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ABSTRACT

Fragile X syndrome is an inherited disease with
cognitive, behavioral, and neurologic manifestations,
resulting from a single genetic mutation. A variety
of treatments that target individual symptoms of
fragile X syndrome are currently utilized with limited
efficacy. Research in animal models has resulted in
the development of potential novel pharmacologic
treatments that target the underlying molecular
defect in fragile X syndrome, rather than the resultant
symptoms. This review describes recent advances in
our understanding of the molecular basis of fragile
X syndrome and summarizes the ongoing clinical
research programs.
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F ragile X syndrome is an X-linked disorder and is the most
common form of inherited intellectual disability, estimated to
affect between 1:2,500 and 1:4,000 individuals.'~> Males with fragile X
syndrome display a broad spectrum of signs and symptoms that can be
categorized as behavioral (including shyness, anxiety, social avoidance,
aggression, attention-deficit/hyperactivity disorder [ADHD], and hand
flapping), cognitive (including developmental delay and impairments
of reasoning, executive function, visual memory, and visual-spatial
processing), neurologic (including disrupted sleep patterns, obstructive
sleep apnea, and epilepsy), and physical (including macroorchidism,
prominent ears, long face, soft skin, and hyperextensible finger
joints).*"8 Approximately 30% of individuals with fragile X syndrome
are diagnosed with autism, 60% have autism spectrum disorder,” 86%
meet the criteria for an anxiety disorder,® and the intelligence quotient
(IQ) range for fully affected males is typically between 20 and 70.°
The X-linked nature of fragile X syndrome means that the phenotype
of females with fragile X syndrome is generally less severe than that
of males, although some females can be as severely affected as males.
Approximately a quarter of females are defined as being intellectually
disabled (IQ <70), with the majority lying between the borderline
and low-normal range of intelligence,'® and 56% are reported to
have anxiety.!! The clinical presentation of fragile X syndrome varies
markedly between individuals, which can make diagnosis difficult.
Furthermore, awareness of the disease among parents, doctors,
and teachers is poor, with many children being undiagnosed or
misdiagnosed.'>!3

GENETIC BASIS OF FRAGILE X SYNDROME

The wide variety of symptoms observed in fragile X syndrome
originates fromaloss of transcription of the fragile X mental retardation
gene (FMR1), which is located at Xq27.3.1 Translation of FMRI leads
to expression of the active protein, fragile X mental retardation protein
(FMRP). The 5' promoter region of FMRI contains a CGG repeat
that is variable in length and influences gene transcription and the
subsequent translation of FMRP.!> The likelihood of transmission
of the defective gene increases with increasing maternal CGG repeat
length.!¢

Individuals with a CGG repeat length of more than 200 repeats
are described as having the full mutation of fragile X syndrome,
and virtually all males inheriting the full mutation will develop the
signs and symptoms of fragile X syndrome. Individuals with the full
mutation exhibit FMRI promoter hypermethylation, which results in
transcriptional silencing of FMRI and absence of FMRP' in a process
thought to involve histone deacetylation and altered regulation of
chromatin remodeling/modification.'®!?

Individuals with 55-200 CGG repeats are said to have a
premutation and are generally healthy, although they are at increased
risk of developing an autism spectrum disorder,?>*! late-onset
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= Most current treatments for fragile X syndrome, the most
common cause of inherited intellectual disability, aim to
treat individual symptoms of the disorder.

® Recent advances in our understanding of fragile X syndrome
have allowed the development of pharmacologic agents that
target the underlying molecular defect of the disease.

= Minocycline is the only targeted treatment for fragile X
syndrome currently used in a clinical setting following initial
positive findings from a controlled clinical trial. However,
longer trials are required to establish the efficacy and safety
of minocycline in patients with fragile X syndrome.

® Several other targeted agents are undergoing assessment in
clinical trials, with the anticipation that they will lead to real
improvements in the treatment and quality of life of patients
and their families.

neurodegenerative disorder, fragile-X-associated tremor/
ataxia syndrome (FXTAS),”> mood or anxiety disorders,”
immune-mediated disorders,* hypertension,? or seizures.?
Females with the premutation are at risk of developing
fragile-X-associated premature ovarian insufficiency
(FXPOI) in adulthood.?® In contrast to individuals with the
full mutation, those with the premutation exhibit a 2-fold to
8-fold increase in FMRI mRNA levels, while FMRP levels
are normal or only slightly reduced.?”?® High levels of FMR1
mRNA are thought to lead to an RNA toxic gain of function,
which over time is thought to contribute to the development
of FXTAS, FXPOI, and other symptoms of premutation
involvement.”?%?

Individuals with 45-55 CGG repeats are termed as
having the intermediate allele or being in the “gray zone”
These individuals are typically healthy, although females
are at increased risk of FXPOL? and there have been
cases of FXTAS reported in individuals in the gray zone.’!
Individuals in the gray zone do not have fragile X syndrome;
however, there may be an association with future generations
developing fragile X syndrome.*?

FRAGILE X MENTAL RETARDATION PROTEIN

Fragile X mental retardation protein is a 632-amino-acid
protein produced by transcription of FMRI. It is primarily
expressed in the brain and testes,?® which is consistent with
the clinical presentation of broad neurologic dysfunction
and macroorchidism observed in fragile X syndrome. Brain
regions showing particularly high expression of FMRP
include the cerebellum, cortex, and hippocampus.>*** In
individuals with fragile X syndrome, low levels of FMRP
have been shown to correlate with intellectual disability,
low IQ, impaired short-term memory, and a short attention
span.6-%

In the brain, FMRP is primarily located in the dendrites,*
soma, and postsynapse.*’ The 2 major functions of FMRP
appear to be translational repression of a wide variety of
proteins, including neurotransmitter receptor subtypes,

