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Rett syndrome (RTT) is a severe neurodevelopmental disorder characterized by a
regression in acquired skills, such as purposeful hand use and language, after an
apparently normal early development. RTT affects almost exclusively females and
is mainly caused by mutations in the X-linked MECP2 gene, encoding methyl-CpG-
binding protein 2 (MeCP2). MeCP2 is a global regulator of gene expression that
operates through different mechanisms, including transcriptional regulation,
chromatin architecture, splicing modulation, and miRNA processing. Nevertheless,
the precise pathomechanisms by which MeCP2 deficiency leads to RTT remain

elusive.

MeCP2 plays a pivotal role in neuronal maturation and maintenance in the post-
natal brain, and its deficiency causes severe defects in dendritic arborization and
synaptogenesis. Currently, RTT has no cure or any effective pharmacological
treatment, but the delineation of the downstream effects of MeCP2 deficiency could
lead to the identification of biomarkers and potential therapeutic targets for RTT. The
reversibility of RTT-like features in Mecp2-null mouse models upon Mecp2
reactivation strongly suggests that symptomatic patients could benefit from
counteracting the effects of MeCP2 deficiency. This doctoral thesis aims to profile
the molecular landscape of RTT in different ways to contribute to the understanding

of the pathomechanisms behind this disorder.

MECP2 being an X-linked gene, it has been long hypothesized that X chromosome
inactivation (XCl) patterns may influence the phenotype of RTT patients. Therefore,
this thesis has studied XCI patterns in blood and brain samples of RTT patients with
different recurrent MECP2 mutations to investigate their potential correlation with

the severity of the clinical phenotype.

Although the main features of RTT are neurologic in nature, MeCP2 is a ubiquitously
expressed protein. In this thesis, we have characterized gene expression levels in
primary fibroblast cell cultures directly derived from RTT patients using an integrative
multi-omics approach that combines transcriptomic and proteomic data to identify
the most robust gene expression changes. We have identified an enrichment in

cellular processes such as cytoskeletal activity, vesicular transport, energy




metabolism and RNA processing, with important implications for neurological
phenotypes despite having studied an extraneurological tissue. Moreover, we have
investigated the effects of MeCP2 deficiency on the expression of GABAergic
synapse proteins, and identified a developmental stage-dependent positive
regulation of their expression by MeCP2, linking GABAergic neurotransmission

defects with early events in RTT pathophysiology.

With the advent of next-generation sequencing, many patients with a clinical
diagnosis of RTT have been found to have mutations in genes other than MECP2.
Understanding the relationships and interactions between these genes may help
identifying common pathomechanisms leading to the overlapping phenotypes and
pinpoint common therapeutic targets. In this thesis, we have used comprehensive
multi-omics genomic testing to solve cases with no molecular diagnosis, and we
have studied the molecular alterations in RTT-spectrum patients fibroblasts

searching for common gene expression changes also found in RTT patients.
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Introduction

Rett syndrome (RTT, OMIM#312750) is a severe neurodevelopmental disorder
which mainly affects young females. It is considered a rare disease, but with an
estimated incidence of approximately 1:10 000 girls by age 12, it is the second most

common cause of intellectual disability in females, only after Down syndrome’-2.

The first report of this clinical entity dates from 1966, when the Austrian paediatrician
Andreas Rett noted the same distinctive hand stereotypies in two girls, leading to
the publication of the first series of 22 patients with the same features®*. In 1983, a
group of paediatricians led by Bengt Hagberg further described the disorder in a

larger cohort, and for the first time named the disorder “Rett syndrome™®.
1.1. Clinical perspective

RTT is characterized by a regression in acquired skills after apparently normal early
psychomotor development, particularly with the loss of purposeful hand use and
language®. After the regression, affected females can develop a range of secondary
traits such as acquired microcephaly, gait ataxia, seizures, disturbed breathing

patterns with periods of hyperventilation and apnoea, and scoliosis".

The classical description of the natural history of RTT starts with a normal early
development phase that usually lasts for the first 6 to 18 months, during which no
gross psychomotor abnormalities are observed in the child®6. Nevertheless, recent
studies have shown that certain subtle, almost subclinical developmental defects
are detectable even in this early period, which could be accompanied by specific
molecular signatures”®. These initial signs constitute bases for early detection and

potential therapeutic action once effective therapies and treatments are developed.

