported by findings
from longitudinal and cross-sectional studies [14,52,55]. Prepotent inhibition errors also occurred at
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higher rates among males with FXS relative to both males with William Syndrome (WS) and males
with DS during school-age and adolescence [16,52]. This suggests withholding prepotent behavioral
responses may be more severely affected in FXS relative to other syndromic groups. Though whether
this reflects different developmental trajectories and/or persists into adulthood is unclear.

Impairments in distractor interference were documented from preschool-age to adulthood in
individuals with males with FXS compared to CA-, MA-, and IQ-matched control groups [16,22,31,
35,52,57] (but see [55] for null findings). This suggests difficulties inhibiting behavioral responses
to environmental distractors are present early in childhood and persist into adulthood in males
with FXS regardless of measure used (e.g., Stroop, Flanker). Findings that distractor interference
improved a rate similar to MA controls during early childhood suggest attenuated maturation of
underlying brain processes emerge early in development, but whether similar findings are observed
during later childhood to adulthood remains unclear. Comparisons with other syndromic populations
suggested distractor interference was relatively similar in males with FXS and males with WS [52] but
impaired compared to males with DS [16,35]. Though, the study of males with WS was completed
in preschool-age participants, whereas the studies of males with DS included school-age to adult
participants, suggesting inconsistencies may have emerged regarding differences in ages studied
or actual differences in the developmental trajectories of distractor interference. Taken together,
since males with FXS demonstrated impaired prepotent response inhibition and distractor interference
regardless of measure used (e.g., antisaccade, go/no-go), this suggests failure to inhibit behavioral
responses may be less dependent on task stimuli and complexity, thus making measurement selection
in future studies less constrained.

Only one study of prepotent response inhibition has been completed in females with FXS, in which
behavioral performance during an fMRI task was similar to that of female CA controls [26]. This
suggests inhibiting prepotent behavioral responses may be relatively intact in females with FXS,
though participant recruitment may have been biased towards less affected females due to using an
fMRI protocol. Studies assessing distractor interference in females with FXS also were equivocal,
with some findings of higher error rates during Stroop-like measures compared to environmental
controls and IQ-matched controls [34,57,58] and others of similar error rates to CA controls and
IQ-matched controls [59,60]. This suggests inhibiting responses towards distractors may be more
variable in females with FXS, consistent with their wider range of functioning and general cognitive
impairments. Of note, Tamm and colleagues’ observed females with FXS to have a similar distractor
interference error rate to CA controls, but they were slower to respond [60], suggesting some females
with FXS may have adopted a strategy to sacrifice speed for sake of accuracy. This cognitive strategy
to slow responses in order to improve poor inhibitory control was not observed in males with FXS,
suggesting this compensatory strategy may only be present in less affected individuals, like females
with FXS. Still, future studies are warranted to better understand potential compensatory strategies to
improve inhibitory control in males and females with FXS.

Though several studies examined both prepotent response inhibition and distractor interference
performance [16,52,55], no study to date has directly compared these abilities directly in individuals with
FXS. Thus, whether prepotent response inhibition or distractor interference is relatively more impaired
than the other or whether they both reflect a more general impaired process of behavioral inhibition is
not yet clear. Though Woodcock and colleagues documented impaired prepotent response inhibition
in school-aged/adolescent males with FXS relative to CA controls, but intact distractor interference [55],
it is important to note that authors used different variables for each measure. For example, error rate
was used to assess performance on the prepotent response inhibition measure and reaction time
was used to assess performance on the distractor interference measure. Thus, comparisons between
domains are less appropriate since they are quantifying difference aspects of inhibitory processes.
Furthermore, to our knowledge, no study to date has compared performance between males and
females with FXS. Hessl and colleagues [35] reported impaired performance on a distractor interference
measure in males and females with FXS relative to CA, DS, and iDD controls; however, results were

191



Brain Sci. 2019, 9, 15

not provided for each sex. Thus, clarifying patterns of deficits between prepotent response inhibition
and distractor interference as well as between sexes is needed and will be important for underlying the
discrete brain mechanisms disrupted in FXS as well as informing potential treatment targets.

3.1.3. Cognitive Flexibility

Cognitive flexibility refers to the ability to adaptively change behavior based on contextual
demands. This is most commonly assessed with dimensional sorting tasks in which participants are
required to switch from sorting figures based on one intra-dimensional feature (e.g., spatial location
on screen) or extra-dimensional feature (e.g., color or size) to another. Difficulty switching is most
commonly quantified by calculating the total number of trials to reach a specified criterion (i.e., higher
number indicates worse performance) or by number of categories achieved (i.e., lower number indicates
worse performance). However, several studies also calculated error rates, with a few categorizing errors
as either perseverative (i.e., continuing to choose previously correct responses despite feedback that it
is no longer correct), regressive (i.e., returning to the previously correct response after establishing the
new correct response), or distractor (i.e., choosing a never-reinforced or distractor response).

Across studies, males with FXS performed worse on cognitive flexibility measures compared
to CA and MA controls [22,31,32,35,48,55,83]. Deficits were observed from school-age to adulthood,
though error rates reduced with increasing MA in males with FXS [31]. Several studies also found
that impaired performance was predominantly due to increased perseveration errors [34,48,83].
This suggests individuals with FXS have difficulty shifting away from previously rewarded responses
and choosing new responses even after the previous response is no longer rewarded. This finding from
cognitive performance-based measures is consistent with findings from clinical-ratings that report
increased perseverate speech and behavior in individuals with FXS. Interestingly, Van der Molen
and colleagues [46] reported that perseverative responses were more prominent when cognitive
demands were low, whereas distractor errors were more prominent as cognitive demands increased.
This provides additional evidence that males with FXS have a perseverative response style, which may
reflect failure to disengage attention from a previously reinforced stimulus even when it is no longer
rewarded. Yet, when too many distractors were present, impaired distractor interference (an aspect of
inhibitory control) contributed to inflexibility, and thus attention was more readily diverted towards
irrelevant stimuli. This importantly demonstrates certain EF measures may require more than one
type of EF, and that individuals with FXS may be more disadvantaged during these certain measures
since multiple EF domains are disrupted.

Of note, Garner and colleagues reported absence of cognitive flexibility deficits in school-age
males with FXS relative to age- and IQ-matched controls during a modified version of the Wisconsin
Cart Sorting Task (WCST-M) created for individuals with cognitive impairments [61]. This suggests
cognitive flexibility may be intact relative to individuals of similar general cognitive impairments.
It also suggests the adapted versions of measures may be more appropriate for FXS participants,
and may reflect a better estimate of true cognitive flexibility skills as it requires less recruitment of
other EF domains. Inconsistent findings emerged comparing cognitive flexibility performance in
males with FXS relative to other syndromic groups, with some studies documenting more impaired
performance in males with FXS compared to males with idiopathic ID and males with DS [15] and
others documenting intact performance compared to these groups as well as males with Prader-Willi
Syndrome (PWS) [35,48,55]. Though these findings suggest deficits in cognitive flexibility may not
be specific to FXS, Van der Molen and colleagues conducted a discriminant analysis to classify error
types during a dimensional sorting task to differentiate groups and found that perseverative responses
differentiate males with FXS from DS and MA control groups [46]. Thus, though cognitive flexibility
impairments may not be specific to males with FXS, their perseverative response style may be unique
to this patient population, implicating a critical area to be further explored in future studies.

Few studies of cognitive flexibility have been conducted with females with FXS. Still, cognitive
flexibility deficits were documented in females with FXS relative to environmental controls [23,34],
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and like their male counterparts, these deficits predominantly emerged due to increased rate of
perseverative errors in one [34] but not the other study [23]. Thus, it is possible that a subgroup of
females with FXS may show cognitive flexibility deficits similar to those in males with FXS, though
more studies are needed.

3.1.4. Attention

Attention refers the ability to concentrate awareness with a specific behavioral or cognitive goal.
For example, sustained attention is needed to maintain general focus, selective attention is required
when concentrating on a specific information while ignoring other, and divided attention is used
when focus is required towards multiple goals. Across studies, a variety of measures were used
and quantified attention performance in different ways. The most common variables were: reaction
time (time to respond to target), hit rates (correct target identification), miss rates (omission of target
identification), and false alarm rates (incorrect target identification). Though most studies examined
visual attention towards visual stimuli, a few also examined auditory attention.

In school-aged males with FXS, sustained attention was found to be impaired relative to CA
and MA controls as they demonstrated both slower reaction times [16,50,52,62] and reduced hit
rates [50,62]. One study reported reduced reaction time in the absence of differences in hit rate [16],
suggesting some males with FXS may attempt to slow behavioral responses in order to perform
more accurately. Still this cognitive strategy to improve accuracy was not observed in other studies,
suggesting the majority of males with FXS may not slow responses at all or enough to be effective [50,62].
Sustained attention was impaired across both the auditory and visual domains, though males with FXS
demonstrated relatively weaker performance (fewer correct hits and fewer correct rejections) during
auditory compared to visual measures [62,63], consistent with findings of strong visual-perceptual
skills and disturbances in auditory processing in males with FXS [84]. School-age males with FXS
showed comparable performance to MA controls in one study that used a shorter version of a sustained
attention measure [63], suggesting males with FXS may be able to maintain attention for a specific
behavioral goal for a short duration (<5 min), but have greater difficulty when tasks require longer
durations of sustained attention. Additionally, relatively intact sustained attention also was reported
in males with FXS from 11-38 years, suggesting sustained attention may be less impaired in later
childhood into adulthood [37]. Longitudinal studies in young males with FXS reported sustained
attention developed at a slower rate compared to CA controls, but at a similar rate when adjusted
for MA [50]. Yet, whether gaps in performance relative to CA controls narrows with age remains
unclear. Previous studies reported sustained attention was similar among males with FXS and males
with DS [16,52], but stronger in males with FXS compared to males with WS [52] in terms of both hit
rates and reaction times. Taken together, previous studies have indicated consistent findings of poor
sustained attention among school-age males with FXS though performance may be less impaired when
tasks are shorter and with increasing age.

During selective attention tasks, previous studies have reported similar hit rates in males with
FXS relative to MA controls from toddlerhood to adulthood [15,18,50,52,65]. However, a few studies
documented worse performance compared to MA [16,19,65] and CA controls [19], especially under
certain conditions. For example, males with FXS had lower hit rates and increased errors when more
distractors were present and/or when distractors were more similar to target stimuli. A similar finding
was documented during studies of distractor interference, suggesting both selective attention and
inhibitory controls skills may be highly dependent on context of the environment. For example,
certain EF abilities are relatively intact in a less distracting and ambiguous setting for males with
FXS, but as the cognitive and neural processes supporting these abilities become more taxed, they are
more likely to make errors. Of note, multiple studies reported that males with FXS demonstrated
increased rates of perseverative responding during selective attention measures, or responding to the
same correct target multiple times even after the end of the trial [52,65]. This finding is consistent
with studies of cognitive flexibility and distractor interference that also reported a higher number of
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perseveration errors relative to all control groups. This suggests males with FXS demonstrated both
impaired ability to shift behavior and attention away from previously correct responses even in the
absence of reinforcement. Taken together, these findings indicate that a similar underlying cognitive
and neural mechanism may drive perseverative responding and/or failures to disengage. Further
evidence that this response style is specific to males with FXS comes from selective attention studies
demonstrating increased perseverative errors compared to both DS [18,52] and WS groups [19,52]
even when overall performance was similar across groups [18,19]. Yet, not all previous selective
attention studies categorized error types, suggesting additional studies are needed to confirm these
findings [16,19]. Though one study reported stronger selective attention performance in adult males
with FXS compared to adult males with DS [83], it is unclear whether this reflects greater improvements
in selective attention from adolescence to adulthood relative to individuals with DS or differences
in measures used [18]. Overall, previous studies noted relatively intact selective attention in males
with FXS across the lifespan that becomes impaired as task difficulty increases. Yet, the presence of
perseverative errors suggests a more subtle impairment in this area that may be related to other areas
of executive dysfunction as well as specific to FXS.

Only one study comparing divided attention performance to MA controls found fewer hits but
similar response times and rates of false alarms [16]. Authors also documented greater distance
moved when locating stimuli [16], which may account, in part, for the lower hit rate. More studies are
warranted in assessing divided attention in FXS. Studies examining attention in females with FXS are
needed to determine whether their profile of deficits is similar to those in males with FXS.

3.1.5. Planning

Planning is the ability to manage current and future goals and involves formulation, selection,
and execution of specific sets to reach those goals. Few studies have examined planning in individuals
with FXS, which may be, in part, due to prominent floor effects [32]. This suggests available planning
measures may be too difficult for individuals with FXS to complete and/or planning abilities are
significantly more impaired in FXS relative to other domains of EF. During a version of the Tower
of Hanoi task, school-age males with FXS were observed to achieve fewer correct trials compared to
MA controls, suggesting males with FXS had an impaired ability to plan or problem solve during
increasingly complex scenarios [22,31]. Still, future studies are warranted in this area, especially those
that include females with FXS, and studies utilizing tests with lower floors to measure performance of
a broader range of individuals. Additionally, assessment of error types may be useful in future studies
as has been found in measures of other EF domains.

3.1.6. Processing Speed

There is some controversy whether processing speed is an executive function or a cognitive
process that supports all executive functions (for example, see [85]). For the purpose of this review and
its relevancy in FXS, we include processing speed as a component of EF, using the more conservative
definition of simple reaction time [85]. Processing speed performance varied across studies but was
highly dependent on control group used. For example, males with FXS from school-age to adulthood
demonstrated longer reaction times compared to CA controls [33,35], but comparable reaction times
to MA, iDD, and DS control groups [22,31,35]. This is consistent with findings that reaction times
increased at a slower rate relative to CA [33] but at a similar rate relative to MA controls in FXS
males [31]. Longer reaction times also were observed for females with FXS relative to CA controls, but it
is unclear whether performance differs from MA controls [33,35]. Together, this suggests processing
speed is deficient compared to typical development, but impairments are likely not specific to FXS.