€295 ® PSYCHIATRIST.COM

cytoskeletal elements, ion channels, and adhesion molecules,
and mRNA transport to the dendritic spines, a process
during which mRNA transcription is also repressed.*! =+
The phosphorylation state of FMRP appears to be key to
the translational repressive function of the protein, with
phosphorylated FMRP being associated with stalled, non-
translating polyribosomes, and unphosphorylated FMRP
being associated with active, translating polyribosomes.**

Fragile X mental retardation protein has been shown to
interact with approximately 4% of all mRNA in the brain.*
Specific targets include microtubule-associated protein 1B
(MAP1B), activity-regulated cytoskelaton-associated protein
(Arc), striatal-enriched protein tyrosine phosphatase (STEP),
myocyte enhancer factor 2 (MEF2), and synapse-associated
protein 90/postsynaptic density protein 95 (PSD-95)-
associated protein 3 (SAPAP3).46-5! These proteins regulate
several neurologic processes and pathways through which
FMRP is thought to influence neurotransmitter release and
synaptic plasticity, thus giving rise to the broad spectrum
of symptoms observed when FMRP is absent in fragile X
syndrome.*>

THE FMR1 KNOCKOUT MOUSE

Much of our understanding of the neurobiology of fragile
X syndrome has been derived from study of the FMRI
knockout mouse, which shares a number of anatomic and
behavioral phenotypes with human fragile X syndrome. The
cerebral cortex of the FMRI knockout mouse exhibits an
increased density of postsynaptic dendrites that are long,
thin, and tortuous.”® Additional defects include olfactory
learning deficits,” impaired motor learning® and memory
function,®® abnormal social behavior,””*® neuronal network
hyperexcitability,”® macroorchidism,” and increased protein
synthesis.®* The FMRI knockout mouse is also prone to
epileptic seizures,®! which are common in individuals with
fragile X syndrome.®?

NEUROBIOLOGY OF FRAGILE X SYNDROME

Fragile X mental retardation protein has been shown to
interact with aspects of the glutamate and y-aminobutyric
acid (GABA) signaling pathways, and alterations in these
pathways have been demonstrated in the FMRI knockout
mouse brain.®*%* However, FMRP has also been implicated
in the regulation of several other neurologic signaling
pathways,” suggesting that the broad clinical profile observed
in fragile X syndrome may be the product of simultaneous
dysregulation of multiple signaling pathways.

Dysregulation of Metabotropic Glutamate Receptor
Signaling in Fragile X Syndrome

Glutamate is the major excitatory neurotransmit-
ter in the brain and signals through ionotropic glutamate
receptors (iGluRs) and metabotropic glutamate recep-
tors (mGluRs).* Ionotropic glutamate receptors include
N-methyl-p-aspartate (NMDA) and a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors
(AMPARs), which are fast-acting, ligand-gated ion channels.®®
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Figure 1. Absence of Fragile X Mental Retardation Protein (FMRP) Leads to Excessive Postsynaptic Depression
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Abbreviations: AMPAR = a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, FXS = fragile X syndrome,

mGluR = metabotropic glutamate receptor.

Of the 8 mGluRs, the group 1 mGluRs are of specific rel-
evance to this review; these comprise mGluRs 1 and 5, which
signal through G to activate phospholipase C.%

The most widely accepted mechanism by which absence
of FMRP contributes to the fragile X syndrome phenotype is
by enhancement of mGluR-mediated long-term depression,
which is regulated though group 1 mGluRs.®® Long-term
depression is a key component of synaptic plasticity and
is negatively regulated by FMRP; therefore, its absence
results in disinhibition of long-term depression and
altered synaptic plasticity.%® Essentially, group 1 mGluR
signaling leads to mRNA translation, protein expression,
and subsequent internalization of postsynaptic AMPARs,
thus reducing postsynaptic glutamate signaling for long
periods.5”%® Protein synthesis is not required for initiation
of AMPAR endocytosis; however, it is essential for the
observed decreases in postsynaptic AMPAR expression,®
suggesting that proteins up-regulated by mGluR activation
(termed long-term depression proteins) regulate trafficking of
AMPARs.”? Fragile X mental retardation protein is believed
to play a central role in this process by inhibiting expression
of long-term depression proteins, thus acting as a brake on
AMPA internalization and negatively regulating long-term
depression (Figure 1).%

Internalization of AMPARSs is thought to involve Arc,
MAPI1B, and STEP. All 3 proteins are rapidly up-regulated
following mGluR stimulation, and their knockdown results in
inhibition of long-term depression and blockade of AMPAR
internalization.®®-7* The scaffold protein Homer, which
binds to mGluR,”” is thought to play a key role by initiating
protein synthesis through phosphoinositide 3-kinase (PI3K)
enhancer’® (Table 1).

Fragile X mental retardation protein is thought to inhibit
expression of Arc and MAP1B through interactions with
cytoplasmic FMRP-interacting protein 1 (CYFIP1), which
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is thought to dissociate from Arc and MAP1B following
mGluR activation, promoting expression of these proteins
and internalization of AMPARs.%* Although a functional
interaction between FMRP and STEP has not yet been
demonstrated, activation of STEP is dependent on translation
of preexisting mRNA in a mechanism similar to activation
of Arc.”* Fragile X mental retardation protein also regulates
expression of SAPAP3 and PSD-95, which both function as
scaffold proteins to link downstream signaling components to
mGluR.#>86 Activation of mGluR promotes dephosphorylation
of FMRP, up-regulation of SAPAP3 and PSD-95, and
inhibition of AMPAR internalization.”#® Finally, FMRP itself
is rapidly degraded at the proteasome following activation of
mGluR, which contributes to increases in the expression of
FMRP-binding mRNAs.”? A summary of mGluR-mediated
long-term depression is presented in Figure 2.

