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Abstract Fragile X syndrome (FXS) is the most common
inherited cause of intellectual disability and most common
single gene cause of autism spectrum disorder (ASD). Even in
the context of a single gene disorder like FXS, characteristic
cognitive and behavioral heterogeneity creates challenges in
conducting targeted pharmacotherapy trials. Neuroscientific
advances have elucidated aspects of the underlying neurobi-
ology in FXS and have guided targeted treatment development
in the last decade. However, despite significant preclinical
progress, recent clinical trials have failed to consistently
demonstrate therapeutic efficacy based on behavioral outcome
measures in patients with FXS. One potential explanation for
these failures is that many behavioral measures are not capable
of quantitively capturing clinically significant change in such
short-term trials. Further, the use of parent and clinician report
instruments as primary outcome measures creates additional
challenges in clinical trials. Future trials may employ more
quantitative measures of evaluating the pathophysiology of
FXS to avoid placebo-response resulting from rater bias.
Quantitative measures of language, eye gaze, molecular dys-
regulation, and brain function may be used to identify which
individuals may best respond to a particular treatment and to
capture potential treatment-associated change. Here, we pre-
sent a thorough review and reconsideration of the challenges
encountered in conducting clinical trials in FXS to allow for
lessons learned to drive future success in this field.
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Key Points

Introducing pharmacodynamic approaches earlier in
FXS trials may enhance future trial success through
incorporation of quantitative biomarker measures
designed to demonstrate target engagement using
early pharmacokinetic-pharmacodynamic (pK:pD)
relationships to enrich sample and outcome measure
selection.

Defining the natural history of more objective,
quantitative measures of pathophysiology in FXS
will become increasingly important as FXS trials
move from short-term to longer-term treatment
periods.

Preclinical assays such as induced pluripotent stem
cell (iPSC)-derived neuronal species may serve as
tools in the translational treatment pipeline as
potential findings are put into a developmental
context impacting preclinical and clinical study.

1 Introduction

Fragile X syndrome (FXS) is the leading inherited cause of
intellectual disability (ID) and most common monogenic
cause of autism spectrum disorder (ASD). FXS has an
estimated prevalence of 1 in 4000 males and 1 in 8000
females reflecting the locus of the Fragile X Mental
Retardation (FMRI) gene on the X chromosome [1, 2]. The
disorder is characterized by cognitive deficits and risk for
behavioral and other features including anxiety, inatten-
tiveness, hyperarousal, social and communication deficits,
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and autistic-like behaviors [3]. Despite a common genetic
etiology, the clinical presentations of FXS varies consid-
erably within the affected population.

FXS is typically caused by an unstable cysteine—gua-
nine—guanine (CGG) repeat expansion located in the 5’
untranslated region of the fragile X mental retardation gene
1 (FMRI) at Xq27.3. This large polymorphic trinucleotide
expansion results in DNA hypermethylation and subse-
quent inhibition of FMRI transcription when larger than
200 CGG repeat [4]. Rarely, FXS can also be caused by
deletions/disruptions within the FMRI gene code itself, but
both mechanisms result in deficient production of fragile X
mental retardation protein (FMRP) [5]. FMRP is an RNA-
binding and transport protein critical to brain development
and function that plays a pivotal role in synaptic plasticity,
neuronal migration, and neurogenesis [6].

Advances in experimental models have led to increased
understanding of the neurobiological underpinnings of FXS
and, in turn, have directed the development of targeted
treatments. The last decade of FXS research is character-
ized by many clinical trials following widespread preclin-
ical pharmacotherapy reports of phenotypic rescue within
fmrl knock out (KO) animal models. Clinical trial progress
in the last decade in FXS is marked by the conduct of at
least 15 double-blind, placebo-controlled trials. Despite
this apparent progress and many successful preclinical
interventions, recent clinical trials have failed to consis-
tently demonstrate therapeutic efficacy. This disparity
requires careful examination to identify possible factors
hindering target pharmacotherapy development and to
identify strategies that may yield more successful trials for
FXS. Potential factors contributing to trial failure include
lack of potential sensitive and specific outcome measure in
FXS, inability to effectively and quantitatively define
subpopulations of persons with FXS who may best respond
to a particular treatment, and lack of reliable pharmaco-
dynamic markers describing the impact of targeted phar-
macotherapy on the underlying pathophysiology of FXS
[7].

In this paper, we will review aspects of the FXS phe-
notype, heterogeneity in the presentation of FXS, examples
of recent failed targeted drug trials in FXS, trial outcome
measures, and quantitative assay development in FXS, all
with an eye to appreciating the challenges and opportuni-
ties presented by each topic in order to facilitate successful
drug development for patients with FXS.

2 Fragile X Syndrome Phenotype
Nearly all individuals with FXS demonstrate problems with

attention, inhibitory behavioral control, and disorganized
behavior [8]. These deficits are often milder in females as a
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result of inactivation of one of the X chromosomes [9].
While only approximately 25% of females with FXS will
have an intelligence quotient (IQ) below 70, an additional
50% are reported to have a borderline 1Q (70-79), learning
disabilities, and executive function deficits [8, 10-12].
Males with FXS have an average IQ between 40 and 50
and universally have mild-to-severe cognitive deficits with
distinctive weaknesses in visual spatial processing, visual
motor coordination, and arithmetic [8, 13, 14]. Males with
FXS are likely to experience significant delays in several
language domains, including vocabulary, morphosyntax,
and functional use of conversational language [15].

In addition to cognitive deficits, individuals typically
present a wide range of functionally limiting behavioral
concerns that may negatively affect quality of life [16, 17] .
Behavioral difficulties in FXS are often grouped into the
following symptom clusters: (1) irritability, which includes
severe tantrums, aggression, and self-injury; (2) attention
deficit/hyperactivity disorder (ADHD)-like symptoms,
which include hyperactivity, distractibility, and impulsiv-
ity; (3) repetitive and stereotypic behaviors, which include
perseverative speech, body rocking, and hand flapping; (4)
anxiety-related symptoms that may be socially related and
are often demonstrated by social avoidance or social
withdrawal; and (5) autistic features, including impair-
ments in social interaction and communication, lack of
social awareness, and restricted interests [16, 17]. Likely
depending on specific diagnostic methods and use of a
broad or strict phenotype definition of autism, in the lit-
erature anywhere between 18 and 67% of males with FXS
may meet criteria for ASD [18-21]. A reported 50-90% of
males with FXS may display some ASD features, despite
many with FXS not meeting full ASD diagnostic criteria
[22-26]. An additional common feature of FXS in males
(and some females) is hyperarousal to sensory stimuli. This
heightened sympathetic response to sensory stimuli as
measured by electrodermal response has been shown to be
inversely associated with level of FMRP expression
[27, 28].

