
Fragile X syndrome (FXS) is caused by the deficiency 
or absence of fragile X mental retardation 1 protein 
(FMRP; also known as synaptic functional regulator 
FMR1), an RNA binding protein with a prominent role 
in the regulation of a large number of mRNAs in post
synaptic  neurons. FXS is most commonly caused by a 
tri nucleotide repeat expansion of CGG in the promoter 
region of FMR1, located at Xq27.3, leading to methyl
ation, transcriptional silencing and the absence or defi
ciency of FMRP. Individuals with FMR1 containing 
>200 CGG repeats have the full mutation, and those with 
between 55 and 200 CGG repeats carry the premutation
and have excessive transcription of FMR1 (BOX 1). In addi
tion, some individuals with FXS have mosaicism of CGG 
repeat lengths, with some cells harbouring full mutation
alleles and others harbouring premutation alleles. Other
individuals with FXS have methylation mosaicism, with
some cells containing methylated FMR1 alleles and  others
with unmethylated FMR1 alleles. Both types of  mosaicism
will support the production of some FMRP, so those
individuals might have lesssevere cognitive and behavi
oural defects than someone with a full mutation that is
completely methylated, in whom FMRP is absent. With
the frequent use of highthroughput targeted screening
techniques and wholeexome sequencing in clinical prac
tice, an increasing number of individuals with a deletion 
or point mutation in FMR1 have been reported1,2. These
mutations lead to a dysfunction or absence of FMRP,
and individuals have features of FXS, which can be vari
able or similar to those of patients with FXS and the

full mutation. These patients represent <1% of individ
uals with FXS, although this might increase as more 
 individuals are tested with  wholeexome sequencing.

In general, infants with FXS are often hypotonic, with 
an initial poor suck and frequent regurgitation3, but most 
patients present with delays in language development 
and emerging hyperactivity, anxiety and sensory over 
reactivity in the second year of life3–6 (FIG. 1). The phys ical 
features of FXS include prominent ears, a long face, flat 
feet, hyperextensible finger joints, double jointed thumbs, 
soft skin and macroorchidism that develops at the time 
of puberty3,7,8, although altered physical features are not 
present in all patients (FIG. 2). These features are related to 
growth and connective tissue changes, including abnor
malities of elastin fibres3,9. Other manifestations of FXS 
related to loose connective tissue include hernias, joint 
dislocations and flat feet with pronation3,7. Some individ
uals with a highend premutation (that is, those with >130 
repeats) demonstrate a mild deficit of FMRP and some 
features of FXS, such as prominent ears, attention deficit/
hyperactivity disorder (ADHD), problems with motor 
coordination, anxiety and social deficits10.

The manifestations of FXS are variable and depend 
on sex, age, background genetic effects, environ mental 
influences and molecular variations (such as the level of 
methylation or the presence of mosaicism of repeat size 
or methylation), which lead to differences in FMRP prod
uction11–13. In addition, the level of FMRP corre lates with 
the activation ratio (that is, the percentage of cells with the 
normal FMR1 allele on the active X chromosome) 
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Abstract | Fragile X syndrome (FXS) is the leading inherited form of intellectual disability and autism 
spectrum disorder, and patients can present with severe behavioural alterations, including 
hyperactivity, impulsivity and anxiety, in addition to poor language development and seizures. FXS is a 
trinucleotide repeat disorder, in which >200 repeats of the CGG motif in FMR1 leads to silencing of the 
gene and the consequent loss of its product, fragile X mental retardation 1 protein (FMRP). FMRP has a 
central role in gene expression and regulates the translation of potentially hundreds of mRNAs, many 
of which are involved in the development and maintenance of neuronal synaptic connections. Indeed, 
disturbances in neuroplasticity is a key finding in FXS animal models, and an imbalance in inhibitory 
and excitatory neuronal circuits is believed to underlie many of the clinical manifestations of this 
disorder. Our knowledge of the proteins that are regulated by FMRP is rapidly growing, and this has 
led to the identification of multiple targets for therapeutic intervention, some of which have already 
moved into clinical trials or clinical practice.
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in blood, and this also correlates with the clinical sever
ity of FXS14. Consequently, females typically have less 
severe manifestations than males, as FMR1 on the other 
X chromo some can produce FMRP. It is rare for an 
individ ual to be completely unaffected by the full muta
tion; the mildest clinical involvement is associated with 
a complete lack of FMR1 methylation in males and with a 
very favourable (that is, >0.75) activation ratio in females.

This Primer discusses the epidemiology, molecular 
pathophysiology, human neuroimaging, diagnosis and 
management of FXS. The animal studies described in 
the molecular pathophysiology section set the stage for 
understanding the use of targeted treatments in FXS, 
which is the dominant section of this Primer as this is 
of primary importance to clinicians and families. The 
quality of life (QOL) of the families is also a substantial 
concern for clinicians and is addressed.

Epidemiology
The prevalence of the FXS full mutation in the general 
population is estimated as 1 in 5,000 in males and as 1 in 
4,000 to 1 in 8,000 in females. In males, two large studies 
have been carried out in neonates; a prevalence of 1 in 
5,161 for the full mutation was found after the screen
ing of 36,124 newborn males in one study in the 
United States15, and a prevalence of 1 in 6,209 males was 
found after the screening of 24,449 neonates in Québec, 
Canada16. Other studies have found a higher prevalence 
of the full mutation in males but were carried out on 
much smaller sample sizes, precluding sufficient power 
for reliable estimates17,18. Moreover, the prevalence can 
vary in different parts of the world because of founder 
effects or racial or ethnic differences in haplotypes 
that might predispose to CGG expansions (reviewed 
in REF. 19). For example, a very high prevalence of FXS 
(1 in 19 males and 1 in 46 females) has been reported 
in Ricaurte, a small town in Colombia (R.J.H. and F.T., 
unpublished observations); this finding is likely a con
sequence of strong positive founder effects. One meta 
analysis of >50 prevalence studies applied a statistical 

model that accounted for the characteristics of the popu
lations (for example, individuals with or without intellec
tual disability), and determined that the prevalence of 
the full mutation was 1 in 7,143 males and 1 in 11,111 
females20. Estimates based on the screening of individuals 
with special needs likely overestimate the true frequency 
of FXS in the general population. In the largest screen
ing study carried out in newborn females in Québec, full 
mutations were not found in 12,032 individuals16.

The prevalence of the premutation ranges from 
~1 in 250 to 1 in 813 males and ~1 in 110 to 1 in 270 
females20,21. Similar results were found in a meta analysis 
that included data from >90,000 females and 50,000 
males who underwent screening20,21. The variations in 
prevalence across studies can be attributed to several 
 factors, including the use of different allele sizes for the 
CGG repeat number, particularly for the inter mediate 
and the premutation categories, the use of different 
detection systems for allele sizing and variations in ethnic 
background (reviewed in REF. 21).

Mechanisms/pathophysiology
Molecular pathophysiology
FMRP is an RNA binding protein22,23 with a role in the 
translational control of several mRNAs in the post synaptic 
compartment of neurons, which is linked to group 1 
metabotropic glutamate receptor (mGluRI) activ ation 
status24,25. Other cellular functions of FMRP have been 
proposed, including activation of the potassium channels 
KCNT1 (also known as Slack) and BK26,27, a chromatin 
dependent role in the DNA damage response28 and a role 
in RNA editing29. FMRP can also regulate neuronal activ
ity30, including  hippocampaldependent learning31 and 
the endocannabinoid system.

The FXS full mutation leads to epigenetic silencing 
of FMR1, which is characterized by DNA methylation of 
the promoter region and modification of histone marks32. 
The threshold effect and the mechanism of epigenetic 
FMR1 silencing are not well understood but can be stud
ied using stem cells from embryos carrying the full muta
tion that were identified during preimplantation genetic 
diagnosis33. FMR1 silencing occurs at ~11 weeks of gesta
tion and seems to be related to histone H3 dimethylation 
marking, which is mediated by DNA–RNA duplex for
mation between the trinucleotide repeat region of FMR1 
DNA and its mRNA counterpart34. The mechanism 
underlying the CGG expansion is not fully understood, 
but it might be due to an alteration in replication origin 
usage, together with a stalling of the replication fork at the 
CGG repeats, which could promote repeat instability35. 
An alternative and not necessarily mutually exclusive 
mechanism involves abnormal DNA repair36; indeed, the 
DNA mismatch repair complex MutSβ is necessary for 
the repeat expansion in the germ line of a mouse model37.

FMRP is ubiquitous, although expression is nor
mally highest in the brain and testicles; indeed, FMRP 
has been found in all neurons in the mouse brain, across 
developmental stages38. The finding that a loss of FMRP 
function causes FXS was confirmed by the identification 
of conventional truncating mutations in patients who 
have a clinical phenotype similar to those with the FXS 
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fullmutation and nonexpanded CGG repeats (see REF. 2 
for a compilation of such mutations) and valid ates the 
use of Fmr1knockout animal models, which were first 
created in 1994, to study FXS pathophysiology39,40. 
These mice have a mild cognitive deficit, hyperactivity, 
macroorchidism and increased sensitivity to auditory 
stimuli, leading to epileptic seizures, which is compar
able with symptoms in patients with FXS, in addition 
to a diminished acoustic startle reflex39,41. Similar to 
patients with FXS, Fmr1knockout mice have dendri
tic spines that are seemingly immature, and with an 
increased density, but, unlike in patients, the mice have 
decreased anxiety symptoms when assessed using the 
openfield test in some studies, and anxiety levels are 
not altered in the elevated plus maze39. Despite the sub
sequent generation of point mutation and conditional 
repeat expansion mouse models, the original knockout 
model is still the most frequently used as it is the best 
characterized and  recapitulates many of the features of 
the human syndrome.

