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Abstract: Fragile X syndrome (FXS) is the most common single gene cause of intellectual
disability and autism spectrum disorder. Caused by a silenced fragile X mental retardation 1 gene
and the subsequent deficiency in fragile X mental retardation protein, patients with FXS experi-
ence a range of physical, behavioral, and intellectual debilitations. The FXS field, as a whole,
has recently met with some challenges, as several targeted clinical trials with high expectations
of success have failed to elucidate significant improvements in a variety of symptom domains.
As new clinical trials in FXS are planned, there has been much discussion about the use of the
commonly used clinical outcome measures, as well as study design considerations, patient
stratification, and optimal age range for treatment. The evidence that modification of these drug
targets and use of these failed compounds would prove to be efficacious in human clinical study
were rooted in years of basic and translational research. There are questions arising as to the use
of the mouse models for studying FXS treatment development. This issue is twofold: many of the
symptom domains and molecular and biochemical changes assessed and indicative of efficacy
in mouse model study are not easily amenable to clinical trials in people with FXS because of
the intolerability of the testing paradigm or a lack of noninvasive techniques (prepulse inhibi-
tion, sensory hypersensitivity, startle reactivity, or electrophysiologic, biochemical, or structural
changes in the brain); and capturing subtle yet meaningful changes in symptom domains such
as sociability, anxiety, and hyperactivity in human FXS clinical trials is challenging with the
currently used measures (typically parent/caregiver rating scales). Clinicians, researchers, and
the pharmaceutical industry have all had to take a step back and critically evaluate the way we
think about how to best optimize future investigations into pharmacologic FXS treatments. As
new clinical trials are coming down the drug discovery pipeline, it is clear that the field is moving
in a direction that values the development of molecular biomarkers, less subjective quantitative
measures of symptom improvement, and rating scales developed specifically for use in FXS in
conjunction with drug safety. While summarizing preclinical evidence, where applicable, and
discussing challenges in FXS treatment development, this review details both completed clinical
trials for the targeted and symptomatic treatment of FXS and introduces novel projects on the
cusp of clinical trial investigation.

Keywords: anxiety, intellectual disability, autism, clinical trial, fragile X syndrome

Introduction

Pharmacologic treatment development in fragile X syndrome (FXS) is complicated
by a number of factors. These range from genetic/epigenetic and sex influences and
include variability in the severity and presence of behavioral endophenotypes such as
autism-like behavior and hyperactivity. In addition, the interaction between the causal
relationship between these biologic factors and behavioral presentation is unclear,
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making patient stratification in clinical trials difficult. Sen-
sitive methods capable of ascertaining reliable treatment
response in behavioral domains such as sociability and anxi-
ety (two major symptoms of FXS) are not readily available or
have yet to be validated for specific use in FXS populations.
The goal of this review is to summarize preclinical rationale
and results for recently completed clinical studies while
discussing challenges and future treatment options in FXS
human study. This review organizes clinical pharmacologic
FXS treatment interventions into four sections: restoration
of excitatory/inhibitory balance, modification of fragile
X mental retardation protein (FMRP) targets, symptom-
based treatments, and novel treatments in early clinical
development. Completed pharmacologic clinical trials in the
first two sections have been summarized in Table 1, and the
trials in the third section are summarized in Table 2.

Since the 1980s, few behavioral intervention studies
in FXS have been published; however, there have been a
wealth of pharmacologic studies reported.' Some drugs have
only been tested in a small number of people in an open-
label format, whereas others have been the focus of large,
multinational placebo-controlled trials. The biggest concern
when conducting a clinical trial is ensuring the safety of
all participants. For this reason, many initial investigations
into a drug’s effectiveness in human study begin in a small,
unblinded, non-placebo-controlled environment. These types
of open-label trials cannot necessarily indicate that a drug will
be or is effective in a population, but rather, positive results
can serve as an indication that further blinded, placebo-
controlled study in a larger population may be warranted.
In addition, results from small controlled trials must also be
interpreted with caution, as they may not readily extrapolate
to a larger population.

FXS is the most common single-gene cause of inher-
ited developmental disability, occurring in 1:4,000 males
and 1:4,000-6,000 females.>* Physically, FXS is character-
ized by macrocephaly, a narrow, elongated face and promi-
nent ears; high arched palate; flat feet; hyperextensible joints;
and macroorchidism, although not every individual will have
these characteristics or a similar degree of presentation.*
Individuals with FXS often have increased anxiety, obses-
sive compulsive disorder-like behavior, attention-deficit/
hyperactivity disorder (ADHD) symptoms, increased
risk for seizures, self-injurious behavior, hyperarousal
to sensory stimuli, perseverative language, sleep issues,
aggression, and impaired cognition, but again this can vary
widely.*¢ Furthermore, there is a significant clinical overlap
between FXS and Autism Spectrum Disorder (ASD), with

approximately two in every three males diagnosed with FXS
exhibiting features consistent with the broad autism pheno-
type, although there are likely qualitative differences in this
behavior domain between these two disorders.”

FXS is typically the result of an unstable cytosine guanine
guanine (CGQG) trinucleotide repeat expansion (200+ repeats)
within the promoter of the fragile X mental retardation 1 gene
(FMR1), which resides on the X chromosome.?’ The trinucle-
otide repeat expansion is usually inherited from a maternal
carrier (55-200 CGG repeats) whose gene undergoes a
further expansion. Subsequent methylation (fully versus
partially methylated) and near or full silencing of the FMR1
gene and messenger RNA (mRNA) leads to the production
of little or no FMRP and results in FXS.! In vivo study has
shown that the initiation of epigenetic silencing of the FMR 1
gene is thought to be caused by a type of RNA-directed gene
silencing in which the 5" untranslated region that contains the
transcribed CGG repeat sequences directly binds to the CGG
repeat expansion in the DNA adjacent to the FMR ] promoter,
but the process of subsequent methylation or maintenance
of gene silencing is still unknown.!! FXS can also be caused
by intragenetic point mutations in the FMR/ gene, although
this is much less common.!'>!?

The influence of changes in DNA (genetic/epigenetic),
mRNA, and level of protein production on the severity of
behavior or domains affected in an individual with FXS is
not entirely clear, making patient stratification a challenge.
Traditionally, FXS clinical trial inclusion criteria require con-
firmation of full mutation, or greater than 200 CGG repeats,
by southern blot analysis. More recent clinical trials have
started adding additional stipulations based on methylation
status or blood FMRP expression as a way to identify patients
most severely affected or likely to respond the drug treat-
ment, although this method has been largely unsuccessful.
Inclusion criteria for psychological characteristics typically
include stipulations on the severity of symptoms and are
often related to the primary endpoint of the trial.