3.1.7. Behavioral and Psychological Correlates

Parent-report measures used to identify clinical relationships include those that exclusively
examined EF dysfunction (e.g., Behavior Rating Inventory of Executive (BRIEF)), those that contained
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subdomains related to EF impairment (e.g., hyperactivity subscale of the Aberrant Behavior Checklist
(ABC)), and those examining other aspects of behavior and function, like daily living skills. Most studies
demonstrated significant relationships between behavioral performance and parent-report measures,
though associations were not limited to the specific EF domain behaviorally assessed [14,35,56].
For example, impaired prepotent response inhibition was associated with parent-reports of inattention
and hyperactivity and impaired distractor interference was associated with parent-reports of inattention,
hyperactivity, stereotyped speech, and reduced adaptability to change [14,56]. Likewise, cognitive
flexibility related to attention problems and adaptability to change [56] and processing speed related to
hyperactivity, stereotyped speech, and reduced adaptability to change [56]. This extensive overlap
in parent-reported clinical presentation and behavioral performance has several implications. First,
it suggests that the EF domains captured in parent-report measures may not correspond well to
those domains examined using behavioral measures. For example, difficulty flexibly shifting away
from a previous behavioral response during a cognitive flexibility task may be reported by parents
as difficulty shifting attention. This also could mean that both or either lack discriminant validity,
reflecting measurement specificity issues. Second, the extensive overlap in symptoms may reflect
less differentiated brain processes underlying separate EF domains in FXS typically found in younger
typically developing children. It also may reflect multiple neural system dysfunctions. Lastly, it also
could suggest that behavioral measures used in studies are likely confounded by co-occurring conditions,
like ADHD, ASD, or anxiety. For instance, difficulties in sustained attention and cognitive flexibility
may interfere with performance during a Stroop-like task. Similarly, studies examining EF performance
in relation to ASD symptom severity provided consistent findings of more severe ASD symptomalogy
relating to worse EF deficits, which was relatively independent of domain [31,35,36,63,64]; (but see [38]
for null finding). Of note, Cornish and colleagues reported that poorer auditory, but not visual,
attention predicted more severe ASD symptoms 12 months later, suggesting auditory attention may be
an important risk marker for ASD in young males with FXS [64]. Future studies are needed to clarify
these relationships by directly comparing FXS participants with and without co-occurring diagnoses.
Additionally, since these studies examined correlations without controlling for MA or global IQ, it also
will be important for future studies to determine the extent to which some of these relationships are
driven by more general cognitive deficits than those related specifically to EF.

Additionally, adaptive behavior skills were related to inhibitory control as well as verbal and
nonverbal working memory in a co-ed FXS sample [35] and to inhibitory control in a female only
sample [59]. For example, working memory deficits could make performing self-care routines
challenging without visual reminders of necessary steps to bathing or brushing teeth. Likewise,
difficulty inhibiting prepotent behaviors may manifest as maladaptive coping behaviors or violations
of social norms. Yet, neither study found a relationship between cognitive flexibility and adaptive
behavior [35,59]. These findings begin to demonstrate that certain disrupted EF skills may have
downstream effects on adaptive skills necessary for daily living, suggesting interventions targeting EF
also may improve adaptive skills. Still more studies are needed in this area.

Importantly, EF abilities were predictive of later functioning as demonstrated by multiple studies.
For example, Pierpont and colleagues found that higher working memory performance in school-aged
males with FXS predicted greater rate of development of vocabulary and language skills two years
later [45]. This highlights that language acquisition in FXS is dependent on the ability to hold
verbal representations online as seen in typically developing youths, suggesting the importance of
interventions improving working memory in early childhood [86]. Though study authors did not
replicate this finding in females with FXS, this may be, in part, due to stronger baseline vocabulary
and language skills in females [45]. Additionally, better performance on sustained attention tasks was
found to be a strong predictor of lower teacher-rated hyperactivity and problem behaviors and greater
prosocial behaviors one year later in school-age males with FXS [50,62]. Likewise, better performance on
selective attention tasks in both auditory and visual domains predicted lower parent-reported ADHD
symptoms and higher nonverbal IQ 12 months later in school-age males with FXS [64]. This suggests
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intact early attention skills may be a protective factor against certain comorbid conditions in males
with FXS. Interestingly, higher parent-ratings of inattention during preschool years predicted greater
improvements in prepotent response inhibition at school-age in males with FXS [14]. Though this
finding seems counterintuitive, it suggests the malleability of EF in early development and that
weaknesses observed at one timepoint may be related to strengths at another timepoint. It also could
suggest that FXS participants with attention issues were identified early and provided treatment,
and thus greater improvements were seen across domains. Taken together, findings of relationships
between EF and multiple areas of functioning emphasize these skills are likely connected at the brain
level and develop very early in childhood. It also highlights the importance of EF in multiple areas of
functioning and that early treatment targeting EF may have important, long-lasting impacts.

3.1.8. Summary of EF Domain Findings

Few studies directly compared performance between EF domains in FXS, making it difficult to
determine whether a consistent profile of EF strengths and weaknesses is evident. This is critical to
better understanding whether certain EF deficits emerge as “syndrome specific” to FXS as suggested by
some groups [52,87]. Among child males with FXS, verbal working memory was a relative weakness
relative to processing speed [33]; however, among adult males with FXS, working memory emerged
as a relative strength compared to cognitive flexibility and planning [32]. These studies suggest that
working memory may shift from a relative weakness to a relative strength from childhood to adulthood,
consistent with findings that the observed gap between verbal working memory performances in FXS
and a normative sample narrows during adolescence [33]. A similar observation also was observed
in females with FXS with working memory as a relative weakness compared to processing speed
in childhood but becoming a relative strength compared to inhibitory control in adulthood [33,38].
This provides important evidence that EF profiles in FXS likely change over the course of development
in line with changes in brain maturation and potential compensatory mechanisms, a finding also
supported by differences in developmental patterns of specific EF domains in males and females with
FXS. For example, Cornish et al. [52] found that for children with FXS, selective and sustained attention
increased more with age compared to their inhibition skills, whereas inhibition skills increased more
than selective and sustained attention for children with Down syndrome. Additionally, whether
developmental and maturation changes also may differentiate males with FXS from females with FXS
across certain EF domains also remains unclear and warrants future studies.

Likewise, no study to date has compared strengths/weaknesses profiles across syndromic disorder.
Still it is important to note that individuals with FXS demonstrated distractor interference errors
during distractor interference and cognitive flexibility measures as well as perseveration errors during
distractor interference, selective attention, and cognitive flexibility measures [15,16,18,19,46,48,52,65].
This suggests these EF deficits may reflect underlying cognitive and neural abnormality that manifests
itself behaviorally in different contexts of uncertainty/difficulty. Additionally, since perseverative
responding was not observed as prominently in other syndromic developmental disorders, it also
suggests that perseverative errors may be specific to FXS, reflecting an inability to shift behavior or
attention away from a response that has been previously reinforced and/or reflect difficulty managing
multiple possible responses [88]. Thus, rather than being separate deficits in ‘inhibitory control’,
‘cognitive flexibility’, and ‘selective attention’, perseverative responding may represent a deficit in
a selective component process that impacts multiple EF domains and areas of functioning. As this
was one of the most consistent findings across studies, aside from documentation of the presence
of EF deficits beyond those expected given cognitive functioning, this warrants further attention in
future studies.

3.2. Neurobiology of EF Deficits in FXS

Establishing the extent to which deficits on EF measures relate to biologically-based substrates
(i.e., FMRP levels, brain anatomy) may provide critical insights into the pathophysiological mechanisms
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underpinning these cognitive deficits in FXS. Following a review of these findings from previous
studies, we will briefly address studies using translational models to assess for EF deficits in FMR1
Knockout (KO) rodents and then finally summarize potential pathways from gene to behavior.

3.2.1. FMRP

Several studies indicated lower peripheral FMRP expression was associated with more severe
EF deficits in both males and females with FXS [39,40,49,51], suggesting a progressive FMRP deficit
has a dose-dependent relationship with EF skills. For example, FMRP expression contributed up to
60% variance in EF performance in these studies, suggesting protein levels largely contributed to EF
dysfunction, though other neurobiological and environmental factors influence these deficits as well [40].
On the other hand, one study reported cognitive flexibility performance no longer related to FMRP
expression once FSIQ was controlled for in a co-ed sample [23]. Given the well-documented relationship
between FMRP levels and intellectual ability [8-11], it suggests general cognitive functioning may have
a stronger relationship with FMRP than specific EF skills, like cognitive flexibility. This finding also
may be due, in part, to less variation in FMRP levels in males with FXS despite a wider spectrum of
cognitive abilities. Thus, the link between FMRP levels and EF deficits may be more evident in females
only. Several studies of females with FXS reported that reduced FMRP expression was associated with
worse processing speed [39,40] and cognitive flexibility deficits related to lower X activation ratio [34],
which directly affects the amount of protein produced. In contrast, relationships between CGG repeat
count and EF measures largely were absent [34,47,83], consistent with other studies documenting CGG
repeat count is a less reliable biological correlate than FMRP levels. Still, FMRP levels themselves
remain limited as taken from blood samples, and thus are a less objective quantification of levels in the
brain. Together, these findings provided an important link between causal pathology and observed
phenotype of EF deficits in individuals with FXS.

3.2.2. Structural Brain Imagining Studies

Structural MRI studies consistently have reported increased volume of the caudate nucleus in
individuals with FXS [89-99]. The caudate is critical for goal-directed actions, whereby individuals can
successfully execute correct behavioral responses and appropriate subgoals [100]. Of note, abnormal
caudate volume has been associated with perseverative responding in a number of psychiatric
and neurological conditions (for examples, see [101-103]), suggesting its role in this behavior in
FXS. Caudate volumetric increases appear to occur early in development and persist throughout
the lifespan in FXS [96], consistent with findings documenting EF deficits, including perseverative
responding, are found from early childhood to adulthood in individuals with FXS. Furthermore, caudate
enlargement also has been found to be related to reduced FMRP expression, suggesting a possible
progressive dose-dependent relationship between protein and brain volume [92,95]. In conjunction
with similar findings of a relationship between reduced FMRP expression and more severe EF deficits,
this indicates a potential pathway from reduced FMRP leading to increased caudate to EF dysfunction.

Individuals with FXS also have demonstrated reduced volume of the cerebellar vermis [92,96,98,
104,105], a region with known involvement in working memory, cognitive flexibility, and planning [106].
On the other hand, inconsistent findings have emerged regarding cerebral volume in FXS, though
regional differences largely accounted for these inconsistencies [41,91,96,99]. For example, several
groups have found increased volume of parietal lobes [92,98] but reduced volume of frontal
lobes [94,98,99]. Frontal lobe involvement in EF has been widely-documented (for review see [107]),
thus it is not surprising FXS patients have demonstrated reduced volume in this region. The alterations
in the parietal cortex previously have been associated with failures to flexibly shift behavior in
ASD [108,109], suggesting it may contribute to these deficits in individuals with FXS.

Additionally, previous findings have found altered white matter tract circuitry in individuals
with FXS using diffusion tensor imaging [110]. The dorsal—-prefrontal circuitry, which includes the
caudate, has prominent roles in working memory, set-shifting, and processing speed (for review
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see [111]). Haas and colleagues [112] also reported greater relative fiber density in the left ventral
frontostriatal pathway in young male FXS participants compared to both typically-developing and
developmentally-delayed controls. As these findings were observed as early as one year, this suggests
frontostriatal white matter tract abnormalities, like increased caudate volume, appear early in life and
thus likely reflect alterations in pre- or perinatal brain development. Together, this suggests abnormal
development of the frontal-striatum-parietal-cerebellum networks likely is involved in executive
dysfunction in FXS [26,113].

In a previous study, regional differences in caudate volume related to distinct behavioral
phenotypes. For example, the ventromedial caudate of the orbitofrontal cortex (OFC) was associated
with social abnormalities, whereas the dorsolateral caudate of the dorsolateral prefrontal cortex (DLPFC)
was associated with repetitive speech and behavior, aspects of impaired cognitive flexibility [89].
Though behavioral findings have implicated extensive overlap in neural structures responsible for
EF, this finding suggests subtle regional difference in neuroanatomical abnormalities may selectively
disrupt processes involved in certain areas of EF. It also may suggest that observed behavioral deficits
may arise from numerous neural abnormalities. For example, the OFC also is involved in reward
processing [114], which is important in dimensional sorting tasks of cognitive flexibility. Thus, high rates
of perseverative errors found in FXS may be maintained by both disruptions to reward processing in
OFC and propensity towards repetitive behavior in DLPFC. Still, more studies directly examining the
relationships between structural brain abnormalities and clinical phenotypes are needed.

3.2.3. Functional Brain Imaging Studies

Only a few functional brain imaging studies during EF measures have been completed in
FXS [26,49,54,60]. Though these studies differed in sample sex, control group, and EF domain, findings
consistently demonstrated that FXS patients show a pattern of reduced activation in frontostriatal
regions critical for EF. For example, during an n-back task of nonverbal working memory, females with
FXS did not exhibit expected increases in frontal activation when cognitive load increased, and this
reduced activation was related to worse working memory performance as well as reduced FMRP
expression [49]. A similar finding was observed in females with FXS during an inhibitory control task,
such that reduced FMRP expression related to both worse inhibitory control performance and greater
reductions in prefrontal cortical, basal ganglion, and hippocampal activation. Together, these findings
implicate the involvement of FMRP in the disruption of frontal-striatum-parietal-cerebellum circuitry,
and in turn, executive dysfunction. As this appears to be a progressive deficit with reduced FMRP
expression, the circuitry may be more disrupted and less able to appropriately modulate activity when
cognitive load increases. This assertion is further supported by several previous behavioral studies
discussed earlier, in which EF performance deteriorated as cognitive load increased (i.e., working
memory, selective attention).