Studies using animal models have revealed several 
alterations in the brain that could underlie the clinical 
manifestations of FXS. This includes discrete alterations 
in neuronal plasticity in specific brain regions, including 
an increase in longterm depression (LTD) in the hippo
campus42 and cerebellum43, and a decrease in longterm 
potentiation in the hippocampus, amygdala and several 
cortical areas44,45, in addition to decreased  γaminobutyric 
acid (GABA) signalling, and increased protein trans
lation46,47. These alterations probably account for the 
increased excitability of neuronal circuits observed 
in FXS48, which could relate to the hyper sensitivity or 
overreactivity to stimuli in patients. Indeed, a deficit in 
habituation that correlates to the FMRP deficit has been 
noted in children with FXS49 and, accordingly, repetitive 
sensory stimuli have been shown to lead to sympathetic 
hyperarousal and anxiety in patients6,49.

Glutamatergic signalling. Excessive glutamate signal ling 
is thought to underlie several of the clinical mani festa tions 
of FXS. Indeed, mGluRIdependent LTD (mGluRILTD) 
is increased in the hippocampus42 and the cerebellum 
of Fmr1knockout mice43. The implication of excessive 
mGluRI signalling was confirmed when genetic reduc
tion or pharmacological block of these receptors  corrected 
several phenotypes of the Fmr1knockout mouse, includ
ing seizures, hyperactivity and neuronal structural 
changes50. These data highlighted mGluRI antagonists as 
a potential treatment for FXS51,52, but clinical trials have 
shown mixed success (see Management, below). The 
negative outcomes of the clinical trials call into question 
the putative major role attributed to the mGluR hypoth
esis of FXS, although general support exists for this  
model through data from Fmr1knockout mice42,53.

Ultimately, one of the main outcomes of mGluRI 
activation is the translation of postsynaptic proteins 
that are proposed to potentiate synaptic plasticity, 
speci fically mGluRILTD54, by remodelling the pro
tein content of dendritic spines (notably, αamino3 
hydroxy5methyl4isoxazole propionic acid (AMPA) 
receptor availability by promoting their internalization)55. 

Downstream effectors of mGluRI signalling are altered 
in the absence of FMRP; for example, phosphorylation 
of eukaryotic translation initiation factor 4E (EIF4E) 
by MAP kinaseinteracting serine/threonineprotein 
kinase (MNK) is increased56 and phosphorylation of 
ribosomal protein S6 kinase (S6K) by extracellularsignal 
regulated kinase (ERK)57,58 is increased in postmortem 
brain samples from patients with FXS (FIG. 3). Elevated 
phosphorylation of EIF4E and S6K likely causes the 
excess protein synthesis of FMRPtarget mRNAs 
observed in vivo and in vitro in several areas of the Fmr1
knockout mouse brain, notably in hippocampal and cor
tical neurons46,47. This increased protein synthesis seems 
to be of key importance for the pathophysiology of FXS, 
as several inhibitors of translation have rescuing effects 
on the mouse phenotypes24. The prevailing view, one that 
agrees with the numerous reports from many laboratories 
and that largely relies on the mRNA and ribosome bind
ing properties of FMRP22,23, posits that FMRP is involved  
in the translational control of a large number of mRNAs in  
the postsynaptic  compartment of neurons24,25.

Several techniques have been used to identify which 
gene products are altered by the lack of FMRP (BOX 2). 
Among the hundreds of proposed deregulated FMRP 
 target mRNAs, only a few have been validated at the pro
tein level through the rescue of some phenotypes of the 
Fmr1knockout mouse with the  experimental manipula
tion of protein expression or function. The deregu
lated proteins with a possibly moreprominent role in 
the pathophysio logy of FXS include several GABAA 
and GABAB receptor subunits59, phosphatidyl inositol 
3kinase enhancer (PIKE)60, matrix metallo proteinase 9 
(MMP9)56,61, glyco gen synthase kinase 3 (GSK3)62, 
 amyloidβ A4 protein (also known as amyloid precursor 
protein (APP))63,64 and diacylglycerol kinaseκ (DGKκ; 
FIG. 3)65. The increased expression of PIKE, GSK3 and 
APP add to the synaptic plasticity deficits in FXS, 
and inhibiting these molecules might be helpful for the 
treatment of patients but has not yet been evaluated in 
human studies60,63,64.

Box 1 | Premutation disorder

The FMR1 premutation is associated with several distinct 
disorders that are caused by excessive transcription of 
FMR1 (REF. 214), in contrast to the gene silencing caused 
by the full mutation in individuals with fragile X 
syndrome (FXS)215. The excess FMR1 mRNA is thought to 
lead to toxicity through one or more specific mechanisms 
(reviewed in REFS 21,216), particularly with ageing. 
Approximately 40% of male premutation carriers and 
16% of female premutation carriers who are ≥50 years 
of age will develop fragile X‑associated tremor/ataxia 
syndrome, a neurodegenerative disorder associated with 
an intention tremor, cerebellar ataxia, neuropathy and 
cognitive decline21,216. In addition, ~20% of women with 
the premutation will develop fragile X‑associated 
primary ovarian insufficiency217. Moreover, depression, 
anxiety, hypertension, restless legs syndrome, sleep 
apnoea, migraine, fibromyalgia and hypothyroidism are 
more common in premutation carriers than individuals 
without the premutation (reviewed in REF. 218).
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FMRP is associated with MMP9 mRNA, which encodes 
an endopeptidase that is important for dendritic spine 
maturation and synapse formation66. MMP9  levels are  
increased in FXS but can be lowered to normal levels 
with minocycline treatment67. Indeed, in Fmr1knockout 
mice, treatment with minocycline improves dendritic 
spine maturation, synapse formation, anxiety levels and 
performance on a cognitive task (maze performance)68, 
as well as ultrasonic vocalizations (which indicates 
increased language abilities)69. In addition, metformin 
can lower MMP9 levels in the Fmr1knockout mouse. 
Both of these studies set the stage for trials in patients69,70.

In mouse cortical neurons, FMRP has been shown to 
be predominantly associated with Dgkk mRNA65, which 
encodes a protein that converts diacylglycerol (DAG) 
to phosphatidic acid (PA)65. Indeed, FMRP positively con
trols DGKκ translation, but how FMRP specifically inter
acts with Dgkk mRNA is unknown. DGKκ is a  member 
of the DGK family71, which contains 10 isoforms that are 
mainly expressed in the brain; out of these, only Dgkk 
mRNA can bind to FMRP. DGKs are involved in diverse 
biological events such as growth factor dependent or 
cytokinedependent cell proliferation and motility,  seizure 
activity, immune responses, cardiovascular responses and 
glucose metabolism72. Thus, DGK proteins have been 
proposed to contribute to the pathogenesis of a wide vari
ety of diseases, such as cancer, epilepsy, auto immunity, 
cardiac hypertrophy, bipolar disorder, Parkinson disease, 
hypertension, type 2 diabetes mellitus and hypospadias, 
a common congenital hypoplasia of the penis73.

DGKκ expression is decreased in the Fmr1knockout 
mouse65, which causes an imbalance of DAG (which trig
gers dendritic spine growth in neurons) and PA (which 
induces dendritic spine stabilization) levels65,74 (FIG. 3). 

DAG levels are increased in Fmr1knockout mice and 
in the cerebellum of patients with FXS, whereas PA syn
thesis is impaired in neurons from Fmr1knockout mice, 
which is consistent with the observed increased dendritic 
spine growth and reduced stabilization (for review, see 
REF. 75). Furthermore, reduction of DGKκ expression 
in the mouse striatum by short hairpin RNA caused 
 autistic behaviours, similar to those observed in the 
Fmr1knockout mouse, including impaired social inter
action, hyperactivity and altered nestbuilding65. In addi
tion, silencing of Dgkk in CA1 pyramidal neurons in the 
hippo campus of wildtype mice caused an increase in 
the number of immature spines and a decrease in mature 
spines, similar to the Fmr1knockout mouse65. In addi
tion, overexpression of DGKκ in the Fmr1knockout 
mouse rescued the impaired dendritic spine morpho
logy65. Together, these findings introduce a molecular 
mechanism whereby loss of FMRP leads to an imbalance 
in DAG and PA levels, which might underlie the increased 
protein synthesis, autistic behaviours and abnormal den
dritic spine morphology in the Fmr1knockout mouse65. 
In this model, FMRP controls general protein translation 
within dendritic spines by an indirect (DAGmediated) 
rather than a direct (RNAbinding) mechanism. Based 
on these data, targeting DGKκ  signalling might provide 
new therapeutic approaches for FXS.