Sex considerations have not been a factor in past FXS
clinical trials and may also add to the challenges of obtain-
ing significant improvement with treatment. Males typically
suffer more severe symptoms than females, as a result of X
inactivation patterns leading to significant variation in the
female phenotype. However, even within a single sex, there
is tremendous heterogeneity in the behavioral presentation
of FXS."!> Mosaicism in FXS in both males and females
(methylation mosaicism, somatic mosaicism) further com-
plicates the prediction of behavioral outcomes, can also
result in variable phenotypes, and has often been overlooked
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when identifying individuals for clinical trial participation
in the past.'

Success in FXS clinical trials is complicated further by
the role FMRP plays in brain function. FMRP is an mRNA
binding protein and has been shown to bind to and regulate
the expression of hundreds of mRNAs in the central ner-
vous system.'”'® The lack of FMRP in FXS leads to long,
spindly, immature dendritic spines and negatively affects
synaptic transmission, synaptic plasticity, learning and
memory, and other behavior."”?” Although the function of
FMRP is complicated, much of FMRP’s synaptic effect is
thought to be related to its role as a translational repressor
of the group 1 metabotropic glutamate receptor (mGluR1/5)
pathway.® Loss of FMRP within this signaling pathway leads
to excessive protein production and increased internalization
of ai-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR).? In addition to increased glutamatergic
signaling, inhibitory signaling is reduced in FXS.3%33 The
excitatory/inhibitory imbalance has been the major focus of
targeted treatment trials in both model systems and humans
with FXS.

The Fmrl knockout (KO) mice mirror many of the
morphologic, behavioral, electrophysiologic, and physical
phenotypes that are present in humans with FXS, but they can
be similarly variable in penetrance and severity across back-
ground strains and study design. It is important to note that the
Fmr1 KO mice that are most often used to model human full-
mutation FXS do not have an expanded CGG repeat domain.
Instead, the Fmrl gene has been artificially manipulated at
the genetic level, such that no FMRP is produced and little
or no Fmrl mRNA is expressed.**** Fmrl KO mice exhibit
similar changes in dendritic morphology, with immature,
long, spindly dendritic spines being typical.?! When placed
in an open field, Fmr! KO mice tend to make more photo-
cell interruptions, indicative of hyperactivity, which can be
observed in a subset of individuals with FXS.3*3¢ Although
subject to high levels of variability, mild cognitive deficits
have been reported, including deficits in spatial memory,
conditioned fear, and novel object recognition.’’>3* Fmrl
KO mice and humans with FXS are more prone to sensory
hypersensitivity,> and in mice, this can result in increased
susceptibility to audiogenic seizures and increased acoustic
startle response (reviewed by Rotschafer and Razak*®). Fmrl
KO mice also show increased burying in the marble burying
test, indicating that they are prone to repetitive behaviors,
which are common in FXS patients.*' Physically, the mice
exhibit macroorchidism that becomes more severe over time,
which is also observed in people with FXS.3” The similarities

between FXS humans and Fmr/ KO mice have led to the
discovery of putative drug targets and the preclinical study
of pharmacologic agents to effectively modulate behavioral,
morphologic, electrophysiologic, and molecular endpoints.
Recent clinical trials have been initiated after positive results
in rodent studies, although translation of positive effects
has been a challenge for a number of reasons and will be
discussed later.

Restoration of excitatory/
inhibitory balance
Metabotropic glutamate receptor 5

antagonists

In the past 10 years, FXS research has seen a tremen-
dous growth in the study of new targeted pharmacologic
treatments. A significant effort has been made to identify
agents that restore excitatory/inhibitory balance in the FXS
brain. Within this focus, modification of mGluRS signaling
has received both preclinical and clinical attention. The
mGluR theory of fragile X postulates that the loss of FMRP
leads to an excessive activation of group I mGluRs, specifi-
cally mGLuRS, and that this increase in mGluR activation is
primarily responsible for the FXS phenotype.? This theory
was proposed on the basis of four key observations: FMRP
acts as a translational repressor at the synapse,*? protein syn-
thesis at the synapse is potentially triggered by the activation
of group I mGluRs,* the absence of FMRP increases the
expression of several downstream consequences of mGIuR
activation,?** and many of the results of mGluR activation
depend on the synaptic translation of mRNA.*8 It has also
been shown that the introduction of the mGIuR group I ago-
nist (S)-3,5-dihydroxyphenylglycine to hippocampal slices
causes an increase in long-term depression (LTD) in CA1
cells of the hippocampus, likely because of the increased
internalization of AMPA downstream of excessive mGIuR5-
dependent protein synthesis.*” LTD is important in the main-
tenance of neural plasticity. Excessive mGluR activation
leading to an increase in LTD or synaptic weakening could
be one of the main causes behind the loss of neural plasticity
in FXS. In confirmation of the mGIuR theory, it has been
shown in animal models that mGluR5 antagonists have the
ability to rescue many of the prominent phenotypes seen in
the Fmrl KO mice, including restoration of AMPAR expres-
sion, improved structure of dendritic spines, and correction
of several behavioral deficits.’**! In addition, the genetic
reduction of mGluRS levels in Fmr1 KO mice (thus lowering
the mGluR5-dependent synaptic protein synthesis) has been
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shown to normalize protein levels and rescue the dendritic
spine phenotype, as well as behavioral phenotypes such as
inhibitory avoidance extinction, although a more recent and
thorough study showed very little behavioral improvement
with this method.>>

The first report describing the use of selective mGluRS
antagonists to treat FXS in humans was an open-label, single-
dose (50-150 mg) trial for the drug fenobam.>* Fenobam is
a highly potent mGluR5 antagonist, similar in function to
2-methyl-6-(phenylethynyl)pyridine (MPEP), the mGIluRS
antagonist used in many FXS mouse trials. Fenobam had
previously been the subject of a Phase II trial in the 1980s,
examining its potential as an anxiolytic. These trials were
inconclusive but turned up no major health concerns aside
from a small number of subjects reporting odd central
nervous system-related perception issues such as vertigo
or paraesthesias after continual use. To avoid any potential
central nervous system-related adverse effects, the study was
a single-dose trial focusing on sensory gating, attention, and
inhibition.

