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Abstract: Rett syndrome (RTT) is a neurological disorder that mostly affects females, with a frequency
of 1in 10,000 to 20,000 live birth cases. Symptoms include stereotyped hand movements; impaired
learning, language, and communication skills; sudden loss of speech; reduced lifespan; retarded
growth; disturbance of sleep and breathing; seizures; autism; and gait apraxia. Pneumonia is the most
common cause of death for patients with Rett syndrome, with a survival rate of 77.8% at 25 years
of age. Survival into the fifth decade is typical in Rett syndrome, and the leading cause of death
is cardiorespiratory compromise. Rett syndrome progression has multiple stages; however, most
phenotypes are associated with the nervous system and brain. In total, 95% of Rett syndrome cases
are due to mutations in the MECP2 gene, an X-linked gene that encodes for the methyl CpG binding
protein, a regulator of gene expression. In this review, we summarize the recent developments in the
field of Rett syndrome and therapeutics targeting MECP2.
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1. Introduction

Rett syndrome was first identified by Andreas Rett in 1966. Rett identified a group of
22 girls who had similar medical histories, including clinical and neurological symptoms;
indeed, he also noted how the mothers of the patients had higher rates of miscarriages
and stillbirths before and after the patients’ births [1]. This was further elucidated by Fyfe
et al., who saw double the amount of stillbirths in families who had Rett syndrome patients
compared to controls, as well as more common perinatal losses on the maternal side [2].
The history and timeline of Rett syndrome, from identification to the major discoveries to
date, is highlighted concisely in Figure 1.
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Figure 1. Timeline of Rett syndrome, from identification to the current clinical trials and treatment.
During 1998-99, mutations in MECP2 were linked to Rett syndrome. Throughout the subsequent
decades, the molecular function of MECP2 was further elucidated. In 2023, the first FDA-approved

clinical drug for the treatment of Rett syndrome entered the market in the USA [1,3-21].

Rett syndrome can be caused by mutations in the MECP2 gene. The most frequent
mutation location, reported by Bienvenu et al., is exon 3, which includes the methyl binding
domain and the transcriptional repression domain of the gene [4]. Their group reported
that the majority of mutation deletion events occurred in CCACC repeat sequences, which
pointed to slippage mispairing. The other types of mutations, nonsense or frameshift,
cannot produce proteins due to nonsense-mediated mRNA decay [4].

According to the Rett Syndrome (RTT) Variation Database [5], there are five point mu-
tations that have a frequency of greater than 5% in Rett syndrome patients. This includes
T158M, one of the most frequent missense mutations [5], which causes RTT through a
mutant MECP2 that is unable to bind to DNA in experimental conditions [22]. The majority
of point mutations are found in the methyl binding domains and the transcriptional re-
pression domains of the MECP2 gene. Missense mutations found in the C-terminal region
and methyl binding domain of MECP2 disrupt the nuclear receptor co-repressor/silencing
mediator of retinoic acid and thyroid hormone receptor (NCoR/SMRT) co-repressor inter-
action domain (NID) and destroy the interaction between MECP2 and this co-repressor
complex. Thus, the neurological symptoms of RTT may be caused by the absence of
MECP2 binding to NCoR/SMRT co-repressors and chromatin [6]. This review will high-
light MECP2’s molecular functions and the promising basic and clinical research findings
to date for Rett syndrome.

2. MECP2 Function

MECP2 is found in the Xq28 long arm of the X chromosome. The gene itself is situated
beside the interleukin-1-receptor-associated kinase gene and the red opsin gene that en-
codes a protein necessary for color vision [23]. The MECP2 gene contains a 5’ untranslated
region, four exons, and polyadenylated 3’ UTR. The MECP2 protein consists of repeated
structures: the N-terminal domain and C-terminal domain as ends and a methyl CpG
binding domain followed by an interdomain, AT-hook domain, interdomain, and a tran-
scriptional repression domain, followed by another AT-hook domain and transcriptional
repression domain. The transcriptional repression domain’s phosphorylation and activity
depend on target gene activation [24].

Using NMR spectroscopy, the MECP2 protein was seen to adopt a wedge-shaped
structure to undergo methyl binding flanked by arginine and lysine side chains on the DNA
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binding surface. There is no symmetry in the methyl binding domain [25]. The MECP2 gene
encodes for the methyl CpG binding protein that binds to CpG dinucleotides in the genome
and was first identified to mediate repression through interacting with histone deacetylate
and corepressor sin3A [7,8]. In contrast, when MECP2 works as a transcriptional activator,
it uses CREB1 and a co-activator to bind to the genome [9]. Furthermore, MECP2 is the
only protein from the methyl binding domain family that recognizes and selectively binds
to CA repeats. It mediates neuronal function through the regulation of gene expression
by modifying CA repeats [10]. In addition, MECP2 also interacts with Y box binding
protein 1, which participates in the alternative splicing of mRNA and mRNA packaging
and transport, as well as the repair and replication of DNA [26]. MECP2 was also seen to
bind to histone deacetylase HDAC1/2 [7] and DNA methyltransferase DNMT1 [27], both
controlling global gene expression (Figure 2).
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Figure 2. Overview of MECP2 protein activity pathways. MECP2 has a role in over ten different
pathways, forming complexes such as (from left to right, clockwise) the Y box binding complex,
the Rbfox/LASR binding complex and the MECP2-HDAC-sin3A, MECP2-HDAC1/2 and MECP2-
DNMTT1 complexes. Further, the protein plays a large role in gene expression, transcription regulation
and neuronal development. The specific modulation of IGF1 on MECP2 remains unclear.

The loss of MECP2 has, in some instances, led to an increased cholesterol level in
Mecp2 mutant mice and the general modulation of cholesterol homeostasis [28]. A dominant
ENU mutagenesis suppressor screen showed that genes in cholesterol metabolism were
upregulated and lipid metabolism was also disturbed. Here, the treatment of mice with
statins to inhibit the first rate-limiting enzyme in cholesterol synthesis led to an enhanced
median survival time and improved motor coordination and activity; however, other
phenotypes like breathing irregularities were not improved with statin treatment [28].
Buchovecky et al. suggest that the changes in neuron maturation, synaptogenesis and
the formation of dendritic complexes commonly seen in Rett syndrome patients could be
explained by changes in cholesterol metabolism in the brain [28]. Furthermore, another
study on plasma and cultured fibroblasts derived from Rett patients showed the modulation
of proteins in the cholesterol network that could serve as therapeutic targets; a reduced
level of 3-hydroxy-3methyl glutaryl coenzyme A (HMGR) activity that led to an increase
in transcriptionally active sterol regulatory element binding proteins (SREBP-2); and rise
in low-density lipoprotein receptor and HMGR protein content [29]. However, lovastatin
was later shown not to improve motor performance and survival in Mecp2 null mice as the
treatment of statins was not necessarily followed by increased brain and serum cholesterol
levels and an increase in motor performance and survival [30]. The genetic background
could be a possible source of this discrepancy, suggesting that MECP2 deletion on its
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own does not affect brain cholesterol homeostasis and requires interactions with other
genes. The group concludes that the efficacy of lovastatin is limited to RTT patients with
alterations of cholesterol homeostasis and specific genetic backgrounds that are yet to be
understood [30]. More recent work, published in 2022, involving a lipidomics analysis in the
cerebrospinal fluid (CSF) and plasma of RTT patients, showed biochemical variations such
as decreased cholesterol levels in CSF but not in plasma, and a decrease in phospholipid
and sphingomyelin in CSF only [31]. These results point to the use of these proteins from
patient CSF samples as RTT biomarkers and for improved lipidomics profiling.

The paradoxical nature of MECP?2 to act as both a transcriptional activator and re-
pressor led to the hypothesis that MECP2 has two isoforms generated through alternative
splicing, which was later confirmed by Mnatazkanian et al. [32] and Kriaucinios and
Bird [33] in 2004. The alternative splicing of the MECP2 gene generates two isoforms of
MECP2E1, with a translational start site at exon 1, and MECP2E2, with a translational
start site at exon 2, which have shared exons 3 and 4, where the majority of RTT-causing
mutations occur. However, MECP2EI is the predominant isoform found in the brain [34].
Although both isoforms have overlapping and different functions, researchers have shown
that MECP2E2 is a player in ribosomal gene expression regulation, while MECP2EL1 is more
involved in neuronal chromatin structure and gene expression control [35].

3. MECP2 Variants

The pathophysiology from mutation to disease symptoms remains unclear. However,
there has been recent work attempting to correlate the mutation of MECP2 with the clinical
severity of the disease. Patients with pathogenic truncating mutations of a nonsense
or frameshift nature had a more severe phenotype than those with missense mutations.
Furthermore, there was no difference in severity between missense mutations found in the
methyl binding domain compared to those in the transcriptional repression domain [36].
This group also found that 69% of unrelated RTT cases caused by MECP2 mutations showed
C to T transitions in CpG dinucleotides that pointed to the CT doublet’s hypermutability.
This offers a potential drug target for pregnant mothers if a drug can be found to stabilize the
doublet in this genome during development. MECP2 mutations are not only found in girls
but also have lately been found in boys, producing an atypical RTT phenotype and other less
distinctive RTT features that has led to a new diagnosis of male RTT encephalopathy [37].

The MECP2 gene is found on the X chromosome, and, since women have two copies,
one must be inactivated in the cell [38]. Random X inactivation ensures the correct number
of gene dosages in each cell in a woman’s body and provides dosage compensation between
sexes [39]. The inactivation of the X chromosome in each cell is randomly chosen and
initiated by the noncoding Xist RNA that covers the inactive X chromosome; females thus
have a mosaic pattern of active and inactive X chromosomes throughout the cells in their
body [40]. Non-random or skewed X inactivation involves an X chromosome with mutant
alleles, with an increased possibility of being inactivated compared to the wild-type gene,
and this is common in X-linked neurological disorders [11,41]. Thus, phenotypic variability
arises from skewed X inactivation. Researchers have found, in patients with classical RTT,
the preferential inactivation of the paternal X chromosome, and the paternal X chromosome
frequently carries de novo MECP2 mutations [42]. Furthermore, Fang et al. showed that
common RTT mutations led to higher levels of skewed X inactivation and predicted that
increasing skewed X inactivation could cause more severe phenotypes. Multiple studies
have shown the relationship between the mutation type and clinical severity for Rett
patients. P.A133C, p.A306C and p.A306C, as well as truncations and other point mutations,
were less severe in typical and atypical RTT, while p.A106T, p.A168X, p.A255X, p.A270X
and R168X, as well as deletions and insertions, were found to create more severe clinical
presentations [43,44].

The MECP?2 protein levels must be maintained tightly because underexpression leads
to Rett’s syndrome, while overexpression leads to MECP2 duplication syndrome. In
neurons, particularly, the doubling of MECP2 levels leads to an increased synaptic response,
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while hippocampal glutamatergic neurons that do not express MECP2 show a 46% decrease
in synaptic response [12]. These in vivo changes in synapse number and response were
noted in early post-natal development and disappeared over time, suggesting a homeostatic
physiological response over time. These in vivo changes could also reflect the change
in phenotype progression for Rett syndrome patients. Chao also suggests that MECP2
regulates genes required for the initial formation of synaptic contacts [12].