Endocannabinoid system. The absence of FMRP also 
dysregulates the endocannabinoid system, which consists 
of receptors located in the brain and periphery that are 
involved in numerous processes (such as synaptic plasti
city, cognitive performance, anxiety, nocicep tion and 
seizure susceptibility) and the endogen ous cannabin
oid ligands (that is, endocannabinoids): anandamide 

Figure 1 | Clinical features of FXS. Most infants with fragile X syndrome 
(FXS) have an initial poor latch or suck with breastfeeding, and they 
frequently experience recurrent emesis because of reflux. Recurrent otitis 
media is observed in >60% of patients in the first few years of life and usually 
requires the insertion of ventilation tubes (pressure-equalization tubes) to 
normalize hearing13. After the first year of life, tactile defensiveness begins 
to emerge, individuals have poor eye contact and a tendency to hand-flap 
with excitement; hand biting or chewing on clothes are also common. Up to 
20% of patients have strabismus (that is, crossed eyes or lazy eyes), and if 
this persists after the first year of life, ophthalmological treatment is 
needed3. Many children with FXS have emerging anxiety and sensory 
hyperarousal in their second year of life, and once they are able to walk,  
they typically become hyperactive. Indeed, 80% of boys with FXS have 
substantial hyperactivity by 3–4 years of age and are diagnosed with 
attention-deficit/hyperactivity disorder (ADHD), although only 40% of girls 
with FXS are diagnosed with ADHD by school age3,246,247. Children begin 
overstuffing their mouth with food because of sensory deficits by 3 years of 
age, and obesity is reported in ~35% of patients by adolescence162. 

If hypotonia is a substantial problem during infancy, motor delays in sitting 
and walking might occur. Seizures occur in ~8–16% of males and 3–7% of 
females with FXS, typically present in the first 5 years of life, and are the 
most substantial medical problem for children with FXS4,7,248. Seizures are 
most commonly partial complex seizures but can also be generalized tonic–
clonic or absence seizures4,248. Symptoms of autism spectrum disorder (ASD) 
can develop during early childhood, and ~50–60% of males and 20% of 
females with FXS also have ASD43,139,140,233,249. Intellectual disability is 
common in males with FXS, although ~15% of males (predominantly those 
with mosaicism) and 70% of females have an IQ in the borderline to normal 
range but have learning and emotional problems12,250. Many of the initial 
symptoms of FXS, such as impulsivity, anxiety and poor attention, persist 
into adulthood, and ~86% of males and 77% of females with FXS meet the 
diagnostic criteria for an anxiety disorder6. During the late stages 
of adulthood, ~17% of patients with FXS can present with symptoms of 
parkinsonism and cognitive decline251. Individuals with FXS can also have 
sleep disturbances, mainly waking up in the middle of the night and not 
being able to go back to sleep, especially in the first 3–4 years of life3.
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and 2arachidonoylglycerol (2AG). The endocannabin
oids bind to the G proteincoupled receptors CB1 and 
CB2 and modulate synaptic activity76,77. 2AG is the 
most abundant endocannabinoid in brain and is prod
uced locally within dendritic spines following mGluRI 
activ ation (FIG. 3). In the FXS mouse model, endogen
ous stimu lation of 2AG receptors is altered because 
the absence of FMRP leads to 2AGdependent and 
mGluRIdependent synaptic plasticity abnormalities, 
including enhanced LTD at inhibitory synapses78–80 and 
decreased LTD at excitatory synapses81. Modifying 2AG 
signalling by inhibiting 2AG degradation81 or block
ing CB1 and CB2 receptors80 can normalize several 
 phenotypes of the FXS mouse.

Ion channel dysfunction. Voltagegated ion channels, 
which have a key role in many aspects of neuronal 
transmission, are involved in the pathophysiology of 
FXS. FMRP can directly bind to the sodiumactivated 
potassium channel Slack26, the largeconductance BK 
channel82 and the Ntype Ca2+ channel Cav2.2 (REF. 83), 
and the absence of FMRP in patients with FXS might 
result from a loss of these protein–protein interactions. 
FMRP binds mRNAs of several ion channels, including 
Kv3.1 and Kv4.2 voltagedependent K+ channels, non
selective HCN1 channels, and Cav1.3 Ca2+ channels84–86. 
Accordingly, the absence of FMRP is likely to alter 
the transport and/or translation of the target mRNAs, 
which could influence the excitability and firing rates 
of neurons.

GABAergic system. The contribution of abnormali
ties in the GABAergic system to the disturbance of the 
excitatory– inhibitory imbalance that is hypothesized 
to play a central part in the pathophysiology of FXS 
and autism spectrum disorder (ASD) in general has 
been explored extensively48,87. Several alterations in 
GABAergic signalling have been detected in the brains 
of Fmr1knockout mice, including a reduction in the 
expression of several GABA receptor subunits and a 
reduction in GABAergic signalling (FIG. 4).

A series of electrophysiological recordings have 
demonstrated that GABAA  receptormediated signal
ling is compromised in the Fmr1knockout mouse88–94.  
Consistent with the subunit composition measure
ments in knockout mice, the electrophysiological 
differences seem to be agedependent and brain region  
dependent. Indeed, defects in phasic (synaptic) and 
tonic (extra synaptic) inhibitory signalling and a 
delay in the transition from excitatory to inhibitory 
GABAergic signalling during development have been 
observed in Fmr1knockout mice95. Moreover, the 
oxytocin mediated, brief transient GABA excitation– 
inhibition shift that occurs in newborn rodents during 
delivery is absent from the  hippocampal neurons of 
Fmr1knockout mice96.

Collectively, the disturbances in GABAergic signal
ling in Fmr1knockout mice indicate that inhib itory 
signalling could be targets for novel treatments for FXS. 
Indeed, preclinical studies in animal  models confirmed 
that the GABAA receptor is a suitable target51,97,98. In a 
large drug screen in Fmr1deficient Drosophila, nine 
compounds that corrected specific phenotypes of the 
flies were identified99 and, of these, three can restore 
GABA homeostasis. Gaboxadol (also known as THIP), 
a superagonist of δsubunitcontaining GABAA recep
tors, can rescue hyperexcitability of principal neurons of 
the amygdala of Fmr1knockout mice and can improve 
some specific behavioural character istics, including 
hyperactivity and auditory seizures100. Synthetic neuro
steroids such as ganaxolone are potent agonists of GABAA 
receptors101 and can prevent audiogenic seizures102 and 
correct repetitive and/or perseverative behaviours in the 
Fmr1knockout mouse103. Prenatal treatment of Fmr1
knockout mice with bumetanide (which can induce a 
transient switch from  excitatory to inhibitory signalling 
in GABAergic neurons) restored electrophysiological 
abnormalities in the mutant offspring as well as hyper
activity and autistic behaviours, consistent with the 
reported absence of this excitatory–inhibitory switch in 
these mice96.

The BMPR2–cofilin pathway. The mRNA encoding 
bone morphogenetic protein receptor type 2 (BMPR2), 
which is involved in dendrite formation, is a bind
ing target of FMRP104. Depletion of FMRP increases 
BMPR2 expression and activation of BMP signalling 
to increase actin polymerization and altered dendritic 
spine morphology (FIG. 5). Indeed, the amount of full
length BMPR2 and a marker of LIM domain kinase 1 
(LIMK1) activity were increased in the prefrontal  cortex 
of patients with FXS compared with post mortem pre
frontal cortex tissue from healthy individuals, suggesting 
that increased BMPR2 signal transduction is linked to 
FXS and might be a putative therapeutic target for FXS 
and possibly ASD. In this regard, an LIMK1 inhibitor 
reversed the abnormal dendritic spine morpho logy 
of Fmr1null neurons to the wildtype phenotype in 
the knockout mouse, suggesting that LIMK1 inhib
itory treatment could ameliorate the abnormally 
high turnover of  dendritic protrusions observed in 
Fmr1null neurons104.

Figure 2 | Physical features of FXS. a | Three brothers with fragile X syndrome (FXS) 
show prominent ears, a physical feature of FXS. The boys have typical behaviour features, 
such as stereotyped movements of the hands (the boy on the left), avoiding eye contact 
(the boy in the centre) and hand biting (the boy on the right). b | A mother and daughter 
with FXS who have no obvious physical features.
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Neuroimaging data
The effect of FMRP on brain development incorporates 
the aberrant morphology and growth trajectory observed 
in FXS. Animal work supports our understanding that 
brain enlargement at younger ages might be related to pro
cesses that result in decreased pruning and/or increased 
dendritic spine density. More work is needed to study 
older individuals with  fragile Xassociated tremor/ataxia 
syndrome (FXTAS), fragile Xassociated primary ovar
ian insufficiency (FXPOI) and premutation carriers.  
By doing so, we can examine the developmental and 
‘dosage’ effects of FMRP on brain growth and the con
sequences that repeat length mosaicism can impart105. 
Much of the work mapping the expression of FMRP 
in the brain has been performed at the molecular and 

genetic levels in animal studies. However, the con
sequence of loss of FMRP on human brain develop
ment and functioning has been the focus of numerous 
neuroimaging investigations.