Interestingly, several fMRI studies documented evidence of compensatory brain mechanisms
to support EF performance in males and females with FXS [26,54,60]. For example, Hoeft and
colleagues [54] found that during a go/no-go task of prepotent response inhibition, males with
FXS showed reduced right frontostriatal activation, but increased left ventrolateral prefrontal cortex
activation compared to both IQ-matched DD and CA controls. These findings occurred in the
absence of differences in behavioral performance, suggesting compensatory bilateral activation of
prefrontal regions may have improved abilities to withhold prepotent responses in males with FXS.
The authors also found that males with FXS who demonstrated greater activation in left ventrolateral
prefrontal cortex also had higher levels of FMRP expression. This provides further evidence of
the effect of progressive FMRP deficit on EF, suggesting the ability of the brain to develop and use
compensatory mechanisms only may be afforded to males with FXS with some FMRP production.
Consistent with these findings, previous fMRI studies also have documented that females with FXS
with higher levels of FMRP demonstrated increased compensatory activation with recruitment of
bilateral (versus left-lateralized) prefrontal regions during a distractor interference task [59]. Females
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with FXS demonstrated comparable errors to CA females, but reduced reaction times, suggesting they
also may have adopted a behavioral strategy to sacrifice speed for sake of accuracy. Though differences
in activation patterns for FXS and CA participants also may have been due, in part, to differences in
behavioral performance. Thus, several studies provide evidence that some individuals with FXS show
compensatory bilateral activation of regions known to support specific EF domains (i.e., prepotent
response inhibition, distractor interference, nonverbal working memory) that tracks not only with
better behavioral performance, but also with FMRP expression. Taken together, previous structural
and functional imaging studies provide critical insight into disrupted brain regions and circuitry that
likely contribute to EF deficits in FXS, though the specificity of these findings to FXS and selectivity to
distinct brain alterations and corresponding EF deficits remains unclear.

3.2.4. Potential Mechanisms Underlying EF Deficits in FXS

Together, this section has highlighted the potential critical links between FMRP, brain function,
and EF deficits in FXS. FMRP is required for normal dendritic pruning, and its absence can lead to
immature synapses, aplastic, and non-specific connections, and presumed aberrant activity within
affected structures [7,115,116]. The absence of FMRP is presumed to alter structural integrity of
neurons and lead to downstream aberrant neural connectivity [117]. This provides one potential
mechanism linking the FMRI gene to executive dysfunction through disrupted development of
frontal-striatum-parietal-cerebellum circuitry. Still the precise processes underlying this developmental
cascade remains poorly understood. FMRP is expressed throughout the cerebral cortex, cerebellum,
hippocampus, and thalamus during embryonic development [118,119], suggesting its absence could
have widespread neural effects as demonstrated in behavioral findings. Regional differences in
volumetric findings may provide key insights into possible divergent trajectories in neurodevelopment.
For example, volumetric enlargements may indicate reduced post-natal synaptic pruning, as suggested
by findings of increased volume of caudate nucleus and of increased frontostriatal white matter tract
density as early as 1-3 years in males with FXS [112]. In contrast, volumetric reductions may indicate
pre-natal effects of deficient FMRP leading to disrupted post-natal maturation.

Additionally, imbalance of excitatory: inhibitory neural activity, including within PFC, repeatedly
has been documented in slice, rodent, and human models, yet its relation to cognitive deficits has been
sparsely investigated [120-122]. Enhanced gamma frequency activity in local circuits during rest and
disrupted evoked gamma oscillations have emerged as a relatively conserved and stable biomarkers of
neural hyper-excitability in translational models of FXS [123,124]. Gamma oscillations are generated
by local synaptic interactions of excitatory and inhibitory neurons and controlled by rhythmic firing of
inhibitory interneurons, including parvalbumin positive (PV+) fast-spiking interneurons [125]. Thus,
observed neurophysiological alterations in FXS humans and FMR1 KO mice may reflect failures of
PV+ neurons to mediate gamma oscillations. Phasic variation in gamma power in association cortex is
known to regulate crucial cognitive functions in mice and humans, and thus alterations in gamma band
neurophysiology we observe may contribute to cognitive deficits, including executive dysfunction,
in FXS [126,127]. For example, high background gamma in FXS may restrict the neural system’s
ability to send high gain signals to alert a change in behavior is needed. Studies of individuals with
schizophrenia and mouse models of this disorder have documented the association between PV+
interneuron dysfunction and altered gamma oscillations and EF deficits, including those in working
memory and cognitive flexibility [125,127-131]. This provides evidence of failure to phasically increase
gamma oscillations needed to perform EF functions due to saturated background gamma activity. Still
future translational studies are needed determine if or how well-documented EEG abnormalities of
both local and long-distance connections are related to EF deficits in individuals with FXS as well as
FMR1 KO mouse models, as this is critical for drug discovery and novel treatment development.
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4. Crucial Considerations

The >50 studies of EF in FXS reviewed were completed across a wide range of IQ levels (male: 30-82;
female: 46-112) and ages (1-75 years), included both single and co-ed sex samples, and used many
different EF measures. Though important findings have emerged with new insights in potential
component processes underlying EF deficits in FXS, inconsistences across studies still limit our ability
to interpret these findings. Multiple crucial methodological issues and confounding factors that could
have affected EF performance in individuals with FXS are addressed, with suggestions for future work
in this area.

4.1. FXS Sample Characteristics

The inclusion of a wide spectrum of ability levels and ages in EF studies of FXS helps capture
the breadth of behavioral and cognitive presentations in this patient population, but also likely
confounded findings by potentially washing out effects within specific subgroups of individuals.
Factors such as medication usage and co-occurring diagnoses also likely confounded EF performance in
individuals with FXS. For example, stimulants may have improved certain aspects of EF like attention,
processing speed, and inhibitory control, whereas atypical antipsychotics and benzodiazepines
may have punitively impacted aspects of EF like processing speed, attention, working memory,
and inhibitory control as previously shown [132]. Yet, the majority of studies did not provide data
on medication usage for FXS participants (or control groups), and among those studies that did,
medication classes were not specified. This makes interpreting findings challenging, especially as
some studies showed on-medication participants performed better than those off-medication [56],
while others found the opposite trend [31]. Only three studies excluded for psychotropic medication,
which is reasonable given known effects on EF [16,41,50]; however, medication-naive studies are
neither representative or feasible in the FXS population. Thus, it is critical for future studies to address
potential confounds of medication usage on performance as well as specifically examine performance
by medication class when possible within FXS participants.

Furthermore, few studies reported or accounted for co-occurring conditions in FXS participants.
Because co-occurring conditions like ASD and ADHD likely arise from the FMRP deficit, it is difficult to
determine the extent to which the pathophysiological processes underlying EF deficits overlap or differ
from those underlying these neurodevelopment disorders, which have their own well-documented
EF deficits (for review see [133,134]). It also is possible that affected component cognitive processes
clinically manifest as both EF deficits and behavioral presentations of these co-occurring conditions
or that the observed EF deficits may reflect cognitive traits of other genetic liabilities superimposed
upon the FXS phenotype [135,136]. Though the mechanisms remain unknown, it is not surprising that
numerous studies indicated EF deficits worsened with more severe ASD symptoms in individuals
with FXS [31,35,36,63,64]. Two previous studies excluded participants with DSM-IV diagnoses and
one specifically excluded for ASD [32,46,61], though the majority of previous studies did not take ASD
of ADHD symptomatology into account (i.e., using clinical variable as covariate) when assessing for
EF deficits. Thus, this latter approach as well as comparing EF performance in FXS participants with
and without ASD (or ADHD) may be important considerations for future studies.

4.2. Control Group Selection

In addition to highly variable patient groups, previous studies also were highly variable in their
choice of comparison control groups. Using a CA control group was not common (1 = 12) among
studies, as it simply compares groups that by definition operate at different developmental levels.
Using a CA control group still may be appropriate in initial studies characterizing how EF in FXS
differs from typical development, as done in the majority of structural and functional brain imaging
studies in FXS [26,49,60]. In contrast, using an MA control group was the most common approach in
previous studies (n = 21). Yet, using a MA control group is based on the assumption that acquisition of
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skills and performance on target variables should be similar between groups despite not matching
on CA [137]. However, previous studies demonstrated that developmental profiles of EF often differ
between individuals with FXS and MA controls [31], contradicting the assumption. This is especially
problematic in a case when a 30-year old FXS participant with a mental age of five years is matched to
a six-year old control participant with a similar mental age. Due to possible confounds of maturation
and history effects, it would be difficult to determine, for example, whether the absence of a deficit
was due to compensatory processes developed over time in the individual with FXS [26,49,60] or
whether the presence of a deficit only appeared at certain chronological ages as implicated by some
prior findings [31,50]. Another assumption put into question is whether overall MA is representative
of current functioning, as van der Molen and colleagues showed that EF performance varied based
on whether verbal or nonverbal MA was used in comparison [32]. This suggests previous studies
using combined MA comparison group may have over- or under-estimated EF deficits in FXS. Taken
together, CA and MA control groups each have their own pitfalls, many of which are difficult to avoid.
Matching on both mental and chronological age is the ideal option; however, is not always feasible
from a recruitment standpoint, and it is often unclear which types of comparison disabilities should be
utilized (e.g., Down syndrome, iDD, etc.).

Additionally, similar issues also arose in studies using iDD or syndromic control groups. Studies
widely varied on whether these groups were matched (if at all) on chronological age, mental age,
or IQ. The critical problem here is that it assumes differences on target variables are genuine difference
between syndromic groups rather than confounds such as differences in developmental trajectory
or brain maturation rate. Though using iDD or syndromic control groups carry many advantages,
including determining the specificity of findings, additional caution should be made when interpreting
findings in future studies that do not control for additional aspects. Overall, choosing appropriate
control groups is extremely challenging in FXS studies as usually the most ideal group often is not
feasible. Careful consideration and acknowledgment of potential confounds related to control groups
is recommended in future studies as these decisions may limit implications of findings.

4.3. Measures

The majority of measures chosen to assess EF in FXS were either part of a common
neurophysiological battery (e.g., Woodcock Johnson III, Wechsler tests) or adapted from these
more traditional measures (e.g., day/night task adaptation of Stroop). Many studies also chose
commonly used measures that do not have standardized versions (e.g., n-back, antisaccade, go/no-go),
and less frequently, studies created new experimental measures [62,64]. Independent of domain
or type of measure used, individuals with FXS had reduced completion rates compared to CA
and MA controls, especially among males with FXS. However, a smaller percentage of FXS
participants completed verbal and nonverbal working memory measures compared to measures of
inhibitory control [14,16,22,26,31,34,35,52,53,56,57,59], attention [15,18,19,50,52,56,63], and processing
speed [22,31,35,56]. Working memory completion rates were highly dependent on task complexity,
with higher load tasks with lower completions rates than lower load tasks [22,31,32], consistent with
findings demonstrating worse performance as complexity increased. A similar finding was observed
in studies using selective attention measures [56]. Cognitive flexibility and planning measures had
among the lowest completion rates (e.g., <30%; [22,23,31,46,48,55]). Of note, individuals who did
not complete measures were more likely to have lower MA, higher autistic symptomology, and not
taking psychotropic medication [14,22,23,35,63]. This suggests previous studies only captured EF
performance in a smaller subset, and perhaps less representative sample, of individuals with FXS. Thus,
given the high rate of failures across EF measures, this suggests development of more appropriate
measures is needed for individuals with FXS.

Traditional neuropsychological measures have many benefits, including verified psychometric
properties, published normative data, and standardization of administration and scoring procedures.
Still the vast majority of these measures are not be suitable for the FXS population due to heightened
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floor effects and task complexity as well as lack of normative data for developmental delay
populations [138,139]. In fact, completion rates were lowest among standardized measures compared
to adapted or experimental measures. Additionally, many traditional neuropsychological measures
assessed multiple domains of executive function simultaneously, making it difficult to determine
component processes impaired. For example, the Wisconsin Card Sorting Task (and other dimensional
sorting tasks) is primarily a measure of cognitive flexibility; however, working memory is necessary
to keep the current rule online, inhibition of distractors and prepotent responding is required to
limit perseverative and non-perseverative responses, and both selective and sustained attention are
important in selecting responses and staying on task, respectively. Thus, poor performance on the task
may be less specific to cognitive flexibility deficits in FXS, but may be due to, in part, other aspects of
executive dysfunction. Lastly, many traditional measures often heavily depend on verbal instructions
and sometimes even verbal responses, which increases potential confounding factors in this disorder
with prominent expressive and receptive language deficits. Overall, the psychometric advantages
of traditional neuropsychological measures may not outweigh the challenges associated with using
these measures in FXS participants. Thus, careful consideration should be made prior to choosing
standardized measures, especially in term of floor effects and specificity of findings.

Several studies examined feasibility of using standardized computer or application-based testing
batteries of executive function abilities, including NIH Toolbox, Cogmed Working Memory, and Kiddie
Test of Attentional Performance (KiTAP) [35,56,140]. These electronic batteries had distinct advantages
over more traditional neuropsychological batteries, including increased participant familiarity with
computer/tablet interface, flexibility in testing positions, button or touch response, limited verbal
demands, and increased motivation based on ‘game’ environment. Though developmental extensions
for two of the NIH Toolbox measures (e.g., dimensional change card test and flanker) were available for
FXS participants and allowed for higher completion rates and lower basals, psychometric properties
of the development extensions have not yet been established. This suggests the potential benefit of
modifying traditional measures to be more developmentally appropriate for this population, but more
studies are needed to confirm the validity of these measures. Though many of these measures did
not have such modifications, there still is promise in using batteries based on initial feasibility studies
based on findings of high test-retest reliability, convergent and divergent validity, and acceptability
among participants [35,56,140], especially when developmental modifications are available.

Less often, groups adapted standardized or non-standardized versions of EF measures to be
more child-friendly and appropriate for use in FXS participants or even rarer, developed their own
experimental measures [20,50,53,62,64,65,83]. Among these previous studies, common modifications
were implemented, including incorporating a simple story to increase engagement, using visually
appealing stimuli, and rewarding correct responses. Given the high levels of completion and reduced
floor effects among these studies, it suggests minor modifications may allow for the assessment of EF in
a wider range of FXS participants, consistent with findings from the modified versions of NIH Toolbox
measures. Though, test-retest reliability and other psychometric properties largely have not yet been
established for these performance-based measures, which is a critical aspect to measure selection,
especially within clinical trials. Taken together, modified measures appear to be the most appropriate
when examining EF in FXS, though the psychometric properties and sensitivity to change over time
longitudinally or in response to intervention warrant future study. Importantly, this suggests that the
majority of measures used in previous studies are not ideal for individuals with FXS and additional
work is needed to develop more appropriate measures of EF in this and similar patient populations.