Twelve subjects took part in the fenobam trial, six
males and six females, all of whom had FXS. The prepulse
inhibition (PPI) test was used as the primary measure of
sensorimotor gating, as well as measuring inhibitory con-
trol. To measure attention, impulsivity, and inhibition, the
California Fragile X Project Continuous Performance Test
(FXCPT) was used, with the commission score as the focus
of analysis. During the trial, there were no adverse effects
reported, with all participants finishing the trial. The PPI test
showed improvement in six of the twelve patients (four of
six males and two of six females). Improvement was defined
as an increase of at least 20% compared with baseline. The
proportion of subjects demonstrating improvement was
significant (P=0.01) when compared with untreated indi-
viduals from a previous study with a similar cohort. There
was no significant change in the FXCPT, possibly as a
result of ceiling effects, with almost all subjects having high
baseline scores. However, the most impaired subject on the
FXCPT did show significant improvement.>* Cognition was
improved in a mouse study assessing fenobam in the Fmrl/
KO and demonstrated improvement in associative learning
and avoidance behavior in mutant mice while being tested
in an Erasmus Ladder paradigm.*

The only published placebo-controlled trial of an mGIuRS
antagonist in FXS was a double-blind crossover controlled
study of the drug mavoglurant (AFQ056).¢ Mavoglurant
was initially tested for treatment of smoking cessation and
anxiety but did not yield a positive outcome.”’ In addition,

it has been shown to alleviate complications caused by
chronic levodopa use.’® The FXS trial involved 30 subjects,
all of whom completed their active drug phase, with one
participant who dropped out of the study while receiving
placebo because of a drug-unrelated adverse event. Of the
30 FXS adult males enrolled and treated for 28 days each
with placebo and mavoglurant, 24 experienced some form
of adverse event, most of which were mild or moderate in
severity. The primary measure used to assess efficacy was
the Aberrant Behavior Checklist-Communication Edition
(ABC-C), with the Clinical Global Impression (CGI) scale,
Vineland Adaptive Behavior Scale (VABS), Repetitive
Behavior Scale—Revised, Visual Analogue Scale (VAS),
and Social Responsiveness Scale (SRS) used as secondary
measures. No significant improvement was found using the
primary measure, but there was a significant improvement
in the Repetitive Behavior Scale—Revised (P=0.046). The
investigator was able to identify a seven-subject subset
with full methylation of the FMRI promoter that did show
significant improvement on the ABC total score during
mavoglurant use. It was proposed that mGluRS5 antagonists
may improve behavior solely within that subset of individuals
who have full methylation of the FMR1I promoter.>*® Mavo-
glurant was recently the subject of a multinational Phase III
study in individuals with FXS. Patients were stratified (only
fully methylated individuals were allowed in the trial) in an
attempt to reduce variability in the population and increase
response to the drug; however, after negative results in the
Phase I1I study, Novartis announced the discontinuation of
the mavoglurant FXS development program (fraxa.org). The
novel mGluR5 negative modulator, RO4917523, is still in
Phase II1 study (clinicaltrials.gov, NCT01750957); the like-
lihood of using mGluRS5 modulators as a successful single
pharmacologic treatment in FXS is dwindling, but combined
pharmacotherapy with additional targeted treatments may
be an option.

N-methyl-D-aspartic acid modulators

Memantine, a drug commonly used to treat Alzheimer’s
disease, is another potential FXS therapy aimed at modi-
fying the function of FMRP targets and rectifying the
gamma-aminobutyric acid (GABA)/glutamate imbalance
by modifying ionotropic glutamate receptor activity.
Memantine is an uncompetitive antagonist of N-methyl-D-
aspartic acid receptors,* but it has also been shown to act
as an antagonist at nicotinic acetylcholine receptors and can
affect dopamine (DA) and 5-HT signaling.* %> FMRP has
been shown to associate with glutamate receptor subunits
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NR1 and NR2B in the neocortex and/or hippocampus of
Fmrl KO mice.®® The degree and direction of N-methyl-
D-aspartic acid dysfunction in Fmrl KO mice is unclear
and appears to be dependent on age and brain region;>*5+-6¢
however, in vitro study of memantine in Fmrl KO-cultured
cerebellar granule cells demonstrated stimulatory effects of
dendritic spine maturation and excitatory synapse formation
in treated versus nontreated cells.®” In human open-label
study of memantine in children with autism or pervasive
developmental disorder (PDD), 70% of subjects treated
with memantine showed significant improvement.®® To
investigate memantine’s potential as a treatment for FXS,
an open-label, six-subject trial was performed.® The FXS
memantine study evaluated subjects using the CGI-Global
Improvement (CGI-I) as a primary measure with a secondary
battery consisting of the CGI-Severity (CGI-S), ABC, SRS,
and ADHD Rating Scale-1V scales. Four of the six subjects
were considered treatment responders according to their
CGI-I score, whereas the remaining two patients began to
suffer from increased irritability during the trial, leading to
drug discontinuation. There were no statistically significant
changes found in any of the secondary measures. Improve-
ment in the primary endpoint suggests that memantine
may be beneficial to people with FXS; however, the small
sample size makes interpretation of efficacy difficult, and
the increase in significant irritability observed in two of the
six patients suggests caution should be used before expand-
ing its use in this population. Furthermore, the nonselective
nature of memantine, and specifically its effects on 5-HT2A
and D2 receptors, may contribute to the increased irritability
reported in clinical study in both PDD and FXS.626-7

AMPA modulation

Along with glutamate receptor antagonists, ampakine com-
pounds are potential treatments acting within the glutamate
signaling pathway. Acting downstream of the mGluRs,*
AMPARSs are excessively internalized as a result of increased
mGlur5 signaling after loss of FMRP.? This hypersensitive
internalization and altered trafficking of AMPARS is thought
to underlie FXS-associated deficits in long-term potentiation
(LTP) and LTD. In addition, reduced levels of GluR1 and
GluR2 AMPAR subunits have been reported in the cortex of
Fmrl KO mice.” The goal of positive modulation of AMPAR
is potentiation of AMPA signaling and subsequent normaliza-
tion of LTD, LTP, and improved cognition.