Structural brain imaging. Neuroimaging studies of 
individ uals with FXS have revealed several key differences 
in brain morphology compared with healthy individ uals. 
In general, brain overgrowth106 and increased lateral 
ventri cular size107 have been observed in individ uals with 
FXS, but these findings are nonspecific and have been 
observed in patients with other neuro developmental 
disorders, such as ASD. Some of the earliest findings 
showed abnormalities in the cerebellum, which primar
ily has a role in motor function but has also been linked 

Figure 3 | Glutamatergic signalling and DGKκ deregulation in FXS. Group I metabotropic glutamate receptor (mGluRI) 
signalling is enhanced in fragile X syndrome (FXS). mGluRIs are positively coupled to phospholipase C (PLC) and adenylyl 
cyclase via G proteins, and mGluRI signalling leads to the production of inositol triphosphate, which causes the release of 
Ca2+ from intracellular stores (not shown). In addition, mGluRI signalling leads to the production of diacylglycerol (DAG), 
which in turn activates protein kinase C (PKC), the phosphoinositide 3-kinase (PI3K)–AKT–mechanistic target of rapamycin 
(mTOR) pathway and the extracellular-signal-regulated kinase (ERK) pathway252,253. DAG is converted into 
2-arachidonoylglycerol (2-AG) by diacylglycerol lipase (DAGL), which suppresses synaptic transmission of glutamate 
and γ-aminobutyric acid (GABA) via cannabinoid type 1 (CB1) receptors254. In the absence of FMRP, several downstream 
effectors of mGluRI-dependent signalling are over-activated, including PKC255, the RAS–MEK–ERK pathway57,256, the PI3K–
AKT pathway60,257,258 and CB1 receptors78–80, and others are defective (such as RAC–PAK259). Enhanced mGluRI signalling 
alters the expression of several proteins, including diacylglycerol kinase-κ (DGKκ). DGKκ phosphorylates DAG to 
phosphatidic acid (PA); thus, DGKκ terminates DAG signalling and initiates PA signalling. DAG is the direct effector of a 
number of pathways, including those involving PKCs, the RAS–MEK–ERK pathway and the PI3K–AKT pathway, and leads 
to an increase in protein translation by activating eukaryotic translation initiation factor 4E (EIF4E)253,260. PA regulates 
several types of intracellular signalling, including RAC–PAK, mTOR and RAF1-kinase261–263. DGKκ expression is reduced 
in FXS, leading to an increase in DAG signalling, elevated protein translation and dendritic spine growth and reduced 
dendritic stabilization. 4E-BP, eukaryotic translation initiation factor 4E-binding protein; MNK, MAP kinase-interacting 
serine/threonine-protein kinase; PIKE-L, phosphatidylinositol 3-kinase enhancer-l; PIP2, phosphatidylinositol-4,5-
bisphosphate; RasGRP, RAS guanyl-releasing protein; RHEB, GTP-binding protein Rheb; S6K, ribosomal protein S6 kinase; 
TSC1/2, tuberous sclerosis proteins 1 and 2.
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to aspects of cognition, such as attention108. Hypoplasia 
of the cerebellar vermis has been a consistently replicated 
finding108–110. In addition, a reduction in cerebellar size 
and abnormalities of the cerebellar peduncles have been 
observed in young boys with FXS111, and these differ
ences were related to the presence of autism symptoms. 
A decreased cerebellar volume has been observed in 
men who have the premutation, with a more promin
ent reduction noted in those who meet the criteria for 
FXTAS112. Reduced white matter diffusivity has been 
observed in the middle cerebellar peduncles in women 
with the premutation, indicating that this is a vulnerable 
area for both FXS and premutation involvement113.

Perhaps the most striking abnormality associated 
with FXS is observed in the basal ganglia, comprising 
the caudate nucleus, putamen and globus pallidus (FIG. 6), 
a region important for many executive functions (such as 
attention and setshifting or task shifting) as well as motor 
planning. The caudate nucleus is significantly enlarged in 
individuals with FXS107 and is more pronounced in males 
than females with FXS114. Caudate enlargement is present 
early in development, within the first 3 years of life, and 
is specific for FXS, in contrast to other neurodevelop
mental disorders such as ASD and global developmental 
delay115. Surfacebased morphometry studies have local
ized the greatest degree of enlargement to the head of the 
 caudate110, which is where most frontostriatal  connections 
are located. Brain networks in the caudate and amygdala 
show lower activity in functional MRI studies in children 
and adults with FXS than in controls116, and individ uals 
with FXS have reduced metabolism of  choline and gluta
mate in the caudate, which reflects aberrant functioning 
of these areas117. Enlargement of the caudate is negatively 
correlated with FMRP levels110,111, suggesting a role for 
FMRP in preventing overgrowth. In addition, the  caudate 
size has been associated with the repetitive behaviours 
common in ASD and other neurodevelopmental dis
orders, and a relationship between caudate enlargement 
and lower order repetitive behaviours, such as self 
injury measured by parent report checklists, was noted 
in  preschool children with FXS118.

Temporal lobe abnormalities have also been observed 
in individuals with FXS, although these findings are 
morevariable. The hippocampus, which is important for 

memory and learning, is enlarged in individuals with FXS 
compared with healthy individuals at younger ages111,119,120 
but not at older ages121. Hippocampal enlargement sug
gests the presence of an atypical develop mental trajectory, 
and it has been hypothesized that loss of FMRP in the 
hippocampus is linked to the problems with mood and 
cognition in individuals with FXS36. Other  temporal lobe 
structures, such as the fusiform gyrus (which has a role 
in cognition) are enlarged111, and the insula (which has 
a role in emotion processing) and the amygdala (which 
has a role in fear, emotional processing and memory) are 
reduced in individuals with FXS compared with healthy 
individ uals110,115,120. The uncinate fasciculus, an impor
tant white matter tract connecting the hippo campus and 
amygdala, has an abnormal white matter micro structure 
in individ uals with FXS122. Largescale functional (when 
the individ ual is in a resting state) and structural networks 
show reductions in adolescents and young adults with 
FXS when compared with controls123.

Functional brain imaging. Social anxiety is one of the 
core clinical features of FXS and can be characterized 
by reduced eye gaze related to aversion to direct gaze. 
Aversion to eye gaze has been linked to brain regions 
associated with social anxiety124. Sex differences exist 
in these eyegaze paradigms, as females have a reduced 
activation of the insula and fusiform gyrus in response 
to face stimuli, but males have an increased activation of 
the amygdala and insula, compared with healthy individ
uals125. Anxiety has a role in gaze aversion and can inter
fere with other cognitive tasks, resulting in decreased 
performance. Reduced activation of the superior and 
medial frontal gyral regions was observed in individ
uals with FXS during a facial memory task, suggesting 
poor social cognition might hinder the encoding of 
facial information126.

Building on the finding that alterations in fronto
striatal connections have a role in some of the execu
tive functioning deficits (such as deficits in working 
 memory) in individuals with FXS, functional studies 
have also found different activation patterns in these 
brain regions in patients with FXS. Individuals with FXS 
have decreased neuronal activity in the frontal cortex on 
working memory tasks127,128, as well as aberrant activ
ation patterns when carrying out mathematical oper
ations129,130. Reduced activation of orbitofrontal regions 
during tasks assessing attention and impulse control has 
been observed in individuals with FXS compared with 
healthy individuals131. In addition, reduced inhibition132 
has been observed in those with FXS, and higher levels of 
FMRP have been shown to reflect a moretypical pattern 
of frontostriatal activation. Girls with FXS have abnormal 
activation patterns in the prefrontal cortex and striatum 
on tasks that require inhibition, and reduced activation 
was related to the level of FMR1 expression128.

The effect of ASD symptoms on brain function has 
been an important consideration for functional MRI 
studies in patients with FXS. Both faceprocessing and 
emotionprocessing networks are different in individ
uals with FXS compared with healthy individuals, with 
similar patterns of activation in the fusiform gyrus for 

Box 2 | Identifying altered gene expression owing to loss of FMRP

Various high‑throughput technologies, including immunoprecipitation‑
transcriptomic65,85,219–221 and proteomic approaches222, have been used to generate a 
number of partially overlapping lists of fragile X mental retardation 1 protein (FMRP) 
target mRNAs. Among the hundreds of diverse targets, identifying a common RNA 
signature that is indicative of a unique mechanism by which FMRP has RNA‑specific 
control of translation has not been possible. For example, the guanine quadruplex 
(G‑quadruplex), the most frequently identified motif, is present in only 40–50% of FMRP 
target mRNAs86. Instead, several other mechanisms by which FMRP can repress 
translation have been proposed, including cap‑dependent initiation repression223,224, 
modulation of microRNA activity225,226 and stalling of translation elongation219. Some 
studies also identified translational activation for specific mRNAs65,227. In Drosophila, 
FMRP interacts with 60S ribosomal protein L5 in a way that would interfere with tRNA 
binding during elongation228, but how this process relates to the specific alteration of 
neuronal mRNA translation is still unclear.
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individuals with both FXS and ASD; however, individ
uals with FXS and no ASD have greater activation of the 
hippocampus, insula, postcentral gyrus and left tem poral 
gyrus. This profile of activation suggests that individ
uals with FXS have reduced habituation to emotionally 
laden stimuli when compared with individuals with 
comorbid ASD.

Diagnosis, screening and prevention
Diagnosis of FXS is made following FMR1 DNA test
ing and identification of the CGG expansion (>200 
repeats for the full mutation). The FXS DNA diagnostic 
test involves PCR and Southern blot analysis of patient 
blood samples, which can identify and size both the 
premutation and the full mutation alleles. Southern blot 
analysis can also provide information about the methyl
ation status. Several PCRbased approaches have been 
developed (reviewed in REFS 102,133) and have enabled 
the character ization of the complete range of expanded 
FMR1 alleles with or without methylation assessment. 
An evalu ation of FMR1 methylation levels is recom
mended, as the level of methylation correlates inversely 

with cognitive abilities. These advanced genotyping 
tools have reduced the use of the labourintensive and 
timeintensive Southern blot analysis, which is still 
considered the gold standard DNA diagnostic test for 
FXS. In particular, the use of the triplet primed PCR 
assay is the preferred test worldwide, because it detects 
alleles throughout the expanded range, including the 
pre mutation in both males and females, and provides a 
much more accurate determin ation of allele size within 
the premutation range102,133. In addition, tripletprimed 
PCR enables the mapping of AGG interruption sequen
ces, which are interspersed and present within the CGG 
region of FMR1. The AGG interruptions are believed to 
stabilize FMR1 during transmission, although the under
lying mechanism is unknown134,135. Indeed, the presence 
of AGG interruptions in women helps to predict the 
risk of CGG expansion to a full mutation during mother 
tochild transmission134,135. Accordingly, the presence of 
AGG interruptions, in addition to CGG repeat number 
and maternal age, has a role in the risk of repeat expan
sion during transmission135,136 and must be incorporated 
into the genetic counselling process.