4.4. Scoring and Analysis Method

One reason the majority of measures were not appropriate for individuals with FXS was because
adequate scores often could not be obtained from FXS participants due to floor effects. Though this
may be an effect of measure, it also suggests alternative scoring or analysis methods are needed when
assessing EF in this developmental disorder. Floor effects are well-documented in this population [138],
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which become particularly problematic when trying to track change over time or in response to
treatment, as a large range of low raw scores equate to the lowest standard score. Indeed, many studies
instead used raw scores, which has been recommended from several groups when assessing cognitive
functioning in this population [141]. Additionally, a promising method was developed to calculate
deviation scores based on raw scores in order to better capture cognitive performance in XS by lowering
the floor of the Stanford-Binet fifth edition (SB-5) and Wechsler Intelligence Scale for Children-Third
Edition (WISC-III) [138,139]. For example, by expanding the floor of the SB-5, individuals with FXS
were noted to have significantly lower verbal working memory performance than was indicated by
standard scores, and it became a clear weakness as evidenced by being approximately six standard
deviations below the mean, relative to most other domains [138]. Yet, this deviation score approach
only has been applied to SB-5 and WISC-III thus far, warranting exploration of its use for other
neuropsychological measures of EF, especially as this may be an alternative solution to developing
new or modified measures.

In addition, choice of dependent variable is an important consideration when assessing EF in
FXS. The majority of studies used one or two variables (e.g., reaction times and correct response rates)
to quantify performance, which could greatly simplify the complex processes assessed during EF
measures. As a result, relevant factors could be overlooked and thus impede our understanding of
mechanisms underlying impairments. For example, categorizing error types proved useful in multiple
studies as it showed individuals with FXS had a propensity towards repetitive, or perseverative
responding, during distractor interference, cognitive flexibility, and selective attention measures that
was not observed in other syndromic disorders like DS and WS [18,19,46,52]. Thus, consideration of
additional relevant variables that may better reflect component processes may be important for future
EF studies in FXS. Additionally, choice of dependent variable (and measure) is critical to consider in
the context of clinical trials in its ability to detect real change when it occurs amid other factors leading
to variability/improvement. Relatedly, it also is important to consider whether certain measures and
dependent variables reflect more meaningful clinically significant changes as opposed to statistically
significant changes. However, our review of the literature demonstrates we remain limited in this
regard and future studies helping to determine these answers are critically needed.

4.5. Lack of Analogous Paradigms in Translational Studies of Rodent Models of FXS

In order to better understand the mechanistic bridge from gene to behavior in FXS, it is important to
examine EF performance in FMR1 KO mouse models of FXS during translational behavioral measures.
The development of clinically- and biologically-relevant behavioral assays comparable to those used in
humans is an area that warrants further consideration. Though tests of anxiety, seizure susceptibility,
sensorimotor gating, sociability, and sensory hypersensitivity have been readily implemented in
FXS rodent models, few have explored executive dysfunction [126]. Moreover, no study to date has
examined EF performance in both species using parallel measures. Previous studies have documented
EF deficits in FMR1 KO mice, though findings are more variable than those found in human studies.
Additionally, measures used in rodent students often are not analogous to those used in human studies.
For example, several studies have reported mild to absent working memory and cognitive flexibility
deficits in FXS rodent models [142-144] despite the consistency of these findings in FXS humans.
One possible explanation for inconsistent findings across species is the use of the Morris water maze to
assess nonverbal (spatial) working memory in FMR1 KO mice [142,145], for which there is no human
equivalent. In addition, absence of findings in mice may have been due, in part, to relatively intact
nonverbal working memory in FXS humans compared to verbal working memory, especially when
cognitive load is low, suggesting Morris water maze may be too easy for the mice to complete.

On the other hand, during a five-choice serial reaction time task [146], FMR1 KO mice show
quicker response times, more false alarms, and more perseverative responding compared to WT mice
during reversal trials [147,148]. Yet, perseverative responding normalized with successive training in
FMR1 KO mice, suggesting behavioral intervention similarly may help reduce perseverative behavior
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in individuals with FXS. Krueger and colleagues [149] also reported increased cognitive flexibility
errors during a spatial discrimination reversal learning task in FMR1 KO mice (though error type was
not specified). Thus, difficulty extinguishing a previously rewarded stimulus is consistent with findings
from FXS participants during measures of distractor interference, cognitive flexibility, and selective
attention, and suggests perseverative responding may be relatively conserved across species.

Additionally, Krueger and colleagues [149] reported that cognitive flexibility errors were associated
with decreased synaptic markers in orbitofrontal and medial prefrontal cortices, and that reductions in
postsynaptic proteins preceded expression of cognitive flexibility impairments. These findings suggest
a potential causal link between loss of FMRP expression in the PFC and cognitive dysfunction that
has only previously been implicated in human imaging studies. Given evidence of the selectivity of
specific cognitive flexibility errors in FXS as well as potential insights into gene to behavior pathways,
development of parallel measures in individuals with FXS and mouse models may be particularly
important. For example, analogous reversal learning paradigms have been used in individuals with
ASD and BTBR mouse models of ASD and have identified similar cognitive flexibility deficits in
both species [108,149,150]. Currently, our group is piloting the same measure in individuals with
FXS, with preliminary findings suggesting increased perseverative errors compared to CA controls
(unpublished). This ongoing work in collaboration with groups studying FMRI1 KO mice may be
critical to the development of translational biomarkers in FXS. Though examining EF deficits in FMR1
KO mice is still in its infancy, previous studies offer promising findings that suggest the importance of
this area in future research.

5. Conclusions and Future Directions

Previous studies have begun to characterize EF deficits in FXS as well as provide evidence
linking FMRP expression to frontal-striatum-parietal-cerebellum circuitry and, ultimately, executive
dysfunction. Our review also highlighted that perseverative responding emerged as one the most
consistent findings across measures and most specific to FXS. Yet, critical gaps in our mechanistic
understanding of these deficits remain. A focused effort on developing translational measures that
can be used across species and methods (i.e., behavioral, EEG), is selective towards one EF domain or
cognitive process, and minimizes undue burden on the FXS participant is critical to bridging this gap.
By advancing our understanding of the pathophysiological processes underlying EF deficits in FXS,
as a field we will be better-suited to target EF in treatment studies. Outcome measurement of EF in
FXS clinical trials remains in its infancy. Though some traditional neuropsychological measures have
demonstrated high test-retest or reproducibility in this patient population (for complete list of measures
see [141]), individuals with FXS showed improvement only one measure (i.e., RBANS List Learning)
following open label treatment trial with lithium [151]. Still authors even reported that the cognitive
battery was too difficult for most FXS participants to complete, suggesting the measures chosen were
not appropriate for FXS participants, especially in the context of clinical trials. A recent review of
outcome measures suggested potential outcomes measures in FXS treatment studies [152], including
specific KiTAP and Woodcock-Johnson subtests. However, these measures only have been used in FXS
during initial feasibility studies [56], suggesting studies are needed to confirm their appropriateness in
this patient population, especially during treatment trials. Thus, as a field it is important to critically
examine the state of literature, and focus future work on identifying (or developing) measures of EF
with high test-retest reliability and construct validity that also link to hypothesized neurobiological
mechanisms as this would allow for greater potential of success in future clinical trials.
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Abstract: Over the past 20 years, research on fragile X syndrome (FXS) has provided foundational
understanding of the complex experiences of affected individuals and their families. Despite this
intensive focus, there has been little progress on earlier identification, with the average age of
diagnosis being 3 years. For intervention and treatment approaches to have the greatest impact,
they need to begin shortly after birth. To access this critical timespan, differential methods of
earlier identification need to be considered, with an emerging focus on newborn screening practices.
Currently, barriers exist that prevent the inclusion of FXS on standard newborn screening panels.
To address these barriers, an innovative program is being implemented in North Carolina to offer
voluntary screening for FXS under a research protocol, called Early Check. This program addresses the
difficulties observed in prior pilot studies, such as recruitment, enrollment, lab testing, and follow-up.
Early Check provides an opportunity for stakeholders and the research community to continue to
gain valuable information about the feasibility and greater impact of newborn screening on the
FXS population.

Keywords: fragile X syndrome; newborn screening; early identification

1. Introduction

Although parents, pediatricians, and early educators frequently identify early developmental
differences in infants and toddlers with fragile X syndrome (FXS) [1], it often takes up to 2 years
between first concern and diagnosis in males. As a result, the average age of diagnosis for a child with
FXS is around 36 months [2]. This timeline is even longer for females, who tend to be less severely
affected as a result of their second X chromosome and X-inactivation. In addition to causing delays in
access to targeted interventions, there are important implications for the family because of this delay
in diagnosis. These include increased family emotional and financial stress related to the diagnostic
odyssey, as well as implications for reproductive decision making in immediate and extended family,
with many families having more than one child with FXS before a diagnosis is made.

There is now accumulating evidence that symptoms in FXS are detectable within the first year of
life [3-5]. Both animal and neuroimaging studies suggest that the consequences of FXS begin in the
prenatal period with diminished production of fragile X mental retardation protein (FMRP) believed to
play a key role in early brain development [6]. Recent findings, suggesting white matter development
differences in the brains of infants with FXS as young as 6 months of age [5], confirm that neurological
differences are evident before observable symptoms appear.

Therapeutic development has been on a rapid course since the early 2000’s, when a theory
was proposed suggesting that excessive mGluR5 function was associated with reduced FMRP [7].
This theory led to several studies demonstrating “rescue” of the FXS phenotype in finrl knockout
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mice [8-10], which subsequently led to an increase in clinical trials for mGluR5 inhibitors [11].
Although a cure has yet to be fully realized, the pace of discovery in the basic science realm has
generated excitement within the FX (fragile X) community and has spurred increased discussion
of how to maximize the potential benefit of emerging therapeutics. Symptom-based behavioral
interventions are most commonly used in this population, incorporating multiple disciplines and
techniques to address needs in individuals and their families; however, there is limited knowledge
of the effects of these pre-symptomatically or early on in development. Overall, most researchers
and clinicians agree that for a treatment to be most effective for improving long-term outcomes for
individuals with FXS, it would need to be implemented very early, likely within the first year of life.

As a result of this gap between the potential benefits of earlier diagnosis and the reality of
age of diagnosis, there has been increasing interest in earlier identification of FXS. Several solutions
have been proposed to facilitate earlier identification [12], including preconception carrier testing,
newborn screening, and systematic universal developmental screening of infants and toddlers. Of these,
the solution that has received the most attention is newborn screening (NBS). In this paper we discuss
current practice for early identification of individuals with FXS, describe possible screening approaches,
and outline a new project that offers voluntary newborn screening to all birthing parents in one state,
and use lessons learned from prior pilot NBS studies to guide our work.

2. Diagnosis of FXS

FXS is caused by an expansion of over 200 CGG repeats in the FMRI gene, resulting in significantly
reduced FMRP, which is necessary for healthy brain development. Although FXS is relatively rare
(1:4000-6000 male births, 1:6000-8000 female births), it is considered the most common form of
inherited intellectual disability and one of the most well-studied genetic causes of autism spectrum
disorders. Although there are clear guidelines by groups such as the American Academy of Pediatrics
and the National Society of Genetic Counselors regarding focused screening recommendations, FXS
still remains under recognized [12]. Current practices for receiving a diagnosis for FXS almost always
involves a significant “diagnostic odyssey” on the part of the family [13]. This odyssey may start
when parents recognize there are delays in their child’s development, usually noticeable by 9 months
of age [4], leading them to report their concerns to their child’s pediatrician. The pediatrician may
respond with a referral for a developmental evaluation and/or early intervention services, or they may
suggest taking a “wait and see” approach, further delaying access to treatment. Even when a child
receives timely access to early intervention, they will likely first receive a diagnosis of developmental
delay or autism, and even this diagnosis can take up to 12 months to obtain. It may take several more
years before genetic testing for FXS is recommended. During this time, many families, not knowing
their reproductive risk, will go on to have additional children with FXS.

Several solutions to reduce the diagnostic odyssey and allow for earlier identification of FXS
have been proposed. Maternal testing for preconception carrier status would allow for more informed
reproductive decision making and planning and is reported as the preferred timing by parents who
are already caregivers to a child with EXS [14]. However, current practices for preconception genetic
testing generally require a family history or other risk factors to trigger testing. Further, universal
preconception testing would require that each pregnancy is planned and that potential parents have
the resources to seek and receive this testing prior to conception. Another option is pairing genetic
testing with systematic universal developmental screening procedures for observed delays. This would
refine the current problem-based evaluation of children but would still delay the diagnosis until after
the child was symptomatic. The earliest, most universal approach would be to focus on fetal testing
or newborn screening. Prenatal testing for conditions like FXS is controversial, especially given the
lack of refined prognosis prediction due to the spectrum of phenotypic outcomes, most markedly in
females. The use of prenatal testing is becoming more common and allows for reproductive choice,
early identification, and access to intervention; however, universal access to prenatal testing is varied
throughout the population, posing a barrier to many. NBS therefore has emerged as the solution with
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the greatest potential to reach the most individuals and with the least potential of bias towards income
and access to healthcare [15].

3. Fragile X and Newborn Screening

For a disorder to be included on the Recommended Uniform Screening Panel (RUSP) for NBS, it
must meet a specific set of requirements [16]. These factors broadly include overall benefit of screening
(e.g., health status and importance of early identification) as well as feasibility and current readiness
for state-level implementation (e.g., validated screening assays, state health laboratory capacities).
While a disorder may meet some or all of the criteria, it is still within the authority of the Advisory
Committee on Heritable Disorders in Newborns and Children and the Secretary of Health and Human
Services to make a final recommendation for conditions considered for the RUSP. Implementation of
NBS for disorders on the RUSP is overseen by state public health departments that determine which
disorders to screen for, streams of financing for screening procedures, and ways in which follow-up
and support can be provided to identified infants and their families [13].