To date, there has been one clinical trial assessing the
efficacy of an ampakine compound in FXS. This trial was
a randomized, double-blind, placebo-controlled trial of the

drug CX516, an AMPAR-positive allosteric modulator.”
Of the 49 subjects who began the trial, two did not
finish: one because of loss of interest and the other because
of severe rash. The study found no significant change in
memory, the primary outcome being evaluated, or in any
secondary measure for language, attention, behavior, or
overall function when compared with placebo. Because of
the low potency of CX516, in addition to the short treatment
period (4 weeks), it is unclear whether AMPA-mediated
neurotransmission is a viable target for FXS treatment.

GSK3 modulation

Although lithium has been used to treat mood instability
and aggression in FXS for some time, anecdotal evidence
has been the only indication of its efficacy. The first and
only trial for lithium in FXS was a 15 subject, open-label,
add-on trial.”® There were a large number of adverse events
during the 2-month trial (79 recorded). Events were typi-
cally moderate to mild, and none warranted removal from
the trial. The primary outcome measure was the ABC-C
Irritability subscale, with secondary measures comprised
of'the other ABC-C subscales, VAS, VABS, CGI-I, FXCPT,
and several behavior-specific tasks. The cohort showed sig-
nificant improvement based on the total ABC-C score after
lithium treatment, with the Hyperactivity and Inappropriate
Speech subscores showing significance on their own.
Significance was not reached by the Irritability subscale,
which was the primary measure. The CGI and VAS also
showed significant improvements. The physiologic ratio-
nale for studying lithium in FXS involves manipulation of
glycogen synthase kinase 3 (GSK3). It has been reported
that adult FXS mice have normal levels of the two GSK3
isoforms, but regulation of these proteins by inhibitory
phosphorylation is inadequate.” In several mouse studies
and in Drosophila, lithium, and other more selective GSK3
inhibitors were reported to increase phosphorylation of
GSK3, improve behavior, and correct neuronal signaling
and dendritic spine morphology.”** Recently, more specific
inhibitors of GSK3 were also reported to have beneficial
effects in the Fmrl KO mouse, including improvements
in long-term potentiation and cognitive tasks involving the
hippocampus.®*3* These studies suggest that pharmacologic
manipulation/inhibition of GSK3 may be beneficial in FXS
(reviewed by Portis et al®®), although the use of lithium to
target this pathway may not be ideal. The high number of
adverse events and worry about its use in younger children
may deter its widespread use, but nonetheless the available
data suggest the development of safe and specific modulators
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of the GSK3 pathway may be valuable for future study in
humans with FXS.

GABA modulators

Loss of FMRP is not only associated with elevated levels of
excitatory neurotransmission but also results in deficits in
inhibitory neurotransmission involving the major inhibitory
neurotransmitter GABA.?*3¢ In the knockout mouse model,
impaired GABAergic neurotransmission has been demon-
strated in many areas of the brain, including the striatum,
amygdala, somatosensory cortex, and hippocampus.3¢-°
Deficits have been demonstrated in GABA(A) receptors,
and GABA(B) modulators show some beneficial effects,
although direct evidence of GABA(B) dysfunction has not
been demonstrated at this time. In the Drosophila and mouse
models of FXS, GABAergic compounds have been shown
to reverse many of the related behavioral and morphologic
phenotypes associated with FXS in these systems,’"*? sug-
gesting GABA(A) receptors are sensitive to GABAergic
drugs and that stimulation of GABA receptors could be a
viable treatment for FXS. Treatment with GABA agonists
could work directly by rectifying the inhibitory/excitatory
imbalance through increased GABA signaling, or indirectly
with the GABA agonists working as negative modulators of
glutamate signaling.”

Preclinical data implicating GABA(A) dysregulation
in FXS includes evidence that FMRP transcriptionally
regulates GABA(A) receptor subunit mRNA expression
with reductions in GABA(A) receptor mRNA noted in
Fmrl KO mice lacking FMRP.** In addition, GABA(A)
receptor expression has been shown to be significantly
down-regulated in a number of brain regions in Fmrl KO
mice that are important for behavior, including the hip-
pocampus and amygdala.’”8%9095% In animal models of
FXS, GABA(A) agonism has shown significant promise as
a pharmacotherapy target. Regarding preclinical treatment,
alphaxalone, a neuroactive steroid with multiple potential
pharmacodynamics effect, including modulation of nico-
tinic acetylcholine receptors, activation of chloride chan-
nels, and nonselective GABA(A) agonism, was associated
with reductions in anxiety and rescue of audiogenic seizures
in Fmrl KO mice.”' Also in FmrI KO mice, the GABA(A)
extrasynaptic 0-subunit agonist gaboxadol attenuated
neuron excitability deficits in the basolateral amygdala®¢
and reduced hyperactivity and mildly attenuated PPI, but
did not correct deficits in cued fear or startle response.®
Taurine, another GABA(A) receptor agonist, improved
memory acquisition and retention in a passive avoidance

task, although baseline deficits were not observed in the
Fmrl KO mice compared with wild-type (WT).”” Direct
application of taurine to hippocampal slices did not alter
pair-pulse depression deficits, potentially indicating a reduc-
tion in binding sites on GABA(A) receptors.’

The first clinical study in FXS of a drug using GABA
agonism was an open-label trial of the drug riluzole.
Riluzole is approved by the US Food and Drug Admini-
stration (FDA) for treating amyotrophic lateral sclerosis.
Although the precise mechanism of the drug is unknown,
it is thought that its action is related to the attenuation of
glutamate-induced excitotoxicity.” Preclinical studies have
also implied that riluzole works to potentiate postsynaptic
GABA(A) receptors,'® which have been shown to be sig-
nificantly down-regulated in FXS, in addition to blocking
GABA uptake.' The preliminary clinical study of riluzole
involved six patients, all of whom completed the study.!®
The primary measure used was the CGI-I, with secondary
measures including all ABC subscales, the SRS, and the
CGI-S. Throughout the trial, there were no severe or seri-
ous adverse events, with the most common adverse event
being mild tiredness. Of the six participants, only one met
the criteria for positive treatment response. There were no
significant improvements found in the primary or second-
ary measures.