2.1 Fragile X Syndrome Phenotype Heterogeneity:
Driving Clinical Trial Challenges

One source of observable heterogeneity in behavioral and
cognitive deficits in persons with FXS may be attributed to
the variation in levels of FMRP [17]. These levels may be
driven by possible CGG expansion size mosaicism, FMRI
gene methylation levels, and in females, X chromosome
inactivation patterns. All females with FXS are considered
mosaic, with two X chromosomes leading to potential
differential pattern of FMRP expression across tissue and
organ types [9]. Mosaicism in males results from variations
in the methylation pattern of the CGG expansion, which
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can be driven in males by the presence of premutation and
full mutation FMRI alleles in the same person [16, 29].
The correlation between severity of developmental dis-
ability and both FMRI activity and FMRP levels has been
demonstrated in both males and females with FXS
[8, 30, 31]. More quantitative and reproducible methods for
measuring FMRP levels are needed to thoroughly explain
the relationship between phenotypic presentation and
FMRP activity. This is challenging given the uncertain
relation between blood FMRP and brain protein expres-
sion. Additionally, individual genetic, treatment availabil-
ity, and environmental factors may contribute to symptom
manifestation, severity, and treatment responsivity [32].

As a rare disorder, phenotypic heterogeneity is particu-
larly challenging for clinical trials. Methods such as strat-
ifying trial participants by presence or absence of comorbid
ASD, requiring a specific degree of developmental dis-
ability for study inclusion, utilizing biological hetero-
geneity, or requiring specific scores on behavioral
inventories to enrich a study sample for specific features
can be logistically challenging. Phase II clinical trials of
medications in FXS have been charged with generating the
decision-making data regarding potential subgroups who
may best respond to a particular treatment, yet these trials
may be under-powered to do so. This has resulted in
decisions regarding subgroups of interest or specific
behavioral measurements that have failed upon more rig-
orous and large-scale Phase III studies [33, 34]. One
method to address this Phase II to Phase III gap may be to
focus Phase II subgroup definitions on quantitative mea-
sures of FXS pathophysiology that are well linked to the
pathobiology of the disorder. Such an approach may
strengthen the ability to replicate initial positive trial
results. Such work may focus on subgroups defined by
EEG findings, eye tracking/pupillometry testing, or
potentially findings from molecular blood assays among
other potential biologically relevant quantitative measure-
ments [33-35].

3 Fragile X Syndrome Translational Treatment
Development: Learning from the Past

Novel neurobiological treatments have predominantly
focused on a proposed excitatory/inhibitory neurotrans-
mitter activity imbalance in FXS, with significant con-
centration on metabotropic glutamate receptor 5 (mGlIuRS)
signaling [7]. Recent clinical trials in the FXS field have
often been based on reports of phenotypic rescue in animal
models followed by lack of consistent positive response in
placebo-controlled human trials. Among targeted treatment
development focused on excitatory/inhibitory imbalance in
FXS, study of mavoglurant and arbaclofen exemplify both

challenges associated with preclinical to clinical conver-
sion of treatment response and the challenges noted above
using Phase II findings to drive large Phase III programs in
the field.

The most wide-spread preclinical success in FXS-re-
lated research has focused on attenuation of mGluRS
activity. The mGIluRS theory of FXS, outlined by Bear and
colleagues, grew out of a number of key findings [36]. It
has been demonstrated in animal models that deficient
FMRP results in the up-regulation of mGluR5-mediated
signaling leading to an exaggeration of mGluR5-mediated
activation [37, 38]. Fmrl KO mouse studies employing
treatment with selective mGIuRS antagonists [38, 39] or
genetic knockdown of mGIluRS5 expression [40] have
shown significant phenotypic rescue including resolution of
audiogenic seizures, hyperactivity, dendritic spine abnor-
malities, and dysregulated basal protein synthesis among
other features. Specifically, the selective mGluRS antago-
nist mavoglurant showed similar promising preclinical
results in models of FXS with rescue of dendritic spine
abnormalities [41] and phenotypic improvements in the
Jmrl KO mouse [42].

In studies of patients with FXS, a small initial double-
blind, placebo-controlled crossover of mavoglurant showed
no group-wide improvement on the Aberrant Behavior
Checklist (ABC) [43] or clinical global impression (CGI)
scales [44] in 30 young adults with FXS [45]. Post-hoc
analyses revealed that a subgroup of seven individuals with
full methylation of the FMR1 promoter showed treatment-
related improvement on the ABC, as well as the CGI
Improvement subscale (CGI-I). These individuals had
more severe behavioral impairments, which may have
contributed to the more positive treatment effect seen in
this subgroup [46]. This seven-subject subgroup addition-
ally exhibited an unexplained very limited placebo-re-
sponse rate, which contributed to a conflated treatment
effect size estimate. This finding prompted further efficacy
studies utilizing molecular profiling to identify differential
treatment response in individuals with complete versus
partial methylation of the FMRI promotor [33]. Unfortu-
nately, this series of two well-powered double-blind, pla-
cebo-controlled trials of mavoglurant, taking methylation
status into consideration, did not demonstrate efficacy for
the drug in any outcome measure. Further, there was no
significant correlation between outcome and methylation
status [33].

Another approach to excitatory/inhibitory imbalance in
FXS, has focused on gamma aminobutyric acid (GABA)
neurotransmission. Decreased GABAergic inhibition has
been observed in multiple brain areas in finr/ KO mice,
including the hippocampus, striatum, amygdala, and
somatosensory cortex [19, 47]. GABA type B (GABA(B))
receptors are metabotropic G protein-coupled receptors