After this early period of normal psychomotor development, patients develop
symptoms following four stages of the disease: stagnation, regression,
pseudostationary period and late motor deterioration'®. The fact that the regression
period is followed by a recovery phase differentiates RTT from neurodegenerative

conditions®.
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e Stage | - Developmental stagnation (ages 6mo — 1.5y)

At age 6-18 months, the progression of developmental milestones is modestly
delayed. Most patients experience growth retardation and deceleration of head
growth, which results in reduced size of the head and brain (acquired
microcephaly)?®. These features may be accompanied by the first signs of muscle

hypotonia, evidenced in the form of postural weakness.
e Stage Il - Developmental regression (ages 1.5y — 4y)

After a few weeks or months with no significant improvement in developmental
milestones, a period of loss of acquired skills begins, which can last up to a year.
During this stage, purposeful hand use is replaced by hand stereotypies, which may
involve clapping, flapping, mouthing, wringing or the characteristic washing
movements that drew the attention of the first paediatricians to describe the disease.
In this period, acquired language, such as babbling or first words, is also lost, and
RTT patients appear unresponsive to the environment and social interactions with a
remarkable lack of eye contact. The autistic features displayed during this phase
also include sound hypersensitivity, irritability, and self-abusive behaviour. Gross
motor abnormalities also become apparent during this stage, displaying gait
dysfunctions involving a lack of coordination, ataxia, and apraxia. In many patients,
breathing disturbances involving hyperventilation and apnoea also appear during

this stage.
e Stage lll - Pseudostationary period (ages 3y — 10y)

Later, patients enter a stabilization phase that can last from years to decades. There
is a partial recovery in communication and a higher degree of connection with the
world, with intense eye contact. Gross motor skills are also improved, with some
patients recovering or developing ambulation, although gait ataxia and hand apraxia
and stereotypies are prominent. At this point, most patients develop seizures. In
some patients, seizures may be manageable with antiepileptic drugs, but in others,
they can be completely refractory to treatment, although in most cases they will tend
to decrease in severity after adolescence. Patients show a range of behavioural
abnormalities including bruxism, inappropriate laughing, crying, and screaming
spells and a high degree of anxiety. During this period, osteopenia, scoliosis, and

18
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rigidity become apparent, while there is an unapparent progression of neurologic

deterioration that ultimately leads to the final disease stage.
e Stage IV - Late motor deterioration (ages 10y — after 40y)

The last stage of the disease, which can last for decades, begins with the loss of
ambulation and the patient becomes wheelchair-bound. The loss of mobility
worsens scoliosis and rigidity, and patients develop dystonia and Parkinsonian
features. Additional autonomic dysfunctions arise, such as vasomotor disturbances
leading to cold, blue feet, dysphagia, constipation, and cardiac dysfunction. Some

patients survive after age 40y in a severely impaired physical condition.

The diagnosis of RTT is mainly clinical and follows a set of criteria proposed for the
first time in 2001 and periodically revised and updated since'®'. To consider a
diagnosis of typical RTT, there must be a period of regression followed by a phase

of recovery or stabilization, and the patient must fulfil all main and exclusion criteria

(Table 1).

Main criteria

Exclusion criteria

Supportive criteria

1. Partial or complete loss of
acquired purposeful hand
skills

2. Partial or complete loss of
acquired spoken language
3. Gait abnormalities:
Impaired (dyspraxic) or
absence of ability

4. Stereotypic hand
movements such as hand
wringing/squeezing,
clapping/tapping, mouthing,
and washing/rubbing

automatisms

1. Brain injury secondary to
trauma (peri- or
postnatally), neurometabolic
disease, or severe infection
that causes neurological
problems

2. Grossly abnormal
psychomotor development

in first 6 months of life

1. Breathing disturbances
when awake

2. Bruxism when awake

3. Impaired sleep pattern

4. Abnormal muscle tone

5. Peripheral vasomotor
disturbances

6. Scoliosis/kyphosis

7. Growth retardation

8. Small cold hands and feet
9. Inappropriate
laughing/screaming spells
10. Diminished pain response
11. Intense eye

communication

Table 1. Revised diagnostic criteria for RTT".
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Even though supportive criteria are usually present in typical RTT patients, they are

not necessary for the diagnosis™.