Proponents of the addition of FXS cite a high enough prevalence rate and level of impairment
along with an array of behavioral and developmental interventions consistent with RUSP guidelines,
making it a viable candidate for NBS. However, the lack of an inexpensive and valid screening measure
for FXS, no proven medical treatment, and no feasibility studies, have stood as significant barriers [13].
To address these concerns, several studies exploring the feasibility, buy-in, and acceptability of NBS
for FXS have been conducted.

In 2008, a multi-site study aiming to identify the extent of acceptance, any adverse experiences
that may occur because of early identification to the infant, and a feasible consent process for FXS
NBS was executed [17]. Encouraging findings emerged, particularly around parent buy-in and uptake.
At the end of the study, screening opportunities had been offered to over 28,000 families and accepted
by 62%. Although initial perceptions were positive, difficulties with NBS screening in FXS were also
identified, particularly related to recruitment and consent. Since FXS was not yet on the RUSP, a direct
consent model needed to be implemented to allow screening for this disorder to occur. In this study
in-hospital direct recruitment was implemented. While findings showed feasibility in this approach,
accompanying challenges included difficulty with recruiting mothers soon after birth and training
of hospital staff to effectively and independently recruit families. Consent was required from both
parents, which was an additional challenge for maximizing opportunities for all families [17].

Recently, a comprehensive review of the literature and expert report identified ongoing barriers
to implementation of universal NBS for FXS [18]. These barriers include issues related to identification
of carriers, varied access to early intervention, no effective medical treatment for FXS, issues related
to uncertainty and anxiety for caregivers, and implications for family planning. Until recently, a
feasible and affordable screening test was not available. Finally, the capacity for follow-up across states
is unknown. An expansion of public and professional education is needed to adequately support
identified infants and families and to overcome these barriers.

Fragile X Premutation as a Complicating Factor for Newborn Screening for FXS

One of the more controversial concerns regarding NBS for FXS is the detection and reporting of
infants with an FMRI premutation (PM). FMR1 premutations occur when the number of expanded
CGG repeats is between 55 and 200, and is much more common (1:200 females, 1:430 males) [19-21]
than FXS. Given the high number of infants with the PM that would be identified through NBS, the
main challenge would be the large burden on providing genetic counseling to so many families.

In addition, it may be challenging to convey the uncertainty that comes from a PM result.
Decades of targeted research have shown that the PM conveys its own set of health risks and phenotypic
traits [22-24], although these are often seen in adults, not infants. These include two well-documented
conditions; FX-associated primary ovarian insufficiency (FXPOI) [25] and FX-associated tremor ataxia
syndrome (FXTAS) [26], as well as a host of other cognitive, emotional, and medical problems. Similarly,
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individuals with the PM are frequently referred to as “carriers” because of the increased risk for having
offspring with FXS in women with a PM. Recent emerging evidence suggests there may be increased
risk for developmental delays or differences in a subset of young children with the PM indicating a
potential need for early identification of the PM. Furthermore, individuals with a high CGG repeat
number in the PM range (e.g. >150) may be at risk for a more similar phenotype to those with a
diagnosis of FXS due to repeats above 200 [27-30].

It is important to highlight however that most individuals with a PM will have few to no
developmental challenges or health risks. The majority of PM alleles are in the 55-70 range, a range
that confers a much lower risk of expansion in the next generation and is believed to have fewer
associated health risks than alleles with >70, although there is evidence to suggest this may not always
be the case. For example, there are several reports of FXTAS occurring in individuals with CGG repeats
in the low PM range [31] and multiple studies suggest a curvilinear pattern of risk with those with
mid-range CGG repeats having greater risk for poor outcomes than those with low or high range
repeats [32-36].

Without additional biomarkers to help predict risk, conveying information about the PM is
complex and challenging. Our limited information about genotype—phenotype associations in the PM
is a problem for NBS for FXS; however, it also increases the need for prospective studies examining the
natural history of these conditions. Ultimately, the full range of the PM is unlikely to meet the criteria
of proven benefit for NBS. However, inclusion of the PM in pilot studies of NBS for FXS allows for
the opportunity to identify which infants may be at greatest risk for the spectrum of developmental
concerns associated with FXS and can help with the identification of potential biomarkers that can
help guide prognosis and treatment.

4. Early Check: Expanded Screening in Newborns

With a better understanding of the barriers and promising evidence for NBS in FXS, a diverse
team of researchers, clinicians, public health professionals, advocacy groups, universities, and state
institutions have come together to create an innovative program called Early Check (www.EarlyCheck.
org). Early Check offers voluntary screening for a second panel of conditions that are not part of
standard NBS. One of the goals of Early Check is to facilitate earlier identification of conditions not
currently eligible for the RUSP to promote greater understanding of the natural history of the condition
and allow for pre-symptomatic treatment studies. More specifically, Early Check aims to address
condition-specific questions regarding (1) prevalence rates and medical implications of the disorder
on the public health system, (2) practicality and feasibility of affordable screening assays that can be
performed using dried blood spot (DBS) specimens, and (3) efficient follow-up practices, connecting
identified individuals and families to interventions and treatments, as well as clinical trials.

To address the challenges of providing voluntary newborn screening, Early Check has established
collaborations with a state public health laboratory, three local university medical centers, and
biotechnological corporations to expand capabilities of the use of DBS specimens. Early Check
has a diverse lab team of experts in newborn screening, informatics, neuroscience, chemistry, and
molecular biology developing and executing innovative methodologies in the world of newborn
screening. Furthermore, execution of various pilot studies for recommended conditions such
as X-linked adrenoleukodystrophy (X-ALD), has expanded the expertise of Early Check team
members in navigating and better understanding state-level requirements for the implementation of
new conditions.

The first step of the Early Check process is to disseminate information through strategic
outreach campaigns that are easily accessible to birthing mothers. Early Check developers spent
considerable time establishing targeted communication and recruitment procedures as well as an easily
accessible online consent module to access, inform, and enroll as many birthing mothers as possible.
Formative evaluations utilizing extensive literature reviews, focus groups, and pilots of materials
supported and facilitated the creation of a comprehensive campaign to spread the news of Early
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Check throughout the state of North Carolina. These efforts are paired with a user-friendly web-based
consent portal to achieve a representative comprehensive sample. Through a phased model of roll out,
Early Check will access a variety of communication networks to inform and provide birthing mothers
the opportunity to access expanded screening for rare disorders. Participants can consent through
an electric permissions portal in the pre- and post-natal periods. Once an enrolled infant’s newborn
screening test is complete, Early Check laboratory staff use the residual DBS specimen to run targeted
assays on a panel of conditions.

Following screening, families identified with screen-positive results are provided confirmatory
testing and short- and long-term follow-up opportunities. For conditions with limited understanding
of the effectiveness of early behavioral intervention or medical treatments, Early Check has developed
a systematic follow-up program. Short- and long-term follow-up protocols include standard
confirmatory testing, genetic counseling, assessment of developmental functioning and growth,
and evaluation of parent well-being. Parents are provided the opportunity to engage in the Early
Check registry, allowing for continued dissemination of information on interventions, treatments, and
future studies.

5. Early Check and FXS

FXS is one of the introductory conditions included on the Early Check panel. This provides a
unique and invaluable opportunity to address the specific challenges faced by the FXS community
in attaining earlier identification. Below we outline specific components of Early Check designed to
capture the unique issues related to NBS for FXS.

5.1. Consenting

One of the first barriers faced in the pilot study of NBS for FXS were challenges with in-hospital
recruitment and achieving optimal uptake rates. To address this, we developed an electronic portal
consent aimed to remedy these challenges, such that (1) a person is not responsible for face-to-face
contact to recruit a family to enroll, (2) recruitment methodologies and access have been specifically
developed to provide a range of information to enhance informed decision making in parents during
the prenatal period and for approximately 4 weeks after the infant’s birth. These methodologies allow
for a differentiated and cost-effective option for wide recruitment and enrollment as compared to
previous practices that proved to be a challenge. While a universal system of recruitment would be
ideal, since FXS is not yet on the RUSP a voluntary consent-based model must be utilized.

Inclusion of the PM is also a challenge with regard to NBS. Although parents may appreciate and
desire knowing early about a condition like FXS, they may feel less sure about wanting to know the PM
status of their newborn. With Early Check, parents are offered a second tiered consent for the PM such
that they must first consent to screening for FXS. Once they have completed the consent procedures,
they are immediately offered the opportunity to also consent to receive information regarding PM
findings. This allows us to better understand the desires of parents to know PM status, while also
allowing the opportunity to identify and follow a subset of infants with the PM to develop a better
understanding of the natural history of the full spectrum of FMR1 mutations.

5.2. Laboratory Test

The lack of a validated, efficient, affordable screening assay for FXS has been a consistent
challenge for NBS. The Early Check laboratory team was able to successfully utilize a custom PCR
(Polymerase chain reaction)-based assay and analysis software program developed by Asuragen for
a high-throughput sample workflow to provide robust detection of FMR1 repeat expansions from
DBS specimens. This method was characterized by analyzing cell lines and quality control reference
material with CGG repeat sizes spanning a range of genotypes, including normal, premutation, and
full mutation alleles. The performance of this method was characterized by evaluating assay precision,
accuracy, sensitivity, and specificity, with the assay consistently performing within 5% of the expected
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CGG repeat requirements, with proficiency testing results in 100% concordance with the results from
reference laboratories. In addition, a straightforward sample preparation workflow was utilized for
the analysis of 963 de-identified newborn DBS samples from the North Carolina Laboratory of Public
Health NBS program to determine preliminary population distributions and to develop a screening
algorithm, with results finding 957 normal, 6 premutation, and 0 full mutation specimens.

5.3. Confirmatory Testing and Genetic Counseling

The great majority of mothers who participate in Early Check sign in to the secure portal and
read a reassuring, lay-language document indicating that their infant tested normal. They are also
provided a downloadable clinical screening report to provide to their child’s pediatrician. However,
approximately 460 of the 120,000 babies born in North Carolina each year are expected to have either
the fragile X full mutation or premutation. Given the sensitivity of the Asuragen assay, virtually all
of these cases are potentially identifiable through Early Check [17,37]. Despite the very low false
positive rate for the Asuragen assay, confirmatory testing is strongly recommended and is provided
free of charge up until the baby’s first birthday. Soon after the positive screening result is relayed,
parents are sent a cheek swab kit with instructions for collecting a buccal swab, which they send
to a local molecular laboratory in a pre-paid mailer for confirmatory testing. Carrier testing is also
offered to mothers of babies identified with the full or premutation and to fathers of girls with the
premutation whose mothers are found to have normal FMR1 alleles. Confirmatory test results include
CGG repeat number, possible AGG interruptions, and reflexive methylation studies on samples with
CGG repeats >100. Once screening results are confirmed, parents of babies with FXS will be offered
in-person genetic counseling at a centralized, easily accessible partner clinic. Parents of babies with
the premutation will be offered telegenetic counseling using a HIPAA (Health Insurance Portability
and Accountability Act)-compliant, app-based video-conferencing platform accessible through a
smartphone or computer.

Genetic counseling for FXS or the PM identified by Early Check is notably complicated by the
convergence of an unusual combination of factors. First, the concepts and implications of variable
expressivity, reduced penetrance, and an X-linked inheritance pattern nuanced by genetic anticipation
and mediated by the number of CGG repeats and AGG interruptions in a female fragile X premutation
carrier are far more challenging to explain than the simple genetic mechanism implicated in most single
gene conditions. In addition, communication about the uncertain potential effects of the premutation in
babies and in parents unexpectedly identified as carriers presents substantial challenges. Further, unlike
the typical FXS diagnostic scenario in which parents have often been searching for an explanation for
their child’s developmental delays, parents whose babies are identified pre-symptomatically through
Early Check will typically have had no forewarning about the diagnosis and may well doubt its
validity. Finally, North Carolina’s population varies widely regarding income, ethnicity, education,
and health literacy [38], presenting another challenge to the meaningful communication of these
results to parents. Given these confounding factors, it comes as no surprise that parents in the fragile
X newborn screening pilot sometimes required multiple conversations with a genetic counselor or
medical geneticist [17].

Early Check employs a multidimensional, parent-centered approach to returning results and
providing education and support, using an innovative suite of communication technologies including
automated emails and texts, carefully crafted educational websites, print materials, and visual aids
that reiterate and augment the genetic counseling content. Several metrics will be used to evaluate
the use and effectiveness of the genetic counseling intervention, including timing, number, duration,
and mode of contact with a genetic counselor, web content, and clicks on links to external resources.
Follow-up surveys will assess parent understanding, retention, well-being, and decision regret.
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5.4. Treatment and Intervention

The Early Check system provides parents with the opportunity for short- and long-term follow-up
options, including surveillance, connections to current clinical trials and treatments available, as well as
developmental monitoring and early intervention. All families will be offered the opportunity to have
their infant’s development assessed at two time points around 3 and 6 months of age. Families can
also choose ongoing surveillance via our longitudinal research registry.

All infants with FXS will be referred for community-based early intervention services, a federally
funded, state-based program that infants with FXS will be eligible for due to having an established
condition. Infants with the PM who agree to participate in our long-term follow-up research registry
will receive ongoing developmental monitoring via regular parent surveys and will be referred for
early intervention if they show signs of early delay. We have also developed a specialized clinic
where children identified with any condition through Early Check can receive ongoing medical and
developmental monitoring outside of a research protocol.

Because FXS has traditionally been diagnosed later in early childhood, there is very little known
about effective treatments for infants and toddlers with FXS. One case study followed the identification
of a child with FXS through a pilot NBS study and found significant positive effects of early intervention
practices on cognitive and behavioral functioning [39]. However, this has yet to be replicated. As part of
traditional early intervention, a multidisciplinary team approach, including pediatricians, neurologists,
and speech, developmental and occupational therapists, is commonly used to address areas that need
improvement [40]. Speech/language therapy focuses on expressive, receptive, and pragmatic skills,
whereas physical and occupational therapies address motor delays and sensory sensitivities.