Evidence Supporting Dysregulation
of mGluR Signaling in Fragile X Syndrome

In 2004, Dolen et al® crossed the FMRI knockout mouse
with mice heterozygous for the Grm5 gene (which encodes
mouse mGluR5). The resultant offspring lacked FMRP
but also exhibited a 50% reduction in mGIuR expression
that was shown to rescue (or prevent) 7 of the 8 fragile X
syndrome-related phenotypes assessed: audiogenic seizures
were significantly reduced; increases in body weight, the
number of dendritic spines in the visual cortex, and protein
synthesis in the hippocampus were all reversed; excessive
hippocampal long-term depression and abnormal experience-
dependent plasticity of the visual cortex were corrected; and
exaggerated inhibitory avoidance extinction (a mouse model
for stress/fear-related learning and memory) was rescued.
Macroorchidism was not reversed in this study, suggesting
that testicular development may be, at least in part, regulated
by other pathways.”
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Table 1. Key Proteins Involved in mGluR-Mediated Long-Term Depression

Protein Proposed Mechanism of Action Evidence for Involvement in Long-Term Depression
Arc A cytoskeletal protein rapidly expressed and transported to the Up-regulated following mGluR activation, and constitutive
synapses of active dendrites in response to neural activity’”’® knockdown has been shown to block long-term depression and
Associates with dynamin 2 and endophilin 2/3, known regulators of internalization of AMPAR®"?
endocytosis”’
Synthesis in response to mGluR stimulation is thought to up-
regulate and maintain AMPAR endocytosis’®”
MAP1B Interacts with GRIP1, which stabilizes surface AMPAR subunits, an  Expressed in dendrites and is known to interact with fragile X
interaction that is strengthened following DHPG stimulation® mental retardation protein®!$2
This suggests that MAP1B promotes long-term depression Treatment of hippocampal neurons with DHPG (a group 1 mGluR
by sequestering GRIP1 away from the synapse, destabilizing agonist) results in rapid up-regulation, and knockdown prevents
AMPAR and resulting in its internalization”® DHPG-induced long-term depression 7172
STEP Thought to induce AMPAR endocytosis by maintaining AMPAR in  Up-regulated following DHPG stimulation in hippocampal
a tyrosine-dephosphorylated state” synaptoneurosomes® in a process that requires translation of
preexisting RNA”*
Inhibition increases AMPAR surface expression, and knockdown
inhibits DHPG-stimulated long-term depression”®
Homer Scaffold protein suggested to activate protein synthesis following mGluR-Homer interactions are reduced in the FMRI knockout

mGluR activation

Directly interacts with the C-terminus of mGluR,” and dimers
have been shown to activate PIKE, which up-regulates the

mouse, and blockade of mGluR5-Homer interactions prevents
mGluR5 long-term depression in hippocampal slices®

PI3K-mTOR pathway to initiate protein synthesis’®

*Experimental subcellular preparations containing components of both presynaptic and postsynaptic terminals.

Abbreviations: AMPAR = a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, Arc=activity-regulated cytoskeleton-associated
protein, DHPG = dihydroxyphenylglycine, GRIP1 = glutamate receptor—interacting protein 1, MAP1B =microtubule-associated protein 1B,
mGluR = metabotropic glutamate receptor, nTOR = mammalian target of rapamycin, PIKE =PI3K enhancer, PI3K = phosphoinositide 3-kinase,
RNA =ribonucleic acid, STEP =striatal-enriched protein tyrosine phosphatase.

Other studies have focused on pharmacologic rescue of
FMR1 knockout mouse phenotypes, initially with 2-methyl-
6-(phenylethynyl)pyridine (MPEP), the first prototypical
potent negative allosteric modulator of mGluR5,”! and later
with improved pharmacologic agents specifically developed
as mGIuRS5 antagonists. 2-Methyl-6-(phenylethynyl)pyridine
reduced the likelihood of audiogenic seizures,”” rescued
deficits in prepulse inhibition of the startle response,”
decreased mRNA granule expression,’ reduced excessive
hippocampal protein synthesis,”® and increased the density
of hippocampal dendritic cultures in the FMRI knockout
mouse.”* It was recently reported that chronic administration
of the novel long-acting mGluR5 antagonist CTEP to
FMRI knockout mice from 4 weeks of age restored several
phenotypic deficits, including macroorchidism.*®

Dysregulation of GABA Signaling
in Fragile X Syndrome

By signaling through GABA, receptors (GABA,Rs)
or GABAj receptors (GABAgRs), GABA is the main
inhibitory neurotransmitter in the brain; altered GABA
signaling is associated with epilepsy, anxiety, depression,
and sleep disorders, all of which are common symptoms of
fragile X syndrome.” GABARs are fast-acting ionotropic
receptors that trigger Cl™ influx, whereas GABARRs are
metabotropic receptors that activate inwardly rectifying K*
channels. The main function of GABA sR is to hyperpolarize
the postsynaptic membrane to decrease the likelihood of
action potential propagation, a function also performed
by GABAgR; however, both receptors are also known to
regulate presynaptic neurotransmitter release.”’
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Initial evidence for the involvement of GABA signaling
in fragile X syndrome came from the finding that GABA,R
expression was reduced in the FMRI knockout mouse.5*
GABA R is a heteropentamer, with the subunit configuration
enabling variation of signaling output in different brain
regions.>*” Fragile X mental retardation protein binds
to GABA4R & subunit mRNA,* and several studies have
demonstrated considerable reductions in § subunit mRNA,
accompanied by slight reductions in «, B, and y subunit
mRNA, in the FMRI knockout mouse.’*?® Other studies
have also demonstrated reduced levels of a;, , and § subunit
protein expression in the FMRI knockout mouse.”®!%
Moreover, differential expression of a number of GABAergic
signaling components has been demonstrated during
development in the FMRI knockout mouse compared with
controls,” along with electrophysiological dampening of the
GABA system.'?! The potential of GABA 4R as a therapeutic
target for fragile X syndrome was demonstrated recently by
Heulens et al,'” who reported reduced audiogenic seizures
in FMR1 knockout mice treated with ganaxolone, a selective
positive allosteric modulator of GABAR.