After the standardisation of RTT diagnostic criteria, it was recommended that
patients who deviate from the characteristic RTT pattern (in the age of onset, natural
history, severity and the presence or absence of certain distinctive features), and
therefore do not fulfil all the necessary criteria for typical RTT, should be designated
as “atypical”'2. In accordance with the revised criteria, atypical RTT patients must
also have experienced a regression period followed by recovery or stabilization and

must fulfil at least 2 of the 4 main criteria and 5 out of 11 supportive criteria™.
There are several specifically documented variant forms of atypical RTT:

o Preserved speech (Zappella) variant: patients with this atypical RTT
variant present an overall milder phenotype. Although they go through all disease
stages, both regression and late motor deterioration are significantly delayed
compared to patients with typical RTT' 3. Hand stereotypies are also present but
are less prominent and allow for better retained hand use. The denomination of this
variant stems from the marked recovery of language in the pseudostationary period.
Intellectual disability tends to be milder (with an 1Q of up to 50), and they can
properly use single words or even phrases. Moreover, features such as epilepsy,
autonomic dysfunction and scoliosis are less pronounced'®'4.

e Early onset seizures (Hanefeld) variant: patients with the Hanefeld
variant develop seizures remarkably early, before regression'®'6. These patients
present a phenotype marked by severe infantile spasms and refractory myoclonic
or tonic-clonic epilepsy'"'7, while stereotypies, breathing dysfunctions and other
signs appear later in the disease course.

e  Congenital (Rolando) variant: patients with the Rolando variant of RTT
present a severe postnatal microcephaly before age 4 months, an earlier regression
period (by age 5 months) and marked hypotonia'®. In some cases, it is difficult to
appreciate regression, and therefore it was termed “congenital”, although a
regression period is required for a correct diagnosis's. Early psychomotor
development is remarkably abnormal, with severely delayed milestones and
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inability to walk. Autonomic dysfunctions, like peripheral vasomotor disturbances
and breathing abnormalities, are prominent, and patients display distinctive tongue
stereotypies and jerky movements of the limbs. The severity of seizures impedes
communication, and patients lack the distinctive intense eye contact observed in
typical RTT™.

Less delineated atypical forms include the forme fruste of RTT, with a discrete
pattern of neurodevelopmental abnormalities that only become compatible with RTT
as patients age; and late regression, where the characteristic regression period

starts much later, after 3 years old®.

With the delineation of all these variants, it became patent that the phenotypic
spectrum of patients with RTT is wide, ranging from a severe new-born
encephalopathy to much milder cases with a degree of ambulation and language*'°.
Phenotypic variability has been observed even amongst patients comprised within
the same family, such as the cases of two couples of sisters where one was classic

RTT and the other had the preserved speech variant'®'4,

The range of variability encompasses the presence or absence of specific traits and
comorbidities, as well as variations in severity and age of onset. Therefore, several
clinical scales that consider these features have been developed to assess and
quantify the severity of the clinical presentation in RTT*. Although different scoring
systems have been published, they all assign higher scores for the earlier debut or
higher severity of symptoms2°22 (Table 2). Therefore, severity scores tend to

become higher as patients grow up and new comorbidities appear*.
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Feature Score | Definition
3 0-12 months
Age of onset 2 12-24 months
1 > 24 months
Microcephaly 0 Absent
1 Present
0 Acquired <8 months
1 Acquired 8-16 months
Sits unsupported 2 Acquired >16 months
3 Never acquired
+1 Lose acquisition

Ambulation

Acquired <18 months
Acquired <30 months
Acquired >30 months
Lose acquisition
Never acquired

Language

Preserved and propositive
Lost
Never acquired

Epilepsy

Absent
Present and controlled
Uncontrolled or early epilepsy

Respiratory function

No dysfunction
Hyperventilation and/or apnoea

Hands use

Acquired and conserved

Lose purposefulness: 2-6 years
Lose purposefulness: <2 years
Lose all acquisitions

Never acquired

Onset of stereotypies

W N =2 Ol WODN 20O~ O/ 20O -~~O|d N~ O

> 10 years

> 36 months
18-36 months
<18 months

Table 2. Pineda clinical severity score for RTT?'. The range of scoring comprises values from

1 (the mildest case) to 23 (the most severe).

22



Introduction

1.2. Genetic perspective

Before the identification of the genetic cause of RTT, many theories arose about
which was the underlying nature of the disease. Initially, it was thought to be a
metabolic disorder, since the first report by Andreas Rett found an apparent
association with hyperammonaemia3, but this finding was later attributed to a
laboratory error. Later, it was proposed that it might be a mitochondrial disease
based on mitochondrial morphology and metabolism abnormalities identified in RTT
patients?.

Since patients with RTT are almost exclusively female, one hypothesis was that it
could be an X-linked dominant disorder associated with lethality in males®24-28,
Based on this assumption, exclusion mapping studies in families with more than one
RTT case limited the candidate region to Xg28, and in 1999 the causal gene in this
region was identified as MECP2, the gene encoding methyl-CpG-binding protein 2
(MeCP2)%.