Current treatments for older children with FXS include symptom-based behavioral and
pharmacological interventions. Pharmacological interventions are available to address comorbid
behavioral difficulties such as attention-deficit/hyperactivity, anxiety, sleep, and aggression.
Traditional long-acting stimulants in children over age 5 have been effective in addressing attentional
difficulties, and selective serotonin reuptake inhibitors show promising results when used to address
anxiety. Antipsychotics such as risperidone have also been utilized to address more significant levels
of hyperactive and aggressive behaviors [41-43]. For individuals with FXS and comorbid autism
spectrum disorder (ASD), evidence-based intervention strategies designed for young children at risk
for ASD also prove effective [44]. As of this current review, there are no targeted behaviorally based
interventions developed and validated specifically for young individuals with FXS.

While these intervention and treatment practices have been implemented and evaluated in
samples of older individuals with FXS, little is known about the earliest developmental trajectories
of these children and the lasting implications of intervention implementation pre-symptomatically.
A goal of Early Check is to address this gap.

5.5. Long-Term Follow-up and Research

Key to the efficacy of Early Check is the ability to document improved outcomes as a result
of earlier identification. To monitor these outcomes, an infrastructure for long-term follow-up and
collaborative research is critical. We have developed a long-term research registry, open only to
families who participate in the Early Check screening program. By enrolling in this registry, families
will have the opportunity to provide ongoing information about their child’s development, their
family’s adaptation to the diagnosis, their access to and satisfaction with treatment options, and
an evaluation of the Early Check program. In addition, as new clinical trials or research studies are
funded for their child’s condition, the registry will provide a portal for notifying families and providing
information about how to participate.

Although there are ongoing clinical trials for older children and adults with FXS, at the time of
writing there are no clinical trials targeting infants with FXS or the PM. However, targeted treatments
for FXS have been supported by studies in animal models of FXS such as the FMR1 knockout mouse,
with particular focus on mGIluR [45]. As these trials continue into human application, findings have
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been varied. For example, initial phases of human trials of implications of the mGIuR5 negative
modulator AFQ056 showed promising results in decreasing stereotypic and hyperactive behaviors;
however, expansion into Phase II did not result in significant findings [46]. Efforts to explore these
therapeutic possibilities are ongoing, with a general consensus that earlier implementation is likely to
be more effective. Although it is likely to be years before an approved clinical trial for infants with
FXS is available, documenting the natural history and establishing procedures for pre-symptomatic
identification will set the stage for rapid implementation of those trials when available.

In the meantime, our initial focus on longitudinal outcomes will focus on the potential benefits of
early intervention for infants who are pre-symptomatic. This will include monitoring uptake, types,
and intensity of community-based early interventions for families who agree to join our research
registry. In addition, we will offer families of infants with FXS the opportunity to participate in a
trial of a targeted enhanced early intervention program. This program will be overseen by early
intervention specialists at a local university and will capitalize on empirically based parent-mediated
early intervention programming for infants at risk of developmental differences or ASDs. We will
compare the outcomes of these infants to a cohort of young children who have received a diagnosis
and early intervention in North Carolina but who were not diagnosed through Early Check and did
not receive the enhanced intervention program. Evidence of improved outcomes for those in the Early
Check program would provide critical support for universal newborn screening for FXS.

For infants with the PM, lack of knowledge about the relative risk for developmental differences
and the biological or environmental predictors of worse outcomes make a natural history study a
priority. Because we anticipate identifying more infants with a PM than with FXS, and because we do
not expect many to demonstrate overt developmental differences in infancy, we will conduct initial
developmental surveillance with identified infants with a PM primarily through parent report. We will
also invite parents of infants with a PM to enroll in a pilot study of remote developmental assessment
techniques and will pursue additional funding for a more robust natural history study of the PM as
more families enroll.

6. Discussion

FXS is one of the most well-characterized neurogenetic conditions. However, diagnosis typically
occurs well after the onset of observable delays. To capitalize on critical periods of early development,
newborn screening for FXS has been proposed as a method for providing earlier identification.
FXS does not currently meet the necessary criteria for consideration for standard NBS. At the time of
writing, there are no medical treatments to prevent or reduce the impact of FXS on the developing
child, requiring psychoeducational and behavioral interventions as primary treatment. No condition
has ever been approved for the RUSP based on psychoeducational or behavioral treatment benefits;
therefore, it is unlikely that FXS will meet criteria for standard NBS in the near future. As such, FXS
may be better suited for a second-tier voluntary screening panel, which would allow parents to choose
expanded screening for their newborn while increasing the number of infants identified with FXS prior
to symptom onset.

Early Check is an innovative program designed to provide this expanded screening panel for
conditions thought to benefit from earlier identification, but which do not meet current criteria for
the RUSP. Access to pre-symptomatic infants and their families will allow for important long-term
follow-up and natural history data to be collected that can inform future treatment approaches.
With improved knowledge of the early natural history of infants with an FMR1 expansion will come
greater knowledge of the interactions between genetic risk factors and environmental influences in
outcomes for affected children and their families. It also provides potential access to pre-symptomatic
infants, a population likely to benefit most from emerging therapeutics. Studies that focus on the
timing of early intervention for infants and toddlers with FXS, the content, intensity, and approach
to behavioral treatments, and the impact of treatments will guide the development of recommended
practice for infants identified during the newborn period.
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In addition to providing earlier identification and access to a cohort of newborns with FXS and
the PM, Early Check will test important concepts and procedures needed to implement voluntary
expanded newborn screening for conditions like FXS on a state-wide level. For example, we know that
asking eligible parents to provide electronic consent through an opt-in model will not result in universal
uptake. The reasons for this are manifold, with the most critical being that many hard-to-reach
populations will not have access or the ability to participate. Thus, there is a possibility of missing
affected individuals. However, this model allows us to test various outreach efforts to determine which
strategies have maximum reach and for whom.

Early Check screening procedures will also provide important information about the feasibility of
using a high-throughput FXS assay in an NBS context. Traditional methods for EXS testing have been
laborious and unsuitable for high-throughput, rapid screening. The Asuragen assay and accompanying
analytical software provide a streamlined screening process that provides results in less than two days.

The development of standard operating procedures for screening and follow-up will provide
critical information for states to use in a future appraisal of their readiness to implement NBS
for FXS, whether through traditional or expanded protocols. State evaluations of readiness rely
on answering important questions, such as what diagnostic confirmation methods are available
and whether there exists standard treatment and follow-up protocols to manage the disorder.
Having implemented screening on a large scale, we will have detailed information on quality control
measures (e.g., timeliness) and other indicators that states can use to assess their ability to add FXS to
traditional or expanded newborn screening procedures.

FXS is one of many rare neurogenetic conditions that are believed to benefit greatly from earlier
identification and treatment. Inclusion of FXS on the Early Check panel will not only provide a
mechanism to identify and test theories about outcomes for individuals with FMR1 expansions,
but will serve as a prototype for expanded NBS for many conditions resulting in intellectual or
developmental disabilities. As breakthroughs in understanding of molecular pathways for these
rare conditions continue to occur, increasing focus on therapeutic development and a recognition
that earlier onset of treatment is critical are likely to come more sharply into focus. Simultaneously,
concentrated efforts to demonstrate efficacy of psychoeducational and behavioral early intervention
techniques may provide significant benefits for the child and family. These efforts have the potential to
result in a paradigm shift in how the benefits of NBS are defined, and could impact NBS policy for
future generations.
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Abstract: Fragile X syndrome (FXS) is the leading known cause of inherited intellectual disability
and autism spectrum disorder. It is caused by a mutation of the fragile X mental retardation 1 (FMRI)
gene, resulting in a deficit of fragile X mental retardation protein (FMRP). The clinical presentation
of FXS is variable, and is typically associated with developmental delays, intellectual disability,
a wide range of behavioral issues, and certain identifying physical features. Over the past 25 years,
researchers have worked to understand the complex relationship between FMRP deficiency and
the symptoms of FXS and, in the process, have identified several potential targeted therapeutics,
some of which have been tested in clinical trials. Whereas most of the basic research to date has
been led by experts at academic institutions, the pharmaceutical industry is becoming increasingly
involved with not only the scientific community, but also with patient advocacy organizations,
as more promising pharmacological agents are moving into the clinical stages of development.
The objective of this review is to provide an industry perspective on the ongoing development of
mechanism-based treatments for FXS, including identification of challenges and recommendations
for future clinical trials.

Keywords: fragile X syndrome; clinical trials; targeted treatments; drug development

1. Introduction

Fragile X syndrome (FXS) is the most common inherited cause of intellectual disability and the
second most common cause of intellectual disability after Down syndrome [1,2]. It is also the most
common known monogenetic cause of autism spectrum disorder (ASD), with approximately 30% to
54% of males and 16% to 20% of females with FXS meeting the diagnostic criteria for ASD by direct
assessment [3]. FXS is a genetic disorder caused by the expansion of over 200 cytosine-guanine-guanine
(CGQG) triplet repeats in the fragile X mental retardation 1 (FMR1) gene on the X chromosome [4].
The normal range of CGG repeats varies from 5 to 44 [4]. The full mutation, defined as over 200 CGG
repeats, results in the hypermethylation and silencing of the promoter region of the FMR1 gene,
and the absence or reduction of fragile X mental retardation protein (FMRP). FMRP is an RNA-binding
protein, which regulates the synthesis of many synaptic proteins. FMRP is required for normal neural
development and its absence leads to abnormalities in brain development and function [5].

Individuals with 55-200 CGG repeats in the FMRI1 gene are said to be premutation carriers [4].
In contrast to full mutation, premutation is associated with a functional gene that transcribes the
mutation and is associated with certain clinical features that do not occur in those with the full
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mutation. Males with premutation may develop fragile X-associated tremor/ataxia syndrome (FXTAS),
an adult onset neurodegenerative disorder. This phenotype usually manifests late in life (early 60s) and
is characterized by action tremor, gait ataxia, and impaired cognition. Parkinsonism-like symptoms,
lower extremity neuropathy, dysautonomia, anxiety and depression, and behavioral problems may
also be present. Females also may develop FXTAS, in about 10% of cases [6], and symptoms tend to be
milder [4]. Females with the premutation can also be affected by fragile X-associated primary ovarian
insufficiency (FXPOI) [6].

FMR1 genes with CGG repeat lengths of 45-54 are classified as intermediate or grey zone alleles.
It is not yet clear whether these small expansions are related to an increased risk of disease [4]. Recent
reports suggest that intermediate alleles may be associated with the development of mild FXTAS,
FXPOI, Parkinson disease, ataxia, or multiple system atrophy; however, more research is needed for a
clarification of definite risks. Many intermediate alleles are stable and do not change over generations.
Individuals with intermediate alleles are not at risk for FXS or to have children with FXS. However,
in some families, intermediate alleles with zero or one AGG interspersions can show instability and
can expand to a premutation in future generations.

The clinical phenotype of FXS is more varied than basic descriptions suggest. Some individuals
express the full mutation in some cells and premutation in others [6]. This “size mosaicism” can result
in a milder and even mixed clinical picture, with the presence of both FXS and FXTAS having been
described in a very small number of cases of older individuals with FXS. A complicated clinical picture
may also be present in individuals with “methylation mosaicism”, which occurs when only some of
the full mutation alleles are methylated. Furthermore, some individuals may have deletions or point
mutations [7] in FMR1 rather than—or in addition to—repeat expansion [6]. Clinical presentation in
such individuals may or may not be typical.

There have been a number of studies aimed at determining the prevalence of FXS in males and
females. FXS affects all ethnic and socioeconomic backgrounds. Current estimates suggest that it
affects between 1 in 4000 to 5000 males and 1 in 6000 to 8000 females worldwide [1]. The prevalence
of premutation carriers is more common, affecting an estimated 1 in 300 to 450 males and 1 in 150 to
200 females. These estimates translate to approximately 430,000 male and close to 1 million female
premutation carriers in the US.

2. FXS Phenotypes

Individuals with FXS present with a broad range of physical features, symptoms, and limitations
(Table 1) [4,8-10]. The subtle physical features and variability in the clinical presentation of FXS make
diagnosis dependent on molecular confirmation. Individuals with FXS can have characteristic physical
features that become more apparent with increasing age [8]. These features include a long, narrow face,
tall forehead, large prominent ears, high arched palate, unusually hyperflexible fingers, and flat feet.
Males also have macro-orchidism after puberty. However, in some individuals with FXS, there may be
minimal or no obvious physical features.
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Table 1. Common features of fragile X syndrome (FXS).

Developmental Delays (Motor and/or Language) Cognitive

Neurocognitive [§] Deficits/Intellectual Disabilities

Hand flapping and/or biting
Gaze avoidance

Tactile defensiveness
Hyperarousal to sensory stimuli
Impaired social skills

Social anxiety and mood disorders
Hyperactivity

Impulsivity

Aggression

Perseverative behavior

Behavioral [8]

Large ears

Long, narrow face

Prominent forehead or chin
Physical Features [8,9] Large testicles in teen/adults

High palate

Flat feet

Hyperflexible joints

Recurrent otitis media
Strabismus

Sleep disorders
Gastroesophageal reflux
Seizures

Weight gain

Other [9]

Physical features of FXS become more apparent with increasing age [10]. Physical features are
often not apparent in younger individuals [8,10]. The newborn may appear entirely normal and the only
indicator of FXS in infancy may be some degree of reduced muscle tone. At this age, feeding problems
with gastroesophageal refluxes (often resulting in emesis) and poor latch or suck with breastfeeding,
as well as chronic otitis media are relatively common [10]. Delays in developmental and speech
milestones usually become evident before 2 years of age and are the most common symptom leading to
diagnosis in patients with FXS. Motor delays and variable hypotonia are present in some infants with
FXS, with delays in crawling and walking. Hypotonia and motor coordination deficits become less
evident as children become older. Behavioral symptoms become evident in early childhood. In older
patients, the facial phenotype may become more accentuated, facilitating clinical diagnosis, but this
is not uniform. Joint laxity becomes less prominent after childhood, but for many patients persists
throughout life.