MECP2 is a newly identified subunit of the Rbfox/LASR complex that regulates
splicing and post-transcriptional regulation in the brain [13,14]. It was further elucidated
that MECP2 interacts with RBFOX2, another protein involved in alternative exon splicing
in the nervous system, through its methyl binding domain and interdomain. Furthermore,
Jiang et al. [13] also applied the frequent Rett-syndrome-causing T158M point mutation to
mice and revealed the inability of MECP2 to act as a platform to create the Rbfox/LASR
complex in cultured cells and the mouse model brain, thus causing erroneous splicing.
The following year, researchers also found that the majority of RTT missense mutations
destroyed MECP2’s interaction with the nuclear receptor corepressor (NCoR) and silencing
mediator of retinoic acid and thyroid receptors (SMRT) corepressor complex [45]. The
structure of the contact between MECP2 and the NCoR/SMRT interaction domain (NID)
showed that the missense mutations caused interacting residues of transducing beta-like
1 (TBLR1) and transducing beta-like related 1 (TBL1) to disrupt the binding of MECP2. The
mutated residues in RTT that display the most contact with TBLR1 are associated with
intellectual disability [45].

Other diseases related to Rett syndrome are MECP2 duplication syndrome, FOXG1
syndrome and CDKLS5 deficiency disorder, which are other single-gene neurodevelopmen-
tal disorders; all four of these disorders result in the reduced amplitude of visual evoked
potentials, which could serve as biomarkers for the disease [46]. Furthermore, the more
reduced the amplitude is, the greater the clinical severity for RTT patients reported.

MECP2 duplication syndrome symptoms include a lack of communication, abnormal
walking and balance issues, constipation and seizures. Clinical severity has been noticed to
increase with older age because of increasing motor dysfunction [47].

4. Stages of RETT Syndrome and Symptoms

Currently, Rett syndrome is diagnosed through clinical symptoms because MECP2
mutations do not necessarily cause symptoms due to the excessive X chromosome inacti-
vation on the loci with the mutation. Furthermore, MECP2 mutations cannot be found in
some patients presenting with classical RTT [9].

Because of the similarity between autism and Rett syndrome, clinicians often misdiag-
nose Rett syndrome as autism in young girls; both conditions present social and learning
development difficulties and stereotyped hand movements. In a survey of RTT cases from
Australia, the USA and the UK, 17.6 % of cases had an early diagnosis of autism, with
the two mutations of p.T158M and p.R255X (milder) most likely to result in the initial
misdiagnosis of autism. Furthermore, the likelihood of a misdiagnosis of autism increased
by 1.02 for every increase in the months in which a loss of hand function and loss of
communication was reported [48].

Rett syndrome is generally categorized into typical RTT and variant forms of RTT. In a
recent update to the nomenclature for RTT, researchers have established revised diagnostic
criteria. The symptoms required for typical RTT include a period of regression followed by
recovery or stabilization, as well as all main and exclusion criteria [15]. The main criteria
include (i) the partial or complete loss of acquired purposeful hand skills, (ii) the partial or
complete loss of acquired spoken language, (iii) gait abnormalities that are impaired or an
absence of ability and (iv) stereotypic hand movements such as squeezing, clapping and
rubbing movements [15]. Some supportive criteria include breathing disturbances when
awake, impaired sleep patterns and abnormal muscle tone. Contrasting typical RTT pheno-
types are the three variant forms of RTT: the preserved speech variant (Zapella) [49], the
early seizure variant (Hanefield) and the congenital variant (Rolando). The Zapella variant
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is the only variant where MECP2 mutations are mostly found, while both the Hanefield and
Rolando variants rarely contain MECP2 mutations and should be screened for mutations in
CDKLS5 and FOXG1, respectively [16,17]. Individuals with RTT also have sleep problems,
such as sleep-disordered breathing, and report higher daytime sleepiness [50].

The onset of typical disorder symptoms starts after the age of 6 months, where neuronal
development has already produced severe changes [51]. Up until the age of 5 years
old, children will suffer from feeding difficulties and low levels of growth, as well as
gastrointestinal issues and head growth stagnation [52]. In late childhood, before puberty,
the regression phase ends [53] and stabilization starts (Figure 3). The stagnation stage can
be anywhere between 2 and 10 years in length and may include recovery and gains in
mobility; however, patients still have intellectual disability, seizures and gastrointestinal
problems [51]. An analysis of North American Rett syndrome patients also shows that
more Rett syndrome patients are surviving to middle age, with a 50% chance of survival at
55 years old [54].

Stable First Regression Stable Second Regression
Early onset Rapid destructive stage Pl / pseud ionary Late motor deterioration
. ) Loss of purposeful Reduction of mobility but
Child shows little  movement, development of  gome recovery and secondary communication and cognition
to no symptoms stereotypic movements, gain of mobility. Most patients may improve. Cardiac and
of Rett Syndrome. arrested development of stay in this stage. breathing abnormalities
motor and communication worsen.
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Figure 3. Disease progression stage in Rett syndrome (Kirby, 2010 [54]). There are multiple possible
molecular causes of the disease at an early stage and at first regression depending on the phenotypic
progression at this point. The molecular cause for the second regression stage remains unclear;
however, only a proportion of Rett patients survive to reach the second regression stage. Currently,
the pathogenesis of Rett syndrome is better understood in terms of earlier stages of the disease than
in the teenage and young adult years.

Only in the past decade have we begun to uncover the full extent of the Rett syndrome
phenotype and, thus, the potential actions of MECP2 as a gene regulator. First, there is a
link between thyroid function and Rett syndrome. Patients with MECP2 mutations and
deletions showed higher levels of thyroid hormone FT,4 than controls, and half of this group
showed more elevated thyroid hormone FTj3 levels than controls [55]. This research suggests
that more analyses should be performed regarding the link between Rett syndrome and
thyroid function; specifically, patients should be screened for potential thyroid dysfunction
and treated with relevant thyroid drugs. Second, in comparison with the general female
population, more than 25% of RTT patients initiated puberty early, but 19% experienced a
delayed menarche; the relationship between the mutation type and puberty trajectory remains
unclear [56]. Furthermore, Rett syndrome patients” anthropometric measurements varied
depending on the severity of their RTT phenotype; those with classic RTT had increased arm,
thigh and lower leg muscle measurements over time, while mild and severe atypical RTT
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patients did not follow this pattern. This suggests that these types of measurements can be
used to provide evidence of effectiveness in clinical trials [52].

When patients present with Rett syndrome, parents are asked to complete the Rett
Assessment Rating Scale, which evaluates the patient’s phenotype to classify its severity [57].
The seven subgroups of the Rating Scale include sensory, cognitive, motor—structural,
functional, emotional, autonomy, physical and behavioral characteristics. After evaluation
on a 7-point ordinal scale, scores from 0 to 55 indicate mild impairment, 58-81 indicate
moderate impairment and 82-124 indicate severe impairment and clinical severity [58].
Other assessments include the clinical severity scale utilizing Likert measures with scores
from 0 to 58 and the Motor Behavior Assessment on an ordinal score from 0 to 4, with 0 being
the worst and 4 being the best. This measures behavior and socializing, respiratory health
and physical movement. Better results on the MBA were found to be correlated with worse
psychological severity and vice versa [59]. The assessment score also increases with age and
is strongly correlated with clinical severity assessed using the RTT clinical severity scale
and the expected relationship between the genotype and phenotype [60]. This suggests that
the MBA score could be used to measure clinical trial success for future treatments. Another
assessment created by researchers and physicians is called the Caregiver Assessment of
Symptom Severity (RCASS), used to assess caregiver-reported outcomes [61]. The RCASS
is the first to combine the following four factors: movement, communication, behavior and
Rett-specific symptoms. These are also the primary concerns indicated by caregivers or
participants [62]. Criterion validity has been established with the Revised Motor Behavior
Assessment Scale, Clinical Severity Scale, Clinical Global Impression Scale and Child Health
Questionnaire. These assessments for severity may now be used in clinical trials in RTT to
measure the outcomes of the disease [61].

5. Signaling Events Tied to RTT Disease Progression

It is difficult to pinpoint exactly which biological pathways are affected by a mutant
MECP2 to create the different stages of Rett syndrome, because timing of the disease cannot
be easily replicated in vitro, and the disease is caused by a multitude of different mutations.
These different mutations have been shown to affect different sets of genes; thus, a different
set of physiological pathways will create a phenotype of Rett syndrome that is unique to
each patient [63].

MECP2 has been shown to globally impair immediate early genes (IEGs), which
means that MECP2 binds to and regulates IEGs that are needed for correct synaptic devel-
opment [18]. This is contrary to previous work conducted on MECP2 that concluded that
it mediates the final stages of neuronal development, such as axonal projections and ax-
onal targeting in the olfactory bulb [64], neuron maturation and synaptic maintenance [65].
Petazzi and their team found high levels of expression of IEGs in RTT patients’ post-mortem
tissue, which showed the dysregulation of these sets of genes; indeed, four IEGs, FOS,
JUNB, EGR2 and NPAS4, showed altered expression in MECP2-KO cultured neurons. Thus,
it remains unclear why RTT patients do not show symptoms earlier in their lifetime, but
these findings elucidate the malfunctioning pathway of synaptic plasticity contributing
to the poor cognitive, learning and memory skills of RTT patients [18]. Furthermore, the
dysfunction of IEGs will impact their transcriptional targets, such as genes involved in
the myelination process. However, more work needs to be done to elucidate the specific
alterations taking place in the myelination pathways downstream of a MECP2 mutation.

Furthermore, MECP2 is associated with the centrosome and is involved in the for-
mation and functioning of the primary cilium [19]. The primary cilium is composed of
microtubules and grows from a centrosome-derived structure [66]. By identifying primary
cilium dysfunction in vitro with cells from RTT patients, Frasca et al. found the functional
impairment of the ciliary-related Sonic Hedgehog signaling pathway, thus showing that the
selective inhibition of HDACS6 to stabilize alpha-tubulin recovers phenotypes and it may
act as a pharmacological target for RTT. Finally, researchers have established that MECP2-
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null cerebella show reduced levels of Glil, a zinc finger protein involved in invasion and
transition in glioma cells, and other members of the same pathways [19].

Recently, more studies have examined the role of the gut microbiota in the progression
and symptoms of Rett syndrome. Firstly, Strati et al. showed that Rett patients had
an altered bacterial and fungal microbiota and reduced microbial diversity that did not
depend on the constipation status of the patient [67]. A proinflammatory status of the gut
microbiota is hypothesized as a decrease in Prevotella and Faecalibacterium has been shown,
as well as a decrease in Bacteroides and increase in actinobacteria [68]. Furthermore, the
characterization of the Rett patient gut microbiota and examination of short-chain fatty
acid (SCFA) concentrations showed lower alpha diversity and increased concentrations
of branched SCFAs in Rett patients, suggesting an increased number of microbial genes
encoding for amino acid metabolism [69]. This has led to questions about the correlation
between the neural symptoms of Rett syndrome and microbiome alterations. In female rat
models of RTT, neural symptoms occurred before significant gut microbiome alterations,
but motor abnormalities appeared after the changes in the gut microbiome, which suggests
arole of microbial changes impacting the severity of motor symptoms in Rett syndrome [70].