A\ Adis



238

C. M. Harkins et al.

found both pre- and post-synaptically throughout the brain.
They elicit both presynaptic and slow postsynaptic inhibi-
tion through the modulation of Ca®" (presynaptic) and K™
(postsynaptic) channels, as well as modulating oscillatory
activity in  thalamocortical networks [48]. The
GABA(B) selective agonist arbaclofen (a single enan-
tiomer of baclofen), corrected dendritic spine abnormalities
and aberrant protein synthesis [49] and reversed dysregu-
lated feed-forward inhibition [50] in finrl KO mice. An
initial Phase II double-blind, placebo-controlled crossover
trial of arbaclofen in 63 FXS patients aged 6-39 years
focused on irritability as rated on the ABC Irritability
subscale (ABC-I) as a primary outcome measure, taking
guidance from the FDA approvals for use of risperidone
and aripiprazole targeting irritability in youth with autism
[46]. Arbaclofen was not associated with positive treatment
response on the ABC-I primary outcome. Post-hoc analysis
using a newly validated FXS-specific ABC Social Avoid-
ance Scale (ABC-SA) noted a significant treatment effect
in the full study population. A post hoc analysis of a sub-
group of 27 subjects with more severe baseline social
impairment showed treatment-associated improvement on
several outcome measures including the Vineland Adaptive
Behavior Scale (VABS) social domain, ABC-SA, and the
CGI. This Phase II work led to the development of a large-
scale Phase III arbaclofen in FXS program, which was
focused on the ABC-SA as the primary outcome measure
of importance. Unfortunately, arbaclofen failed to show
significant treatment-associated improvement on the ABC-
SA in a Phase III study [51]. Consistent with the failing of
the mavoglurant program in FXS, a pivot in the outcome
measure of interest made in arbaclofen trials was made
from the Phase II to Phase III trial. Post-hoc analyses of
smaller Phase II studies were important in the selection of
outcome measures and other aspects of study design of
Phase III programs. Also, in both programs, limited
quantitative biologically relevant data were generated in
Phase II to demonstrate drug target engagement prior to
moving to the Phase III study.

3.1 Outcome Measure Challenges in Fragile X
Clinical Trials

Several challenges to the field of FXS clinical trial research
are presented by the mavoglurant and arbaclofen Phase III
study failures, which provide lessons to aid future trials.
Defining subgroups using traditional “pen and paper”
parent report instruments may continue to pose challenges
when used as the primary outcomes for clinical trials in this
disorder. Given the large number of parent and clinician
report measures used across treatment trials, combined
with the many measure subscales for the rating instru-
ments, there is significant potential for Type 1 errors and
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sample-dependent effects driving results of post hoc
analyses.

Further, both the arbaclofen and mavoglurant develop-
ment programs highlight the risk and challenges of animal
model to human response extrapolation in this field. While
findings of dendritic change or global correction of aber-
rant protein synthesis with use of many targeted treatment
agents in the fmrl KO mouse have been striking, the
behavioral and other outcome assays used in trials of these
same agents have not been directly linked to biological
changes seen in animal findings. It is unclear if the out-
come measures used in drug developmental programs had
potential to capture clinical improvement in the population
associated with each treatment, particularly during short-
term treatment periods. If one or both drugs in humans with
FXS was having similar biological effects as in the finrl/
KO mouse, the manifestations of dendritic normalization
and correction of excessive protein synthesis could have
potentially been missed in both trial programs as designed.
Essentially, the previous efforts to move from preclinical to
clinical findings simultaneously shifted from mouse to
human, and from primarily biological to behavioral out-
comes with unclear effects on clinical trial outcome.

The FXS clinical trial field began with initial reliance on
the ABC given the use of this measure in the US FDA
approvals for use of risperidone and aripiprazole targeting
irritability in youth with ASD [52-55] and given the
extensive validation data using the ABC in persons with
developmental disability [56], including FXS [57]. Despite
clear justifications for this approach, many years into the
current era of FXS trial development, there are reasons to
consider that this type of outcome measure approach could
be suboptimal. While behavior is very important in FXS, it
is unclear if short-term treatment with a potential effica-
cious targeted treatment will result in consistent and rela-
tively rapid Dbehavioral improvement across a
heterogeneous cohort of persons with FXS. Trying to more
broadly capture behavior in FXS using the ABC has
resulted in use of the ABC total score, rather than particular
subscale scores [45]. However, the ABC total score has not
been validated as an outcome measure and its use may have
resulted in dilution of the ability to detect meaningful
change with treatment in FXS trials. Efforts to factor the
ABC specifically in FXS have been important, but also did
not result in trial success when the arbaclofen program
employed the FXS-specific ABC-SA.

Other parent and clinician report methods have been
employed in addition to the ABC in FXS-specific clinical
trials. We will briefly review several illustrative, but non-
inclusive, examples of this approach. Given the promi-
nence of anxiety in FXS, the anxiety, depression, and mood
scale (ADAMS), which has been validated in persons with
developmental disability [58] has been employed in this



Challenges in Conducting Clinical Trials for Pharmacotherapies in Fragile X Syndrome... 239

field [59, 60]. However, while use of such outcomes is
logically reasonable, the ADAMS has not yet been shown
sensitive to change in large-scale shorter-term controlled
FXS trials. Given the prominence of attention deficit
hyperactivity disorder (ADHD) symptomatology in FXS,
the ADHD Rating Scale 4th edition (ADHD-RS-IV), a
prominent measure in trials leading to ADHD drug
approval, has been employed in FXS trials. However, the
ADHD-RS-IV lacks normative data in the FXS and
developmental disability fields, and the measure did not
detect change with treatment in a recent Phase II study of
metadoxine [61]. Adaptive behavior has been extensively
assessed in FXS trials mainly through use of the well-
validated VABS, 2" Edition (VABS-II) [62-64]. The
VABS-II has also been extensively utilized in FXS
descriptive studies [65, 66]. While the VABS-II has been
used as a secondary outcome in several FXS trials, the
ability of the measure to detect meaningful change during
short-term trials remains to be established. While the list of
available behavioral parent and clinician report outcome
measures for trials has grown significantly in the FXS field,
this work to date has not demonstrated its utility for
detecting meaningful, robust change with treatment. Given
these issues, it is possible that moving towards quantitative
and translational evaluations of FXS pathophysiology may
provide a more promising direction for selecting outcome
measures especially for Phase II studies.

3.2 Developing Quantitative Assays in Fragile X
Syndrome for Use in Clinical Trials

Quantitative measures of pathophysiology and phe-
nomenology in FXS hold promise to both identify those
with FXS who may best respond to a particular treatment
and track potential change with treatment. These lines of
research may also provide tools to enhance the direct
translation from promising preclinical findings to success-
ful human study. Quantitative measures of language, eye
gaze, molecular dysregulation, and brain activity among
other quantitative measures in development hold promise
as means to avoid placebo-response resulting from rater
bias, thus potentially enhancing sensitivity to detect drug
effects, even in short-term trials.