1.2.1. MeCP2: Methyl-CpG-binding protein 2

MECP2 (OMIM*300005) is an X-linked gene, located in the long arm of the X-
chromosome (Xq28), between the Interleukin-1 receptor associated kinase gene
(IRAKT) and the red opsin gene (RCP). It is encompassed by four major exons that
are alternatively spliced into two different isoforms (Figure 1A and B). Isoform e1
(NM_001110792) comprises exons 1, 3 and 4, and produces a 498 amino acids
protein from the translation start codon in exon 1. Isoform e2 (NM_004992)
comprises all four exons and does not use the translation start codon in exon 1, but
rather an alternative translation initiation site towards the end of exon 2, producing

a shorter 486 amino acids protein™3031,

The proteins produced from both isoforms are identical except for a few amino acids
in the N-terminal end and share the structure of five main domains® (Figure 1C):
the N-terminal Domain (NTD), the methyl binding domain (MBD), the interdomain

(ID), the transcription repressor domain (TRD) and the C-terminal domain (CTD).
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The majority of the MeCP2 protein is unstructured, and therefore it is considered an
intrinsically disordered protein®2.

A DNA structure

Alternative
ATG  MECP2e2 ATG MECP2e2 poli-A signals

| Ll

MECP2e1

B RNA structure

ATG

=
[ BEET [ «]

ATG

MECP292|1|2| 3“ | | 4|

MECP2e1

C Protein structure

| | 4 | o

Figure 1. Structure of the MECP2 gene, transcript isoforms and protein.

The lack of correlation between protein and RNA levels indicates that there may be
a post-transcriptional regulation of translation33. Differential use of polyadenylation
sites in the 3’'UTR of MECP2 produces three different transcripts, which suggests a
post-transcriptional control system of MeCP2 levels that may involve miRNA

regulation*.

MeCP2 is ubiquitously expressed, with the highest expression in brain, lung, and
spleen3®. Within the brain, its highest expression levels are found in the cortex and
cerebellum, and it is predominantly expressed in neurons although it is also present
in astrocytes, oligodendrocytes and microglia®®. The mainly neurologic nature of
RTT phenotypes underscores the vital role that MeCP2 plays in the brain, but the
extra neurological manifestations, such as breathing abnormalities, scoliosis and
cardiac defects denote its importance also outside the nervous system?3.

MeCP2e1 is the predominant isoform in the brain, while MeCP2e2 is more abundant
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in other tissues and cell types, such as fibroblasts'3'. Both protein isoforms coexist
in the brain, although MeCP2e2 shows a more restrictive pattern and a later onset

of expression*!42,

Brain-specific deletion of Mecp2 in mouse brain recapitulates RTT features as in the
global KO model, including abnormal gait, hindlimb clasping, respiratory
abnormalities, and early lethality333°, Region and cell-type-specific KO in the brain
correlates with the appearance of different phenotypes, revealing their contribution
to RTT: deletion in the brainstem and spinal cord was linked to abnormal heart rate
and breathing patterns; in dopaminergic and noradrenergic neurons led to motor
incoordination; in amygdala induces anxiety-like behaviour 2; in forebrain neurons,
it triggers abnormal social behaviours and autistic features?; in hypothalamic
neurons, it produces stress response and hyperagressiveness?; and in inhibitory
neurons produced a severe RTT phenotype, which highlights the importance of E/I

balance in the pathogenesis of RTT*C.

MeCP2 is expressed since the early stages of embryonic development, increasing

during the final period, and reaching its peak in mature neurons®43 (Figure 2).

Prenatal Early Postnatal Adulthood
Neurogenesis and

differentiation
— Neuronal maturation

MeCP2 expression

* Neuronal * Neuronal structure
differentiation + Dendritic arborization maintenance
* Synaptogenesis - Activity-dependent
3 plasticity
@ « Chromatin structuring + Chromatin structuring
<} « Stimulus—dependent + Stimulus—dependent
gene transcription J d gene transcription

Figure 2. MeCP2 function throughout development. MeCP2 regulates brain development
and maintains the function of mature neurons through adulthood. It regulates neuronal
differentiation in prenatal stages, neuronal maturation, and experience-driven remodelling in

later developmental stages. Modified from Gulmez-Karaca et al. (2019)*.