Contrary to previous findings, Neier et al. found no significant differences in mi-
crobiota diversity in their female Rett mouse model in comparison to wild-type males,
but they did report altered gut microbial communities and inflammatory profiles [71].
Interestingly, fecal metabolites were altered in Mecp2el mutant females before the on-
set of neuromotor phenotypes and were correlated with lipid deficiencies in the brain.
Through weighted gene co-expression network analysis, fecal metabolites were shown to
be sensitive indicators of RTT progression in females. Lipidome alterations such as down-
regulated phosphatidylethanolamines and sphingomyelins in the cortex correlated with
fecal metabolic changes. Further, there was a high degree of inverse correlation between the
top 10 genotype-associated fecal lipids at 9 weeks of age and the top 10 genotype-associated
cortical lipids at 19 weeks of age in females; in particular, the lipids increased in fecal matter
were associated with decreased lipids in brain cortices. These decreased lipids are critical
for neuronal function, suggesting that the decreased absorption of lipids in the GI tract may
negatively impact brain lipids in females with RTT [71]. The examination of microbiome
and metabolome modulations, and the changes in absorption of lipids, may help us to
better understand the pathogenesis of Rett syndrome and thus help with understanding
the mechanisms underlying the symptoms of this disease.

6. Current Clinical Treatments and Drugs

Rett syndrome is a challenging disease to treat because of its multi-system nature
and the many unknown pathways that are involved in the disease. Here, we will review
the current clinical treatment of RTT and other technologies used to assess the disease, as
well as the current clinical trials underway to treat RTT (Figure 4). In 2022, the first peer-
reviewed consensus-based therapy guideline was published. The combined clinical trials
centered around patients and families, and the increasing medical knowledge emerging on
the molecular details of RTT, mean that individuals with RTT are surviving into adulthood.
However, guidance is needed to outline considerations for healthcare professionals and
parents with RTT children as it is important to integrate the care provided for this multi-
system disease [62]. Fu et al. created a framework for baseline, annual and biannual
treatments for patients with RTT. These include, but are not limited to, screening for
awake disordered breathing and air swallowing, screening for the presence of seizures or
non-epileptic spells, 12-lead ECGs and estimating the curvature of the spine.

In terms of treatment for patients suffering from RTT, the past two decades have seen
a surge in the usage of wearable technologies as therapeutic aids for patients. Eye gaze
technology is expanding the world of communication and learning for those with RTT [72];
eye gaze technology was also used in the Netherlands as a form of augmentative and
alternative communication for individuals with RTT, in an attempt to solve the apraxia of
speech problem, since patients understand more than they can express themselves [73,74].
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The children created illustrations using photos and graphic symbols, and parents reported
an increased understanding of language. Wearable sensor technology has been used
in RTT patients to assess emotional, behavioral and autonomic dysregulation through
electrodermal activity and heart rate variability [75]. Wearable sensors were used to
monitor patients after treatment with buspirone, sertraline and gabapentin; three quarters

of patients treated with buspirone saw improvements in EBAD, while both treated with
sertraline saw improvements.
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3
Unjge, d;“ 3

l‘ates
o Active Clinical
— - Immersive anti-scoliosis
s Trials for z postural intervention
] < supported by a
] Treatment Of smartphone application
9
$ Rett Syndrome
©
}
% N
" oy
49:6 2 ?‘(\z‘;‘\;’
Us 2 s
ANAVEX2-73 study in pediatric
A Novel, regulated gene therapy (NGN- patients with RTT (EXCELLENCE)
401) study for children with RTT

Figure 4. Summary of current active clinical trials for treatment of Rett syndrome. There is large
diversity in location; however, there are two gene-focused clinical trials, gene therapy and gene
editing. Furthermore, trofinetide has shown great promise from phase 2 results and has moved on to

phase 3 clinical trials. Finally, in Italy, a clinical trial is focused on improving posture through extra
support for caregivers and patients.

Further, wearable sensors have been used for the therapeutic monitoring of autonomic
dysregulation in RTT. Assessing heart rate variability allows researchers to examine the day
and night changes in patients and frequency domain sympathetic and parasympathetic
indices. One study saw that RTT patients were less adaptable to autonomic changes at
night and the heart rate decreased with age and was lower at night [76]. The usage of
telerehabilitation systems has also been shown to be feasible for RTT patients to increase
joints” passive range of movement in the upper body in a recent pilot study [77].

There have also been emerging therapies for the treatment of RTT in both clinical trials
and mouse models, and some of the completed trials are listed in Tables 1 and 2. Firstly,
Smith et al. used transcriptional profiling in autopsy samples from patients to identify M1
muscarinic acetylcholine receptor potentiation as a target for therapy [78]. M1 expression
and MECP2 expression had a linear relationship in this study. M1 potentiation rescued
social preference, spatial memory and memory deficits, as well as decreasing apnea, in

Mecp2 hetero (+/—) mice, and it normalized global gene expression patterns. There is
potential for the selective targeting of M1 receptors with positive allosteric modulators that
lack agonist activity [79,80]. Neurological defects have also been reversed in a mouse model
of Rett syndrome, showing that the viable mutant neurons present in the brain can be
repaired by the activation of the MECP2 gene and expression; mice reverted to a phenotype
that was close to the wild type in terms of inertia, irregular breathing, abnormal gait and
hindlimb clasping [81]. Further, long-term potentiation in the hippocampus was restored
with MECP2 expression, showing that, due to a lack of permanent neuronal cell death,

MECP2 only reversibly damages neurons, suggesting that RTT is not a neurodevelopmental
disorder [81].



Brain Sci. 2024, 14, 120

10 of 21

Table 1. List of completed clinical trials for RTT with results.

Clinical Trial

Date

Location

Responsible
Company

Description

Results

Pharmacological treatment of
RTT with glatiramer acetate
(Copaxone)
NCT02153723 [82]

4 October 2018 and updated
5 November 2018

Bronx, New York, United States

Montefiore Medical Center

Phase 2 open-label trial to test
Copaxone (glatiramer acetate), which
is normally used in treating multiple
sclerosis. An increase in BDNF levels

leads to delayed onset of Rett
symptoms, and Copaxone treatment
causes elevation of BDNFE. Expected

to see increase in BDNF levels with

Copaxone administration via

subcutaneous injection, which will
lead to amelioration of symptoms.

1/10 participants experienced
musculoskeletal and connective
tissue disorders with elevated CPK.
Gait velocity was improved, memory
and breath holding index also
improved. Epileptiform discharges
decreased in four patients who had
the same value as baseline.
Trial arrested due to three of
14 patients developing
life-threatening
postinjection response.

Placebo-controlled trial of
dextromethorphan in RTT
NCT01520363 [83]

7 November 2018

Baltimore, Maryland,
United States

Hugo W. Roser Research
Institute at Kennedy Krieger
Inc. (John Hopkins),
Baltimore, USA

NMDA glutamate receptors are
increased in the brains of RTT
children less than 10 years old, and
their excess causes over-stimulation
of nerve cells. Dextromethorphan
was proposed because it has been
shown to block NMDA receptors.

No serious adverse effects were
reported in 26 patients treated with
DM in comparison to the placebo
group. Non-serious adverse effects
that were reported were increased
platelets and increased alkaline
phosphatase. Improvements were
seen in clinical seizures, repetitive
language and behavioral
hyperactivity. No significant increase
in global clinical severity scale as
measured by RTT severity scale.

Trial of dextromethorphan
in RTT
NCT00593957 [84]

23 April 2014

Baltimore, Maryland,
United States

Hugo W. Roser Research
Institute at Kennedy Krieger
Inc. (John Hopkins),
Baltimore, USA

NMDA glutamate receptors are
increased in the brains of RTT
children less than 10 years old, and
their excess causes over-stimulation
of nerve cells. Dextromethorphan
was proposed because it has been
shown to block NMDA receptors.

Trial terminated because Food and
Drug Administration required
placebo-controlled trial instead of
ongoing open-label trial and
recruitment was delayed.
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Table 1. Cont.

Clinical Trial Date Location Réigﬁ;;ﬂ;}e Description Results
Double-blind study using Patients treated with IGF-1 had
Treatment of RTT with recombinant human IGF-1 increased risk of colitis, but it also
recombinant human IGF-1 26 March 2018 Boston Children’s Hospital Harvard Medical School . (mecgser.mln 10 r INCRELEX), afn 1mpr0\}iements n sorr;le b.reat{ung
NCTO1777542 [85] investigational drug approved for behaviors and behaviora
children by the FDA, to test for abnormalities. Moreover, anxiety and
improvement in symptoms of RTT. mood were noted to improve.
Phase 2 open-label dose escalating Treagggn;z:f;nsir;r’tsgflpal:élz Vésual
Pharmacological treatment of Aleksandra Diukic, Montefiore study of Lovastatin to inhibit tra%kin ti\rou h t}}Iw Rosg
RTT with statins 12 July 2019 Bronx, New York, United States Djukic, cholesterol synthesis in the CNS and 8 5

NCT02563860 [86]

Medical Center

reduce high neuronal cholesterol in
RTT patients.

neuropsychological test. Only 1/20
patients reported non-serious adverse
effects of mild psychiatric disorders.

Evaluation of the efficacy,
safety, and tolerability of
Sarizotan in RTT with
respiratory symptoms
NCT02790034 [87]

21 December 2021

United States, Australia, India,
Italy, United Kingdom

Newron Pharmaceuticals SPA

Randomized, double-blind,
placebo-controlled study to assess
efficacy of multiple doses of Sarizotan
in patients with RTT focusing on
improving respiratory health.

This study was terminated during
double-blind period because it did
not demonstrate evidence of efficacy
on variables of reduction in
respiratory abnormality in patients
and assessment by caregiver-rated
impression of change.

A long-term safety study of
cannabidiol oral solution in
patients with RTT
NCT0425286 [88]

8 August 2022

United States, Australia, Canada,

Italy, United Kingdom

Jazz Pharmaceuticals

Long-term safety of cannabidiol oral
solution in participants with RTT.

43% of patients had seizure frequency
reduced by half, and 5% became
seizure-free. However, patients

suffered from serious adverse side
effects such as diarrhea, vomiting,
fatigue, pyrexia and somnolence.
Study was terminated due to
COVID-19 pandemic and
recruitment challenges.

Summarized clinical trials. CPK is creatine phosphokinase, BDNF is brain-derived neurotrophic factor, NMDA is N-methyl-D-aspartate, DM is dextromethorphan, human IGF-1 is
insulin growth factor 1, CNS is central nervous system.
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Table 2. Completed /terminated clinical trials with results not linked on clinicaltrials.gov website.

Clinical Trial

Location

Date

Responsible Party

Description

Results

Study to assess safety and
efficacy of fingolimod in
children with RTT
(FINGORETT)
NCT02061137 [89]

Basel, Switzerland

15 June 2018

University Hospital, Basel,
Switzerland

Phase 1 clinical trial to assess safety and
efficacy of oral fingolimod (FTY720) in
children older than 6 years old with RTT.
FTY720 increases levels of brain-derived
neurotrophic factor (BDNF), which is low in
RTT patients.

No serious adverse events occurred
but changes in BDNF levels in CSF
and serum, deep gray matter
volumes and clinical scores were not
met. No supportive evidence to use
fingolimod to treat RTT.

Tolerability of immersive
virtual reality system GRAIL in
subjects affected by RTT
NCT05691582 [90]

Bosisio Praini, Lecco, Italy

20 January 2023

IRCCS Eugenio Medea

Investigating tolerability of GRAIL system in
subjects affected by RTT. Aimed to see if
GRAIL, a virtual reality system on a treadmill,
could improve gait characteristics in RTT.

No results posted.

A safety study of NNZ-2566
(trofinetide) in RTT
NCT02715115 [91]

Birmingham, Oakland, San
Diego, Aurora, United States

14 August 2020

Neuren Pharmaceuticals
Limited

Phase 2, double-blind, placebo-controlled
study to investigate whether NNz-2566
(trofinetide) is safe and tolerable treatment for
oral administration in children and adolescent
females with RTT.