In FXS, communication deficits are common and may
even drive other interfering behaviors such as irritability
due to resultant frustration generated by communication
delay. Recent efforts have worked to quantitatively mea-
sure expressive language in FXS using recording of real
time conversation and narration [67]. This methodology,
which includes recording conversations from persons with
FXS, transcribing the recordings, and analyzing the data in
Systematic Analysis of Language Transcripts (SALT)
software, has shown good test-retest reliability

(ICCs >0.7) in 36 persons with FXS (mean age
18 £ 1.7 years) tested twice 12-37 days apart [67].
Additionally, mean length of utterance (MLU) and differ-
ent word roots used correlated with VABS language scores.
This expressive language sampling methodology holds
significant promise as a quantitative, reproducible measure
of language in FXS, thus removing parent and clinician
report placebo-response risk. We and others are currently
utilizing this sampling methodology in neurodevelopmen-
tal disorder study (clinicaltrials.gov NCT 01813318,
01911455).

Gaze aversion is a classic phenotypic feature of FXS.
Hands-free infrared eye tracking in FXS has described
reduced scanning of eye regions when viewing faces
[68, 69] consistent with the clinical presentation of the
disorder. Enhanced pupillary response to fearful, calm, and
happy faces has also been noted during this testing [68, 69].
This finding is likely consistent with enhanced autonomic
responsivity and social anxiety that are characteristic of
FXS [70-72]. This eye tracking and pupillometry protocol
has demonstrated good test-retest reliability [69] and has
been utilized in a number of FXS clinical trials, though
results of eye tracking in FXS trials remain largely
unpublished. The field remains hopeful that eye tracking
will be a means to quantitatively capture relevant pheno-
typic features of FXS-gaze avoidance and dysregulated
autonomic response in the context of clinical trials.
Publication of the use of these measures from recent and
ongoing trials will enhance the ability of the field to move
forward this methodology in future work, including the
need to establish across-site reliability.

Given the central role of FMRP in regulating the
expression of many other proteins, it is not surprising that
deficient FMRP results in a number of downstream cellular
signaling abnormalities in FXS. Two primary molecular
abnormalities in FXS have been assayed in blood and have
published clinical trial setting results. Extracellular signal
related kinase (ERK) is a nodal point for several intracel-
lular signal cascades and has been shown to be dysregu-
lated in human with FXS and in the fmmrl KO mouse
[73-76]. Specifically in human lymphocytes, ERK activa-
tion has been demonstrated to be delayed in FXS compared
to control subjects following activation with the protein
kinase C activator phorbol ester [76]. This aberrant lym-
phocytic activation has been studied in two open-label
clinical trial settings. In a small six-adult subject open-label
pilot study of riluzole, a putative glutamate and GABA
modulator FDA-approved for the treatment of amyotrophic
lateral sclerosis (ALS), ERK activation kinetics uniformly
normalized with 6 weeks of riluzole treatment
(100 mg/day) [77]. Despite uniform normalization of ERK
kinetics, no significant behavioral improvements were
noted. Similar to the molecular impact from riluzole, the
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FDA-approved mood stabilizer for the treatment of bipolar
disorder, lithium, was associated with normalization of
lymphocytic ERK activation kinetics in sixteen 6-23-year-
olds with FXS in an open-label short-term trial [78]. In this
latter report, lithium use was also associated with reduc-
tions in maladaptive behavior. This ERK assay has been
employed in additional placebo-controlled trials of novel
molecule FXS targeted treatments and in an ongoing
acamprosate-controlled trial (NCT 01911455), although all
of these results remain unpublished.

Amyloid precursor protein (APP) is involved in several
complex aspects of neuronal growth, maturation, and
activity [79]. APP is metabolized down two distinct path-
ways including an amyloidogenic path leading to produc-
tion of the neurotoxic molecules AB40 and AP42,
implicated in the pathophysiology of Alzheimer disease
and a non-amyloidogenic pathway resulting in the neu-
rotrophic species amyloid precursor protein alpha (sAPPa)
[80]. FMRP has been shown to directly regulate APP
mRNA expression [81, 82]. In the fimrl kKO mouse,
baseline APP levels are elevated [82] and APP derivative
levels show elevation in humans with FXS [83, 84]. In an
open-label pilot study setting, plasma APP total, sAPPa,
APB40, and AP42 were assayed pre- and post-10 weeks of
acamprosate treatment in nine persons (mean age
10.9 years) with FXS [83]. In this report, APP total
reduced by 8.28 ng/mL (p < 0.05) and sAPPa reduced by
1.78 ng/mL (p < 0.05) following treatment, and levels of
AB40 and AP42 did not change with treatment. Clinical
improvement on the ABC social withdrawal subscale cor-
related with both molecular changes noted in this report.
APP plasma assay is currently employed in two ongoing
clinical trials in FXS and ASD (clinicaltrials.gov NCT
01813318, 01911455).

In recent years, electroencephalogram (EEG) testing in
FXS has demonstrated cortical activation abnormalities
that may hold promise for future use in trial settings.
Auditory event-related potentials (ERPs) have been studied
in both humans with FXS and in the finr/ KO mouse. In
school-aged children with FXS, the N1 and N2 amplitudes
were significantly increased following standard tones, and
N1 habituation and N2 sensitization were reduced com-
pared to control subjects [85]. Enhanced early sensory N1
ERP responses in response to auditory stimuli have been
replicated in additional FXS studies consistent with a
cortical hyper-excitability model of FXS [86, 87]. In 14
adolescents and adults with FXS (mean age
28.5 £ 11.7 years) compared to 15 typically developing
control subjects, N1 habituation was shown to be reduced
with reductions significantly related to clinical measures of
sensory deficits and social communication [88]. Addition-
ally, in this report, Ethridge et al. [88] noted enhanced
gamma power and reduced gamma phase-locking during
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the early stimulus registration period that also correlated
with behavioral deficits. These FXS EEG findings are
consistent with the human FXS phenotype marked by
sensory hypersensitivity and associated high levels of
anxiety.

The ERP deficits in human FXS studies are transla-
tionally relevant as similar findings in the finr/ KO mouse
have shown rescue with targeted molecular knockdown
approaches. Genetic deletion of matrix metalloproteinase-9
(MMP-9) in the finrl KO mouse has been associated with
rescue of auditory ERP habituation deficits [89]. In a pla-
cebo-controlled human study of the MMP-9 inhibitor
minocycline, a subset of 12 youths with FXS completed
pre- and post-treatment auditory ERP studies using a pas-
sive oddball paradigm [90]. Following 3 months of
minocycline treatment, N1 amplitudes reduced and habit-
uation to auditory stimuli improved with minocycline
treatment compared to placebo. EEG evaluation in FXS
holds promise given initial reports demonstrating potential
translation fidelity of findings from mouse to man, repli-
cation of auditory ERP results across labs, and potential
relevance of the cortical hyperexcitability noted in EEG
studies to aspects of the human FXS experience and
behavioral problems.