Figure 4 | Altered GABAergic signalling in Fmr1‑knockout mice. The 
γ‑aminobutyric acid (GABA) A receptor (GABAA) is a heteropentameric 
chloride channel that is assembled as a non-random combination  
of the receptor subunits α1-6, β1-3, γ1-3, δ, ε, θ, π and ρ1-3. Fragile X mental 
retardation 1 protein (FMRP) binds to the mRNAs of several of these 
subunits and, accordingly, studies have found reduced expression of 
approximately half of these subunits in Fmr1-knockout mouse and fly 
models (see 1)88,264–268. Age-dependent and brain region-dependent 
differences in subunit expression have also been reported but are poorly 
understood89,103,269,270. Interestingly, the under-expression of key subunits 
of the GABAA receptor could be corrected by genetic rescue of Fmr1  
in knockout mice and flies, underscoring the robustness of the 
observations103,271. GABAB receptors are composed of two subunits. 
Expression of the R1a subunit protein, but not its mRNA, is decreased in 
Fmr1-knockout mice and in post-mortem tissue from patients with fragile X 
syndrome (FXS)272. The contribution of the prolonged inhibitory effect of 

GABAB receptors, invariably consisting of a dimer of R1a or R1b, and R2 
subunits, is less well known. In addition to the receptors themselves, the 
expression of genes encoding enzymes involved in GABA synthesis (Gad1 
and Gad2, which encode glutamate decarboxylase 1 (GAD, see 2)), GABA 
transporters (Slc6a1, Slc6a12, Slc6a13 and Slc6a11, which encode the 
solute carrier family members (see 3)), enzymes involved in GABA 
degradation (Aldh5a1, which encodes a member of the aldehyde 
dehydrogenase family (SSADH), and Abat, which encodes 4-aminobutyrate 
aminotransferase (GABA-T, see 4)) and in receptor clustering (Gphn, 
encoding gephyrin (see 5)) is reduced in Fmr1-knockout mice. These 
changes have been validated at the protein level for several subunits of the 
GABA receptor and for enzymes involved in GABA synthesis, reuptake and 
catabolism273. The levels of free GABA are reduced in Fmr1-knockout mice 
(see 6)90,103,274, and expression of the GABAA receptor is reduced in patients 
with FXS273. GHB, γ-hydroxybutyrate; SSA, succinic semialdehyde; 
TCA, tricarboxylic acid. Adapted with permission from REF. 275, Karger.
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A physician or health care provider should order 
FMR1 DNA testing in any child that presents with a 
substantial developmental delay, intellectual disability or 
ASD without a known reason. The health care provider 
should also consider testing for FXS in children who are 
not talking by 2–3 years of age, as language delays are 
the initial presentation in most children. Indeed, the 
mean age of diagnosis in the United States is 3 years137. 
The typical physical features of FXS are variable and 
might not be present in early childhood or at all (FIG. 2). 
As ~30% of children with FXS do not have obvious 
dys morphic  features, the physician often depends on 
 behavioural  features to make the clinical diagnosis3.

Screening and cascade testing
Screening studies have been carried out in neonates using 
PCR of samples from bloodspot testing, followed by 
confirmation using PCR and Southern blot analyses of 
a peripheral blood sample (reviewed in REF. 138). More 
commonly, highrisk testing has been carried out by 
screening those who have intellectual disability or ASD. 
Indeed, ASD is strongly associated with FXS, as ~2–6% 
of individuals with ASD have FXS, and 50–60% of males 
with FXS have ASD43,139,140 (BOX 3). Screening of high
risk individuals who have intellectual disability has been 
 carried out internationally141–143, and ~2–9% of highrisk 
individuals have FXS.

The reasons for screening and making the diagno
sis of FXS are twofold. First, the diagnosis will lead to 
new treatment opportunities, which includes targeted 

treatments (see Management). Second, as FXS is an 
inherited disorder, diagnosing an individual will FXS 
will affect other members of their family. The mother of 
a child with FXS is an obligate carrier of a pre mutation 
or full mutation allele, because only a mother can pass 
on the Xlinked full mutation to her children; fathers 
who are carriers or who have FXS will pass on the 
premutation to all of their daughters, but not their sons, 
as mature sperm only carry premutation alleles144. The 
reasons for this are unknown, and this is difficult to 
study, as mice with the premutation do not recapitulate 
the transition from premutation to the full methylated 
mutation (methylation does not occur in the mouse 
models, even in mice with a CGG repeat length of >200 
(REF. 145)). For each child diagnosed with FXS, they 
 usually have many family members with premutation 
or full mutation alleles138,141.

As previously discussed, an FMR1 premutation can 
have a range of health consequences for individuals 
(BOX 1). Consequently, once a proband is identified, the 
family history should include detailed questions about 
the phenotypes of other family members who might 
also have FXS or a premutation disorder21,146. Given that 
treatments for the premutation disorders are available, 
early treatment is likely to be preventive or prophy lactic 
for premutationassociated health problems, such as 
anxiety, depression, hypertension and hypothyroidism. 
In addition, counselling for healthy lifestyles, includ
ing avoidance of environmental toxins, smoking and 
 excessive alcohol intake, is likely to be preventive for 
many of the ageingrelated problems in individuals with 
the premutation146.

When the proband is diagnosed, testing of a sibling 
who has learning, emotional or behavioural problems 
is recommended. A sibling with normal develop
ment should be tested before adolescence or earlier, 
as this information regarding the premutation can be 
more  easily accepted by a child than an adolescent or 
young adult, who might be focused on marriage and 
reproduc tion144. Occasionally, an individual with appar
ently  normal development and a full mutation might 
be identi fied, which precipitates a further workup 
that includes neuro psychological testing that usually 
reveals deficits that are likely to respond to behavioural, 
 educational and medical treatments.

In addition to testing the siblings of individuals 
with FXS, cascade testing (that is, FMR1 DNA testing 
of other extended family members) once a proband 
is diagnosed is recommended147. Indeed, if any of the 
family members have an expanded FMR1 allele, they 
can avoid the development of FXS in their offspring. 
For example, reproductive technologies allow in vitro 
fertilization and implantation of a healthy embryo, and 
prenatal diagnostic testing can identify a fetus with 
FXS, following which a couple can make a decision to 
termin ate or continue with the pregnancy. We hope that 
in the future, noninvasive prenatal testing will be used 
to identify a fetus with FXS using a blood test in the 
expectant mother.

In some countries, cascade testing is not carried out 
after a proband is diagnosed because of cultural beliefs, 

Figure 5 | The effect of FMRP loss on the BMPR–LIMK–cofilin pathway. a | Under normal 
circumstances, bone morphogenic protein receptor (BMPR) signalling leads to the 
activation of LIM domain kinase 1 (LIMK1), a component of the non-canonical BMP signal 
transduction pathway, that phosphorylates and inhibits cofilin, leading to actin 
reorganization, neurite outgrowth and synapse formation. b | Fragile X mental retardation 1 
protein (FMRP) negatively regulates the production of the bone morphogenic protein 
receptor 2 (BMPR2) and, as such, loss of FMRP leads to enhanced BMPR signalling, 
increased actin polymerization and altered dendritic spine and synaptic morphology.
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concern for disruption of arranged marriages and the 
potential for wife abuse. In addition, after diagnosis of a 
child with FXS, the mother might not be identified as the 
carrier if her safety is at risk, due to cultural issues. The 
subsequent guidance for the family is dependent on the 
family circumstances, marital relationship, and educa
tion of the parents; thus, guidance will often be delayed 
while the family dynamics are addressed.

Management
The management of the child diagnosed with FXS is 
a multidisciplinary endeavour7,13 and is often led by a 
paedi atrician, neurologist or psychiatrist with expertise 
in FXS. Individuals with FXS usually require lifelong care 
by their families and by a medical professional who is 
knowledgeable about FXS. The medical professional can 
use new targeted treatments as they become  available 
throughout the patient’s childhood and adult life.

Behavioural alterations
Children with FXS need several therapies, including early 
speech and language intervention, physical therapy and 
occupational therapy with a sensory integration approach 
(to address the oftensevere sensory hyperreactivity)13. 
These interventions are usually included in a special 
education programme starting from preschool onward, 
but they can also be performed in an earlystart home 
programme in the first year of life. Additional benefits 
can be obtained from PROMPT (that is, prompts for 
restructuring oral muscular phonetic targets) therapy 
that uses tactile stimulation to the mouth to encourage 
expressive language148. If ASD is diagnosed, which usually 
occurs by 2 years of age, the child will very likely benefit 
from the Early Start Denver Model149,150 or another form 
of applied behavioural analysis intervention. The Early 
Start Denver Model aims to promote emotional, social, 
cognitive and language development in children with 
ASD, by  integrating applied behavioural interventions 
into everyday family interactions.

Tantrums, irritable behaviour and aggression are 
common in young children with FXS, and work with a 
behavioural therapist can be very helpful to the family 
when these problems arise151,152. Often, such interven
tion can be found in the special education programme 
through school or through an applied behavioural analy
sis therapy programme, although work with a private 
behavioural psychologist can also benefit the family.