Safety and tolerability of trofinetide
was very good, with mild side effects
being diarrhea, vomiting and pyrexia.
Trofinetide showed significant clinical

improvement compared to the
placebo group.

A safety study of NNZ-2566
(trofinetide) in RTT
NCT01703533 [92]

Birmingham, Saint Paul,
Houston, United States

5 February 2018

Neuren Pharmaceuticals
Limited

Phase 1 of the same study.

Phase 1 completed and approved.

Osteopathic manipulative
treatment for constipation in
people with RTT
NCT05687214 [93]

Verona, Italy

1 February 2023

Ariel University

Constipation negatively impacts quality of
life mentally and physically. Single-blind
study to evaluate efficacy of OMT for
management of chronic constipation.

No results posted.

Development of the ORCA
communication measure
for RTT
NCT04920110 [94]

Durham, United States

22 April 2022

Rett Syndrome Research Trust

The Observer-Reported Communication
Ability (ORCA) is a 72-question questionnaire
that detects change over time in an
individual’s types of expressive, receptive
and pragmatic communication. ORCA allows
caregivers to assess communication of the
patients independently. This phase 2 study
will assess whether ORCA is valid for
RTT patients.

Data contributed by parents are being

analyzed. ORCA will be available to

the biopharmaceutical community to
test in clinical settings.

Assessing Emerald and MC10
BIOSTAMP nPOINT
BIOSENSORS for RTT
NCT04514549 [95]

Boston, United States

28 March 2023

Rett Syndrome Research Trust

Pilot study of Emerald device to monitor
sleep, breathing and movement and nPoint
patches to determine proper patch placement
for detection of breathing signals.

Recruiting, no results posted.
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Table 2. Cont.

Clinical Trial Location Date Responsible Party Description Results
e o ofdictaryclum o Randomized e ontolled vl ol
treatment iiﬁ:i?; nia in girls Not provided 28 April 2022 Baylor College of Medicine girls and women with RTT. The goal is to No results posted.
NCT05352373 [96] increase body bone mmeral content and
density.
Creatine metabolism in . . Maastricht University Medical =~ Many RTT patients meet criteria for moderate
RTTNCT01198015 [97] Maastricht, Belgium 17 February 2011 Center to severe malnutrition. No results posted.
EPI-743, structurally related to vitamin E, has Those treated with EPI-743 showed
Phase 2 study of EPI-743 for demonstrated efficacy and safety in treatment significant increase in head
treatment of RTT Siena, Italy 26 July 2018 Edison Pharmaceuticals Inc. of disorders with oxidative stress. This is a circumference; improvements in
NCT01822249 [98] phase 2 study to evaluate treatment of Rett oxygenation, hand function and
with Epi-743. disease biomarkers were observed.
Development of a behavioral Developing a prototype for a behavioral
outcome measure of Rett . . . . questionnaire to standardize quantifications
syndrome (RettBe) Tampa, United States 9 December 2020 University of South Florida of behavioral outcomes in treatment trials and No results posted.
NCT03196323 [99] clinical practice.
The Uptime intervention was
perceived as feasible by caregivers.
i S Aim of study is to evaluate feasibility and Small to medium effects were seen in
Uptime’ participation health-related i f d . d . . .
intervention in girls and ealth-related improvements o ecreasing sedentary time, increasing
women with RTT Copenhagen, Denmark 21 February 2019 Rigshospitalet, Denmark individualized 12 week ‘Uptime’ daily step count, walking capacity
NCT03848442 [100] participation to increase physical activity in and quality of life. Positive effects
girls and women with RTT. were decreased sedentary time and
increased walking capacity at
short-term follow-up.
Randomized double-blind controlled trial of Creatine monohvdrate
Effects of creatine creatine supplementation to investigate supplementation incrgased global
supplementation in RTT Vienna, Austria 22 June 2010 Medical University of Vienna whether changes in biochemical or clinical DNA methylation, but scores
parameters can be observed through . L
NCT01147575 [101] . ey . reflecting clinical improvement were
increased availability of labile methyl groups lower for creatine than for placebo
for different methylation reactions. P ’
. . Phase 2 clinical trial assessing oral ketamine Data being evaluated to determine
. United States: Alabama, X . .
A study to evaluate ketamine Colorado. Tllinois for treatment of RTT. Efficacy assessed support for potential phase 3 trial.
for the treatment of RTT ¢ S 22 April 2022 Rett Syndrome Research Trust through physician and caregiver Food and Drug Administration has
NCT03633058 [102] Massachusetts, Pennsylvania,

Tennessee, Texas

questionnaires and continuous, wearable,
at-home biosensor data collection.

granted orphan drug designation to
racemic ketamine (Ketarx).
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Table 2. Cont.

Clinical Trial Location

Date

Responsible Party

Description

Results

New genes involved in
molecular etiology of RTT
through DNA microarray

comparative genomic
hybridization
NCT02885090 [103]

France

31 August 2016

Central Hospital, Nancy,
France

Searching for pathogenic chromosomal
imbalance through comparative genomic
hybridization on DNA microarrays on typical
and atypical RTT. Bioinformatics approach
will look for candidate genes confirmed by
classical mutation screening in RTT.

No results posted.

Pilot study of effects of
desipramine on
neurovegetative parameters of Marseille, France
the child with RTT
NCT00990691 [104]

26 July 2018

Assistance Publique Hopitaux
De Marseille

In mouse models, it has been shown that
endogenous noradrenaline helps to maintain
normal respiratory rhythm. Desipramine, a
selective inhibitor of norepinephrine reuptake,
is efficient to reduce respiratory alterations in
Mecp2-deficient mice. Phase 2 clinical trial to
study efficacy and safety of desipramine in
children with RTT.

No significant difference between
groups with high and low
desipramine dose, no clinical efficacy
shown. However, it shows additional
reasons to test noradrenergic
pathway in RTT due to correlation
between desipramine concentration
and apnea-hypopnea index.

Summarized clinical trials. CSF is cerebrospinal fluid, OMT is osteopathic manipulative treatment, and DNA is deoxyribonucleic acid.
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Researchers have also established a method to reactivate the inactive X-linked MECP2
in the cerebral cortical neurons of living mice to correct symptoms of defective neurons,
such as soma size and branch points [105]. This group used pharmacological inhibitors
targeting X chromosome inactivation (XCI) promoting factors to reactivate X-linked MECP2
in cultured mouse fibroblasts, human induced pluripotent stem cells from RTT patients
and the cerebral cortical neurons of living mice. The inhibitors decrease Xist expression by
preventing the recruitment of transcription activators to the X-inactive specific transcript
(Xist) promoter and offer an excellent drug target because they directly provide more
MECP2 instead of affecting a pathway downstream. The mechanistic target of rapamycin
(mTOR) inhibitors that were used in this study are also currently being used in therapeutics
for cancer and neurodegenerative diseases [106-108].

As mentioned previously, there is ongoing research involved in understanding the
relationship between the gut-brain axis, the microbiome and Rett syndrome disease symp-
toms and progression. Treating Rett female mice with 75 mg/kg per day of Leriglitazone, a
peroxisome proliferator-activated receptor gamma (PPARy) agonist that inhibits inflam-
mation and oxidative stress, led to the recovery of bioenergetic alterations in both Rett
fibroblasts and mice and an anti-inflammatory effect on Rett mice. These bioenergetic
alterations were most significant in the cerebellum in the Rett mice models [109].

Building on the usage of the MECP2 gene, researchers have also shown that MECP2
supplementation in the R249X mouse model of RTT rescues behavioral phenotypes in both
male and female mice. However, the female mice dosage for supplementation must be
carefully monitored to avoid overdosage and, thus, adverse motor effects and changes in
motor circuitry [110]. The treatment of female heterozygous mice with recombinant human
insulin growth factor 1 showed improvements in physiological and behavioral symptoms
as well as improvements in the maturation of cortical circuits [111]. The first drug with
evidence supporting its usage as a treatment for RTT patients is fluoxetine. In a mouse
model of heterozygous Mecp2 mice, fluoxetine increased MECP2 expression in the brain
by increasing the number of MECP2+ (immuno-positive cells) in the prefrontal cortex and
motor cortices. The usage of fluoxetine to induce an increase in MECP2 could potentially
rescue motor coordination [20].

The second drug recently approved by the FDA to treat RTT is trofinetide [112]. In a
double-blind, randomized, placebo-controlled clinical trial named LAVENDER, a phase 3
study of trofinetide [21] evaluated 187 females with RTT and showed improvements for
patients treated with 50, 100 or 200 mg/kg received twice a day [113,114]. Specifically,
trofinetide at 200 mg/kg showed the most significant and clinical improvement relative to
the placebo, as evaluated through the Rett syndrome behavior questionnaire, RTT clinical
domain-specific concerns including the visual analog scale and clinical global impression
scale improvements [113]. Trofinetide is a synthetic analog of glycine-proline-glutamate, a
naturally occurring tripeptide in the brain that is cleaved from insulin-like growth factor
1 [62]. Trofinetide was shown to increase symptoms associated with RTT for the 75% of
participants receiving trofinetide who completed the study; however, there were side effects
of mild or moderate diarrhea and vomiting. The research team implemented a diarrhea
management plan partway through the study to adjust for trofinetide, since RTT patients
commonly take laxatives for their Gl issues [62]. Trofinetide is also continuing to be studied
pharmacokinetically and analyzed for its safety in RTT patients younger than the age of 5
and participants may roll over into an open-label LILAC study [115] or a LILAC extension
study [116] to examine the long-term effects and safety of using trofinetide to treat RTT.
The molecular mechanism of trofinetide remains unclear.

There are also current gene therapy clinical trials underway targeting MECP2 dosage
levels. Firstly, an active phase 1/2 clinical trial [117] is assessing the efficacy of administering
adeno-associated viral vector serotype 9 (AAV9) using transgene regulation technology.
Neurogene Inc. will be administering a full-length human MECP2 gene designed to express
therapeutic levels of MECP2 via intracerebroventricular delivery. Taysha Gene Therapies
Inc. is also overseeing a phase 1/2 study of TSHA-102, an AAV9 gene transfer therapy
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that uses miRARE to regulate MECP2 expression. Finally, another group of researchers
is investigating the use of CRISPR/cas9-based gene editing with AAV delivery to correct
MECP2 mutations in vitro and in vivo [118].

7. Conclusions: Lessons Learned and Looking Ahead to Rett Treatment

In conclusion, there have been major improvements in the past 10 years in terms
of understanding the mechanism of the MECP2 pathways in the body as well as how
the MECP2 mutant contributes to Rett pathology. This year has seen a strong candidate,
trofinetide, enter the market for the treatment of Rett, and the upcoming clinical trials
mentioned and newly revised diagnostic criteria for patient care guidelines make the
treatment of Rett patients promising for clinicians, families and personal care workers.
Looking ahead, more work needs to be conducted to understand the molecular reasons
for the change in disease stage progression in Rett syndrome patients. Furthermore, more
needs to be understood to elucidate the role of MECP?2 in the brain and across the body.
Once we understand the MECP2 mechanism, we can continue working on gene therapy
with MECP?2 or suitable downstream targets.

Author Contributions: A.G.L., S.K.L. and J.C. contributed to all aspects of manuscript development,
including drafting figures, writing and revisions, and the final approval of this manuscript. All
authors contributed to and approved this article. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Research in the SKL Lab is supported by the Canadian Institutes of Health
Research (CIHR), Cancer Research Society (CRS), International Development Research Centre (IDRC)
and Montreal General Hospital Foundation.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Rett, A. On a unusual brain atrophy syndrome in hyperammonemia in childhood. Wien. Med. Wochenschr. 1966, 116, 723-726.