Pursuit of quantitative measures of pathophysiology in
FXS for use in clinical trials holds significant promise,
although clearly more work remains to be done to establish
and validate the relevance of different targets and mea-
sures. These promising areas of study all show potential
links to the human phenotype. Molecular and EEG testing
show considerable consistency across animal and human
studies with EEG work most poised for bridging the
translation assessment gap from preclinical work to clinical
trials. For all of these measures, additional test-retest and
inter-site evaluations are needed to build the understanding
necessary for assay use in large-scale FXS clinical trials.
Continuing to establish the clinical relevance of quantita-
tive measures will also be required. For each measure,
understanding the longitudinal trajectory of assay results
and developmental influences will be essential to develop
these tools for use in assessing and predicting response to
treatment in clinical trials.

4 Discussion

Despite recent struggles to develop treatments for FXS,
clear opportunities remain in the field. These struggles have
defined a field that currently is well poised to learn from
past failures. Several concerns developed during treatment
failures continue to be addressed by ongoing treatment-
focused research in FXS. Use of EEG assessment is
becoming increasingly wide-spread in FXS studies. This
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work holds significant promise to quantitatively assess
drug-specific pharmacodynamic effects, while at the same
time if appropriately powered, begins to identify poten-
tially treatment-responsive subgroups of persons with FXS.
With this development, the field will need to continue to
build expert clinical trial infrastructure given the technical
requirements of the growing list of quantitative metrics
developed for use in the field. Decisions will be required
specific to EEG use in trials regarding specific sensory and
cognitive paradigms utilized and their optimal measure-
ment. Additionally, across-site and test-retest repro-
ducibility over trial durations appropriate for different
protocols will need to be demonstrated in patients with
FXS. The same needs and pathways exist for other areas of
quantitative biomarker studies including molecular blood
assay and eye tracking methodology.

With the emphasis on quantitative measures in clinical
trials, and their potential value, especially in moving from
preclinical to phase II trials, it will be important to not lose
sight of final FDA approvable endpoints in the field. It will
likely be necessary to establish further the relationship
between quantitative measures and the clinical presentation
of FXS both at one single time point and over the natural
history of the disorder. For example, resolution of auditory
habituation deficits during EEG testing in FXS would be
predicted to have clinical correlates such as anxiety or
sensory sensitivity reduction, but such relationships will
need to be established to further enable the utility of such
measures in FXS trials. The natural history of quantitative
measures of pathophysiology in FXS will be more impor-
tant as FXS trials may move more from short-term treat-
ment periods to longer-term study as a means to capture
potential drug-associated pro-learning effects that may
mirror potential dendritic and synaptic improvements
demonstrated in preclinical models.

Given recent developments in the field, we see a window
of opportunity to modify the traditional Phase II to Phase III
FXS drug-development approach. Bringing pharmacody-
namic approaches into FXS human study earlier may provide
enhanced future trial success. Such work may require Phase
Ib study approaches first in FXS studies that incorporate a
heavy load of quantitative biomarker measures that are not
designed to demonstrate drug efficacy, but designed to
demonstrate, early on, target engagement, potential early
pharmacokinetic-pharmacodynamic (pK:pD) relationships,
and potential use in patient stratification. Such early profiling
with quantitative measures would help inform Phase II
studies, even potentially providing a means to enrich sample
selection and outcome measure selection much earlier in the
drug development process. This early stage work may even
be able to be conducted in an open-label setting given the
purpose is not efficacy assessment.

Developmental issues in FXS treatment remain
important yet largely unexplored. As a childhood-onset
developmental disorder, we cannot assume that a par-
ticular drug treatment or even combination of drug
treatments given at one stage of development may have
a similar impact given much earlier, or for that matter,
later in development. While the general mantra of “the
earlier the better” in treatment development does per-
meate the field, such emphasis is not yet empirically
supported. The need to assess treatments across devel-
opmental windows clearly adds expense to drug devel-
opment and often moving from adult, to adolescent, to
child drug development is required, as this approach
mirrors the generation of appropriate safety data to
justify human study at each stage. The youngest treat-
ment trial in FXS to date was a controlled trial of low-
dose sertraline, a selective serotonin reuptake inhibitor
(SSRI), in individuals aged 2-6 years that revealed very
modest improvement effects on visual perception, fine
motor skills, and social participation [91]. Efforts to take
trials into younger cohorts are currently underway as the
upcoming Neuronext trial will initiate and combine
mavoglurant and parent-implemented language inter-
vention in children aged 3-6 years with FXS.

Developmental challenges will continue and develop
more complexity even as new preclinical assays such as
induced pluripotent stem cell (iPSC)-derived neuronal
species enter the FXS field as potential tools in the trans-
lational treatment pipeline. iPSC-derived species are often
very developmentally immature and therefore potential
future findings from such assay must be put into a devel-
opmental context impacting preclinical and clinical studies.

5 Conclusion

Overall, refinement of FXS clinical trial methodology has
been informed by many recent trials in the field, the
majority of which have failed to move targeted treatments
towards FXS-specific approval for use. We remain opti-
mistic that lessons learned will significantly enhance our
ability as a field to personalize the medicine of FXS to
bring forth new potential treatments. Such work could even
lead to important advances for a portion of persons with
FXS defined by specific phenotypic characteristics that
may be defined by quantitative measures of pathophysiol-
ogy. While the days of thinking one treatment for all per-
sons with FXS at all stages of development is on the
precipice of discovery may be outdated, a more personal-
ized and quantitative assessment-driven approach to FXS
drug development holds significant promise for near-term
discovery in the field.

A\ Adis



242

C. M. Harkins et al.

Compliance with Ethical Standards

Funding No sources of funding were used to assist with the prepa-
ration of this review.

Conflict of interest Christina M. Harkins has no conflicts of interest.
Dr. Kelli C. Dominick has no conflicts of interest. Dr. Logan K. Wink
has no conflicts of interest. Dr. Ernest V. Pedapati has no conflicts of
interest. Dr. Rebecca C. Shaffer has no conflicts of interest. Sarah E.
Fitzpatrick has no conflicts of interest. Matthew H. Davenport has no
conflicts of interest. Dr. John A. Sweeney has research grant support
from the National Institute of Health and serves as a consultant for
Takeda Pharmaceuticals. Dr. Craig A. Erickson has research grant
support from the National Institute of Health and the Center for
Disease Control and Prevention and serves as a consultant for Ful-
crum Therapeutics. Dr. Erickson is the inventor on intellectual
property held by Indiana University and Cincinnati Children’s
Hospital related to use of acamprosate in fragile X syndrome and
autism. Dr. Erickson holds equity in Confluence Pharmaceuticals, a
company that has licensed this intellectual property from Indiana
University.