25



Introduction

The increase in expression occurs after neurogenesis and differentiation, and
coincides with dendritic growth, branching and spine morphogenesis for synapse
formation33. The apparent normal early development observed in individuals with
RTT is attributed to the delayed expression pattern of MeCP2. High expression
levels are maintained throughout adulthood, underscoring an important function not
only in the developing brain, but also in the maintenance of neuronal circuits3443.
Moreover, several studies in mice models have demonstrated the reversibility of RTT
features, even at late stages of disease progression, emphasizing the idea that the

function of MeCP2 is essential beyond neurodevelopment 4445,

The main molecular function of MeCP2 is to recognize and bind specifically to
symmetrically methylated cytosine residues in CpG dinucleotides with adjacent A/T-
rich motifs through its MBD domain*®. MeCP2 is known to influence various
biological mechanisms, such as transcriptional regulation, chromatin remodelling,
alternative splicing, and micro-RNA processing®®#’. Via all these processes,
MeCP2 becomes a multifunctional protein that serves as a regulator of gene
expression at both transcriptional and post-transcriptional levels, exerting control

over numerous genes across the entire genome*84°,

Moreover, MeCP2 activity is regulated by post-translational modifications such as
phosphorylation. The protein has several phosphorylation sites that can be
modulated in vivo by neuronal activity. Phosphorylation at serine 421 controls the
ability of MeCP2 to regulate dendritic arborization and spine morphogenesis, while
phosphorylation at serine 80 is essential for its binding to several gene promoters

and is crucial for locomotor activity®°-52,

MeCP2 was initially described as a transcriptional repressor®*%4. Its MBD domain
binds methylated CpG dinucleotides while its TRD recruits repressor complexes
containing SIN3A and histone deacetylases (HDACs)>**. Through MeCP2 binding,
HDACs approach methylated areas and proceed to deacetylation to enhance gene

silencing.
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In expression studies, many genes have been identified as MeCP2 regulatory
targets, although opposing effects on their transcription have been noted. The role
of MeCP2 in regulating transcription appears to be different depending on its
interacting protein partners. When interacting with activator complexes that contain
cAMP response element-binding protein (CREB), it can mediate transcriptional
activation®®. Considering its abundance, versatility, and the limited size of its binding

site, MeCP2 can play a role as a global transcriptional regulator.

Transcriptional analyses in RTT models have consistently shown subtle alterations,
suggesting that MeCP2 may play a role in fine-tuning gene expression instead of as
a classical transcriptional regulator. Recent studies point towards MeCP2 acting as
a broad regulator of chromatin structure, rather than being a gene-specific
transcription factor. This function would be essential for dampening transcriptional

noise and ensuring the proper functioning of transcriptional machinery*3.

Histone H1 is present in most cell types at an approximate stoichiometry of one
molecule per nucleosome, but uniquely, in neurons, this is reduced to one molecule
every two nucleosomes. Several studies have shown that MeCP2 can compete with
histone H1 for binding to methylated chromatin and may function as a substitute
linker histone, promoting local chromatin compaction, which could explain the
transcription inhibitory role of MeCP2%3%57 |Interestingly, MeCP2 deficiency
prompts a 2-fold elevation in histone H1 and a higher frequency of spurious

transcription of repetitive elements®’.

Moreover, MeCP2 accumulates at chromocenters and plays a role in the
organization of pericentric heterochromatin (PCH) by promoting chromocenter
clustering, translating DNA methylation signal into transcriptional repression by
recruiting silencing complexes and HDACs®*%8, MeCP2 has been demonstrated to
induce chromatin re-organization during postnatal neuronal maturation, possibly
acting through the induction of chromocenter clustering®. MeCP2 interacts with
ATRX, a SWI2/SNF2 DNA helicase/ATPase with key roles in brain development that
is mutated in ATRX syndrome, a severe intellectual disability disorder, and recruits
it to PCH*36% The interaction of MeCP2 with ATRX, cohesin and CTCF is involved
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in the correct regulation of expression of imprinted genes by controlling nucleosome

positioning and the formation of silent-chromatin loops®'-%3.

Moreover, MeCP2 becomes phosphorylated in response to neuronal activation, and
this activity-dependent regulation promotes synapse development. This modification
facilitates a genome-wide response of chromatin to neuronal activity during nervous

system development®.

Consistent with the finding that MeCP2 can bind to RNA in vitro, it has also been
proposed that MeCP2 regulates processes such as alternative splicing and miRNA
processing. MeCP2 might therefore also serve to regulate gene expression at a

post-transcriptional level®®.