Much research in GABA signaling in the FMR1 knockout
mouse has focused on the amygdala, a limbic region involved
in the processing of emotion, fear, and other behavioral
responses.'® The FMRI knockout mouse amygdala has been
shown to exhibit profound reductions in both the amplitude
and frequency of fast inhibitory postsynaptic currents,
decreased expression of glutamic acid decarboxylase (an
enzyme that is the rate-limiting step in GABA synthesis),
and impaired GABA release.!! Furthermore, tonic GABA
inhibition, a process thought to rely on expression of

J Clin Psychiatry 75:4, April 2014
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Figure 2. mGluR-Mediated Long-Term Depression Can Be Influenced at Multiple Levels to Regulate Synaptic

Plasticity
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Abbreviations: AMPAR = a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, Arc =activity-regulated cytoskeleton-
associated protein, CYFIP1 = cytoplasmic FMRP-interacting protein 1, FMRP = fragile X mental retardation protein,
GRIP1 = glutamate receptor-interacting protein 1, MAP1B = microtubule-associated protein 1B, mGluR = metabotropic glutamate
receptor, mMT'OR = mammalian target of rapamycin, PI3K = phosphoinositide 3-kinase, PSD-95 = postsynaptic density protein 95,
SAPAP3 = synapse-associated protein 90/PSD-95-associated protein 3, STEP =striatal-enriched protein tyrosine phosphatase.

GABA,R subunits with high affinity for GABA (eg, § and
a5!9%195) s also reduced in the FMRI knockout mouse
amygdala.!%

GABARR may also play a role in fragile X syndrome
by inhibiting presynaptic glutamate release,'”” which may
have inhibitory effects on postsynaptic mGluR5 and its
downstream signaling. Reductions in GABAgR have been
observed in the FMRI knockout mouse!®® and have been
linked to autism, which is a common symptom of fragile X
syndrome.'% Furthermore, FMR1I knockout mice treated with
the GABAgR agonist baclofen exhibited reduced frequency
of seizures in a process thought to be controlled by balancing
of inhibitory GABA and stimulatory glutamate signaling.'
Consistent with this, MPEP inhibition of glutamate signaling
reduced the frequency of seizures in the FMRI knockout
mouse,”” while treating the FMRI knockout mouse with a
combination of an mGluR agonist and a GABAgR antagonist
induced seizures at doses that would not elicit seizures when
administered separately.!'® Other examples of pharmacologic
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rescue of FMRP deficiency are reduced locomotor activity
and hyperactivity in FMRI knockout mice treated with
baclofen.!!!

Unanswered Questions and Additional Avenues of
Research in the Neurobiology of Fragile X Syndrome
Although there is compelling evidence for the involvement
of the mGluR and GABA pathways in the development of
fragile X syndrome, it is unknown to what extent dysregulation
of these pathways contributes to the overall fragile X
syndrome phenotype. Fragile X mental retardation protein is
widely expressed throughout the brain and has recently been
proposed to regulate approximately half of the known genes
associated with autism.''? In light of this, it is not surprising
that some observed phenotypes in the FMRI knockout
mouse model cannot be explained simply by dysregulation of
mGluR and GABA signaling. For example, absence of FMRP
has been shown to regulate adult neurogenesis through novel
pathways (possibly involving Wnt-canonical signaling),
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which may contribute to learning and memory deficits in
the FMRI knockout mouse.!'® With regard to the mGluR
pathway, long-term potentiation in the cortex and amygdala
(which partly depends on mGluR activation in wild-type
mice) is attenuated in FMRI knockout mice, rather than
being exaggerated as might be expected,'*!!> and once-
daily injection of MPEP in FMRI knockout mice resulted
in an increased density of immature dendritic spines in the
somatosensory cortex'!® when they might have been expected
to be reduced in number. Although most studies indicate a
general dampening of GABA signaling in the FMRI knockout
mouse brain,*? increases in GABA output have been observed
in some regions. For example, basal GABA inhibition was
up-regulated in the striatum,'” which may contribute to the
frontostriatal dysfunction often observed in individuals with
fragile X syndrome.!'® Other examples of the bidirectional
effects on the GABA system include increases in the number
of inhibitory GABA synapses within the CA1 region of the
FMRI knockout hippocampus,'!® and decreased levels of
glutamic acid decarboxylase in the amygdala'®! accompanied
by increased glutamic acid decarboxylase levels in the cortex,
hippocampus, and brainstem.!%

Recent research has therefore focused on other pathways
that may play a role in fragile X syndrome. Matrix
metalloproteinase-9 (MMP-9) is a regulator of extracellular
protein degradation and is up-regulated in fragile X
syndrome.'?’ The antibiotic minocycline inhibits MMP-9 and
has been shown to promote expression of mature dendritic
spines, improve behavioral performance,'?! and restore
mating vocalization deficits'?? in the FMRI knockout mouse.
Oxidative stress has been proposed to contribute to fragile
X syndrome, and melatonin (an endocrine regulator of the
circadian rhythm that also has antioxidative properties) was
found to normalize glutathione and lipid peroxidation levels
(markers of oxidative stress) in the FMRI knockout mouse
brain.!?* Another antioxidant, a-tocopherol, was shown to
reverse free-radical overproduction and rescue behavioral
and learning deficits.'** Lithium, used successfully to treat
mood disorders through inhibition of glycogen synthase
kinase-3, has been shown to normalize extracellular signal-
regulated kinase levels, restore normal mGluR-dependent
long-term depression, and improve behavioral deficits in
the FMRI knockout mouse,'?* while antagonism of NMDA
receptors by memantine has been shown to rescue immature
dendritic morphology and promote synapse formation in
the FMRI knockout mouse.'?® As described below, many of
these agents are now being tested in humans, with promising
results.