References

1. Fernandez-Carvajal I, Walichiewicz P, Xiaosen X, Pan R,
Hagerman PJ, Tassone F. Screening for expanded alleles of the
FMRI1 gene in blood spots from newborn males in a Spanish
population. J Mol Diagn. 2009;11:324-9.

2. Hagerman PJ. The fragile X prevalence paradox. J] Med Genet.
2008;45:498-9.

3. Garber KB, Visootsak J, Warren ST. Fragile X syndrome. Eur J
Hum Genet. 2008;16:666-72.

4. Devys D, Lutz Y, Rouyer N, Bellocq JP, Mandel JL. The FMR-1
protein is cytoplasmic, most abundant in neurons and appears
normal in carriers of a fragile X premutation. Nat Genet.
1993;4:335-40.

5. Schenkel LC, Schwartz C, Skinner C, et al. Clinical validation of
fragile X syndrome screening by DNA methylation array. J Mol
Diagn. 2016;18:834—41.

6. Bassell GJ, Warren ST. Fragile X syndrome: loss of local mRNA
regulation alters synaptic development and function. Neuron.
2008;60:201-14.

7. Erickson CA, Davenport MH, Schaefer TL, et al. Fragile X tar-
geted pharmacotherapy: lessons learned and future directions.
J Neurodevelop Disord. 2017;9:7. doi:10.1186/s11689-017-9186-9

8. Schneider A, Hagerman RJ, Hessl D. Fragile X syndrome—from
genes to cognition. Dev Disabil Res Rev. 2009;15:333-42.

9. Haessler F, Gaese F, Huss M, et al. Characterization, treatment
patterns, and patient-related outcomes of patients with Fragile X
syndrome in Germany: final results of the observational
EXPLAIN-FXS study. BMC Psychiatry. 2016;16:318.

10. Loesch DZ, Huggins RM, Bui QM, et al. Effect of fragile X
status categories and FMRP deficits on cognitive profiles esti-
mated by robust pedigree analysis. Am J Med Genet A.
2003;122A:13-23.

11. Cornish K, Turk J, Hagerman R. The fragile X continuum: new
advances and perspectives. J Intellect Disabil Res.
2008;52:469-82.

12. de Vries BB, Wiegers AM, Smits AP, et al. Mental status of
females with an FMR1 gene full mutation. Am J Hum Genet.
1996;58:1025-32.

13. Gross C, Berry-Kravis EM, Bassell GJ. Therapeutic strategies in
fragile X syndrome: dysregulated mGluR signaling and beyond.
Neuropsychopharmacology. 2012;37:178-95.

A\ Adis

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Roberts JE, Schaaf JM, Skinner M, et al. Academic skills of boys
with fragile X syndrome: profiles and predictors. Am J Ment
Retard. 2005;110:107-20.

Abbeduto L, Brady N, Kover ST. Language development and
fragile X syndrome: profiles, syndrome-specificity, and within-
syndrome differences. Ment Retard Dev Disabil Res Revi.
2007;13:36-46.

. Wang LW, Berry-Kravis E, Hagerman RJ. Fragile X: leading the

way for targeted treatments in autism. Neurotherapeutics: the
journal of the American Society for Experimental NeuroThera-
peutics. 2010;7:264-74.

Miller LJ, McIntosh DN, McGrath J, et al. Electrodermal
responses to sensory stimuli in individuals with fragile X syn-
drome: a preliminary report. Am J Med Genet. 1999;83:268-79.
Berry-Kravis E, Potanos K. Psychopharmacology in fragile X
syndrome—present and future. Ment Retard Dev Disabil Res Rev.
2004;10:42-8.

Jacquemont S, Berry-Kravis E, Hagerman R, et al. The chal-
lenges of clinical trials in fragile X syndrome. Psychopharma-
cology. 2014;231:1237-50.

Rogers SJ, Wehner EA, Hagerman R. The behavioral phenotype
in fragile X: symptoms of autism in very young children with
fragile X syndrome, idiopathic autism, and other developmental
disorders. J Dev Behav Pediatr. 2001;22:409-17.

Kaufmann WE, Cortell R, Kau AS, et al. Autism spectrum dis-
order in fragile X syndrome: communication, social interaction,
and specific behaviors. Am J Med Genet A. 2004;129A:225-34.
Clifford S, Dissanayake C, Bui QM, Huggins R, Taylor AK,
Loesch DZ. Autism spectrum phenotype in males and females
with fragile X full mutation and premutation. J Autism Dev
Disord. 2007;37:738-47.

Harris SW, Hessl D, Goodlin-Jones B, et al. Autism profiles of males
with fragile X syndrome. Am J Ment Retard. 2008;113:427-38.
Hagerman RJ, Jackson AW 3rd, Levitas A, Rimland B, Braden
M. An analysis of autism in fifty males with the fragile X syn-
drome. Am J Med Genet. 1986;23:359-74.

Bailey DB Jr, Mesibov GB, Hatton DD, Clark RD, Roberts JE,
Mayhew L. Autistic behavior in young boys with fragile X
syndrome. J Autism Dev Disord. 1998;28:499-508.
Baumgardner TL, Reiss AL, Freund LS, Abrams MT. Specifi-
cation of the neurobehavioral phenotype in males with fragile X
syndrome. Pediatrics. 1995;95:744-52.

Merenstein SA, Sobesky WE, Taylor AK, Riddle JE, Tran HX,
Hagerman RJ. Molecular-clinical correlations in males with an
expanded FMR1 mutation. Am J Med Genet. 1996;64:388-94.
Kerby DS, Dawson BL. Autistic features, personality, and
adaptive behavior in males with the fragile X syndrome and no
autism. Am J Ment Retard. 1994;98:455-62.

Hagerman RJ, Berry-Kravis E, Kaufmann WE, et al. Advances in
the treatment of fragile X syndrome. Pediatrics. 2009;123:378-90.
Tassone F, Hagerman RJ, Ikle DN, et al. FMRP expression as a
potential prognostic indicator in fragile X syndrome. Am J Med
Genet. 1999;84:250-61.

Loesch DZ, Huggins RM, Hagerman RJ. Phenotypic variation
and FMRP levels in fragile X. Ment Retard Dev Disabil Res Rev.
2004;10:31-41.

Dyer-Friedman J, Glaser B, Hessl D, et al. Genetic and envi-
ronmental influences on the cognitive outcomes of children with
fragile X syndrome. J Am Acad Child Adolesc Psychiatry.
2002;41:237-44.