Acamprosate, a drug approved by the FDA for the main-
tenance of abstinence from alcohol, is another potential treat-
ment targeting glutamate/GABA imbalance. Despite having
been shown to not directly interact with several glutamate or
GABA receptor subtypes at a significant level in a Xenopus
oocyte model,'” acamprosate is believed to have pleiotropic
effects on both GABA and glutamate neurotransmission.'™
As with riluzole, the exact mechanism of acamprosate is
unknown, but in animal models, it has been shown to exhibit
GABA(A) agonism'® and has been implicated to have an
effect as an mGIuR5 antagonist.!% The first trial of acampro-
sate in FXS was a three-subject, open-label trial.'”” All three
subjects showed significant improvement, as measured by
the CGI-I, especially in social impairment and communica-
tion deficits.'”® After the initial trial, acamprosate was the
subject of an open-label study in youth with FXS. Of the 13
subjects enrolled, one did not complete the trial after failing
to meet eligibility criteria. Throughout the trial, there were
no severe or serious adverse events. The primary measure
was the CGI-I with secondary measures, including all sub-
scales of the ABC, SRS, CGI-S, and VABS. Of the twelve
subjects, nine met the criteria for positive treatment response
based on the CGI-I scores, with significant improvement in
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the Social Withdrawal, Hyperactivity, and Social Avoidance
subscales of the ABC, the CGI-S, the SRS, and the Expressive
Communication Subdomain of the VABS. Acamprosate is
currently the subject of a Phase II, double-blind, placebo-
controlled trial in FXS (clinicaltrials.gov, NCT01911455).

Ganaxolone is a synthetic neurosteroid modulator of
GABA(A) receptors that selectively binds to the neurosteroid
binding site of GABA(A) receptors, as opposed to the ben-
zodiazepine binding site.!*” In preclinical study, acute in vivo
dosing prevented audiogenic seizures in the Fmri KO mice.”!
Ganaxolone is the focus of an ongoing proof-of-concept
clinical phase 2, double-blind, placebo-controlled trial in FXS
(clinicaltrials.gov, NCT01725152). The main focus of symp-
tom improvement is in anxiety and attention domains.

Arbaclofen (STX209) is another potential targeted treat-
ment aimed at rectifying the GABA/glutamate imbalance
in FXS. Unlike riluzole and acamprosate, arbaclofen acts
as a GABA(B) agonist, as opposed to a GABA(A) agonist.
Activation of presynaptic GABA(B) receptors has been
shown to reduce the amount of glutamate released into the
synapse, as well as increase levels of GABA release in mouse
WT hippocampal neurons.” In the Fmr1 KO mouse model,
acute arbaclofen treatment has been shown to reduce sus-
ceptibility to audiogenic seizures.!!® In addition, arbaclofen
normalized dendritic spine density in the visual cortex and
attenuated basal protein synthesis in hippocampal synap-
toneurosomes, but no behavioral endophenotypes with base-
line deficits between WT and Fmrl KO mice were assessed
in this study.!"" In a clinical study of arbaclofen, 63 subjects
participated in the double-blind, placebo-controlled trial.!'?
Of these 63 individuals, three subjects dropped out of the
study because of increased irritability. Hospitalization for
behavioral management was required for one subject who had
two similar hospitalizations in the past. Within the whole 63
subject cohort, significant improvement was only found in
the VAS-problem behaviors and the ABC-Social Avoidance.
When looking at a more impaired subset (ABC-LSW=S§;
n=27), significant improvement was seen in the ABC-Social
Avoidance, CGI-I, CGI-S, and Vineland Socialization raw
score. Arbaclofen was further studied in a Phase 111 study in
youth and adults with FXS. After negative Phase III study
results, the arbaclofen development program in FXS was
ended by Seaside Therapeutics.

Targets of FMRP

One potential method of FXS treatment is the inhibition
of proteins whose synthesis would typically be regulated
by FMRP. Matrix metalloproteinase 9 (MMP9) is one

such downstream target. MMPs have been shown to be
instrumental in modulating synaptic physiology and plasticity
in hippocampal neurons.'® In the Fmrl KO mouse model,
levels of MMP9 are shown to be elevated in the hippocam-
pus, possibly contributing to the phenotypes expressed in
FXS.!!** Early treatment with minocycline, a MMP9 inhibi-
tor, has been shown to promote the maturation of the typi-
cally immature dendritic spines seen in the FXS mice and
reduced locomotor behavior that influenced marble burying
and elevated plus maze behavior.'" These observations may
not necessarily have had a direct effect on anxiety or repeti-
tive behavior, as these tests are sensitive to basal changes in
locomotor activity.

Two clinical trials investigating minocycline in FXS have
been executed. The first, an open-label add-on trial, was con-
ducted in 20 subjects aged 13—35 years, with one dropping out
as aresult of adverse effects. This preliminary study did show
significant improvement in the ABC-Irritability subscale,
with VAS and CGI warranting further study.'”® The second
trial was a double-blind, placebo-controlled trial in children
and adolescents.''® The study involved 66 subjects aged
3.5-16 years, with 55 completing the first round of treatment
and 48 completing the entire 3-month trial. There were 144
adverse events during the trial, the majority of which were
mild and with no significant difference between placebo and
treatment groups. Five subjects developed brown and yellow
tooth discolorations, a known adverse effect of minocycline,
most of which resolved with time. This is abnormal, as
typically the discoloration is permanent. The study used the
CGI-I and VASI (severity of target behavior 1) as the primary
measures. The secondary battery included ABC-C, VABS-
II, VAS2 (target behavior 2), and VAS3 (target behavior 3).
Minocycline treatment showed significant improvement in
CGI-I only, and although significant, this improvement was
modest. Secondary measures were not significantly altered,
although ad hoc analysis of the VAS for anxiety- and mood-
related behavior showed improvement. Several potential
biomarkers for brain function and treatment response were
assessed throughout this trial. MMP9 was decreased as
intended,'"” and event-related potential amplitude in a pas-
sive auditory oddball paradigm was significantly altered in
individuals receiving minocycline treatment, although a much
larger sample size is needed to validate these results.''®

Symptom-based treatments

ADHD treatments
ADHD is highly prevalent among boys with FXS. In a
37 subject cohort, 73% had ADD ratings of 15 or higher
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on the Conner’s abbreviated scale.'"” Even patients who do
not demonstrate clear hyperactivity will often suffer from
inattentiveness, especially in the classroom. Because of
the prevalence of ADHD symptoms in people with FXS,
a number of studies have aimed to alleviate hyperactivity
and inattentiveness.