THERAPEUTICINTERVENTIONS
FOR FRAGILE X SYNDROME

Current Therapies for Fragile X Syndrome

Current pharmacologic interventions for fragile X
syndrome aim to alleviate individual symptoms of fragile
X syndrome such as ADHD, anxiety, and aggression.
Treatments commonly used in individuals with fragile X
syndrome include stimulants, antipsychotics, a, agonists,
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and selective serotonin reuptake inhibitors (SSRIs); current
treatment typically includes a stimulant and an SSRI.!*’
While these treatments can offer some benefit to the patient,
each generally tackles only an individual symptom of the
disease, although they may be utilized in combination with
medications targeting the underlying molecular defects of
fragile X syndrome. There is little published evidence on the
efficacy of these treatments for fragile X syndrome.'?® Only
1 controlled trial (published in 1998)'* has demonstrated
the efficacy of dopamine agonists (methylphenidate and
dextroamphetamine) in fragile X syndrome, leading to the
common use of stimulants in individuals aged 5 years and
older.'?”

Instead of targeting individual symptoms, recent
developments in our understanding of the molecular basis
of fragile X syndrome have led to the development of several
therapeutic agents that target the underlying mechanisms of
the disease (Table 2 and Figure 3).

Agents Targeting the mGIuR Pathway

In a phase 2 trial,'*! 30 males with fragile X syndrome
were treated with either the mGluR5 antagonist AFQ056/
mavoglurant or placebo for 28 days. No significant
improvements in the primary end point of the Aberrant
Behavior Checklist-Community Edition (ABC-C) total
score were observed within the whole study population,
although an improvement was observed on the Repetitive
Behavior Scale-Revised. However, exploratory analysis
on the 7 individuals exhibiting full promoter methylation
of the FMRI gene revealed significant improvements in
ABC-C scores, the Clinical Global Impressions (CGI) scale,
and most other secondary end points studied. There are 2
ongoing phase 2b studies assessing the safety and efficacy of
AFQO56/mavoglurant: 1 in adults and another in adolescents
aged 12-17 years.

Other mGluR antagonists being tested in individuals
with fragile X syndrome include STX107 and RO4917523/
basimglurant (also designated RG7090). STX107 is a novel
and potent mGluR5 antagonist that has undergone phase 1
safety testing in adults. A phase 2 study was subsequently
initiated to assess tolerability and pharmacokinetic outcomes.
R0O4917523 is an mGluR5 antagonist in development to treat
fragile X syndrome and has demonstrated a favorable safety
profile in an initial phase 2 trial in 40 adults with fragile
X syndrome. Two further phase 2 studies—1 on safety
in pediatric use and the second on efficacy and safety in
adults—are recruiting at the time of this article’s development.
Another mGluR antagonist, fenobam, was tested in a pilot
open-label trial'* of 12 individuals with fragile X syndrome,
with positive results regarding improvement in prepulse
inhibition and no safety concerns. A subsequent phase 1
pharmacokinetic and safety trial in 32 healthy adults is
currently recruiting.

Agents Targeting GABA Pathways

Arbaclofen (STX209) is the active enantiomer of the
GABAjR agonist baclofen that reduces hyperactivity,

J Clin Psychiatry 75:4, April 2014
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Table 2. Therapies Targeting the Underlying Cause of Fragile X Syndrome (FXS) That Are Undergoing Clinical Trials

Agent Clinical Evidence in FXS Status of Planned or Ongoing Trials
mGluR5 Antagonists
AFQO056/ Phase 2, randomized, double-blind, placebo-controlled study’*  Ongoing: 2 phase 2b, double-blind, randomized, placebo-controlled
mavoglurant 30 males aged 18-35 years with FXS trials in individuals with FXS to assess the efficacy of 3 AFQ056/
Significant difference between AFQ056/mavoglurant maVOglflrant doses on behavioral symptoms
and placebo for RBS-R overall but not ABC-C (primary One in adolescents (12-17 years; NCT01433354)
outcome) or other secondary outcomes One in adults (18-45 years; NCT01348087)
Subgroup analysis of individuals with fully methylated FMRI
promoter showed significant differences between AFQ056/
mavoglurant and placebo for ABC, CGI-Improvement, CGI
efficacy, RBS-R, SRS, VAS, but not VABS, as well as measures
of hyperactivity, inappropriate speech, and stereotypic
behavior
STX107 None Planned: phase 2, randomized, double-blind, placebo-controlled study
of a single dose of STX107 (10 mg or 30 mg) in 16 adults with FXS
(ClinicalTrials.gov identifier: NCT01325740)
Recruitment suspended pending further evaluation
RO4917523  Phase 2 trial in 40 individuals with FXS reported favorable Recruiting: phase 2, randomized, double-blind, placebo-controlled
(RG7090) safety profile for RG7090 (ClinicalTrials.gov identifier: efficacy and safety study of 180 individuals with FXS aged 16-50
NCT01015430) years (ClinicalTrials.gov identifier: NCT01517698)
Individuals will be treated with RG7090 0.5 mg or 1.5 mg
over 12 weeks
Recruiting: phase 2, randomized, double-blind, placebo-controlled
safety and preliminary efficacy study of 45 individuals with FXS aged
5-13 years (ClinicalTrials.gov identifier: NCT01750957)
Individuals will be treated with 2 doses (not specified) of RG7090
over 12 weeks
Fenobam Open-label, single-dose pilot study showed that 6 of 12 Recruiting: phase 1, blinded, randomized, placebo-controlled,
(NPL2009) individuals with FXS had a >20% improvement in prepulse pharmacokinetic study of fenobam 50, 100, or 150 mg in healthy
inhibition but no improvements in Continuous Performance adult volunteers
Test!3?
GABAGR agonist
Arbaclofen  Phase 2 randomized, double-blind, placebo-controlled Study terminated: phase 2, open-label, efficacy and safety extension
(STX209) trial of 63 individuals with FXS. No improvement in study in 45 children and adults with FXS (ClinicalTrials.gov
ABC-irritability subscale (the primary end point); identifier: NCT01013480)
however, improvements on the VAS ratings of parent- Study terminated: phase 3 open-label trial to evaluate efficacy, safety,
nominated llgsehawors and ABC-social avoidance subscale and pharmacokinetics in 357 individuals with FXS aged 5-50 years
were noted (ClinicalTrials.gov identifier: NCT01555333)
Two phase 3, double-blind, placebo-controlled trials for the treatment
of social withdrawal in individuals with FXS
Completed: adolescents and adults, aged 12-50 years (n=125)
(ClinicalTrials.gov identifier: NCT01282268)
Completed: children, aged 5-11 years (n=172) (ClinicalTrials.gov
identifier: NCT01325220)
Primary end point for both trials is the ABC-lethargy social
withdrawal subscale
GABA 4R agonist
Ganaxolone None Recruiting: phase 2, double-blind, controlled trial in up to 60 children