2. Fyfe,S.; Leonard, H.; Dye, D.; Leonard, S. Patterns of pregnancy loss, perinatal mortality, and postneonatal childhood deaths in
families of girls with Rett syndrome. J. Child. Neurol. 1999, 14, 440—445. [CrossRef]

3. Boxer, L.D,; Renthal, W.; Greben, A.W.; Whitwam, T,; Silberfeld, A.; Stroud, H.; Li, E.; Yang, M.G.; Kinde, B.; Griffith, E.C.; et al.
MeCP2 Represses the Rate of Transcriptional Initiation of Highly Methylated Long Genes. Mol. Cell 2020, 77, 294-309.e299.
[CrossRef]

4. Bienvenu, T.; Carrié, A.; de Roux, N.; Vinet, M.C.; Jonveaux, P.; Couvert, P; Villard, L.; Arzimanoglou, A.; Beldjord, C.; Fontes,
M.; et al. MECP2 mutations account for most cases of typical forms of Rett syndrome. Hum. Mol. Genet. 2000, 9, 1377-1384.
[CrossRef]

5. Krishnaraj, R.; Ho, G.; Christodoulou, J. RettBASE: Rett syndrome database update. Hum. Mutat. 2017, 38, 922-931. [CrossRef]

6.  Lyst, M.],; Ekiert, R.; Ebert, D.H.; Merusi, C.; Nowak, J.; Selfridge, J.; Guy, J.; Kastan, N.R.; Robinson, N.D.; de Lima Alves, E; et al.
Rett syndrome mutations abolish the interaction of MeCP2 with the NCoR/SMRT co-repressor. Nat. Neurosci. 2013, 16, 898-902.
[CrossRef]

7. Nan, X,; Ng, H.-H,; Johnson, C.A.; Laherty, C.D.; Turner, B.M.; Eisenman, R.N.; Bird, A. Transcriptional repression by the
methyl-CpG-binding protein MeCP2 involves a histone deacetylase complex. Nature 1998, 393, 386-389. [CrossRef]

8.  Jonmes, PL.; Veenstra, G.J.C.; Wade, P.A.; Vermaak, D.; Kass, S.U.; Landsberger, N.; Strouboulis, J.; Wolffe, A.P. Methylated DNA
and MeCP2 recruit histone deacetylase to repress transcription. Nat. Genet. 1998, 19, 187-191. [CrossRef]

9. Amir, RE,; Van den Veyver, I.B.; Wan, M,; Tran, C.Q.; Francke, U.; Zoghbi, H.Y. Rett syndrome is caused by mutations in X-linked
MECP2, encoding methyl-CpG-binding protein 2. Nat. Genet. 1999, 23, 185-188. [CrossRef]

10. Ibrahim, A.; Papin, C.; Mohideen-Abdul, K.; Le Gras, S.; Stoll, I.; Bronner, C.; Dimitrov, S.; Klaholz, B.P.; Hamiche, A. MeCP2 is a
microsatellite binding protein that protects CA repeats from nucleosome invasion. Science 2021, 372, eabd5581. [CrossRef]

11.  Plenge, R.M,; Stevenson, R.A.; Lubs, H.A.; Schwartz, C.E.; Willard, H.F. Skewed X-chromosome inactivation is a common feature
of X-linked mental retardation disorders. Am. J. Hum. Genet. 2002, 71, 168-173. [CrossRef]

12.  Chao, H.-T. MeCP2 Controls Excitatory Synaptic Strength by Regulating Glutamatergic Synapse Number. Neuron 2007, 56, 58—65.
[CrossRef]

13. Jiang, Y,; Fu, X,; Zhang, Y.; Wang, S.F,; Zhu, H.; Wang, WK_; Zhang, L.; Wu, P.; Wong, C.C.L.; Li, J.; et al. Rett syndrome linked to

defects in forming the MeCP2/Rbfox/LASR complex in mouse models. Nat. Commun. 2021, 12, 5767. [CrossRef]


https://doi.org/10.1177/088307389901400706
https://doi.org/10.1016/j.molcel.2019.10.032
https://doi.org/10.1093/hmg/9.9.1377
https://doi.org/10.1002/humu.23263
https://doi.org/10.1038/nn.3434
https://doi.org/10.1038/30764
https://doi.org/10.1038/561
https://doi.org/10.1038/13810
https://doi.org/10.1126/science.abd5581
https://doi.org/10.1086/341123
https://doi.org/10.1016/j.neuron.2007.08.018
https://doi.org/10.1038/s41467-021-26084-3

Brain Sci. 2024, 14, 120 17 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Damianov, A.; Ying, Y.; Lin, CH,; Lee, J.A; Tran, D.; Vashisht, A.A.; Bahrami-Samani, E.; Xing, Y.; Martin, K.C.; Wohlschlegel, J.A ;
et al. Rbfox Proteins Regulate Splicing as Part of a Large Multiprotein Complex LASR. Cell 2016, 165, 606-619. [CrossRef]

Neul, J.L.; Kaufmann, W.E.; Glaze, D.G.; Christodoulou, J.; Clarke, A.]J.; Bahi-Buisson, N.; Leonard, H.; Bailey, M.E.; Schanen,
N.C.; Zappella, M.; et al. Rett syndrome: Revised diagnostic criteria and nomenclature. Ann. Neurol. 2010, 68, 944-950. [CrossRef]
Pini, G.; Bigoni, S.; Engerstrom, L. W.; Calabrese, O.; Felloni, B.; Scusa, M.E,; Di Marco, P.; Borelli, P.; Bonuccelli, U.; Julu, PO.;
et al. Variant of Rett syndrome and CDKLS5 gene: Clinical and autonomic description of 10 cases. Neuropediatrics 2012, 43, 37-43.
[CrossRef]

Ariani, F; Hayek, G.; Rondinella, D.; Artuso, R.; Mencarelli, M.A.; Spanhol-Rosseto, A.; Pollazzon, M.; Buoni, S.; Spiga, O.;
Ricciardi, S.; et al. FOXG1 Is Responsible for the Congenital Variant of Rett Syndrome. Am. J. Human. Genet. 2008, 83, 89-93.
[CrossRef]

Petazzi, P.; Jorge-Torres, O.C.; Gomez, A.; Scognamiglio, I.; Serra-Musach, J.; Merkel, A.; Grases, D.; Xiol, C.; O’Callaghan, M.;
Armstrong, J.; et al. Global Impairment of Immediate-Early Genes Expression in Rett Syndrome Models and Patients Linked to
Myelination Defects. Int. J. Mol. Sci. 2023, 24, 1453. [CrossRef]

Frasca, A.; Spiombi, E.; Palmieri, M.; Albizzati, E.; Valente, M.M.; Bergo, A.; Leva, B.; Kilstrup-Nielsen, C.; Bianchi, E; Di Carlo, V,;
et al. MECP2 mutations affect ciliogenesis: A novel perspective for Rett syndrome and related disorders. EMBO Mol. Med. 2020,
12, €10270. [CrossRef]

Villani, C.; Carli, M.; Castaldo, A.M.; Sacchetti, G.; Invernizzi, R.W. Fluoxetine increases brain MeCP2 immuno-positive cells in a
female Mecp2 heterozygous mouse model of Rett syndrome through endogenous serotonin. Sci. Rep. 2021, 11, 14690. [CrossRef]
ACADIA Pharmaceuticals Incorporated. Study of Trofinetide for the Treatment of Girls and Women with Rett Syndrome
(LAVENDER™). Available online: https://classic.clinicaltrials.gov/show /NCT04181723 (accessed on 31 July 2023).

Ho, K.L.; McNae, I.W.; Schmiedeberg, L.; Klose, R.J.; Bird, A.P.; Walkinshaw, M.D. MeCP2 binding to DNA depends upon
hydration at methyl-CpG. Mol. Cell 2008, 29, 525-531. [CrossRef]

D’Esposito, M.; Quaderi, N.A.; Ciccodicola, A.; Bruni, P.; Esposito, T.; D’Urso, M.; Brown, S.D. Isolation, physical mapping, and
northern analysis of the X-linked human gene encoding methyl CpG-binding protein, MECP2. Mamm. Genome 1996, 7, 533-535.
[CrossRef]

Chahrour, M.; Jung, S.Y.; Shaw, C.; Zhou, X.; Wong, S.T.; Qin, J.; Zoghbi, H.Y. MeCP2, a key contributor to neurological disease,
activates and represses transcription. Science 2008, 320, 1224-1229. [CrossRef]

Wakefield, R.I.D.; Smith, B.O.; Nan, X.; Free, A.; Soteriou, A.; Uhrin, D.; Bird, A.P.; Barlow, P.N. The solution structure of the
domain from MeCP2 that binds to methylated DNA11Edited by P. E. Wright. J. Mol. Biol. 1999, 291, 1055-1065. [CrossRef]
Young, J.I.; Hong, E.P,; Castle, ].C.; Crespo-Barreto, J.; Bowman, A.B.; Rose, M.F,; Kang, D.; Richman, R.; Johnson, ].M.; Berget, S.;
et al. Regulation of RNA splicing by the methylation-dependent transcriptional repressor methyl-CpG binding protein 2. Proc.
Natl. Acad. Sci. USA 2005, 102, 17551-17558. [CrossRef]

Kimura, H.; Shiota, K. Methyl-CpG-binding Protein, MeCP2, Is a Target Molecule for Maintenance DNA Methyltransferase,
Dnmt1*. J. Biol. Chem. 2003, 278, 4806-4812. [CrossRef]

Buchovecky, C.M.; Turley, S.D.; Brown, H.M.; Kyle, S.M.; McDonald, J.G,; Liu, B.; Pieper, A.A.; Huang, W.; Katz, D.M.; Russell,
D.W,; et al. A suppressor screen in Mecp2 mutant mice implicates cholesterol metabolism in Rett syndrome. Nat. Genet. 2013, 45,
1013-1020. [CrossRef]

Segatto, M.; Trapani, L.; Di Tunno, L; Sticozzi, C.; Valacchi, G.; Hayek, J.; Pallottini, V. Cholesterol metabolism is altered in Rett
syndrome: A study on plasma and primary cultured fibroblasts derived from patients. PLoS ONE 2014, 9, €104834. [CrossRef]
Villani, C.; Sacchetti, G.; Bagnati, R.; Passoni, A.; Fusco, F; Carli, M.; Invernizzi, R.W. Lovastatin fails to improve motor
performance and survival in methyl-CpG-binding protein2-null mice. Elife 2016, 5. [CrossRef]

Zandl-Lang, M.; Ziillig, T.; Trotzmdtiller, M.; Naegelin, Y.; Abela, L.; Wilken, B.; Scholl-Buergi, S.; Karall, D.; Kappos, L.; Kofeler,
H.; et al. Changes in the Cerebrospinal Fluid and Plasma Lipidome in Patients with Rett Syndrome. Metabolites 2022, 12, 291.
[CrossRef]

Mnatzakanian, G.N.; Lohi, H.; Munteanu, I.; Alfred, S.E.; Yamada, T.; MacLeod, P.J.M.; Jones, ].R.; Scherer, S.W.; Schanen, N.C.;
Friez, M.].; et al. A previously unidentified MECP2 open reading frame defines a new protein isoform relevant to Rett syndrome.
Nat. Genet. 2004, 36, 339-341. [CrossRef]