There is a wide range of behavioral symptoms in FXS (Table 1), although these tend to be
more severe in males than in females [10]. Individuals with FXS can experience problems in one
or more behavioral domains. Many individuals with FXS have features of ASD; 30% to 54% of
males and 16% to 20% of females meet diagnostic criteria for ASD [3]. Early language and motor
milestones [11], and language—communication and social interaction (reviewed in Budimirovic and
Kaufmann, 2011) are more affected in patients with ASD and FXS than in those with FXS only.
Anxiety is one of the most common reported behavioral symptoms [12,13], with specific symptoms
of shyness and social anxiety especially common as patients go into adolescence. Hyperarousal is
common at younger ages in particular, and stereotypic behavior such as hand flapping and hand
biting are often seen. Many of these behaviors are thought to result from a high underlying level of
social anxiety, poor flexibility in response to unexpected situations, and general over-responsiveness to
sensory stimuli. Social anxiety in individuals with FXS can be a significant issue for families, interfering
with daily activities, education, and socialization, and it may be associated to some extent with high
parenting stress [14,15]. Sleep issues are commonly reported by parents of children with FXS as well.
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Children with FXS may experience more problems falling asleep, frequent nighttime awakenings,
early awakenings, restless sleep, and daytime sleepiness than typically developing children [16].

Females with FXS usually present with less severe symptoms compared to males [6]. In some
cases, females with FXS do not appear to display any obvious symptoms. This likely reflects the
presence of the normal FMR1 allele on the active X chromosome in a proportion of cells in females.
Most males with FXS have moderate to severe intellectual disabilities, while only about a quarter of
females with FXS have intellectual disability (an IQ < 70) [17]. Adult males have an average IQ of
about 40 and a mental age of about 5-6 years [18], whereas most females typically have cognitive
abilities in the borderline to low—normal range (25% IQ < 70; 28% IQ 70-84) [19]. However, there is
large variability in cognitive ability, in both males and females, due to a number of factors yet to be
fully understood. Additionally, IQ scores decline with age, with adolescents and adults consistently
scoring lower than young children [20]. Floor effects further complicate the interpretation of test
results [21]. However, individuals with FXS do not regress in their cognitive functioning; rather,
they do not progress at the same rate as their peers, resulting in the lower cognitive scores over time.
It is estimated that approximately 60% to 75% of females and nearly 100% of males with FXS have
significant language deficits [6]. Females also are prone to the development of emotional problems,
specifically internalizing disorders, such as social anxiety and depression [8].

3. Current State of FXS Treatment

Currently, there is no FDA-approved treatment for FXS. The associated (as opposed to
the core) symptoms of FXS are typically managed using pharmacologic interventions, such as
stimulants for attention deficit and hyperactivity, selective serotonin reuptake inhibitors (SSRIs) for
anxiety, antipsychotic drugs for aggression and mood instability, and melatonin for sleep [22,23].
These pharmacologic treatments target only the behavioral symptoms and not the cognitive/language
impairments or the underlying brain deficits. Interventional services such as speech-language therapy,
occupational therapy, physical therapy, special education services, and behavior management are
commonly utilized to address specific behaviors and developmental issues, and comorbid conditions
such as ASD, anxiety, attention deficit/hyperactivity disorder (ADHD), seizures, frequent otitis media,
strabismus, sleep difficulties, and gastrointestinal problems, which may require specialized medical
care [9,22,24]. Even with substantial support and therapies, individuals with FXS continue to present
with significant impairments in their functioning throughout their life.

In recent years, an effort to improve the lives of individuals with FXS has driven increased research
into the pathophysiologic causes of FXS manifestations and new therapeutic approaches to manage
them. The results of these studies have not only demonstrated the complexity of the relationship
between FMRP deficiency, downstream neurobiological abnormalities, and FXS symptoms, but also
have identified a vast array of potential interventional targets.

4. Development of Targeted Therapies

4.1. Preclinical Rationale

The relationship between FMRP deficiency and aberrant synaptic function is thought to underlie
symptoms of FXS and has been the focus of intense research, using animal models of FXS. FMRP
is widely expressed in mammals, particularly in the brain and gonads [25-27]. A primary function
of FMRP appears to be the regulation of mRNA translation and the synthesis of proteins essential
for normal dendritic spine morphology and neuronal signaling [5], as demonstrated by widespread
structural and functional abnormalities in its absence [28-30]. In the brain, altered signaling when
FMRP is absent is believed to be a result of excessive ribosomal activity and protein synthesis,
causing a shift in the excitatory/inhibitory balance towards excessive excitation [31]. Considerable
research has focused on the effects of excess group I metabotropic glutamate receptor (mGluR)
signaling (excitatory), in particular mGIuR5 [32] and deficient y-aminobutyric acid (GABA) signaling
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(inhibitory) [33]. Research into these abnormalities and related /downstream effects has resulted in
the identification of a large number of potential therapeutic targets, with the most data having been
collected on effects of mGluR5 antagonists (2-methyl-6-(phenylethynyl)pyridine (MPEP), fenobam,
2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine (CTEP),
AFQO056, STX107, RO4917526), and GABA receptor activators (baclofen, arbaclofen, acamprosate,
ganaxolone, gaboxadol, metadoxine) [10,18]. Other mechanisms targeted for FXS include the inhibition
of pathways downstream of group I mGluR signaling (lithium, serine/threonine-protein kinase (PAK)
inhibitors, lovastatin, glycogen synthase kinase-3f3 (GSK33) inhibitors, PI3K enhancer (PIKE) inhibitors,
P13K inhibitors, ERK/ Akt inhibitors), blocking excess activity of overproduced proteins (minocycline,
striatum-enriched protein-tyrosine phosphatase (STEP) inhibitors, rolipram, phosphodiesterase (PDE)
inhibitors); increasing deficient x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor activity (CX516); blocking excess synthesis of specific proteins with micro RNAs (miR125A);
regulating abnormal channel activity (BK channel blockers, KCNQI1 (Slack) channel blockers);
regulating abnormal insulin signaling (metformin); inhibition of endocannabinoid signaling
(cannabidiol, endocannabinoid blockers); and inhibition of acetyl cholinesterase (donepezil).

4.2. Clinical Development

FXS has been at the forefront of efforts to test preclinical evidence for targeted interventions
in clinical studies. However, to date, the clinical translation of new FXS-specific agents has failed
to meet primary endpoints in trials. For example, recent notable compounds demonstrating great
preclinical promise, but failing to move forward after early phase 2 trials in the clinic include the
selective GABAg agonist arbaclofen (STX209 (Seaside)), the selective GABA 4 modulator ganaxolone,
the monoamine-independent GABA transmission modulator metadoxine, and the noncompetitive
mGluR5 antagonists mavoglurant (AFQ056 (Novartis)) and basimglurant (RO4917523 (Roche)) [34].
It is unclear whether the failure of these compounds to show benefit in clinical trials reflects the
inadequacy of the compounds themselves or the design of the studies devised to evaluate them.
Some of these studies were phase 2 studies (ganaxolone, metadoxine) or closed without full enrollment
due to financial issues (arbaclofen) and, thus, were statistically underpowered to detect between-group
treatment differences at expected effect sizes [18], but most also relied on outcome measures that
were not well matched to the expected effects of the drug and/or inadequate to detect meaningful
improvements in FXS populations tested. Some studies which showed potential beneficial effects of
the drug have simply not moved forward due to the financial position of the sponsor (arbaclofen,
metadoxine). With respect to the latter, the Outcome Measures Working Groups convened by the
National Institutes of Health to examine endpoints used in FXS clinical trials identified a number of
shortcomings, including the dearth of measures validated for EXS, the failure of investigators to use a
common set of measures (no consensus), the inability of available measures to assess a broad range of
function, limited standardization and floor effects, and the absence of direct-observation measures or
validated biological markers (biomarkers) [34].

Despite the history of several “negative” FXS trials, the search for effective FXS-targeted
therapies continues. As of October 2018, ClinicalTrials.gov listed 71 FXS studies in various stages
of activity, including those completed [35]. While the majority of currently active studies (planned,
recruiting/enrolling, or active; Table 2) are investigator-initiated trials, the pharmaceutical industry is
visibly involved in the development of at least four promising targeted agents (OV101/gaboxadol,
ZYNO002/cannabidiol, BPN14770, and Bryostatin-1).
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Table 2. Ongoing* clinical trials of pharmacologic interventions for the treatment of FXS [35].

Phase Compound Identifier Industry-Sponsored? (Y/N)
1 AZD7325 NCT03140813 N
2 Acamprosate, lovastatin, minocycline NCT02998151 N
2 AFQO056 NCT02920892 N
Y (Tetra Discovery
2 BPN14770 NCT03569631 Partners/FRAXA /RUMC)
2 Metformin NCT03722290 N
2 OV101/gaboxadol NCT03697161/ROCKET Y (Ovid Therapeutics Inc.)
2/3 Acamprosate NCT01911455 N
2/3 Metformin NCT03479476 N
2/3 ZYN002 NCT03614663/CONNECT-FX Y (Zynerba Pharmaceuticals Inc.)
4 Lovastatin NCT02642653 N
4 Methylphenidate, fluoxetine, NCT00768820 N

risperidone

* Planned, recruiting/enrolling, or active; Y: Yes; N: No

4.2.1. BPN14770

BPN14770 (Tetra Discovery Partners Inc., Grand Rapids, MI, USA) is a phosphodiesterase-4D
negative allosteric modulator (PDE4D-NAM) [36]. It has been proposed that inhibition of PDE4
can prevent the degradation of cAMP, which is reduced in the presence of FMRP deficiency [37-39].
Inhibition of PDE4 may attenuate associated effects, as demonstrated by the rescue of behavioral and
structural deficits in the Drosophila FXS model [40,41]. In a preclinical study conducted in adult male
Fmr1 KO mice, BPN14770 significantly improved behavioral phenotypes (reduced hyperarousal in
the open field, increased frequency of social interaction, and improved natural behaviors (nestin and
marble burying)) vs. vehicle administration, with effects persisting after a 2-week drug washout
period [36]. In humanized PDE4D mice, single doses of BPN14770 increased brain cAMP, augmented
the extended phase of long-term potentiation (LTP), reversed scopolamine-induced short-term memory
impairment, and improved long-term memory [42].

The safety and tolerability of BPN14770 were established in two phase 1 studies conducted
in healthy young and elderly subjects [43]. A phase 2 two-period crossover study (NCT03569631;
target N, 30) is underway to assess the safety and tolerability of BPN14770 in individuals with
FXS and explore the effects of BPN14770 on cognitive function and behavior in adult males
with FXS [35]. Planned outcome assessment measures include the NIH-Toolbox cognitive battery
(NIH-TCB) modified for intellectual disabilities; the KiTAP test of attentional performance; the clinical
global impression-severity (CGI-S); the CGI-I; a visual analog rating scale assessment of behavior
problems, language abilities, and eating behavior; the aberrant behavior checklist community edition
(ABC-C); the anxiety, depression, and mood scale (ADAMS); the Vineland-3 adaptive behavior scale;
electroencephalogram assessment of event-related potentials; and eye tracking.

4.2.2. OV101/Gaboxadol

OV101 (gaboxadol or 4,5,6,7-tetrahydroisoxazolo-[5,4-c]pyridine-3-ol (THIP); Ovid Therapeutics
Inc.) is a highly selective GABA receptor agonist. [44]. Invitro binding studies have shown
that OV101/gaboxadol binds selectively to the extrasynaptic «4d-containing GABA, receptor
subpopulation [44-46]. In contrast to OV101/gaboxadol, benzodiazepines or other agents acting
at the benzodiazepine binding sites do not act on these same receptors [47]. OV101/gaboxadol,
through its actions on extrasynaptic x4d-containing GABA 4 receptors, is believed to restore tonic
inhibition and contribute to sleep induction and maintenance.

The therapeutic potential of OV101 and other GABA agonists has been tested in genetically
engineered animal models of FXS that recapitulate the human phenotype of FXS. In the Fmrl
knockout (KO) mouse model [10], FMRP deficiency is thought to lead to reductions in GABA
receptors and enzymes necessary for GABA production [48] as well as defects in phasic (synaptic)
and tonic (extrasynaptic) inhibitory signaling [10]. Disruptions to GABA signaling are associated
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with excessive neural excitation [33], a common feature of FXS. In animal models, compounds
targeting the GABA 4 receptor (agonists) were shown to improve behavioral characteristics, such as
hyperactivity, auditory/audiogenic seizures, and repetitive and/or perseverative behaviors [10].
A transient induction of the excitatory—inhibitory switch was also shown to improve hyperactivity
and autistic behaviors in offspring in the Frnr1 KO mouse model. In the Fmr1 KO, OV101 reduced
sensory hypersensitivity and motor hyperactivity improved prepulse inhibition (signal to noise ratio)
and enhanced tonic inhibition in the amygdala, a region of the brain thought to be associated
with behavioral abnormalities in individuals with FXS [49,50]. In a separate study conducted
in Fmrl KO mice, OV101 normalized behavioral abnormalities relevant to hyperactivity, anxiety,
irritability /aggression, and repetitive behavior [51].

In a phase 1 PK clinical trial, OV101 was well tolerated in adolescents age 13-17 years with
Angelman syndrome or FXS (n = 12) (NCT03109756) [35]. A phase 2 three-arm, double-blind clinical
study (ROCKET; NCT03697161) is ongoing [35]. ROCKET is enrolling adolescent and young adult
males with FXS aged 13 to 22 years. It was designed primarily to evaluate the safety of OV101 in EXS,
and also includes secondary measures to assess changes in behavior and functioning using the aberrant
behavior checklist community edition (ABC-C) and the clinical global impressions-improvement
(CGI-I) scale.

4.2.3. ZYNO0O2

ZYNO002 (Zynerba Pharmaceuticals, Inc.) is a transdermal cannabidiol gel formulation that
targets the dysregulation of the endocannabinoid system [52]. Cannabidiol is a non-intoxicating
cannabinoid with numerous molecular targets [53,54]. It has been reported to potentially demonstrate
a broad range of activity, including analgesic, anti-inflammatory, antioxidant, antiemetic, antianxiety,
antipsychotic, anticonvulsant, and selective cytotoxic effects [53,55] and has shown efficacy as an
antispasticity and antiepileptic agent. It is proposed that transdermal administration will reduce the
risk for psychomimetic adverse effects versus oral administration by circumventing the conversion to
psychoactive components (i.e., A-9 tetrahydrocannabinol (THC), A-8 THC) in the acidic environment
of the gastrointestinal tract [56].