Acamprosate Retrospective review of medical records for 3 individuals with
FXS and autism receiving acamprosate for 16-28 weeks
showed a global clinical benefit as rated on the
CGI-Improvement scale score for all individuals

Open-label, uncontrolled study in 7 individuals with FXS and
autism and 6 individuals with autism alone!*®

134

Significant improvements from baseline in all outcome
measures were observed (CGI-Irritability, CGI-Severity,
ABC scales and VAS)

10 of 13 individuals were reported to be clinical
responders
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with FXS, aged 6-17 years, to assess safety, tolerability, and efficacy
(ClinicalTrials.gov identifier: NCT01725152)

Recruiting: phase 2/3 double-blind, placebo-controlled, proof-of-
concept study in 48 adolescents, aged 5-18 years (ClinicalTrials.gov
identifier: NCT01911455)

Completed: phase 3, open-label, uncontrolled efficacy study in
individuals aged 5-17 years with FXS (ClinicalTrials.gov identifier:
NCT01300923)

(continued)
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Table 2 (continued). Therapies Targeting the Underlying Cause of Fragile X Syndrome (FXS) That Are Undergoing Clinical Trials

Agent

Clinical Evidence in FXS

Status of Planned or Ongoing Trials

Other signaling pathways

Minocycline

Lithium

Melatonin

Donepezil

Sertraline

Lovastatin

Memantine

Riluzole

CX516

Oxytocin

Survey of 50 individuals who received minocycline for at least
2 weeks reported an improvement in language and behavior
areas according to parents’ feedback!*®

An open-label, 8-week trial, in 20 individuals aged 13-32 years
treated with minocycline 100-200 mg for 8 weeks reported
significant improvements in ABC-C irritability subscale and
VABS!?

Adverse events were generally mild

A double-blind, placebo-controlled trial in 55 children and
adolescents, aged 3.5-16 years, showed positive results in
the CGI-Improvement scale score and in mood and anxiety
problems as measured by a VAS!3®

Open-label study in 15 individuals with FXS showed that 2
months of treatment with lithium significantly improved
total ABC-C, VAS, CGI, VABS, and RBANS list learning
scales'®

Lithium improved anxiety, tantrums, mood swings, and
aggression; and caregiver ratings indicated improvements in
hyperactivity and inappropriate speech

A 4-week, randomized, controlled, phase 2 trial of 12 children
with autism and FXS showed significant improvements in
mean sleep duration, mean sleep-onset latency, and mean
sleep-onset time!*°

Open-label pilot study of 8 individuals with FXS, aged 14-44
years. Subjects demonstrated improvements in ABC total,
irritability, and hyperactivity scores and contingency naming
task scores (a measure of working memory and mental
flexibility)'4!

Open-label study of 11 children with FXS. Sertraline

improved receptive and expressive language development in
comparison to controls'#?

Open-label case reports (R. J. H., unpublished data, 2013)

Retrospective review of medical records for 6 individuals with
FXS and repetitive developmental disorders showed no
significant improvement on CGI-Irritability scales or other
symptom-specific rating scales'*?

Open-label study in 6 individuals with FXS showed no

significant improvement in the CGI-Irritability subscale!**

Phase 2, randomized, double-blind, placebo-controlled, 4-week
trial in 49 individuals with FXS showed no significant
improvement in cognitive and behavioral outcome measures
compared with placebo!*

A double-blind placebo controlled study of 10 male adolescents
(13-24 y) with FXS receiving a single dose of 24 or 48 IU
of oxytocin or placebo, over 3 consecutive wk (1 wk apart).
Eye contact was significantly improved with the 24-IU dose
compared with placebo, and salivary cortisol levels were
significantly reduced with the 48-IU dose compared with
placebo!*®

None ongoing

None planned

None planned

Recruiting: phase 2 RCT of 50 individuals with FXS, aged 12-29 years,
receiving donepezil 2.5-10 mg/d for 12 weeks (ClinicalTrials.gov
identifier: NCT01120626)

Recruiting: phase 2, double crossover RCT of 72 children, aged 24-68
months, receiving sertraline 2.5-5 mg/d for 6 months (ClinicalTrials.
gov identifier: NCT01474746)

Planned controlled trial

Recruiting: phase 2, double-blind, placebo-controlled, dose escalation
(5-20 mg) study for symptoms of FXTAS in 180 individuals aged >30
years (ClinicalTrials.gov identifier: NCT00584948)

None planned

None planned

None planned

Abbreviations: ABC = Aberrant Behavior Checklist, ABC-C = Aberrant Behavior Checklist-Community, CGI = Clinical Global Impressions, FXS = fragile
X syndrome, FXTAS = fragile-X-associated tremor/ataxia syndrome, GABA 4R = y-aminobutyric acid-A receptor, GABAyR = y-aminobutyric acid-B
receptor, IU =international unit, LTD =long-term depression, mGluR5 = metabotropic glutamate receptor 5, RBANS = Repeatable Battery for the
Assessment of Neuropsychological Status, RBS-R = Repetitive Behavior Scale-Revised, RCT =randomized controlled trial, SRS = Social Responsiveness
Scale, VABS = visual analog scale of behavior, VAS = visual analog scale.