The earliest published clinical trial targeting ADHD
symptoms was a double-blind, placebo-controlled trial of
the stimulants methylphenidate and dextroamphetamine.
In the double-blind crossover study of stimulants (random-
ized 1 week of treatment with placebo, methylphenidate,
and dextroamphetamine each), individuals with FXS were
assessed using the Conner’s Abbreviated Parent—Teacher
Questionnaire and the ADD-H: Comprehensive Teacher
Rating Scale.!?® Observation for specific ADHD behaviors,
locomotion quantification using an actometer, and impulsiv-
ity in the Delay and attentiveness in the Vigilance tasks were
also performed. Significant improvement was only seen on
the ADD-H: Comprehensive Teacher Rating Scale, with
methylphenidate showing improvement in the social skills
factor and attention. Significant changes were not found on
any measure for dextroamphetamine. Ten of the 15 patients
were judged to be clinical responders, according to parent
and teacher reports at the end of the study.

A recent study showed that L-carnitine has the poten-
tial to reduce hyperactive and impulsive behaviors in boys
(non-FXS) with ADHD without the adverse effects often
associated with stimulant medication.!?! A double-blind,
placebo-controlled study was done to examine the effects
of L-acetylcarnitine (LAC) on the ADHD symptoms of
boys with FXS.'? The trial initially had 63 subjects, with 56
completing 1 year of treatment and 51 being included in sta-
tistical analysis. The study was justified by previous findings
that LAC acts to inhibit the in vitro cytogenetic expression
of the fragile site associated with FXS.!?* The measures used
were the CGI-Teachers, CGI-Parents, VABS, and Wechsler
Intelligence Scale for Children—Revised. Of the patients who
did not complete treatment, none were a result of adverse
effects of LAC. Significant improvement was found in the
CGI-Parents, CGI-Teachers, VABS Socialization domain,
and VABS ABC domain.

The most recent clinical trial to treat ADHD symptoms
in FXS was an open-label trial of valproic acid (VPA)."*
VPA is a known antiepileptic drug that has been used in
number of seizure disorders. VPA has been prescribed off-
label for FXS and could potentially act as a demethylating
agent by inhibiting histone deacetylase.'>1?¢ The primary
measure in the VPA FXS study was the Conner’s Parent

Rating Scale—Revised Short Form with the Conner’s Teacher
Rating Scale—Revised, VABS—survey form, and CGI-S as
secondary measures after 6 months of treatment. Of the ten
patients enrolled, eight finished the trial, with two (twins)
withdrawing because of worsening behavior. There were no
severe adverse events during the trial. The only significant
improvement was for hyperactivity symptoms according
to the CGI-S, with a variety of other parameters showing
improvement, but not reaching significance. Overall, clinical
treatment of ADHD symptoms in the context of FXS contin-
ues to focus on stimulant usage. Published data supporting
use of other agents approved by the FDA, including atomox-
etine, clonidine, and guanfacine, specifically in persons with
FXS, remains limited. Use of novel agents such as LAC or
VPA remains limited in the clinical setting for symptoms
and behaviors of ADHD in this population.

Sleep treatments

Sleep problems are common in children suffering with FXS.
In a parent/caregiver report, 32% of youth with FXS were
noted to have some form of sleep issue, with problems fall-
ing asleep and night awakenings being the most common
issues.'”” Melatonin was systematically studied in FXS as
the subject of a 4-week, placebo-controlled, double-blind,
cross-over design trial in children with developmental delay
(12 total, six with FXS).!?® The study measured sleep onset
time, total sleep duration, sleep onset latency, and the number
of night awakenings (2 weeks receiving active drug; 2 weeks
receiving placebo). Melatonin treatment leads to significantly
longer sleep duration, shorter sleep latency, and earlier onset
of sleep. There was also a reduction in number of night
awakenings, but it did not reach significance. Treatment
with melatonin was studied in the Fmr! KO mouse model
of FXS, with a focus on its effects at preventing oxidative
stress. This study suggests that chronic melatonin treatment
can improve glutathione levels, lipid peroxidation, and several
types of behavior in treated KO mice, although these types
of endpoints have not been studied clinically.'*

Anxiety treatments

Heightened anxiety is one of the more socially debilitat-
ing facets of the FXS phenotype. Subjects, and males in
particular, often exhibit severe eye gaze avoidance and
hyperarousal.'*® Oxytocin (OT) is a hormone produced in the
hypothalamus that could diminish stress-induced behavior.
OT receptors are found in a variety of socially relevant
and stress-sensitive areas of the brain. It has recently been
shown that OT treatment can be effective in improving
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social decision making, repetitive behaviors, and visual
scanning of faces in patients with high-functioning autism
and Asperger’s syndrome."*"1*2 Intranasal dosing has been
shown to attenuate stress in monkeys and rodents, as well
as alter emotional regulation in humans.'**"'% On this basis,
a double-blind, placebo-controlled, single-dose trial to
study the effects of intranasal OT in males with FXS was
completed. The eight study participants who finished the
study experienced no adverse events over the course of the
trial.’*® The study measured eye gaze frequency, heart rate,
respiratory sinus arrhythmia, heart rate variability, and con-
centration of salivary cortisol during a social proximity and
social interaction test. There was significant improvement
in eye gaze frequency and a reduction in salivary cortisol
concentrations. This study suggests the need for future con-
trolled trials of OT, possibly in combination with behavioral
treatment programs.

Although prospective treatment trials assessing the effi-
cacy of selective serotonin reuptake inhibitors (SSRIs) has
not been completed in FXS, prospective studies in children
with ASD and a recent retrospective chart review and survey
in FXS suggest these agents may be beneficial to individuals
with FXS. The SSRI sertraline is approved by the FDA as a
treatment for obsessive compulsive disorder in children (aged
6—17 years). A case series of nine children with ASD demon-
strated that low-dose sertraline improved anxiety, irritability,
and transition-induced behavioral deterioration in 89% of the
children.'¥” A retrospective chart review of 45 children with
FXS, 11 of whom were treated with sertraline and 34 who
were not treated with sertraline, suggests sertraline treat-
ment may improve both expressive and receptive language
development.'® Importantly, a survey found that the SSRI
fluoxetine reportedly caused the most behavioral activation
in FXS compared with other drugs in its class; however, it
may be beneficial for people with autism, social anxiety, or
selective mutism.*!* Despite limited published data, SSRI
use targeting anxiety in persons with FXS is widespread.
Clinical consensus on FXS appears to hold that SSRIs may
be better tolerated in persons with FXS compared with youth
with idiopathic ASD, where SSRI controlled trials have noted
significant adverse effect rates and a lack of efficacy targeting
repetitive behavior.