Preclinical evidence indicates that FMRP deficiency enhances mGluR1-dependent endocannabinoid
mobilization and subsequent synaptic effects [57-59]. This potentiates inhibitory short- and long-term
depression and excitatory postsynaptic potential (EPSP)-spike coupling in the hippocampus [57].
The effects of endocannabinoid modulators in the Frnr1 KO have been complex, with both activators
and blockers of endocannabinoid activity showing phenotype reversal in different brain areas
and neural cell types. A blockade of presynaptic cannabinoid type 1 receptors (CB1) normalized
several FXS phenotypes in the mouse model [58], as did a blockade of the degradation of the
predominant endocannabinoid, 2-arachidonoylglycerol (2-AG) [60]. A blockade of the degradation of
the endocannabinoid anandamide also improved performance on tests of learning and memory in the
mouse model [61].

ZYNO002 was demonstrated to be safe and well tolerated in phase 1 studies conducted in
healthy subjects and patients with epilepsy [62,63]. It was also well tolerated in a phase 2 open-label
study and extension conducted in 20 children and adolescents with FXS, with the most common
treatment-emergent adverse events being gastroenteritis and upper respiratory tract infection [52].
Improvements in behavioral symptoms were noted and are being further evaluated in an ongoing phase
3 double-blind placebo-controlled clinical trial (CONNECT-EX; NCT03614663) [35]. CONNECT-FX
plans to utilize the ABC-C with the Fragile X Factor Structure and the CGI-I scale to evaluate
drug effects [35].

4.2.4. AFQ056

AFQO056 is an mGluR5 negative modulator (NAM). This class of drugs has shown reversal
of a comprehensive list of synaptic, molecular, electrophysiological, morphological, behavioral,
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and cognitive phenotypes in the fragile X mouse, fly, and rat models, with consistent results from four
different mGluR5 NAMs (including AFQ056) published in over 50 scientific papers. Six phenotypes in
multiple categories in the fragile X mouse are also corrected by genetic reduction of mGIuR5 receptors.
The preclinical body of evidence surrounding this treatment target is certainly the largest in any
genetic neurodevelopmental disorder [18,64]. A phase 1 trial of fenobam, another mGluR5 NAM,
showed target engagement with prepulse inhibition in participants with FXS [65], yet subsequent trials
failed to show a behavioral benefit across the trial cohort in phase 2a and b trials in adolescents and
adults [66,67]. This suggests that the preclinical data from models are not helpful in choosing agents
for human trials or that the trials may not have been targeting the correct outcome at the appropriate
age for a developmental disorder. Because the mGluR5 NAMs have synaptic and learning effects in
the animal models not measured in the human trials, the ability of these drugs to affect learning and
cognition in FXS has not yet been truly tested.

In order to determine if this class of drugs can help to accelerate learning in FXS, a novel
trial is currently enrolling 3-6-year-old children with FXS in a double-blind placebo-controlled trial,
in which subjects are randomized to AFQO056 or placebo and then receive a 6-month intensive language
intervention to assess whether language learning can be enhanced by the drug. This study is also using
a novel objective videotaped measure of communication during play tasks to assess improvements
in language and communication, as well as standard objective measures of language and cognition,
and eye tracking and auditory event related potential biomarkers, tests which should not be prone to
placebo effects. This trial is being conducted through a Novartis independent investigator program
project in partnership with an NIH grant to run the trial through the NITH-funded NeuroNext network
as an exploratory new trial design to test targets in neurodevelopmental disorders with strong
preclinical effects on synaptic and learning function in model systems.

5. Considerations for Future Preclinical Research

The failure of animal models to predict the efficacy of potential therapies in psychiatric diseases
and neurologic disorders, including FXS, is a central problem in drug development. The reproducibility
of preclinical results remains a critical issue for translation. The industry has the resources to validate
published results rapidly, but the issues with reproducibility of published results from one lab
to another often hinder efforts and have a net impact of slowing the speed of drug development.
Experience with the Fmrl KO model in predicting clinical success has demonstrated their value as
experimental systems for proof-of-principle assessments of new interventions. However, this work
has also shown that phenotypes that are improved in mice do not necessarily translate directly onto
affected individuals. The translation of behaviors is especially difficult, and indeed, the available
preclinical data suggest that the behavioral phenotypes in Fmrl KO mice do not translate well to
behavioral symptoms measured in clinical trials.

In terms of progress, there are now electrophysiological measures that show similar abnormalities
in Fmr1 KO mice and individuals with FXS. Therefore, the field needs to emphasize the development
of preclinical animal testing that can be evaluated in a similar manner in humans.

These markers need to be employed to help with target engagement and show direct translation
from mouse to man. Furthermore, it would strengthen preclinical work to systematically validate the
data across multiple assays from behavioral to electrophysiological to molecular, in at least two labs
and in multiple species as per the NIH’s published guidelines.

Another barrier to translatability stems from the premature publication of results that haven’t
been validated, and a publication culture focused on “positive” preclinical data. Understanding which
particular treatments may not improve animal phenotypes may be as important as understanding
the aspects of success with a specific drug. Thus, the industry would encourage the publication of
negative preclinical data. These “negative” results would be critical to inform study design, outcome
measure selection, and execution of future such studies in humans.
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6. Considerations for Conducting Clinical Trials

As previous experience has shown, clinical trials to evaluate potential FXS pharmacologic
treatments are challenging. From an industry perspective, there is much to be learned from previous
clinical study failures, but also a wealth of resources upon which to draw in order to improve the
study implementation/execution to increase the likelihood of developing safe and effective targeted
treatment options for the FXS population.

Patient advocacy groups are uniquely positioned to provide insight into the needs of individuals
with FXS and their families/caregivers, which can then be incorporated into trial design. Moving
forward, it is important that the pharmaceutical industry collaborate with organizations such as the
National Fragile X Foundation (NFXF) (www.fragilex.org) and FRAXA (www.fraxa.org) to broaden our
collective understanding of outcomes that are pertinent and important to this community. Specifically,
such relationships will help to ensure outcomes are relevant and clinically meaningful. Additionally,
partnerships will help with recruitment and engagement in trials; an alliance with patient registries
(e.g., the Fragile X Research Registry (www.fragilexregistry.org)) and the Fragile X Online Registry
with Accessible Research Database (FORWARD) can also be considered as a mechanism to identify
individuals and families affected by FXS that may be interested in study participation.

The industry must also reach out to the scientific community, which collectively harbors a
wealth of knowledge from decades of research and clinical experience. It is notable that the US-based
FRAXA Research Foundation (www.fraxa.org) not only funds research grants and fellowships at top
universities, but also partners with biomedical and pharmaceutical companies to “bridge the gap
between research discoveries and actual treatments”.

With respect to study design, some key considerations include the heterogeneity of the condition
and the lack of sensitive, validated clinical outcome measures. For example, in a 2017 commentary
published in Translational Neuroscience, Duy and Budimirovic [68] highlighted the need to utilize
strategies to detect potential differences in response based on both heterogeneity of phenotype and
baseline symptom severity. Additionally, outcome measures need to be able to capture the wide range
of symptom presentations in the syndrome, and they need to be sensitive enough to detect potentially
small changes, as in FXS, even small gains can be quite meaningful and impactful on individuals’
daily lives.

Desirable attributes of clinical outcome assessment measures are summarized in Table 3.
Unfortunately, no reliable clinical outcomes’ assessment measures that fulfill these criteria have
been established. In 2017, an expert working group review of tools used to quantify outcomes
in FXS clinical trials did identify several promising measures, including the KiTAP [69,70],
http:/ /www.psytest.net/index.php?page=KiTAP, Expressive Language Sampling (ELS) [71], and the
NIH-TCB [72,73]; (http:/ /www.healthmeasures.net/explore-measurement-systems /nih-toolbox) for
assessing cognition [34]; independent living scales (ILS; https:/ /www.pearsonclinical.com/therapy/
products/100000181/independent-living-scales-ils.html) and the Waisman activities of daily living
scale (W-ADL; www.waisman.wisc.edu/family/WADL) [74] for evaluating adaptive behavior [34];
and the fragile X syndrome rating scale (FXSRS) for evaluating changes in behavior and emotion [34].
Additional studies, such as the ongoing SKYROCKET trial (http:/www.ovidrx.com/our-pipeline/)—a
nondrug study of males with FXS aged 5 to 30 years examining the suitability of scales for the
measurement of behavior, sleep, and functioning in individuals with FXS (OVID website)—are
important to validate the appropriateness of these measures for inclusion in future FXS treatment trials.

Data quality and accuracy, overall, also need to be specifically considered in FXS trials. Given the
nature of the condition, caregiver-report measures are critical to capture information about the subjects’
emotional and behavioral presentation, particularly. Many mothers of children with FXS tend to
be generally anxious [75], in part related to the high likelihood of being a premutation carrier,
and potentially caring for more than one child with FXS, and this heightened general anxiety may affect
their ability to objectively recall and report on their child’s presentation. Therefore, training on how
to complete measures accurately is of critical importance. Caregivers need direct instructions, clear
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examples, and concrete and specific anchors for reporting on behavior change. Similarly, in multisite
trials, rater training is of the utmost importance. As with supporting caregivers in accurate reporting,
trials need to provide instructions for clinicians on how to ensure reliability across raters and sites.
Examples include a strong study-specific training curriculum, ongoing data quality assurances, and the
use of objective outcomes when possible. For more subjective outcome assessments that rely on clinical
judgment, trials need to employ highly expert raters and utilize training methods to ensure the
clinicians are reliably and uniformly coding the subjects’ presentations.

In 2006, the NFXF brought together the network of majority of Fragile X clinics in the US into a
“Fragile X Clinical and Research Consortium (FXCRC)”. The Foundation provides its administrative
structure, such as meeting planning, material development, publicity, and internal communication.
The Consortium’s members led by the Clinical Committee have written expert-level consensus
documents (i.e., ASD, pharmacological, toileting, medical issues, etc.) primarily aimed at properly
informing and empowering care providers and families of individuals with FMRI mutations.
The Clinical Trials Committee (CTC) was formed in 2015 to try to help guide the industry with
trial design and drug development planning to optimize the process and ensure stakeholder input.
The CTC consists of the top clinical investigators in the FXS field who donate time to provide free
consultation and input on any interventional trial to be performed on patients with FXS.

To integrate the work of basic and clinical intramural scientists and to facilitate progress in clinical
trials, the NIH established a Bench-to-Bedside program in 1999. The program has continued to grow
and in 2006, it opened to partnerships between intramural and extramural programs, which further
enabled fruitful collaborations; for example, the investigation of signaling pathways of antipsychotics,
which are widely prescribed in individuals with FXS [18].

Due to the intellectual disabilities in the FXS population, the clinical trial endpoints are heavily
based on caregiver reports. These questionnaires are performed by caregivers based on their perception
on the subject’s behavior, and these are highly susceptible to large placebo effects. The placebo response
in FXS clinical trials is strong, as is the case in other CNS indications, and this may certainly contribute
to the failure of many past studies to show a drug effect. Clinical trials in FXS often fail to show a
statistically significant difference between the treatment and placebo control groups. In these cases,
it is unclear whether the treatment was truly not effective or whether the larger than expected placebo
response masked the treatment effect. The presence of a significant placebo effect makes it more
difficult to observe a treatment effect because the treatment will need to result in a much larger
improvement in order to see a positive response. Thus, it is important to include assessments that are
less susceptible to placebo responses, such as direct subject assessments of cognition and language [18],
and not rely on caregiver assessments alone.

At present, behavioral and cognitive measures are the most directly clinically meaningful
outcome assessments. As reviewed in Budimirovic and colleagues (2017) [34], however, biomarkers
are also critical to consider in clinical trials. Examples of biomarkers in FXS include blood
and tissue markers (e.g., mitogen-activated protein kinases/extracellular signal regulated kinases
(MAPK/ERKSs), the brain-derived neurotrophic factor (BDNF), the amyloid precursor protein
(APP)), neurophysiological measures (e.g., prepulse inhibition (PPI), eye tracking and pupillometry,
event-related potentials (ERPs), electroencephalography (EEG) spectral analyses), and neuroimaging.
As the field progresses, biomarkers will likely provide evidence for target engagement and possibly
will serve as early efficacy indicators. Changes in neural signals or neurophysiological measures,
for example, may be able to serve as indicators of treatment response prior to overt or measurable
change in behaviors. Additionally, biomarkers would ideally be able to provide objective measures
of treatment response as well as predictors of outcome. Given the heterogeneity in FXS despite the
common etiology of the expansion mutation in 99% of cases, biomarkers may even be able to inform
novel and personalized therapeutics and approaches. Further work, though, needs to be completed
to both identify and validate potential biomarkers. At present, measurements of biomarkers tend
to have limited feasibility due to cost, availability of equipment, and subjects” ability to tolerate the
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procedures. Therefore, overall, the benefits of biomarkers on investigational FXS therapies remain to
be established [34], but there are significant potential benefits of the approach, as the field progresses.

Table 3. Desirable clinical outcome measure attributes [76].

Tests a broad range of ability

Overcomes cooperation/variable performance problems
Results can be reproduced

Quantifies core defects

Correlates with quality of life/true functional improvement

7. Conclusions

There remains a great need for safe and effective treatments for FXS, particularly for targeted
treatments that surpass symptom management and address the pathophysiologic abnormalities that
underlie the most common manifestations. The pharmaceutical industry can potentially aid this effort
by taking on a more prominent role in both the preclinical and clinical phases of FXS drug development.
It is imperative that the industry collaborate with both the research and advocacy communities to
develop well-designed clinical studies that can produce meaningful results. This effort should include
a leading role in the identification and validation of practical and reliable clinical outcomes assessments
and biomarkers for use in future drug evaluation studies.
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