The use of special education programmes that are 
tailored to the pattern of cognitive strengths and weak
nesses in individuals with FXS will help academic learn
ing in reading and mathematics and are almost always 
needed for children with FXS. These interventions com
bine visual, auditory and tactile presentations and can be 
provided in a pullout fashion so that children with FXS 
can experience mainstream education151. These interven
tions are typically provided by the schools in the United 
States but not necessarily in other countries. The National 
Fragile X Foundation has a website (www.fragileX.org) 
that contains detailed information in several languages 
on the recommended educational programmes for 
 children with FXS that can be downloaded and given to 
the school. Other helpful websites include www.fraxa.org,  
www.fragilex.org.uk and www.fragilex.org.au.

Management of the behavioural manifestations of FXS 
can also include pharmacological therapies. The conven
tional psychotropic medications commonly used for treat
ment of individuals with FXS include stimulants, selective 
serotonin reuptake inhibitors (SSRIs) and in some cases, 
atypical antipsychotics. Stimulants are  usually beneficial 
for the treatment of ADHD symptoms in children with 
FXS who are ≥5 years of age. Indeed, one controlled 
trial comparing methylphenidate, dextroamphet amine 
and placebo demonstrated efficacy of the stimulants in 
improving hyperactivity and inattention153, although 
 further trials have not been carried out. A pos itive response 
to stimulants has been shown ~60% of  children with FXS, 
with a lower response rate in individ uals <5 years of age154. 
Often, a longacting stimulant is used so that a steady 
blood level can be achieved during the day154. For individ
uals with severe hyperactivity who are <5 years of age,  

Figure 6 | Caudate volume in individuals with fragile X syndrome. Subcortical 
structures shown segmented (part a) and with segmentations overlaid on MRI (part b). 
Blue, caudate nucleus; orange, globus pallidus; green, putamen; red, amygdala; yellow, 
hippocampus. Structural MRI shows caudate enlargement in an individual with fragile X 
syndrome (part c) compared with a healthy individual (part d).
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the use of an αadrenergic agonist, such as guanfacine or 
clonidine, might be indicated154. Administering clonidine 
at bedtime can also help with sleep disturbances, although 
melatonin is initially prescribed, as this has been shown to 
improve sleep disturb ances in individuals with FXS in a 
controlled trial155. In addition, the use of  lacetylcarnitine 
to treat ADHD symptoms in children with FXS has been 
evaluated in Italy, where stimulants are not legal; one 
controlled trial has documented positive reports from 
the parents of these children but not from their teach
ers156. Valproic acid can improve ADHD symptoms in 
 children with FXS157, but treatment with stimulants seems 
to be more helpful for these symptoms, whereas valproic 
acid can be useful for stabilizing mood and decreasing 
 aggression in children and adults with FXS154.

Anxiety is common in children with FXS who are 
≥2 years of age. In children with FXS 2–6 years of age, 
treatment with lowdose sertraline (an SSRI) significantly 
improved the visual reception, fine motor coordin ation 
and composite T Score on the Mullen Scales of Early 
Learning, compared with placebo158. In addition, in 
a post hoc analysis, children with ASD and FXS had a 
signifi cant improvement in expressive language com
pared with those that received placebo158. For children 
with FXS who demonstrate aggression or severe  anxiety 
that is not improved with an SSRI, use of an atypical anti
psychotic, such as aripiprazole or risperidone, can be use
ful154. Indeed, one openlabel study showed a signifi cant 
improvement in social behaviour in children with FXS 
treated with aripiprazole159.

Associated medical conditions
As previously mentioned, several conditions are more 
common in individuals with FXS3,7 (FIG. 1). These condi
tions can affect development or behaviour in children, so 
treatment is important. The child’s paediatrician should 

look for and ask about relevant symptoms at routine, 
annual wellchild visits and should refer to specialists for 
further evaluation and management if needed160.

Owing to the expressive language delays in children 
with FXS, recurrent otitis media might lead to conduc
tive hearing loss and further problems with language and 
articulation. As such, the prompt and appropriate treat
ment of otitis media and/or any other otological issues, 
including hearing monitoring, antibiotics as needed 
and a relatively low threshold for early ventilation tube 
(pressure equalization tube) placement is essential7. 
Children with FXS might not communicate pain well, 
and behavioural problems such as head banging might 
be a sign of pain from acute otitis media. If chronic 
infections of the adenoids and tonsils become a prob
lem, adenoidectomy and/or tonsillectomy can be carried 
out at the same time as the ventilation tubes are inserted. 
Children with FXS who have obstructive sleep apnoea 
might also require a tonsillectomy or adenoidectomy7.

Obtaining good vision screening for children with 
FXS can be difficult due to the communication and 
behavioural problems associated with this condition. 
As such, evaluation by an ophthalmologist or opto
metrist is recommended within the first 3–4 years of life 
to assess for and correct vision problems. If the child has 
strabismus, an earlier evaluation is recommended, and 
this should be managed with eye patching, vision therapy 
or surgery to avoid amblyopia and compounding visual 
processing problems7,160.

Seizures are common in children with FXS and should 
be identified by electroencephalography and neurology 
referral. Indeed, ambulatory electroencephalogram can 
be used to distinguish behavioural spells such as staring 
and seizures. If the child has seizures, or if epileptiform 
discharges associated with a clinical correlate such as 
staring spells are present on the electro encephalogram, 
treatment with an anticonvulsant should be started. 
In addition, anticonvulsants such as valproate are also 
mood stabilizers and can help with aggression or episodic 
dyscontrol in some children154.

Children, especially those with intellectual disability, 
require adequate sleep for optimal development, learn
ing and functioning, but sleep disruption is  common 
in  children with FXS161. Accordingly, monitoring and 
 managing obstructive sleep apnoea and other sleep 
problems are of particular importance in individuals with 
FXS, as they are linked to decrements in daytime perfor
mance and behaviour. As such, the primary care phys
ician should enquire about potential sleep problems in 
children with FXS at every wellchild visit. As previously 
mentioned, melatonin can be used for sleep problems in 
children with FXS and individuals with ASD and can be 
obtained over the counter in most countries155.

Owing to the increased risk of obesity in children 
with FXS162, encouraging patients to follow a healthy diet, 
including food restriction when necessary, and partaking 
in exercise programmes for 30–40 minutes 4–5 times a 
week is important to minimize the health problems 
associ ated with weight gain. Children with FXS who pres
ent with the Prader–Willi phenotype (<10% of patients 
with FXS) develop severe hyperphagia and obesity, 

Box 3 | Association between FXS and ASD

Autism spectrum disorder (ASD) and fragile X syndrome (FXS) are strongly associated 
and are thought to share molecular features. Many of the mRNAs regulated by fragile X 
mental retardation 1 protein (FMRP) are products of genes that are associated with 
ASD219,229 and, accordingly, the deficiency of FMRP leads to a dysregulation of many 
pathways that are associated with ASD230. In addition, some evidence suggests that 
FMRP is deficient in the brains of individuals with ASD231,232. Although many of the 
behavioural manifestations of FXS with ASD are similar to those of ASD only, including 
hand mannerisms and poor eye contact, the range of social deficits are generally more 
severe in individuals with ASD than those with FXS233. One of the manifestations of both 
disorders is substantial anxiety, although compared with individuals who have 
idiopathic ASD, the anxiety is more severe in individuals with comorbid FXS and ASD 
and correlates with the severity of the ASD6,234,235. Anxiety is associated with greater 
levels of stress and higher cortisol release in those with FXS than in healthy individuals 
(reviewed in REFS 236,237).

In general, patients with FXS have a more severe cognitive deficit but better social 
skills than individuals with idiopathic ASD233. When matched for age and IQ, individuals 
with FXS have better receptive and expressive language abilities than individuals with 
ASD238. In addition, significant differences in plasticity and metaplasticity in individuals 
with FXS compared with those with ASD have been reported239.

Confirming a diagnosis of ASD in individuals with FXS is important, as individuals 
with both diagnoses have a higher rate of seizures, behaviour problems (including 
aggression and sleep disturbances) and a higher use of atypical antipsychotics than 
individuals with FXS only43.
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usually by 6–9 years of age, and typically have small 
genitalia and delayed puberty163. Molecular studies have 
demonstrated a deficit of cytoplasmic FMR1interacting 
protein 1 in individuals with the Prader–Willi pheno
type of FXS, although patients do not have a deletion at 
15q11–13 nor uniparental disomy, which is common in 
individuals with Prader–Willi syndrome163. Treatment of 
the obesity and hyperphagia of patients with the Prader–
Willi phenotype of FXS is difficult162. Although treatment 
with metformin can be beneficial164, controlled trials have 
not yet been carried out.

Other complications of FXS include gastro 
oesophageal reflux and flat feet. Antacids should be 
used for the treatment of gastrooesophageal reflux, 
when needed to prevent pain, oesophagitis and result
ing behavi oural decompensation. As individuals with 
FXS are not always able to describe heartburn, the only 
sign of gastrooesophageal reflux might be behavioural 
outbursts occurring in patterns related to meals, or sleep 

dysfunction with frequent night awakenings. Some indi
viduals with FXS benefit from orthotics or shoe inserts for 
the management of foot pronation and flat feet, and this 
can help with motor development in younger patients and 
to avoid leg pain and reduce gait problems when older.

Targeted treatments
One of the most exciting aspects of the FXS field is 
the identification of targeted treatments that have the 
potential to reverse the neurobiological aspects of FXS 
(TABLE 1). Most of the targeted treatments for FXS are 
supported by animal studies involving knockout of the 
Fmr1 gene homologues (reviewed in REFS 51,60,159,165).