Aberrant alternative splicing patterns have been described in RTT models®®.
Consistently with these findings, MeCP2 has been found to interact with YB1, a Y-
box transcription factor that can regulate alternative splicing, and PRPF3, a
spliceosome-associated protein®®’. Included alternatively spliced exons are
enriched in DNA methylation and MeCP2 occupancy, and MeCP2 depletion
increases histone acetylation and aberrant exon skipping events, indicating that

MeCP2 contributes to exon definition and alternative splicing modulation®-8,

Micro RNAs (miRNAs) play a significant role in numerous developmental processes,
such as neurogenesis and synaptic plasticity, and have been found dysregulated in
several RTT in vitro and in vivo models*®%. MeCP2 can control miRNA expression
via two different mechanisms. It can repress the transcription of primary miRNAs by
binding to their promoter regions, or it can inhibit miRNA processing by binding the
microprocessor protein DiGeorge syndrome critical region 8 (DGCR8) and
interfering with the assembly of the DGCR8-DROSHA microprocessor complex8%7°,
These two scenarios lead to increased levels of the target miRNAs in a MeCP2-
deficient context. Moreover, some miRNAs can act in a feedback loop, as both
MeCP2 regulatory targets and by binding sequences in MeCP2 3'UTR to fine-tune
MeCP2 levels™.
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Loss-of-function mutations in MECP2 are the most common genetic cause
underlying RTT. These mutations are mostly de novo and tend to appear on the
paternal chromosome’. According to the natural history studies, MECP2
pathogenic variants are identified in 95% of patients with typical RTT and over 70%
of patients with atypical RTT2. These include nonsense, missense, and frameshift
variants, as well as large deletions encompassing several exons or the whole gene.
Even though over 500 pathogenic variants have been reported in the specialized
database RettBASE"®, there are eight recurrent point mutations that account for
almost 50% of all genetically diagnosed cases’®”® (Figure 3). Remarkably,
pathogenic variants disrupting specifically MeCP2e1 have been described in RTT

patients, but no mutations affecting exclusively MeCP2e2 have been reported’.

Arg294*
Less severe Thr158Met
Arg133Cys Arg306C

| C-term truncations

NTD CTD

Arg106Trp Arg168* Arg255*

More severe

Arg270*

Large deletions

Figure 3. Most recurrent MECP2 mutations. The 8 most recurrent point mutations in
MECP?2 are located in the methyl-binding domain (MBD), the inter-domain (ID) and the
transcription repression domain (TRD). Protein truncating variants in the C-terminal domain
(CTD), and large deletions are also common. Early-truncating mutations and large deletions
tend to produce a more severe phenotype than missense mutations and late-truncating

mutations.

No clear correlation could be established between genotype and phenotypic
severity. Nevertheless, patients with some missense and late-truncating mutations,
as well as C-terminal deletions, tend to present a milder phenotype in relation to

ambulation, hand use and language than those with nonsense mutations and large
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deletions™7¢ (Figure 3). These are the most common types of mutations among

patients with the preserved speech variant'®.

Some of the RTT-causing pathogenic variants have been demonstrated to impair
interactions of MeCP2 and its protein partners, thus disrupting many of its
functions*®. MeCP2 truncating mutations disrupt its binding with the spliceosome
factor PRPF3 and with the miRNA processing complex DGCRS8, while missense
mutations apparently affect PCH binding*®%777. Moreover, some of the most
prevalent mutations such as p.Arg168* and p.Arg306Cys abolish binding with co-

repressor complexes such as SMRT*,

Not only loss-of-function MeCP2 mutations are pathogenic. Gain-of-function
variants consisting of a chromosomal duplication encompassing the MeCP2 gene
cause MeCP2 duplication syndrome (MDS), another neurodevelopmental disorder
with overlapping features with RTT such as intellectual disability, speech impairment
and seizures’®. This indicates that MeCP2 dosage needs to be tightly regulated to

achieve key levels for proper cellular function.

X chromosome inactivation (XCI) is the process by which mammalian female cells
silence one of the two X chromosomes to compensate for gene dosage in females
(XX) versus males (XY). This phenomenon is presumably stochastic, and the
maternally and the paternally inherited X chromosomes share the same probability
of inactivation. XCI takes place in early embryonic stages and is maintained through
cell divisions, producing a mosaic expression of X-linked genes in the adult
organism. Because XCI happens randomly in cells during early developmental
stages, we expect an approximate 1:1 ratio of cells expressing the maternal and

paternal X chromosomes’®,

Even so, there is a wide margin of variation from the 1:1 ratio in the normal female
population. Since most females will carry variants in one or more X-linked genes,
some of these variants may confer some cells a selective advantage versus the
others. In some cases, this leads to a significant excess of one of the cell

populations, a phenomenon called unbalanced XClI or skewing’®. Alternatively, the
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same X chromosome may be preferentially inactivated in most cells via a genetically