the frequency of seizures,

HOIL and excessive protein

production and rescues excess spine production in FMRI
knockout mice.!*® Arbaclofen has been studied in a phase
2 randomized controlled trial involving 63 individuals
with fragile X syndrome. It was well tolerated and
produced modest improvements in behavior and social
avoidance scores, particularly in those with autism or
social withdrawal.!3® Further phase 2 and phase 3 studies
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have investigated behavioral outcomes, including social
withdrawal and irritability as well as safety and tolerability
in adolescents and adults with fragile X syndrome.
The phase 3 randomized double-blind study on social
withdrawal has been completed, and the 2 ongoing
open-label pharmacokinetic and safety studies have been
discontinued; to date, the results of these studies have not
been reported.
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Figure 3. Therapeutic Interventions That Aim to Target the Molecular Pathology of Fragile X Syndrome

"X
Presynaptic Glutamate Q@@
00 ¢ DO
membrane
Cl K* ©  Serotonin
receptor
piaanasiaasianaasaaaAR e AR ARARRR AR R AR AR AR RN rrRreRArRRIIRRTAINNN paaaaaeaR AR AR TR AR AR TnerRnTREERRRIRRNINT
LUBLBLELALEALLLRELARLREELLELSLLLLELARLALELLLLSLLLLLLLLLY LLLLLBLALLLARLLELLL JULBLLLLLESLLLLELAREALELLLLSLLLLLLLLELLLL, JLLLBLLALLLLLELLLLLLL
GABA,R GABA_R
MMP-9 —» Proteir? \ . SarEline
T degradation
Minocycline Ganaxolone Acamprosate Arbaclofen o e
o © ’
v © o Serotonin
Glutamate -
Acetyl- ' mGIuR5 antagonists:
cholinesterase CElEEee 00 00 AFQO056B
0000 RO70902 Ganaxolone Acamprosate Arbaclofen
ACh | © STX107 .
l \/ Fenobam W w7
1 °

ACh GABA,R GABA R
MHIMMMMMMHIMMHMHIM.MHIMMMMIMHMMIIMHMMIMMHIMMMHIIMMMHIH%HMMMIMMMHIIMII*HMHI*IIMMMIMMMMIM

R
mGIuR5
Postsynaptic Lithium —— l
membrane
7 7
Protein
“ synthesis
-

2RO7090 was previously called RO4917523.

Cl- K*
y v

Membrane hyperpolarization

N and reduced AP propagation

&

Glutathione
and lipid
peroxidation

Antioxidants
(melatonin)

Abbreviations: ACh =acetylcholine, AChR =acetylcholine receptor, AMPAR = a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor, AP =action potential, FMRP = fragile X mental retardation protein, GABA = y-aminobutyric acid,
GABA,R=GABA, receptor, GABApR = GABAg receptor, mGluR5 = metabotropic glutamate receptor 5, MMP-9 = matrix

metalloproteinase-9, NMDAR = N-methyl-p-aspartate receptor.

Ganaxolone is a synthetic analog of the neuroactive
steroid allopregnanolone, a positive allosteric modulator of
GABA,R that has been shown to reduce the frequency of
audiogenic seizures in the FMR1I knockout mouse.'?? Clinical
trials have shown that ganaxolone is effective at reducing
seizure frequency in adults and children with epilepsy,!4”-148
and trials are currently taking place in children with fragile X
syndrome. Benzodiazepines have also been used successfully
in those with fragile X syndrome for acute management of
anxiety-provoking situations, such as a dental appointment
or an airplane flight, or for treatment of aggression, but
sedation is common, interfering with chronic use of these
agents.

Agents Targeting Other Pathways

Agents targeting several other pathways have been tested
in individuals with fragile X syndrome, although many of
these are limited to nonplacebo controlled trials. Care must
therefore be taken when interpreting these findings.

Acamprosate is a drug approved for use in adults with
alcohol dependence that is thought to inhibit glutamate
signaling and stimulate GABA,R signaling. An initial
retrospective study'** of 3 individuals with fragile X syndrome
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and autism showed improvements in the CGI scale following
administration of acamprosate for 16-28 weeks. A phase 2,
open-label trial'*® in individuals with fragile X syndrome and
autism subsequently showed improvements in CGI, ABC-C,
and SRS scores. A phase 2/3 trial on efficacy is ongoing.

In a survey of 50 families with a child with fragile X
syndrome, two-thirds reported that 2 weeks of treatment
with minocycline (a tetracycline antibiotic) improved
behavior, language, and attention levels.*® Similar results
were observed in an 8-week, open-label extension study'?’
in which minocycline was also shown to be well tolerated.
Of the 19 families who completed the extension study, 18
decided to continue therapy for a further year based on their
perceptions of improved behavior. A controlled crossover
trial'® of 55 children with fragile X syndrome, aged 3.5-16
years, was recently completed, with significant improvement
in the CGI score and in mood and anxiety problems as
measured by the visual analog scale (VAS). Minocycline is
available by prescription and is currently used clinically to
treat children and adults with fragile X syndrome.

Lithium has long been used to treat mood disorders.*
In an open-label trial'*® of 15 individuals with fragile X
syndrome, 2 months of treatment with lithium improved
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ABC-C, VAS, and CGI-Improvement scores,'?® results
that were maintained in the 11 individuals who continued
therapy up to 1 year.