Kriaucionis, S.; Bird, A. The major form of MeCP2 has a novel N-terminus generated by alternative splicing. Nucleic Acids Res.
2004, 32, 1818-1823. [CrossRef]

Zachariah, R.M.; Olson, C.O.; Ezeonwuka, C.; Rastegar, M. Novel MeCP2 Isoform-Specific Antibody Reveals the Endogenous
MeCP2E1 Expression in Murine Brain, Primary Neurons and Astrocytes. PLoS ONE 2012, 7, e49763. [CrossRef]

Martinez de Paz, A.; Khajavi, L.; Martin, H.; Claveria-Gimeno, R.; Tom Dieck, S.; Cheema, M.S.; Sanchez-Mut, ].V.; Moksa, M.M.;
Carles, A.; Brodie, N.I; et al. MeCP2-E1 isoform is a dynamically expressed, weakly DNA-bound protein with different protein
and DNA interactions compared to MeCP2-E2. Epigenetics Chromatin 2019, 12, 63. [CrossRef]

Cheadle, J.P; Gill, H.; Fleming, N.; Maynard, J.; Kerr, A.; Leonard, H.; Krawczak, M.; Cooper, D.N.; Lynch, S.; Thomas, N.; et al.
Long-read sequence analysis of the MECP2 gene in Rett syndrome patients: Correlation of disease severity with mutation type
and location. Human. Mol. Genet. 2000, 9, 1119-1129. [CrossRef]


https://doi.org/10.1016/j.cell.2016.03.040
https://doi.org/10.1002/ana.22124
https://doi.org/10.1055/s-0032-1308856
https://doi.org/10.1016/j.ajhg.2008.05.015
https://doi.org/10.3390/ijms24021453
https://doi.org/10.15252/emmm.201910270
https://doi.org/10.1038/s41598-021-94156-x
https://classic.clinicaltrials.gov/show/NCT04181723
https://doi.org/10.1016/j.molcel.2007.12.028
https://doi.org/10.1007/s003359900157
https://doi.org/10.1126/science.1153252
https://doi.org/10.1006/jmbi.1999.3023
https://doi.org/10.1073/pnas.0507856102
https://doi.org/10.1074/jbc.M209923200
https://doi.org/10.1038/ng.2714
https://doi.org/10.1371/journal.pone.0104834
https://doi.org/10.7554/eLife.22409
https://doi.org/10.3390/metabo12040291
https://doi.org/10.1038/ng1327
https://doi.org/10.1093/nar/gkh349
https://doi.org/10.1371/journal.pone.0049763
https://doi.org/10.1186/s13072-019-0298-1
https://doi.org/10.1093/hmg/9.7.1119

Brain Sci. 2024, 14, 120 18 of 21

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Neul, J.L.; Benke, T.A.; Marsh, E.D.; Skinner, S.A.; Merritt, J.; Lieberman, D.N.; Standridge, S.; Feyma, T.; Heydemann, P; Peters,
S.; et al. The array of clinical phenotypes of males with mutations in Methyl-CpG binding protein 2. Am. ]. Med. Genet. B
Neuropsychiatr. Genet. 2019, 180, 55-67. [CrossRef]

Lyon, M.E. Gene Action in the X-chromosome of the Mouse (Mus musculus L.). Nature 1961, 190, 372-373. [CrossRef]

Patrat, C.; Ouimette, J.F.; Rougeulle, C. X chromosome inactivation in human development. Development 2020, 147, dev183095.
[CrossRef]

Wautz, A.; Gribnau, J. X inactivation Xplained. Curr. Opin. Genet. Dev. 2007, 17, 387-393. [CrossRef]

Brown, C.J.; Robinson, W.P. The causes and consequences of random and non-random X chromosome inactivation in humans.
Clin. Genet. 2000, 58, 353-363. [CrossRef]

Fang, X.; Butler, KM.; Abidi, F,; Gass, ].; Beisang, A.; Feyma, T.; Ryther, R.C.; Standridge, S.; Heydemann, P.; Jones, M.; et al.
Analysis of X-inactivation status in a Rett syndrome natural history study cohort. Mol. Genet. Genom. Med. 2022, 10, e1917.
[CrossRef]

Cuddapah, V.A.; Pillai, R.B.; Shekar, K.V.; Lane, ].B.; Motil, K.J.; Skinner, S.A.; Tarquinio, D.C.; Glaze, D.G.; McGwin, G.; Kaufmann,
W.E,; et al. Methyl-CpG-binding protein 2 (MECP2) mutation type is associated with disease severity in Rett syndrome. J. Med.
Genet. 2014, 51, 152-158. [CrossRef]

Neul, J.L.; Fang, P;; Barrish, J.; Lane, J.; Caeg, E.B.; Smith, E.O.; Zoghbi, H.; Percy, A.; Glaze, D.G. Specific mutations in
methyl-CpG-binding protein 2 confer different severity in Rett syndrome. Neurology 2008, 70, 1313-1321. [CrossRef]

Kruusvee, V.; Lyst, M.].; Taylor, C.; Tarnauskaite, 7.; Bird, A.P; Cook, A.G. Structure of the MeCP2-TBLR1 complex reveals a
molecular basis for Rett syndrome and related disorders. Proc. Natl. Acad. Sci. USA 2017, 114, E3243-E3250. [CrossRef]

Saby, ].N.; Peters, S.U.; Benke, T.A.; Standridge, S.M.; Swanson, L.C.; Lieberman, D.N.; Olson, H.E.; Key, A.P.; Percy, A K.; Neul,
J.L.; et al. Comparison of evoked potentials across four related developmental encephalopathies. ]. Neurodev. Disord. 2023, 15, 10.
[CrossRef]

Peters, S.U.; Fu, C.; Marsh, E.D.; Benke, T.A.; Suter, B.; Skinner, S.A.; Lieberman, D.N.; Standridge, S.; Jones, M.; Beisang, A.; et al.
Phenotypic features in MECP2 duplication syndrome: Effects of age. Am. |. Med. Genet. Part A 2021, 185, 362-369. [CrossRef]
Young, D.J.; Bebbington, A.; Anderson, A.; Ravine, D.; Ellaway, C.; Kulkarni, A.; de Klerk, N.; Kaufmann, W.E.; Leonard, H. The
diagnosis of autism in a female: Could it be Rett syndrome? Eur. |. Pediatr. 2008, 167, 661-669. [CrossRef]

Renieri, A.; Mari, F; Mencarelli, M.A; Scala, E.; Ariani, F.; Longo, I.; Meloni, I.; Cevenini, G.; Pini, G.; Hayek, G.; et al. Diagnostic
criteria for the Zappella variant of Rett syndrome (the preserved speech variant). Brain Dev. 2009, 31, 208-216. [CrossRef]
Veatch, O.].; Malow, B.A.; Lee, H.S.; Knight, A.; Barrish, ].O.; Neul, ].L.; Lane, ].B.; Skinner, S.A.; Kaufmann, W.E.; Miller, J.L.; et al.
Evaluating Sleep Disturbances in Children with Rare Genetic Neurodevelopmental Syndromes. Pediatr. Neurol. 2021, 123, 30-37.
[CrossRef]

Feldman, D.; Banerjee, A.; Sur, M. Developmental Dynamics of Rett Syndrome. Neural Plast. 2016, 2016, 6154080. [CrossRef]
Motil, K.J.; Geerts, S.; Annese, E; Neul, ].L.; Benke, T.; Marsh, E.; Lieberman, D.; Skinner, S.A.; Glaze, D.G.; Heydemann, P; et al.
Anthropometric Measures Correspond with Functional Motor Outcomes in Females with Rett Syndrome. J. Pediatr. 2022, 244,
169-177.€163. [CrossRef]

Daniel Charles, T.; Kathleen, ].M.; Wei, H.; Hye-Seung, L.; Daniel, G.G.; Steven, A.S; Jeff, L.N.; Fran, A.; Lauren, M.; Judy, O.B,;
et al. Growth failure and outcome in Rett syndrome. Neurology 2012, 79, 1653. [CrossRef]

Kirby, R.S.; Lane, ].B.; Childers, J.; Skinner, S.A.; Annese, F.; Barrish, ].O.; Glaze, D.G.; Macleod, P,; Percy, A.K. Longevity in Rett
syndrome: Analysis of the North American Database. J. Pediatr. 2010, 156, 135-138.e131. [CrossRef]

Stagi, S.; Cavalli, L.; Congiu, L.; Scusa, M.E; Ferlini, A.; Bigoni, S.; Benincasa, A.; Rossi, B.; Pini, G. Thyroid function in Rett
syndrome. Horm. Res. Paediatr. 2015, 83, 118-125. [CrossRef]

Killian, J.T.; Lane, J.B.; Cutter, G.R.; Skinner, S.A.; Kaufmann, W.E; Tarquinio, D.C.; Glaze, D.G.; Motil, K.J.; Neul, J.L.; Percy, A.K.
Pubertal development in Rett syndrome deviates from typical females. Pediatr. Neurol. 2014, 51, 769-775. [CrossRef]

Fabio, R.A.; Colombo, B.; Russo, S.; Cogliati, F.; Masciadri, M.; Foglia, S.; Antonietti, A.; Tavian, D. Recent insights into
genotype—phenotype relationships in patients with Rett syndrome using a fine grain scale. Res. Dev. Disabil. 2014, 35, 2976-2986.
[CrossRef]

Rodocanachi Roidi, M.L.; Isaias, I.U.; Cozzi, F,; Grange, F; Scotti, EM.; Gestra, V.F,; Gandini, A.; Ripamonti, E. Motor function in
Rett syndrome: Comparing clinical and parental assessments. Dev. Med. Child. Neurol. 2019, 61, 957-963. [CrossRef]

Lane, ].B.; Lee, H.S.; Smith, L.W.; Cheng, P.; Percy, A.K.; Glaze, D.G.; Neul, ].L.; Motil, K.J.; Barrish, J.O.; Skinner, S.A_; et al.
Clinical severity and quality of life in children and adolescents with Rett syndrome. Neurology 2011, 77, 1812-1818. [CrossRef]
Raspa, M.; Bann, C.M.; Gwaltney, A.; Benke, T.A.; Fu, C.; Glaze, D.G.; Haas, R.; Heydemann, P; Jones, M.; Kaufmann, W.E ; et al.
A Psychometric Evaluation of the Motor-Behavioral Assessment Scale for Use as an Outcome Measure in Rett Syndrome Clinical
Trials. Am. J. Intellect. Dev. Disabil. 2020, 125, 493-509. [CrossRef]

Raspa, M.; Gqaltney, A.; Bann, C.; von Hehn, J.; Benke, T.; Marsh, E.; Peters, S.; Ananth, A.; Percy, A.; Neul, J. Psychometric
Assessment of the Rett Syndrome Caregiver Assessment of Symptom Severity (RCASS). Res. Sq. 2023, preprint. [CrossRef]
Neul, J.L.; Benke, T.A; Marsh, E.D.; Suter, B.; Silveira, L.; Fu, C.; Peters, S.U.; Percy, A K. Top caregiver concerns in Rett syndrome
and related disorders: Data from the US natural history study. J. Neurodev. Disord. 2023, 15, 33. [CrossRef] [PubMed]