Berry-Kravis E, Des Portes V, Hagerman R, et al. Mavoglurant in
fragile X syndrome: Results of two randomized, double-blind,
placebo-controlled trials. Sci Transl Med. 2016;8:321ra5.
Gomez-Mancilla B, Berry-Kravis E, Hagerman R, et al. Devel-
opment of mavoglurant and its potential for the treatment of fragile
X syndrome. Expert Opin Investig Drugs. 2014;23:125-34.


http://dx.doi.org/10.1186/s11689-017-9186-9

Challenges in Conducting Clinical Trials for Pharmacotherapies in Fragile X Syndrome...

243

35.

36.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

ClinicalTrials.gov. National Institutes of Health. http://www.
clinicaltrials.gov. Accessed 23 Sep 2015.

Bear MF, Huber KM, Warren ST. The mGIuR theory of fragile X
mental retardation. Trends Neurosci. 2004;27:370-7.

. Huber KM, Gallagher SM, Warren ST, Bear MF. Altered

synaptic plasticity in a mouse model of fragile X mental retar-
dation. Proc Natl Acad Sci USA. 2002;99:7746-50.

Chuang SC, Zhao W, Bauchwitz R, Yan Q, Bianchi R, Wong RK.
Prolonged epileptiform discharges induced by altered group I
metabotropic glutamate receptor-mediated synaptic responses in
hippocampal slices of a fragile X mouse model. J Neurosci.
2005;25:8048-55.

Yan QJ, Rammal M, Tranfaglia M, Bauchwitz RP. Suppression of
two major Fragile X Syndrome mouse model phenotypes by the
mGluRS antagonist MPEP. Neuropharmacology. 2005;49:1053-66.
Dolen G, Osterweil E, Rao BS, et al. Correction of fragile X
syndrome in mice. Neuron. 2007;56:955-62.

Pop AS, Levenga J, de Esch CE, et al. Rescue of dendritic spine
phenotype in Fmrl KO mice with the mGIuRS5 antagonist
AFQO056/Mavoglurant. Psychopharmacology. 2014;231:1227-35.
Gantois I, Pop AS, de Esch CE, et al. Chronic administration of
AFQO056/Mavoglurant restores social behaviour in Fmrl knock-
out mice. Behav Brain Res. 2013;239:72-9.

Aman MG, Singh NN, Stewart AW, Field CJ. The aberrant
behavior checklist: a behavior rating scale for the assessment of
treatment effects. Am J Ment Defic. 1985;5:485-91.

Guy W. ECDEU assessment manual for psychopharmacology,
Publication No. 76-338. Washington, DC: DHEW, NIMH; 1976.
Jacquemont S, Curie A, des Portes V, et al. Epigenetic modifi-
cation of the FMR1 gene in fragile X syndrome is associated with
differential response to the mGIuRS antagonist AFQ056. Sci
Transl Med. 2011;3:64ral.

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

Budimirovic DB, Kaufmann WE. What can we learn about autism
from studying fragile X syndrome? Dev Neurosci. 2011;33:379-94.
Benarroch EE. GABAB receptors: structure, functions, and
clinical implications. Neurology. 2012;78:578-84.

Henderson C, Wijetunge L, Kinoshita MN, et al. Reversal of
disease-related pathologies in the fragile X mouse model by
selective activation of GABAB receptors with arbaclofen. Sci
Transl Med. 2012;4:152ra28.

Wahlstrom-Helgren S, Klyachko VA. GABAB receptor-mediated
feed-forward circuit dysfunction in the mouse model of fragile X
syndrome. J Physiol. 2015;593:5009-24.

Berry-Kravis E, Hagerman R, Visootsak J, et al. Arbaclofen in
fragile X syndrome: results of phase 3 trials. J of Neurodev
Disord 2017; (in press).

Marcus RN, Owen R, Kamen L, et al. A placebo-controlled,
fixed-dose study of aripiprazole in children and adolescents with
irritability associated with autistic disorder. J Am Acad Child
Adolesc Psychiatry. 2009;48:1110-9.

Owen R, Sikich L, Marcus RN, et al. Aripiprazole in the treat-
ment of irritability in children and adolescents with autistic dis-
order. Pediatrics. 2009;124:1533-40.

McCracken JT, McGough J, Shah B, et al. Risperidone in chil-
dren with autism and serious behavioral problems. N Engl J Med.
2002;347:314-21.

Shea S, Turgay A, Carroll A, et al. Risperidone in the treatment of
disruptive behavioral symptoms in children with autistic and other
pervasive developmental disorders. Pediatrics. 2004;114:e634-41.
Aman MG. Annoted biography on the aberrant behavior checklist
(ABC). Columbus: The Ohio State University; 2010.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Sansone SM, Widaman KF, Hall SS, et al. Psychometric study of
the aberrant behavior checklist in fragile x syndrome and impli-
cations for targeted treatment. J Autism Dev Disord.
2012;42:1377-92.

Esbensen AJ, Rojahn J, Aman MG, Ruedrich S. Reliability and
validity of an assessment instrument for anxiety, depression, and
mood among individuals with mental retardation. J Autism Dev
Disord. 2003;33:617-29.

Cordeiro L, Ballinger E, Hagerman R, Hessl D. Clinical assessment
of DSM-IV anxiety disorders in fragile X syndrome: prevalence and
characterization. J Neurodev Disord. 2011;3:57-67.

Indah Winarni T, Chonchaiya W, Adams E, et al. Sertraline may
improve language developmental trajectory in young children
with fragile x syndrome: a retrospective chart review. Autism Res
Treat. 2012;2012:104317.

Berry-Kravis E, Rubin J, Harary E, Daniely Y. A 6-week, ran-
domized, multicenter, double-blind, parallel, flexed- and fixed-
dose study of MDX (Metadoxine extended-release; MGO1CI)
compared with placebo in adolescents and adults with fragile X
syndrome. In: American Academy of Child and Adolescent
Psychiatry Annual Meeting, 2015 October 2015, San Antonio,
Texas.

Carter AS, Volkmar FR, Sparrow SS, et al. The vineland adaptive
behavior scales: supplementary norms for individuals with aut-
ism. J Autism Dev Disord. 1998;28:287-302.

Sparrow SS, Cicchetti DV. Diagnostic uses of the Vineland
Adaptive Behavior Scales. J Pediatr Psychol. 1985;10:215-25.
Volkmar FR, Carter A, Sparrow SS, Cicchetti DV. Quantifying
social development in autism. J] Am Acad Child Adolesc Psy-
chiatry. 1993;32:627-32.

Dykens E, Ort S, Cohen I, et al. Trajectories and profiles of
adaptive behavior in males with fragile X syndrome: multicenter
studies. J Autism Dev Disord. 1996;26:287-301.