determined mechanism&381,

MeCP2, like most X-linked genes, is subject to XCI. Therefore, it has been
suggested that XCI might play a role in RTT phenotypic variability by controlling how
many and which cells express the wild-type and the mutant copy of the gene.
However, XCl studies in RTT patients have yielded conflicting results®2. Some cases
have been reported where female carriers of MECP2 disease-causing mutations
have extremely skewed XCI patterns, preventing them from developing the
disease®®. Nevertheless, most RTT patients exhibit random XCI patterns,
suggesting that adaptive skewing (predominance of the cells with the wild-type copy
of the gene on the active X chromosome) is uncommon, and suggests that cases of
obligate carriers with skewed XCI probably involve a selective effect in another X-
linked locus™. Cases with less extreme skewing have been reported as atypical RTT
patients without the full spectrum of symptoms, and it is generally considered that
modest deviations in XCI patterns may affect the clinical development of RTT and
could potentially account for phenotypic differences among patients with identical

mutations, although the extent of this influence is yet to be determined®.

In a cellular context, MeCP2 is involved in the maturation of neuronal function,
through processes including synaptogenesis, synaptic plasticity, and establishment
of functional circuits*®. Over 60 published studies have ivestigated the molecular
consequences of MeCP2 deficiency and have detected thousands of deregulated
genes in a variety of cell-types, tissues, and organisms. The heterogeneity of these
experiments complicates conducting a proper meta-analysis with all current data,
and their results are hardly overlapping when not contradictory. Nevertheless, some
cellular functions and molecular pathways appear repeatedly altered in several
studies and have been linked to physiological alterations found in patients with RTT
and RTT animal models.

Many different studies have identified possible links implicating MeCP2 in regulating
cytoskeletal organisation via the interaction with different proteins, such as CAPG

and MEF2C8-2, |mpaired cytoskeletal organisation has been linked to the
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observations of altered neuron structures with decreased dendritic complexity and
immature synaptic spine morphology observed in post-mortem brain of RTT patients
and RTT mice models, which cause neurons to be abnormally small and densely
packed causing a reduction of brain volume, and both actin and tubulin cytoskeleton

related proteins have been found to be dysregulated in MeCP2 deficient contexts®®-
94

Abnormal levels of neurotransmitters and neurotransmitter receptors leading to
excitatory inhibitory imbalance involving GABAergic, glutamatergic, and
dopaminergic neurotransmission has also been identified in MeCP2 deficient
contexts*:%%:%_The transcription factor DLX5, which regulates the differentiation and
maturation of GABAergic neurons, has been identified as a direct MeCP2 target,
and GABA transporters were found to be downregulated in Mecp2-null brains®”-%,
GABAergic dysfunction has been associated to several RTT features, such as
ataxia, repetitive behaviours, and deficits in motor coordination®. It seems to play a
crucial role in RTT pathophysiology since the restoration of MeCP2 in inhibitory

neurons of Mecp2 KO mice partially rescued RTT-like symptoms®1%,

Mitochondrial dysfunction and inflammatory processes were also repeatedly
involved in RTT pathophysiology in several studies®:1°'-193Several proteins that
belong to mitochondrial complexes have been found altered (up and downregulated)
in RTT patients'2-1%4, Enlargement of mitochondria with altered structure has indeed
been identified in Mecp2 KO mice neurons, as well as increased oxygen

consumption rates and reactive oxygen species generation0".

These altered biological processes are probably contributing to the pathophysiology
of RTT and constitute sources for the identification of therapeutic targets that can
potentially revert some of the effects of MeCP2 deficiency in diverse cellular

contexts.
1.3. Treatments for Rett syndrome

Since there are currently no specific treatments for RTT, clinical management is
mainly symptomatic. Frequent drug treatments include antiepileptic drugs for
seizures and serotonin reuptake inhibitors for anxiety. Preventive nutritional

management has also become common, including ketogenic diet and
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supplementation with vitamin D and omega-3 fatty acids to prevent seizures and

orthopaedic complications°®,

Several studies have demonstrated that the absence of MeCP2 during development
does not cause irreversible damage in mice. The re-activation of MeCP2 in neurons
of male (hemizygous) and female (heterozygous) Mecp2-null mice has proven to
increase survival and improve many RTT features, such as hind-limb clasping,
tremor, irregular breathing patterns, general motor coordination, anxiety, and
epileptiform activity, rescuing their phenotype to levels comparable to their wild-type
littermates*+1%6.197  MeCP2 re-activation also produced a rescue in neuronal
morphology defects commonly observed in MeCP2-deficient contexts, increasing
soma size and dendritic complexity and length'®. These studies provide evidence
that RTT is not a strictly neurodevelopmental disorder. MeCP2 is mainly expressed
in differentiated neurons and is more involved in neuronal maturation and
maintenance rather than early cell-fate decisions, fine-tuning gene expression of
pathways pivotal for dendritic development and synaptogenesis®*441%8-110 The lack
of MeCP2, however, does not produce neurodegeneration, but rather freezes
neurons in an immature state, where MeCP2 target sites are established and
maintained normally and enable the consequences of MeCP2 deficiency to be

reversed when re-activating its expression*4.