Tanaka, Y.; Kim, K.-Y.; Zhong, M.; Pan, X.; Weissman, S.M.; Park, I.-H. Transcriptional regulation in pluripotent stem cells by
methyl CpG-binding protein 2 (MeCP2). Human. Mol. Genet. 2014, 23, 1045-1055. [CrossRef] [PubMed]


https://doi.org/10.1002/ajmg.b.32707
https://doi.org/10.1038/190372a0
https://doi.org/10.1242/dev.183095
https://doi.org/10.1016/j.gde.2007.08.001
https://doi.org/10.1034/j.1399-0004.2000.580504.x
https://doi.org/10.1002/mgg3.1917
https://doi.org/10.1136/jmedgenet-2013-102113
https://doi.org/10.1212/01.wnl.0000291011.54508.aa
https://doi.org/10.1073/pnas.1700731114
https://doi.org/10.1186/s11689-023-09479-9
https://doi.org/10.1002/ajmg.a.61956
https://doi.org/10.1007/s00431-007-0569-x
https://doi.org/10.1016/j.braindev.2008.04.007
https://doi.org/10.1016/j.pediatrneurol.2021.07.009
https://doi.org/10.1155/2016/6154080
https://doi.org/10.1016/j.jpeds.2022.01.009
https://doi.org/10.1212/WNL.0b013e31826e9a70
https://doi.org/10.1016/j.jpeds.2009.07.015
https://doi.org/10.1159/000370066
https://doi.org/10.1016/j.pediatrneurol.2014.08.013
https://doi.org/10.1016/j.ridd.2014.07.031
https://doi.org/10.1111/dmcn.14109
https://doi.org/10.1212/WNL.0b013e3182377dd2
https://doi.org/10.1352/1944-7558-125.6.493
https://doi.org/10.21203/rs.3.rs-2873717/v1
https://doi.org/10.1186/s11689-023-09502-z
https://www.ncbi.nlm.nih.gov/pubmed/37833681
https://doi.org/10.1093/hmg/ddt500
https://www.ncbi.nlm.nih.gov/pubmed/24129406

Brain Sci. 2024, 14, 120 19 of 21

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Matarazzo, V.; Cohen, D.; Palmer, A.M.; Simpson, PJ.; Khokhar, B.; Pan, S.J.; Ronnett, G.V. The transcriptional repressor Mecp2
regulates terminal neuronal differentiation. Mol. Cell Neurosci. 2004, 27, 44-58. [CrossRef] [PubMed]

Palmer, A.; Qayumi, J.; Ronnett, G. MeCP2 mutation causes distinguishable phases of acute and chronic defects in synaptogenesis
and maintenance, respectively. Mol. Cell Neurosci. 2008, 37, 794-807. [CrossRef] [PubMed]

Guemez-Gamboa, A.; Coufal, N.G.; Gleeson, J.G. Primary cilia in the developing and mature brain. Neuron 2014, 82, 511-521.
[CrossRef]

Strati, F.; Cavalieri, D.; Albanese, D.; De Felice, C.; Donati, C.; Hayek, J.; Jousson, O.; Leoncini, S.; Pindo, M.; Renzi, D.; et al.
Altered gut microbiota in Rett syndrome. Microbiome 2016, 4, 41. [CrossRef]

Soltysova, M.; Tomova, A.; Ostatnikova, D. Gut Microbiota Profiles in Children and Adolescents with Psychiatric Disorders.
Microorganisms 2022, 10, 2009. [CrossRef]

Borghi, E.; Borgo, E; Severgnini, M.; Savini, M.N.; Casiraghi, M.C.; Vignoli, A. Rett Syndrome: A Focus on Gut Microbiota. Int. J.
Mol. Sci. 2017, 18, 344. [CrossRef]

Gallucci, A.; Patterson, K.C.; Weit, A.R.; Van Der Pol, W.J.; Dubois, L.G.; Percy, A.K.; Morrow, C.D.; Campbell, S.L.; Olsen,
M.L. Microbial community changes in a female rat model of Rett syndrome. Prog. Neuropsychopharmacol. Biol. Psychiatry 2021,
109, 110259. [CrossRef]

Neier, K.; Grant, T.E.; Palmer, R.L.; Chappell, D.; Hakam, S.M.; Yasui, K.M.; Rolston, M.; Settles, M.L.; Hunter, S.S.; Madany,
A.; et al. Sex disparate gut microbiome and metabolome perturbations precede disease progression in a mouse model of Rett
syndrome. Commun. Biol. 2021, 4, 1408. [CrossRef]

Lariviere, J. Eye Gaze Technology for Girls with Rett Syndrome: From Trials to Conversations. Closing The Gap: Assistive
Technology Conference, Training Tools & Resources. December 2014. pp. 4-13. Available online: http://www.dbmhresource.
org/uploads/2/2/5/7/22571778 / closing_the_gap_lariviere_eye_gaze_december_2014_1.pdf (accessed on 12 December 2023).
Urbanowicz, A.; Leonard, H.; Girdler, S.; Ciccone, N.; Downs, . Parental perspectives on the communication abilities of their
daughters with Rett syndrome. Dev. Neurorehabil. 2016, 19, 17-25. [CrossRef] [PubMed]

Townend, G.S.; Marschik, P.B.; Smeets, E.; van de Berg, R.; van den Berg, M.; Curfs, L M.G. Eye Gaze Technology as a Form of
Augmentative and Alternative Communication for Individuals with Rett Syndrome: Experiences of Families in The Netherlands.
J. Dev. Phys. Disabil. 2016, 28, 101-112. [CrossRef] [PubMed]

Gualniera, L.; Singh, J.; Fiori, F; Santosh, P. Emotional Behavioural and Autonomic Dysregulation (EBAD) in Rett
Syndrome—EDA and HRV monitoring using wearable sensor technology. J. Psychiatr. Res. 2021, 138, 186-193. [CrossRef]
[PubMed]

Singh, J.; Ameenpur, S.; Ahmed, R.; Basheer, S.; Chishti, S.; Lawrence, R.; Fiori, F; Santosh, P. An Observational Study of Heart
Rate Variability Using Wearable Sensors Provides a Target for Therapeutic Monitoring of Autonomic Dysregulation in Patients
with Rett Syndrome. Biomedicines 2022, 10, 1684. [CrossRef] [PubMed]

Nucita, A.; Iannizzotto, G.; Perina, M.; Romano, A.; Fabio, R.A. Telerehabilitation with Computer Vision-Assisted Markerless
Measures: A Pilot Study with Rett Syndrome Patients. Electronics 2023, 12, 435. [CrossRef]

Smith, M.; Arthur, B.; Cikowski, J.; Holt, C.; Gonzalez, S.; Fisher, N.M.; Vermudez, S.A.D.; Lindsley, C.W.; Niswender, C.M.;
Gogliotti, R.G. Clinical and Preclinical Evidence for M1 Muscarinic Acetylcholine Receptor Potentiation as a Therapeutic
Approach for Rett Syndrome. Neurotherapeutics 2022, 19, 1340-1352. [CrossRef] [PubMed]

Rook, ].M.; Bertron, J.L.; Cho, H.P,; Garcia-Barrantes, PM.; Moran, S.P.; Maksymetz, ].T.; Nance, K.D.; Dickerson, ].W.; Remke,
D.H.; Chang, S.; et al. A Novel M(1) PAM VU0486846 Exerts Efficacy in Cognition Models without Displaying Agonist Activity
or Cholinergic Toxicity. ACS Chem. Neurosci. 2018, 9, 2274-2285. [CrossRef]

Moran, S.P.; Dickerson, ].W.; Cho, H.P;; Xiang, Z.; Maksymetz, J.; Remke, D.H.; Lv, X.; Doyle, C.A.; Rajan, D.H.; Niswender,
C.M.; et al. M(1)-positive allosteric modulators lacking agonist activity provide the optimal profile for enhancing cognition.
Neuropsychopharmacology 2018, 43, 1763-1771. [CrossRef]

Guy, J.; Gan, ].; Selfridge, J.; Cobb, S.; Bird, A. Reversal of Neurological Defects in a Mouse Model of Rett Syndrome. Sciernce 2007,
315, 1143-1147. [CrossRef]

Montefiore Medical Center; Rett Syndrome Research Trust. Pharmacological Treatment of Rett Syndrome with Glatiramer Acetate
(Copaxone). Available online: https:/ /classic.clinicaltrials.gov/show/NCT02153723 (accessed on 31 July 2023).

Hugo, W.; Moser Research Institute at Kennedy Krieger, Inc.; The Johns Hopkins Institute for Clinical and Translational Research
(ICTR). Placebo Controlled Trial of Dextromethorphan in Rett Syndrome. Available online: https://classic.clinicaltrials.gov/
show /NCT01520363 (accessed on 31 July 2023).

Hugo, W.; Moser Research Institute at Kennedy Krieger, Incorporated. Trial of Dextromethorphan in Rett Syndrome. Available
online: https://classic.clinicaltrials.gov/show /NCT00593957 (accessed on 31 July 2023).

Boston Children’s Hospital; International Rett Syndrome Foundation. Treatment of Rett Syndrome with Recombinant Human
IGF-1. Available online: https://classic.clinicaltrials.gov/show /NCT01777542 (accessed on 31 July 2023).

Montefiore Medical Center; Rett Syndrome Research Trust. Pharmacological Treatment of Rett Syndrome with Statins. Available
online: https://classic.clinicaltrials.gov /show /NCT02563860 (accessed on 31 July 2023).

Newron Pharmaceuticals, S.P.A. Evaluation of the Efficacy, Safety, and Tolerability of Sarizotan in Rett Syndrome with Respiratory
Symptoms. Available online: https://classic.clinicaltrials.gov /show /NCT02790034 (accessed on 31 July 2023).


https://doi.org/10.1016/j.mcn.2004.05.005
https://www.ncbi.nlm.nih.gov/pubmed/15345242
https://doi.org/10.1016/j.mcn.2008.01.005
https://www.ncbi.nlm.nih.gov/pubmed/18295506
https://doi.org/10.1016/j.neuron.2014.04.024
https://doi.org/10.1186/s40168-016-0185-y
https://doi.org/10.3390/microorganisms10102009
https://doi.org/10.3390/ijms18020344
https://doi.org/10.1016/j.pnpbp.2021.110259
https://doi.org/10.1038/s42003-021-02915-3
http://www.dbmhresource.org/uploads/2/2/5/7/22571778/closing_the_gap_lariviere_eye_gaze_december_2014_1.pdf
http://www.dbmhresource.org/uploads/2/2/5/7/22571778/closing_the_gap_lariviere_eye_gaze_december_2014_1.pdf
https://doi.org/10.3109/17518423.2013.879940
https://www.ncbi.nlm.nih.gov/pubmed/24564222
https://doi.org/10.1007/s10882-015-9455-z
https://www.ncbi.nlm.nih.gov/pubmed/27069348
https://doi.org/10.1016/j.jpsychires.2021.03.052
https://www.ncbi.nlm.nih.gov/pubmed/33862302
https://doi.org/10.3390/biomedicines10071684
https://www.ncbi.nlm.nih.gov/pubmed/35884989
https://doi.org/10.3390/electronics12020435
https://doi.org/10.1007/s13311-022-01254-3
https://www.ncbi.nlm.nih.gov/pubmed/35670902
https://doi.org/10.1021/acschemneuro.8b00131
https://doi.org/10.1038/s41386-018-0033-9
https://doi.org/10.1126/science.1138389
https://classic.clinicaltrials.gov/show/NCT02153723
https://classic.clinicaltrials.gov/show/NCT01520363
https://classic.clinicaltrials.gov/show/NCT01520363
https://classic.clinicaltrials.gov/show/NCT00593957
https://classic.clinicaltrials.gov/show/NCT01777542
https://classic.clinicaltrials.gov/show/NCT02563860
https://classic.clinicaltrials.gov/show/NCT02790034

Brain Sci. 2024, 14, 120 20 of 21

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Jazz, P.; Pharmaceuticals, G.W. A Long-Term Safety Study of Cannabidiol Oral Solution (GWP42003-F, CBD-OS) in Patients with
Rett Syndrome. Available online: https://classic.clinicaltrials.gov/show /NCT04252586 (accessed on 31 July 2023).