The use of targeted treatments began with the articu
lation of the mGluR hypothesis of intellectual disability in 
FXS42,53. An initial phase I/II trial of the mGluR5 negative 
modulator AFQ056 showed improvement in behavioural 
problems including hyperactivity, stereotypic behaviour 
and inappropriate speech in patients with FXS who had 

Table 1 | Targeted treatments in development for FXS

Mechanism or pathway target Phase of development

Preclinical Phase I or open 
label

Phase II Phase III

Block excess mGluRI signalling 
directly by inhibiting mGluR5 
receptor

• MPEP
• Fenobam
• CTEP
• AFQ056
• STX107

• AFQ056
• Fenobam
• STX107

• AFQ056
• RO4917526

• None

Block excess mGluRI signalling 
by inhibiting pathway leading 
from receptor activation to 
protein translation

• Lithium*
• PAK inhibitors
• Lovastatin*
• GSK3β inhibitors
• PIKE inhibitors
• PI3K inhibitors
• NNZ-2256
• Metadoxine
• Bryostatin

• Lithium*
• Lovastatin*

• NNZ-2256
• Metadoxine
• Lovastatin*

• None

Block excess activity of protein 
produced to excess in absence 
of FMRP

• Minocycline*
• STEP inhibitors
• Rolipram
• PDE inhibitors

• Rolipram
• Minocycline*

• Minocycline* • None

Increase deficient AMPA receptor 
activity

• CX516 • None • CX516 • None

Regulate signalling through GABA 
or other non-glutamate receptors 
to reduce or balance mGluRI or 
other abnormal receptor signalling 
resulting from absence of FMRP

• Baclofen*
• Arbaclofen
• Acamprosate*
• Ganaxolone
• Metadoxine

• Acamprosate*
• Ganaxolone
• Donepezil*
• Gaboxadol

• Arbaclofen
• Acamprosate*
• Ganaxolone
• Metadoxine
• Donepezil*

• Arbaclofen

Block excess synthesis of specific 
proteins with mi RNAs

• miR-125a • None • None • None

Regulate abnormal channel activity 
in absence of FMRP

• BK channel blockers
• Slack channel blockers

• None • None • None

Regulate abnormal insulin 
signalling in the absence of FMRP

• Metformin* • Metformin* • None • None

Regulate abnormal 
endocannabinoid signalling

• Cannabidiol
• Endocannabinoid blockers

• None • None • None

Mechanisms and development of targeted treatments in this chart have been reviewed in Gross et al.276, and/or Hoffmann and 
Berry-Kravis277, as well as in specific references in the text. AMPA, α‑amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; 
FMRP, fragile X mental retardation 1 protein; GABA, γ-aminobutyric acid; GSK3β, glycogen synthase kinase-3β; mGluRI, group 1 
metabotropic glutamate receptor; miRNA, microRNA; MPEP, 2-methyl-6-(phenylethynyl)pyridine; PAK, serine/threonine-protein 
kinase PAK; PDE, phosphodiesterase; PIKE, PI3K enhancer; STEP, striatum-enriched protein-tyrosine phosphatase.*Denotes drugs 
that are approved by the US FDA for another disorder.
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a fully methylated full mutation166, but subsequent larger 
phase IIb trials of AFQ056 and a similar mGluR5 modu
lator (RO4917523) did not significantly improve behavi
oural problems in adolescents and adults with FXS over 
a 3month treatment period165. Possible reasons for this 
might relate to a different balance of pathological mech
anisms in the Fmr1knockout mouse than in patients. 
In addition, studies have suggested a role for dysregu
lation of dopamine signalling167 or endocannabinoid 
signalling78–81 that interacts with mGluR signalling in 
the mouse model. Moreover, the behavioural outcome 
 measures might have been inadequate and susceptible to 
large placebo effects168 that obscured drug effects over 
short time periods, and more objective behavioural 
measures directed at the core features of FXS, includ
ing cognitive testing paradigms and testing in younger 
 children, might be needed165,169.

GABA receptor agonists can reverse some of the FXS
like traits in animal models of FXS59,170. In a phase II, 
placebo controlled trial, treatment with the GABAB 
receptor agonist arbaclofen improved social withdrawal 
and parentnominated problem behaviours in patients 
with FXS, compared with placebo, and, in a post hoc 
analysis, improved several parameters in a subgroup 
of patients with social deficits or ASD171. In two sub
sequent phase III trials, adolescents and adults with 
FXS that received arbaclofen did not show behavioural 
improvement, compared with patients who received 
placebo, but children 5–11 years of age had a signifi
cant improvement in the ABCCFX (Aberrant Behaviour 
ChecklistCommunity Edition, factored for FXS172) 
Irritability Subscale scores and in the Parenting Stress 
Index, suggest ing QOL benefits, compared with children 
that received placebo173. In addition, the  children had a 
trend for improvement in the ABCCFX Social Avoidance 
and Hyperactivity Subscales173. Acamprosate (a US FDA
approved therapy for alcohol withdrawal) is an agonist 
of both GABAA and GABAB receptors and has been 
shown to improve hyperactivity and social functioning 
in individ uals with FXS in an openlabel trial174 and 
normalized elevated APP levels175. Acamprosate, ganax
olone (a GABAA receptor positive allosteric modulator) 
and metadoxine (an indirect GABA activator) have been 
or are being tested in small placebocontrolled trials in 
individuals with FXS. Gaboxadol, a GABAA receptor δ 
selective agonist, is being explored in a phase I trial. 
Although only limited early results are available, patients 
with FXS who were treated with metadoxine showed 
an improvement in a secondary outcome, the Vineland 
Daily Living Skills subscale176, and in inhibition scores 
on an executive function task (the KiTAP, which has 
good reliability and clinical validity in FXS), compared 
with individuals who received placebo177. A controlled 
trial of ganaxolone did not show efficacy in the pri
mary outcome measure (improvement at the Clinical 
Global Improvement Scale) but did show improve
ment in anxiety in a post hoc analysis of a  subgroup of 
 moreanxious participants178.

One of the lessons from both the animal and human 
studies is that reversing phenotypes of the Fmr1knockout 
mouse is easier than changing the disease in patients 

with FXS. Part of the difficulty with human studies is 
that a new medication must first be evaluated in adults 
with FXS before the FDA will approve trials in children. 
However, reversing the symptoms of FXS might be  easier 
when treatment is started at younger ages, as demon
strated with lowdose sertraline studies158. Thus, therapies 
target ing cognition and learning, such as mGluR5 antago
nists, would best be tried in younger children with FXS, 
using outcomes that measure cognition and learning, 
rather than maladaptive behaviour. Indeed, one study is in 
progress through the NIHfunded NeuroNEXT network 
(NCT02920892), in which AFQ056 treatment is com
bined with intensive parentimplemented langu age inter
vention through Skype (which can prompt language 
learning in young children with FXS179–181), to examine 
whether targeted learning in children with FXS who are 
3–6 years of age can be facilitated by AFQ056, compared 
with placebo. The use of quantitative outcome measures 
to assess language improvements and brain processing 
with eventrelated potentials182 and eyetracking measures 
of facial processing183 can be more sensitive at detecting 
improvements than behavioural questionnaires that have 
a high variability184. Indeed, in the AFQ056  trials that 
did not show behavioural improvements in adults and 
adolescents with FXS, two objective phenotypebased 
outcome measures conducted in a twosite substudy184 
showed improvement in face gaze with eye tracking and 
in  inhibition scores on the KiTAP in these patients.

Minocycline can lower MMP9 levels, which can 
improve the maturity and strength of synaptic connec
tions in Fmr1knockout mice68,185,186, and a controlled 
trial of minocycline demonstrated significant behavioural 
bene fits in children with FXS measured by the Clinical 
Global Impressions Scale and the Visual Analogue 
Scale187. In addition, a novel eventrelated potential assess
ment showed improvements in a habituation paradigm 
in patients with FXS treated with minocycline compared 
with those that received placebo182. Thus, minocycline 
is used in the clinic to help with behaviour problems, 
anxiety and attention in children with FXS. In addi
tion to the MMP9lowering effects, minocycline can 
stall trans lation and has antioxidant and antiapoptotic 
properties187. However, adverse effects of minocycline 
can include darkening of the permanent teeth (when the 
drug is started in children who are <8 years of age) or nails 
(when used chronically). In addition, minocycline treat
ment can increase antinuclear antibody levels, which can 
(albeit rarely) cause a lupuslike syndrome, with a rash or 
swollen joints. However, this can be reversed when mino
cycline is discontinued68. Thus, the antinuclear antibody 
titre should be measured on a 6monthly or yearly basis 
in children who are treated with minocycline.

Other targeted treatments include metformin, lovasta
tin and trofinetide (TABLE 1). Metformin188 has been used 
in clinical practice, and patients with FXS who have been 
treated with metformin have shown improvements in 
behaviour and language, but this has not yet been studied 
in a controlled trial164. Metformin is used for the treat
ment of type 2 diabetes mellitus, and can be beneficial 
for the treatment of obesity, which is a common problem 
in individuals with FXS, especially for those treated with 
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antipsychotics154. The mechanism of action of metformin 
is the regulation of insulin signalling, but it also reduces 
ERK signalling and decreases levels of phosphorylated 
EIF4E and MMP9 in Fmr1knockout mice70. Treatment 
with lovastatin, which indirectly suppresses ERK activ
ity and reverses some phenotypes in the FXS mouse 
model189, has been shown to improve behavioural symp
toms, including hyperactivity in an openlabel trial190, 
that were correlated with normalization of ERK activity 
in platelets191. Trofinetide is an analogue of the terminal 
tripeptide of insulinlike growth factor I and can decrease 
abnormal ERK and AKT activity and normalizes pheno
types in the FXS mouse192, in addition to reversing the 
oxidative damage in neurons with the full mutation193. 
Trofinetide has shown promising results in a phase II 
trial, with an improvement in a novel composite measure 
of the FXS phenotype194. All of these novel agents need 
further study in controlled trials that are designed to 
demonstrate functional improvements that link to QOL 
to be considered by the FDA for drug registration.