Irritability treatments

Atypical or newer-generation antipsychotics are often used
by clinicians to treat the irritability associated with FXS.'%
Despite their high rate of clinical use, there has been little
systematic study of the efficacy of these antipsychotics

within the FXS population. Only one newer-generation
antipsychotic has been the subject of clinical trial in FXS.
Aripiprazole is a partial D2 and 5-HT1A agonist and a
5-HT2A antagonist.""'** It has been approved by the FDA
in a number of disorders, including autism, mainly as
a treatment for irritability. The clinical trial in FXS was
a 12-week open-label trial comprising twelve subjects.'*
The CGI-I and ABC-I were used to determine treatment
responders with the SRS, additional ABC subscales, CGI-S,
and Compulsion Subscale of the Children’s Yale—Brown
Obsessive Compulsive Scale Modified for PDDs used as
secondary measures. Two patients dropped out of the study
because of adverse events. Ten of the twelve subjects were
considered treatment responders, with significant improve-
ment found on the CGI-S, Children’s Yale-Brown Obsessive
Compulsive Scale Modified for PDDs, and SRS.

Novel treatments in early

development

The cholinergic system is a potential target for treatment in
FXS. FMRI1 is highly expressed in cholinergic neurons dur-
ing early development,'* and the cholinergic pathways in
the forebrain and hippocampus are known to be involved in
several cognitive functions impaired in FXS.!43!4¢ Diminished
choline levels were reported in a small 1 H magnetic resonance
spectroscopy study involving nine individuals with FXS.'¥
The KO mouse model also shows aberrant cholinergic func-
tion in the subiculum.® These studies suggest that inhibiting
the breakdown of acetylcholine may benefit individuals with
FXS. Donepezil is an FDA-approved drug to treat dementia
in Alzheimer’s disease and was studied in an open-label trial
in FXS because it is an acetylcholinesterase inhibitor. The
6-week trial involved eight individuals with FXS, all of whom
completed the trial. No severe adverse effects were reported.
The assessment battery included the Contingency Naming
Test to look at working memory and mental flexibility, the
Hopkins Verbal Learning Test to look at auditory learning, the
ABC, and the Achenbach Child and Adult Behavior Check-
lists. Donepezil treatment was shown to produce significant
improvements in the Contingency Naming Test, ABC-Total
Score, ABC-Hyperactivity, ABC-Irritability, and Achenbach
Child and Adult Behavior Checklists.!4” An additional pla-
cebo-controlled study was completed in fragile X to evaluate
the effectiveness and safety of donepezil in 20 subjects over
the course of 12 weeks.!*® Donepezil was well tolerated with
only mild adverse effects, all of which resolved spontane-
ously. This trial did not find a significant effect of treatment
on any of its outcome measures. These measures included
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change from baseline on the Stanford—Binet Intelligence
Scale, Conners 3 Parent Rating Scale (short), and Childhood
Autism Rating Scale. A placebo-controlled trial of donepezil
in FXS is ongoing (clinicaltrials.gov, NCT01120626).

Several new projects are being initiated to determine
their efficacy as potential treatments for FXS. Metadoxine
extended release (Alcobra) has been studied as a treatment
for ADHD and is also being studied as a potential treat-
ment in FXS in a Phase IIb clinical study (clinicaltrials.
gov, NCT02126995). In addition, NNZ-2566 (Neuren), an
insulin-like growth factor 1 agonist with anti-inflammatory
and neuroprotective effects,'*1*° is also being studied in FXS
(clinicaltrials.gov, NCT01894958). Peer-reviewed manu-
scripts reporting the efficacy of these agents in Fmrl KO
mice have not been published, although respective company
websites report significant improvement in multiple facets
of FXS-associated deficits in FXS mouse models.

Discussion

The FXS field is moving forward after the failure of several
large targeted treatment trials; however, significant efforts are
being made to complete more rigorous preclinical testing and
development of clinical tools and biomarkers that aid in cap-
turing clinical improvement. Before a recent surge in targeted
treatments for FXS, symptom management received the most
attention, focusing on the use of FDA-approved treatments
for ADHD symptoms, anxiety, irritability, and sleep issues.
Largely because of preclinical work done in the Fmri KO
mouse model, more recent treatment discovery has concen-
trated on targeting underlying molecular mechanisms thought
to be contributing to the wide range of endophenotypes
associated with FXS. These treatments aim to restore not
only the behavioral phenotypes but also those at a cellular
level, including restoration of synaptic plasticity and aber-
rant cellular signaling, although it is unclear whether these
cellular changes will result in improved function in clinical
study. Although largely unsuccessful clinically, targeted
treatments receiving the most attention have been focused
on rescuing the excitatory/inhibitory signaling imbalance via
mGlur5 antagonism, which is believed to underlie much of
the disorder. Additional pharmacologic agents under cur-
rent clinical investigation include several that aim to restore
FRMP targets to normal levels.

In mouse model study, it is important to recognize the
limitations of the data and of the model system. In Fmrl
KO mouse studies, critical interpretation, replication, or
further building on initial results needs to receive more
attention. In addition, negative molecular, behavioral, and

electrophysiologic data are not always reported, and this can
skew the perception of a treatment’s efficacy. Specifically
pertaining to behavioral analyses, it is critical that authors be
aware of potential confounding results. Many tests in rodent
study can be influenced by the basal locomotor activity of
the mice.”! For example, if a treatment reduces locomotor
behavior in the Fmr! KO mice and it reduces marble burying
and time spent in the open of the elevated zero or plus maze,
disentangling the effects on anxiety and repetitive behavior
becomes a challenge. It is also important to note whether
there was a baseline deficit between the vehicle-treated
WT and Fmrl mutant mice when interpreting the effects
of pharmacologic treatment. Without rigorous assessment,
interpretation, and disclosure of all tests in preclinical mod-
els, it is difficult to get a clear picture of the robustness of a
treatment, and hence it appears that everything “cures” the
mouse model, when in fact it does not. This is not to say
that an improvement in a single behavior domain (observed
in several different tasks) in a FXS mouse study is not an
important finding. As many behavior domains are affected
in individuals with FXS, even a drug that only improves one
of these domains would be incredibly beneficial.