University Hospital Basel, Switerland; Novartis Pharmaceuticals Incorporated. Study to Assess Safety and Efficacy of Fin-
golimod in Children with Rett Syndrome. Available online: https://classic.clinicaltrials.gov/show /NCT02061137 (accessed on
31 July 2023).

IRCCS Eugenio Medea; Associazione Italiana Rett Onlus. Tolerability of the Immersive Virtual Reality System Grail in Subjects
Affected by Rett Syndrome. Available online: https://classic.clinicaltrials.gov/show /NCT05691582 (accessed on 31 July 2023).
Neuren Pharmaceuticals, Limited; International Rett Syndrome Foundation; Baylor College of Medicine. A Safety Study of
NNZ-2566 in Pediatric Rett Syndrome. Available online: https://classic.clinicaltrials.gov/show/NCT02715115 (accessed on
31 July 2023).

Neuren Pharmaceuticals, Limited; Baylor College of Medicine; International Rett Syndrome, Foundation. A Safety Study of
NNZ-2566 in Patients with Rett Syndrome. Available online: https://classic.clinicaltrials.gov/show /NCT01703533 (accessed on
31 July 2023).

Ariel, U.; Associazione Italiana Rett. Osteopathic Manipulative Treatment for Constipation in People with Rett Syndrome.
Available online: https://classic.clinicaltrials.gov/show /NCT05687214 (accessed on 31 July 2023).

Rett Syndrome Research, Trust; Duke, U. Development of the ORCA Communication Measure for Rett Syndrome. Available
online: https:/ /classic.clinicaltrials.gov/show /NCT04920110 (accessed on 31 July 2023).

Rett Syndrome Research Trust. Assessing Emerald and mc10 Biostamp Npoint Biosensors for Rett Syndrome. Available online:
https:/ /classic.clinicaltrials.gov /show /NCT04514549 (accessed on 31 July 2023).

Baylor College of Medicine. The Role of Dietary Calcium for the Treatment of Osteopenia in Girls with Rett Syndrome. Available
online: https://classic.clinicaltrials.gov /show /NCT05352373 (accessed on 31 July 2023).

Maastricht University Medical Centre. Creatine Metabolism in Rett Syndrome. Available online: https:/ /classic.clinicaltrials.
gov/show/NCT01198015 (accessed on 31 July 2023).

Edison Pharmaceuticals Incorporated. Phase 2 Study of EPI-743 for Treatment of Rett Syndrome. Available online: https:
/ /classic.clinicaltrials.gov/show /NCT01822249 (accessed on 31 July 2023).

University of South Florida; National Institutes of Health; National Center for Advancing Translational Sciences; Eunice Kennedy
Shriver National Institute of Child Health; Human Development; National Institute of Neurological Disorders and Stroke.
Development of a Behavioral Outcome Measure for Rett Syndrome (RettBe). Available online: https://classic.clinicaltrials.gov/
show /NCT03196323 (accessed on 31 July 2023).

Rigshospitalet, D. ‘Uptime” Participation Intervention in Girls and Women with Rett Syndrome. Available online: https:
/ /classic.clinicaltrials.gov/show /NCT03848442 (accessed on 31 July 2023).

Medical University of Vienna. Effects of Creatine Supplementation in Rett Syndrome. Available online: https://classic.
clinicaltrials.gov/show /NCT01147575 (accessed on 31 July 2023).

Rett Syndrome Research Trust; Vanderbilt University Medical Center. A Study to Evaluate Ketamine for the Treatment of Rett
Syndrome. Available online: https:/ /classic.clinicaltrials.gov/show /NCT03633058 (accessed on 31 July 2023).

Central Hospital of Nancy, France. New Genes Involved in Molecular Etiology of Rett Syndrome Through DNA Microarray
Comparative Genomic Hybridization. Available online: https://classic.clinicaltrials.gov/show /NCT02885090 (accessed on
31 July 2023).

Assistance Publique Hopitaux De Marseille. Pilot Study of the Effects of the Desipramine on the Neurovegetative Parameters of
the Child with Rett Syndrome. Available online: https:/ /classic.clinicaltrials.gov/show /NCT00990691 (accessed on 31 July 2023).
Przanowski, P.; Wasko, U.; Zheng, Z.; Yu, ].; Sherman, R.; Zhu, L.J.; McConnell, M.].; Tushir-Singh, J.; Green, M.R.; Bhatnagar, S.
Pharmacological reactivation of inactive X-linked Mecp?2 in cerebral cortical neurons of living mice. Proc. Natl. Acad. Sci. USA
2018, 115, 7991-7996. [CrossRef]

Wong, M. Mammalian target of rapamycin (mTOR) pathways in neurological diseases. Biomed. J. 2013, 36, 40-50. [CrossRef]
[PubMed]

Johnson, S.C.; Yanos, M.E.; Kayser, E.B.; Quintana, A.; Sangesland, M.; Castanza, A.; Uhde, L.; Hui, J.; Wall, V.Z.; Gagnidze,
A_; et al. mTOR inhibition alleviates mitochondrial disease in a mouse model of Leigh syndrome. Science 2013, 342, 1524-1528.
[CrossRef] [PubMed]

Hua, H.; Kong, Q.; Zhang, H.; Wang, J.; Luo, T.; Jiang, Y. Targeting mTOR for cancer therapy. J. Hematol. Oncol. 2019, 12, 71.
[CrossRef]

Musokhranova, U.; Grau, C.; Vergara, C.; Rodriguez-Pascau, L.; Xiol, C.; Castells, A.A.; Alcantara, S.; Rodriguez-Pombo, P;
Pizcueta, P.; Martinell, M.; et al. Mitochondrial modulation with leriglitazone as a potential treatment for Rett syndrome. J. Transl.
Med. 2023, 21, 756. [CrossRef] [PubMed]

Collins, B.E.; Merritt, ] K.; Erickson, K.R.; Neul, ].L. Safety and efficacy of genetic MECP2 supplementation in the R294X mouse
model of Rett syndrome. Genes Brain Behav. 2022, 21, €12739. [CrossRef] [PubMed]

Castro, J.; Garcia, R.I.; Kwok, S.; Banerjee, A.; Petravicz, J.; Woodson, J.; Mellios, N.; Tropea, D.; Sur, M. Functional recovery
with recombinant human IGF1 treatment in a mouse model of Rett Syndrome. Proc. Natl. Acad. Sci. USA 2014, 111, 9941-9946.
[CrossRef] [PubMed]

Harris, E. Trofinetide Receives FDA Approval as First Drug for Rett Syndrome. JAMA 2023, 329, 1142. [CrossRef]


https://classic.clinicaltrials.gov/show/NCT04252586
https://classic.clinicaltrials.gov/show/NCT02061137
https://classic.clinicaltrials.gov/show/NCT05691582
https://classic.clinicaltrials.gov/show/NCT02715115
https://classic.clinicaltrials.gov/show/NCT01703533
https://classic.clinicaltrials.gov/show/NCT05687214
https://classic.clinicaltrials.gov/show/NCT04920110
https://classic.clinicaltrials.gov/show/NCT04514549
https://classic.clinicaltrials.gov/show/NCT05352373
https://classic.clinicaltrials.gov/show/NCT01198015
https://classic.clinicaltrials.gov/show/NCT01198015
https://classic.clinicaltrials.gov/show/NCT01822249
https://classic.clinicaltrials.gov/show/NCT01822249
https://classic.clinicaltrials.gov/show/NCT03196323
https://classic.clinicaltrials.gov/show/NCT03196323
https://classic.clinicaltrials.gov/show/NCT03848442
https://classic.clinicaltrials.gov/show/NCT03848442
https://classic.clinicaltrials.gov/show/NCT01147575
https://classic.clinicaltrials.gov/show/NCT01147575
https://classic.clinicaltrials.gov/show/NCT03633058
https://classic.clinicaltrials.gov/show/NCT02885090
https://classic.clinicaltrials.gov/show/NCT00990691
https://doi.org/10.1073/pnas.1803792115
https://doi.org/10.4103/2319-4170.110365
https://www.ncbi.nlm.nih.gov/pubmed/23644232
https://doi.org/10.1126/science.1244360
https://www.ncbi.nlm.nih.gov/pubmed/24231806
https://doi.org/10.1186/s13045-019-0754-1
https://doi.org/10.1186/s12967-023-04622-5
https://www.ncbi.nlm.nih.gov/pubmed/37884937
https://doi.org/10.1111/gbb.12739
https://www.ncbi.nlm.nih.gov/pubmed/33942492
https://doi.org/10.1073/pnas.1311685111
https://www.ncbi.nlm.nih.gov/pubmed/24958891
https://doi.org/10.1001/jama.2023.4003

Brain Sci. 2024, 14, 120 21 of 21

113.

114.

115.

116.

117.

118.

Glaze, D.G.; Neul, ].L.; Kaufmann, W.E.; Berry-Kravis, E.; Condon, S.; Stoms, G.; Oosterholt, S.; Pasqua, O.D.; Glass, L.; Jones,
N.E;; et al. Double-blind, randomized, placebo-controlled study of trofinetide in pediatric Rett syndrome. Neurology 2019, 92,
€1912-e1925. [CrossRef]

Neul, J.L.; Percy, A K,; Benke, T.A.; Berry-Kravis, E.M.; Glaze, D.G.; Peters, S.U.; Jones, N.E.; Youakim, ].M. Design and outcome
measures of LAVENDER, a phase 3 study of trofinetide for Rett syndrome. Contemp. Clin. Trials 2022, 114, 106704. [CrossRef]
ACADIA Pharmaceuticals Incorporated. Open-Label Extension Study of Trofinetide for the Treatment of Girls and Women with
Rett Syndrome. Available online: https://classic.clinicaltrials.gov/show /NCT04279314 (accessed on 31 July 2023).

ACADIA Pharmaceuticals Incorporated. Open-Label Extension Study of Trofinetide for Rett Syndrome. Available online:
https:/ /classic.clinicaltrials.gov/show /NCT04776746 (accessed on 31 July 2023).

Neurogene Incorporated. A Novel, Regulated Gene Therapy (NGN-401) Study for Female Children with Rett Syndrome.
Available online: https://classic.clinicaltrials.gov/show /NCT05898620 (accessed on 31 July 2023).

Meloni, I.; University of Siena. Gene Editing as a Therapeutic Approach for Rett Syndrome (MECPer-3D). Available online:
https:/ /classic.clinicaltrials.gov/show /NCT05740761 (accessed on 31 July 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1212/WNL.0000000000007316
https://doi.org/10.1016/j.cct.2022.106704
https://classic.clinicaltrials.gov/show/NCT04279314
https://classic.clinicaltrials.gov/show/NCT04776746
https://classic.clinicaltrials.gov/show/NCT05898620
https://classic.clinicaltrials.gov/show/NCT05740761

	Introduction 
	MECP2 Function 
	MECP2 Variants 
	Stages of RETT Syndrome and Symptoms 
	Signaling Events Tied to RTT Disease Progression 
	Current Clinical Treatments and Drugs 
	Conclusions: Lessons Learned and Looking Ahead to Rett Treatment 
	References