Klaiman C, Quintin EM, Jo B, et al. Longitudinal profiles of
adaptive behavior in fragile X syndrome. Pediatrics.
2014;134:315-24.

Berry-Kravis E, Doll E, Sterling A, et al. Expressive Language
sampling as an outcome measure for interventions in fragile X
Syndrome. In: International Fragile X Syndrome Conference,
2012 July 25-29, 2012, Miami, Florida.

Farzin F, Rivera SM, Hessl D. Brief report: visual processing of
faces in individuals with fragile X syndrome: an eye tracking
study. J Autism Dev Disord. 2009;39:946-52.

Farzin F, Scaggs F, Hervey C, Berry-Kravis E, Hessl D. Relia-
bility of eye tracking and pupillometry measures in individual s
with  Fragile X Syndrome. J Autism Dev Disord.
2011;11:1515-22.

Boccia ML, Roberts JE. Behavior and autonomic nervous system
function assessed via heart period measures: the case of hyper-
arousal in boys with fragile X syndrome. Behav Res Methods
Instrum Comput. 2000;32:5-10.

Ferri R, Del Gracco S, Elia M, Musumeci SA, Pettinato S. Heart
rate variability and autonomic function during sleep in fragile X
syndrome. Am J Med Genet. 1999;83:296-7.

Klusek J, Roberts JE, Losh M. Cardiac autonomic regulation in
autism and Fragile X syndrome: a review. Psychol Bull.
2015;141:141-75.

Kim SH, Markham JA, Weiler 1J, Greenough WT. Aberrant
early-phase ERK inactivation impedes neuronal function in
fragile X syndrome. Proc Natl Acad Sci USA.
2008;105:4429-34.

Osterweil EK, Krueger DD, Reinhold K, Bear MF. Hypersensi-
tivity to mGluRS5 and ERK1/2 leads to excessive protein synthesis
in the hippocampus of a mouse model of fragile X syndrome.
J Neurosci. 2010;30:15616-27.

A\ Adis


http://www.clinicaltrials.gov
http://www.clinicaltrials.gov

244

C. M. Harkins et al.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Wang X, Snape M, Klann E, et al. Activation of the extracellular
signal-regulated kinase pathway contributes to the behavioral
deficit of fragile x-syndrome. J Neurochem. 2012;121:672-9.
Weng N, Weiler 1J, Sumis A, Berry-Kravis E, Greenough WT.
Early-phase ERK activation as a biomarker for metabolic status
in fragile X syndrome. Am J Med Genet B Neuropsychiatr Genet.
2008;147B:1253-7.

Erickson CA, Weng N, Weiler 1J, et al. Open-label riluzole in
fragile X syndrome. Brain Res. 2011;1380:264-70.
Berry-Kravis E, Sumis A, Hervey C, et al. Open-label treatment
trial of lithium to target the underlying defect in fragile X syn-
drome. J Dev Behav Pediatr. 2008;29:293-302.

Lahiri DK, Long, JM, Ray, B and Sokol DK. Biochemical evi-
dence for the dysregulation of Alzheimer’s amyloid precursor
protein (APP) expression and metabolism in Fragile X Syndrome
(FXS) and severe autism society of biological psychiatry. New
Orleans: Front Cell Neurosci; 2011.

Lahiri DK, Sokol DK, Erickson C, Ray B, Ho CY, Maloney B.
Autism as early neurodevelopmental disorder: evidence for an
sAPPalpha-mediated anabolic pathway. Front Cell Neurosci.
2013;7:94.

De Rubeis S, Bagni C. Fragile X mental retardation protein
control of neuronal mRNA metabolism: insights into mRNA
stability. Mol Cell Neurosci. 2010;43:43-50.

Westmark CJ, Malter JS. FMRP mediates mGluR5-dependent
translation of amyloid precursor protein. PLoS Biol. 2007;5:e52.
Erickson CA, Ray B, Maloney B, et al. Impact of acamprosate on
plasma amyloid-beta precursor protein in youth: a pilot analysis
in fragile X syndrome-associated and idiopathic autism spectrum

A\ Adis

84.

85.

86.

87.

88.

89.

90.

91.

disorder suggests a pharmacodynamic protein marker. J Psychiatr
Res. 2014;59:220-8.

Malter JS, Ray BC, Westmark PR, Westmark CJ. Fragile X
Syndrome and Alzheimer’s Disease: another story about APP and
beta-amyloid. Curr Alzheimer Res. 2010;7:200-6.

Castren M, Paakkonen A, Tarkka IM, Ryynanen M, Partanen J.
Augmentation of auditory N1 in children with fragile X syn-
drome. Brain Topogr. 2003;15:165-71.

Knoth IS, Lippe S. Event-related potential alterations in fragile X
syndrome. Front Hum Neurosci. 2012;6:264.

Van der Molen MJ, Van der Molen MW, Ridderinkhof KR,
Hamel BC, Curfs LM, Ramakers GJ. Auditory change detection
in fragile X syndrome males: a brain potential study. Clin Neu-
rophysiol. 2012;123:1309-18.

Ethridge LE, White SP, Mosconi MW, Wang J, Byerly MJ,
Sweeney JA. Reduced habituation of auditory evoked potentials
indicate cortical hyper-excitability in Fragile X Syndrome. Transl
Psychiatry. 2016;6:¢787.

Lovelace JW, Wen TH, Reinhard S, et al. Matrix metallopro-
teinase-9 deletion rescues auditory evoked potential habituation
deficit in a mouse model of Fragile X Syndrome. Neurobiol Dis.
2016;89:126-35.

Schneider A, Leigh MJ, Adams P, et al. Electrocortical changes
associated with minocycline treatment in fragile X syndrome.
J Psychopharmacol. 2013;27:956-63.

Greiss Hess L, Fitzpatrick SE, Nguyen DV, et al. A Randomized,
double-blind, placebo-controlled trial of low-dose sertraline in
young children with fragile X syndrome. J Dev Behav Pediatr.
2016;37:619-28.



	Challenges in Conducting Clinical Trials for Pharmacotherapies in Fragile X Syndrome: Lessons Learned
	Abstract
	Introduction
	Fragile X Syndrome Phenotype
	Fragile X Syndrome Phenotype Heterogeneity: Driving Clinical Trial Challenges

	Fragile X Syndrome Translational Treatment Development: Learning from the Past
	Outcome Measure Challenges in Fragile X Clinical Trials
	Developing Quantitative Assays in Fragile X Syndrome for Use in Clinical Trials

	Discussion
	Conclusion
	References