Even with behavioral (limited in many cases) and molecu-
lar and electrophysiologic improvement/normalization
(although direct correlation to functional improvement is
unknown) in the mouse model and improvements in small
clinical trials (not unlike improvements in the mouse model),
expansion into larger populations has met with very little suc-
cess in human study to date. It is important to keep in mind
that the human equivalent of many of the outcome measures
or symptom domains assessed in mouse model study are not
typically assessed in human clinical trials (ie, audiogenic
seizure susceptibility, object memory, PPI), or the human
symptom domain is not robustly affected or easily replicated
in the mouse (social preference, inhibitory control, and sus-
tained attention in the five-choice serial reaction time test'?),
and therefore efficacy in that domain cannot be adequately
assessed in a preclinical mouse study. For example, one of
the most commonly used FXS preclinical mouse behavior
tests is the audiogenic seizure paradigm. Several mGlur5
modulators and many other agents that target excitatory/
inhibitory imbalance were successful at preventing seizures
produced by a tone of approximately 120 dB in Fmri KO
mice.’*! This type of test may be an indication that the drug
is effectively attenuating hyperexcitability in the mouse brain,
but this is not something that is assessed in human clinical
trials, and the direct effect of this attenuation is not a clear
correlation to other symptom domains, such as anxiety
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or inattentiveness. In addition, mavoglurant was shown to
improve deficits in inhibition of the startle response after a
prepulse in the mouse model, but PPI was not assessed in
the clinical trial (FXS individuals do not easily tolerate this
procedure).'> Extrapolation of positive mouse results in one
behavior test, or molecular/electrophysiologic improvement
in a single brain region, should not be expected to have a
global improvement in human clinical study, nor positive
effects in other symptom domains. These findings can serve
as a positive indication that a drug may be efficacious, and
further study should be initiated. There are tests that can be
performed on both mouse models and humans, such as PPI;
however, these tests are difficult for people with FXS to
tolerate, and when they are used in clinical study, the cohort
assessed tend to be skewed to include only higher-functioning
individuals.>* Great benefit could be gained by developing
testing paradigms that are amenable to mouse models as well
as individuals with FXS.

Genetic rescue in the Fmrl KO mouse by creating
double mutants that harbor a mutated/deficient allele such
as mGlur5,% muscarinic M4,* p70 ribosomal S6 kinase,'**
or amyloid B-protein precursor (APP)'> can be powerful
experiments. For example, if the double mutant has a less
severe phenotype than the Fmrl KO alone, it is a good indi-
cation that the second gene is able to modulate the effects
of the disease-causing mutation. One must keep in mind,
however, that this type of experiment is very different than
administering a receptor-modifying drug to an adolescent,
adult, or even a child. The double-mutant mouse will have
been “treated” with this second genetic manipulation from
conception, every day, all day, rather than the typically
short-duration period of treatment in a FXS clinical trial, in
which the optimal dose is unknown and the highest tolerable
dose is often used. Genetic rescue in Fmr! KO mice with a
single deficient mGlur5 allele was very limited and did not
improve audiogenic seizures, anxiety- and perseverative-
related behavior, sensorimotor gating, memory, or motor
responses, suggesting that these receptors, at this level of
inhibition, may not be dominant modifiers of Fmrl KO
endophenotypes.>® Both genetic studies and pharmacologic
treatment of potential mechanisms using the compound that
will move into clinical study will give greater insight into
the likelihood of success in people with FXS.

Moving forward in FXS clinical study, efforts are being
made to improve the ability to detect treatment-induced
improvement. It is apparent that the clinical measures used
to track improvement in FXS clinical study (parent reports
and rating scales, clinical impression) are not adequate, and

significant efforts are being made to rectify this issue.'*
Efforts to validate the Fragile X Symptom Rating Scale, a
scale specific to FXS, are underway in several ongoing tri-
als, including NNZ-2566 (clinicaltrials.gov, NCT01894958).
Recent work has focused on the use of the Pediatric Anxiety
Rating Scale specifically revised for FXS.'” In addition,
patient stratification will likely aid in pairing pharmacologic
agents with patients most likely to respond positively, although
the best methods used to accomplish this are currently not
known. After post hoc analyses, several studies used symptom
severity (social withdrawal; arbaclofen) or methylation status
(mavoglurant) to stratify patients. In both instances, these
attempts have not resulted in positive treatment response when
repeated in large trials. Although somewhat controversial,
the expression level of FMRP is positively correlated and
methylation status of the FMRI gene have been negatively
correlated with cognitive ability, whereas little correlation
between CGG repeat number and cognition is thought to
exist."*®15 Importantly, it has been shown that repeat number
can vary in different tissue types from the same individual car-
rying permutation alleles, suggesting that numbers obtained
from blood mononuclear cells (the cell type used for FXS
diagnostic purposes) may not always directly translate to the
brain.'® Again, this disconnect can add to the variability of
the syndrome and complicate efforts to use blood results for
clinical trial inclusion/exclusion criteria.

The development and improvement of target-based
therapies in FXS is expanding, as is our understanding of
the molecular and cellular role FMRP plays in signaling
processes, synaptic plasticity, and behavior. Clinical, trans-
lational, and basic research discoveries are creating waves
of novel target and treatment development possibilities for
individuals with FXS. A major goal in future FXS study,
and in neuroscience in general, is determining whether
“reversal” of lifelong aberrant synaptic functioning can or
will translate into improved behavioral functioning. The
FXS field is moving toward pharmacologic treatment trials
at the youngest possible age in an effort to correct synaptic
plasticity deficits early on in development. Drug tolerability/
toxicity will be a critical factor in determining which treat-
ment mechanisms, drugs, and targets are appropriate for early
intervention. In addition, progress in clinical trial endpoint
and biomarker development are becoming priorities in the
field.s%!16! Molecular biomarkers including, but not limited
to, cyclic adenosine 3’, 5’-monophosphate,'®? ERK,!0%163
brain-derived neurotrophic factor,'”® amyloid beta-protein
precursor and cleavage proteins,'®* MMP9,!'"” and event-
related potential'’® (the latter may only be applicable to
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higher-functioning individuals, as many with FXS cannot
tolerate the procedure) are being explored as indicators of
treatment response and signaling proficiency, and may be
used to determine likelihood of treatment response on an
individualized basis in the future.
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