Other agents showing therapeutic promise include
melatonin, which may improve sleep problems!*’;
donepezil, which has been shown to improve behavior
and working memory'*!; and sertraline, which improved
receptive and expressive language in children with fragile X
syndrome.'*? Further trials of donepezil and sertraline are
recruiting and, although no further trials are planned for
melatonin, a phase 2 trial of the antioxidants ascorbic acid
and a-tocopherol is ongoing, demonstrating the promise
of targeting oxidative stress in individuals with fragile X
syndrome. No significant improvements were observed
in individuals receiving memantine in a retrospective
review!*? of 6 individuals with fragile X syndrome; however,
a dose-escalation trial is currently recruiting. Riluzole'** (an
inhibitor of glutamate release and potentiator of GABA,R
activity) and CX516'% (an AMPAR allosteric positive
modulator) were both ineffective in small trials. Oxytocin
has been tested versus placebo in a randomized controlled
trial in which 8 males (age, mean =21.3 years; range, 13-28)
received a single daily dose of oxytocin for 7 days.'*® These
individuals then underwent a structured social challenge
with monitoring of eye contact, cardiac measures, and
saliva cortisol. Oxytocin improved eye contact frequency
with the 24 TU dose compared with placebo, whereas the
saliva cortisol level decreased significantly versus placebo
with the 48 IU dose. However, there was no effect on the
heart rate level, heart rate variability, or respiratory sinus
arrhythmia.

Timing of Treatment Initiation

From a clinical perspective, it is generally assumed
that the earlier the intervention, the better the outcome.
In autism, beneficial outcomes have been observed in
individuals receiving early behavioral interventions.'”! An
enriched environment has been shown to improve synaptic
connectivity in animal models of fragile X syndrome,'?
and intensive early initiation with a combination of
targeted treatments and educational interventions has
been very helpful in case studies of young children with
fragile X syndrome,'> giving hope of reversing intellectual
disability and behavior problems for this syndrome.
Although optimal outcomes may be achieved through early
intervention, studies in animal models show that targeted
treatment during adulthood is able to reverse many aspects
of the fragile X syndrome phenotype.”® Benefits have also
been observed in adults treated with arbaclofen'** and
AFQO056/mavoglurant,'! although, in the arbaclofen trial,
no significant age-related effects were found on any of the
outcome measures.'*

CHALLENGES

Although many of the targeted treatments described
here have demonstrated significant efficacy across multiple
features of fragile X syndrome in the knockout mouse model,
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none has so far achieved the same effect in humans. In most
studies, benefits have been demonstrated in only a subgroup
of individuals with fragile X syndrome, such as those with
full methylation in the AFQ056/mavoglurant study'*! and
those with social deficits or autism spectrum disorder in the
arbaclofen study.'** Although some individuals demonstrate
an excellent response to minocycline, others with a mild
response or no response may exhibit adverse events such
as hyperarousal, preventing widespread minocycline use.!*
This heterogeneity is most likely due to background genetic
effects or environmental differences; detailed study is
required to profile these among individuals.

Appropriate tools are required to assess outcomes, which
will hopefully improve with these new targeted treatments.
For example, quantitative event-related potential studies
have recently been employed to demonstrate significant
improvements in brain information processing in children
with fragile X syndrome treated with minocycline,'** and
an expressive language outcome measure (sensitive to
improvements in development rather than only in behavior)
has recently been developed!>14; it is hoped that these
measures will demonstrate improvements in language and
cognition in individuals with fragile X syndrome. In addition,
biochemical markers, such as the rate of extracellular signal-
regulated kinase phosphorylation (which improved with
lithium treatment)'*® or the down-regulation of MMP-9
(used alongside minocycline treatment of children with
fragile X syndrome)'?° should be utilized more frequently
to provide a direct measure of biochemical improvements
with specific targeted treatments.

Most studies performed in individuals (particularly
adults) with fragile X syndrome occur over 2-3 months,
which is likely to be too short for significant improvements
(eg, in cognition) to be detected. New medications must be
approved for adults and adolescents before approvals are
given to include children in such trials, although children
with fragile X syndrome are likely to exhibit more rapid
and beneficial improvements in response to targeted
treatments than adults.'**!% Long-term controlled trials
are typically not carried out, owing to the expense and
level of patient cooperation required, although open-label
studies are usually long term and are more likely to show
cognitive benefits. A learning paradigm to assess the benefits
regarding cognition in long-term studies would be useful
to understand improvements beyond those in behavior.
Such learning paradigms could include a digital program to
improve ADHD symptoms, executive function training, or
intensive reading or numeracy programs. Additionally, the
use of multiple medications, such as an mGluR5 antagonist
combined with a GABA agonist or minocycline may prove to
be more beneficial than either medication alone, particularly
if they involve different dysfunctional pathways resulting
from the lack of FMRP.

CONCLUSION

An array of animal and human studies has shown that
FMRP regulates several neurologic signaling pathways,
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providing an explanation of how the genetic defect may cause
the wide range of cognitive and behavioral defects observed
in fragile X syndrome. This research has also stimulated
the development of new therapeutic agents that target the
underlying mechanistic abnormalities of the disease. While
these new agents are an advance on existing symptomatic
treatments for fragile X syndrome, it is essential that they
are tested in appropriate randomized, controlled, clinical
settings to assess their effectiveness and safety.

Although our understanding of fragile X syndrome has
increased considerably in recent years, awareness of the
disease remains poor among the general public and clinicians
alike. The potential availability of treatments for fragile X
syndrome that improve cognition, prevent the development
of social deficits, and reduce caregiver burden means that
identification of individuals with fragile X syndrome who
may benefit from treatment is a priority. Clear education
strategies are required so that early signs of the disease
are identified, while newborn screening tools have been
developed for early identification of individuals with fragile
X syndrome.'>> Some targeted treatments can be initiated
in early childhood, which is likely to be the optimal time for
reversing the intellectual deficits of fragile X syndrome.

Drug names: acamprosate (Campral and others), baclofen (Gablofen,
Lioresal, and others), donepezil (Aricept and others), lithium (Lithobid

and others), lovastatin (Altoprev and others), memantine (Namenda),
methylphenidate (Daytrana, Ritalin, and others), minocycline (Dynacin,
Minocin, and others), oxytocin (Pitocin and others), riluzole (Rilutek and
others), sertraline (Zoloft and others).
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