Quality of life
QOL is a complex and multidimensional construct that 
is heavily dependent on context and experience and, as 
such, cannot be viewed as a stable trait within an individ
ual but rather as a state that can vary across time and 
contexts. Although objective measures can be used to 
determine the assumed QOL, ultimately, that QOL is an 

inherently subjective phenomenon must be recognized. 
QOL is difficult to assess in individuals with intellectual 
and developmental disabilities because their cogni
tive and communication limitations often influence their 
ability to conceptualize and accurately report perceived 
QOL. Nonetheless, as the ultimate goal of treatments and 
services is to improve QOL for individuals with FXS 
and their families, describing factors that contribute to 
 reductions or impairments in QOL is essential.

Patients
Only scant research has directly assessed QOL in 
individ uals with FXS, but an extensive set of studies 
of the fragile X phenotype suggest four highly inter
related character istics which, if addressed, could lead to 
a  significant  improvement in QOL (BOX 4).

As part of a series of surveys of >1,000 families that 
had at least one child with FXS, parents were asked to 
rate their child’s overall QOL on a 5point scale (excel
lent, very good, good, fair or poor). Interestingly, 61% 
of parents who had a son with FXS and 70% of parents 
who had a daughter with FXS rated their child’s QOL as 
‘very good’ or ‘excellent’ and only 9% of sons and 8% of 
daughters were rated as having a ‘fair’ or ‘poor’ QOL195. 
In a multicountry study in Europe, mean healthrelated 
QOL scores of patients with FXS were generally lower 
than scores of the general population, and in at least 
one country (Sweden), scores were lower than those of 
patients with other disorders, including diabetes mellitus 
or hypertension196.

QOL is associated with the number and severity of 
phenotypic features of FXS. Indeed197, the presence 
of more cooccurring conditions (for example, attention 
problems, hyperactivity, aggressiveness, selfinjury, ASD, 
seizures, anxiety or depression) has been shown to be 
associated with lower parental estimates of their child’s 
QOL197. In addition, in France, healthrelated QOL was 
significantly lower for individuals with FXS who had 
lower ratings on an index of activities of daily living 
and mobility198.

Families
The QOL of families that have a member with FXS 
has been studied more extensively than the QOL of 
patients with FXS, given that parents are more able to 
report on this than their children, as well as the extensive 
ramifications of FXS that could adversely affect family 
QOL (BOX 4).

Despite these considerable challenges, studies have 
suggested that parents (primarily mothers) who have a 
child with FXS are not likely to report a lower QOL 
than parents in the general population199,200. In fact, 
in one study, 53% of parents rated the effect of having 
a child with FXS as somewhat or mostly positive, and 
most famil ies (78%) characterized their overall life situ
ation as good or very good201. However, a more nuanced 
view of various aspects of QOL suggests some aspects 
of a family’s QOL that are clearly challenged by having 
a member with FXS. Among these include social sup
ports and social life201, caregiver injuries as a result of 
aggressive behaviour202, high levels of parenting stress199 

Box 4 | Factors that can affect quality of life in patients or families with FXS

Patients
Four characteristics can affect quality of life (QOL) in patients with fragile X syndrome 
(FXS):

• Psychosocial challenges, including anxiety, autism spectrum disorder, hypersensitivities 
and associated behavioural problems (such as self‑injury and aggression)

• Health problems, such as seizures, sleep problems, food sensitivities and 
gastrointestinal issues

• Cognitive and executive function limitations, including problems with attending 
to relevant stimuli

• Social isolation and limitations in functional and adaptive behaviour

Families
Having a family member with FXS can alter one’s QOL. Four main factors can alter 
the QOL of family members:

• The functional, cognitive and adaptive limitations of their child, which can create 
the need for specialized services and potentially lifelong caregiving responsibilities240

• The behavioural and psychosocial characteristics of their child that can limit social 
acceptance, create a need to constantly manage environmental stimuli, adversely 
affect the ability to participate in community settings and experiences or — in the 
case of aggression — behaviours that can harm parents or peers241

• The heritability features of FXS that can implicate parents and grandparents as 
carriers, which can stimulate the need to test other children in the family — 
potentially leading to additional members of the family being diganosed with FXS full 
mutation or premutation. In addition, the heritability is a factor in deciding when 
and how to tell siblings, and it often leads to major discussions across extended family 
members about the need for or desirability of cascade testing242,243

• The growing evidence that a subset of premutation carriers are also at risk of several 
adverse health outcomes, which can lead to concerns about reproductive risk, 
depression or other mood disorders, and other potential health problems, including 
late‑onset disorders such as fragile X‑associated tremor/ataxia syndrome or fragile 
X‑associated primary ovarian insufficiency203,244,245
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and a higher prevalence of major depressive disorder that 
is persistent in  mothers203. Raising a child with FXS has 
a significant effect on employment and financial burden 
on both  society196,198 and families202,204, and in some cases 
the effect is greater than that experienced by families of 
children with other disorders205. Behaviour problems 
in the child with FXS are consistently associated with 
lower ratings of family QOL199, and parents rate the 
control of behavi our problems as their most desired out
come for treatment206. Higher levels of QOL are associ
ated with hope and  optimism199,200, social supports and 
social lives201.

Outlook
Reversing the cognitive and behavioural abnormalities 
of FXS will not be easy, as this will require more than one 
targeted treatment, in addition to the use of simultane
ous educational and behavioural interventions, most 
optimally, in a young child with FXS. Animal models 
have ignited the field of targeted treatments, and we 
have learned much over the past decade after the failure 
of many clinical trials. Indeed, advances in our under
standing of the underlying neurobiology and of the 
ubiquitous nature of FMRP, or lack thereof, have fuelled 
the development of many more targeted treatments 
that could potentially modify the underlying disease. 
However, demonstrating the effectiveness of these agents 
in patients with FXS will require the development and use 
of better, more objective measures of outcomes that assess 
core FXS phenotypes, markers both of target engagement 
and of disease modification. Such objective measures will 
avoid the bias of behavioural questionnaires that are com
pleted by family members who want a cure, which can 
influence both the placebo and drug effects. In addition, 
changing models of drug development so that studies 
in children are performed earlier in the developmental 
process and for longer time periods is required. Thus, 
potential treatments that modify synaptic function in 
animal models but have a presumed lack of effectiveness 
due to the failure to show shortterm behavioural change 
in adults are not abandoned. We need to develop models 
for measuring learning within medication trials, as this 
is the key  problem in FXS.

Much work has been done on outcome measures to 
develop and validate more objective, direct testing and 
observationbased assessments such as expressive langu
age sampling207 and computer tabletbased cognitive 
tasks208. Methods have been developed for normalizing 

standardized cognitive tests for individuals with intellec
tual disability or FXS to avoid floor effects, so that the 
effect of cognitive level on treatment effects can truly be 
studied209. More work is needed in this area to identify 
and validate the best measures for target engagement 
(such as eventrelated potentials), shortterm changes 
and longterm disease modification. A natural history 
study (FORWARD, Fragile X Online Registry With 
Accessible Research Database) has been implemented at 
Fragile X Clinical and Research Consortium clinics in the 
United States with the Centers for Disease Control and 
Prevention (CDC) funding210 to characterize key gaps 
and needs in FXS therapy and to define the course of the 
disease, enabling future very longterm studies to assess 
whether disease modification has occurred from the base
line trajectory. Trials in young children have been initi
ated (for example, lowdose sertraline158; and the AFQ056 
NeuroNEXT trial) and work is  ongoing to push for drug 
development models that involve trials in children  earlier 
in the development process. Indeed, this approach seems 
to be meeting conceptual  success and will hopefully be 
included in the next wave of  trials of new targeted treat
ments for FXS. Advances have been made regarding 
optimal approaches for therapy, including  language inter
ventions (PROMPT and parent implemented  language 
intervention179–181) and educational or behavioural inter
ventions beginning early in life211,212. Studies are now 
evaluating the combination of targeted treatments with 
educational or behavioural interventions (for example, 
AFQ056 with parent implemented language interven
tion). Such research will lead to earlier and  bettertargeted 
treatments for FXS. However, that more than one targeted 
treatment will be needed to correct the multiple dysregu
lated pathways that occur in the absence of FMRP is 
likely. Fortunately, the agents currently in development 
target a broad range of cellular functions that are affected 
by the loss of FMRP.

Advances in DNA technology, including CRISPR
Cas9, have been used to correct the expanded CGG 
repeat in induced pluripotent stem cells213, and eventu
ally, it might be possible to add these corrected stem 
cells into the central nervous systems of those with FXS. 
Additionally, work is ongoing to identify a gene reactiv
ation strategy in FXS (http://www.fulcrumtx.com/ 
programs/). However, many hurdles remain before stem 
cell therapies and/or gene reactivation or editing would 
be acceptable for treating patients with FXS or other 
 neurodevelopmental disorders.
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