Considering the evidence of reversibility of the RTT phenotype, several strategies
to restore MeCP2 levels are being considered (Figure 4):

o Site-directed gene repair. Gene editing technologies such as CRISPR-
Cas9 have been used to repair disease-causing mutations in the MECP2 gene in
cell lines, with efficiencies around 20-30%'"". Although this type of gene therapy
would be a curative, single-administration approach, the possibility of off-target
effects makes it still far away from the clinical practice. RNA editing would be an
alternative approach with no risk of permanent genetic changes. Hippocampal
injection of adeno-associated viruses (AAVs) carrying an adenosine deaminase
and a Mecp2 guide RNA corrected the mutation in 50% of transcripts and rescued
MeCP2 protein localization, but the potentially immunogenic effects of the enzyme

has prevented it from reaching clinical trials'2.
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. Replacement therapy. Replacement therapy consists in delivering the
defective protein to the target cells, using gene constructs, mRNA, or recombinant
protein. Replacement therapy for RTT must consider MeCP2 dosage carefully since
an excess of protein also causes the neurological symptoms characteristic of MDS.
The most successful approach to date has been NGN-401, which consists of an
adeno-associated virus (AAV) delivered MECP2 expression cassette with a
modified promoter to limit transcription, a synthetic miRNA, and a 3'UTR with
binding sites for the miRNA that regulate MECP2 expression. This construct
enables self-regulated transgene expression at single-cell level through the miRNA

feedback loop that eliminates excess transcript'3-1°,

MeCP2 restoration strategies

Site-directed Replacement Nonsense X: tivati
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Figure 4. MeCP2 restoration strategies. Several strategies are being considered to restore
functional MeCP2 levels in RTT. Some of the most relevant are site-directed gene repair,
replacement therapy, nonsense read-through and reactivating the inactive X chromosome.
Modified from Grimm, et al. (2022)"1¢,

e Nonsense read-through. Since about one third of disease-causing
mutations in MECP2 are nonsense mutations, therapy with aminoglycosides such
as gentamycin could promote the read-through of these mutations producing a
complete protein. The ability of these compounds to cross the blood-brain barrier,
their potential toxicity and the inconsistent results when tried on MECP2 mutations
have hindered the application of this type of therapies to restore MeCP2 levels'".

e Inactive X chromosome reactivation. Another potential strategy to
increase the levels of MeCP2 is to use the WT copy that is already present in every
cell in female RTT patients. Pharmacologic strategies have been directed to

selectively re-activate the copy of MECP2 on the inactive X chromosome in
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neurons, successfully correcting reduced soma size and branch points in vitro™8.
However, care needs to be taken to produce a sufficient and safe dosage not only
of MeCP2, but also of all the other proteins that are encoded by the X

chromosome™8,

While gene therapy approaches to restore MeCP2 levels are still in pre-clinical
stages, pharmacological approaches with trophic factors that promote brain growth
and development have reached clinical trials. Insulin-like growth factor 1 (IGF-1) is
a compound required for proper brain development that modulates synaptic
development and function. When used to treat Mecp2-null mice, recombinant IGF-
1 (a drug named mecasermin) and an IGF-1 analogue (a drug named trofinetide)
demonstrated an increase in the number of glutamatergic synapses, soma size and
dendritic complexity. In clinical trials, mecasermin showed no benefits in patients
treated in phase 2, but trofinetide demonstrated safety, tolerability and significant
improvement in breathing problems, mood abnormalities and repetitive hand
movements in phase 3 of the clinical trials and was recently approved by the FDA
for the treatment of RTT in the USA"%-'2', Brain-derived neurotrophic factor (BDNF)
is a neurotrophin implicated in neuronal development, synaptic transmission, and
plasticity. Several studies have identified MeCP2 as a regulator of BDNF gene
expression, implicating it as a potential therapeutic target for RTT'?2. BDNF
overexpression in neurons of Mecp2-null mice significantly increased their lifespan,
improved locomotor function, and reversed impaired dendritic arborization'?3.
Fingolimod, a drug that enhances BDNF expression and is already used to treat
multiple sclerosis, entered a clinical trial for RTT, but did not demonstrate any

improvements for RTT patients involved in the trial'*.

With the growing evidence of downstream effects of MeCP2 deficiency, another
therapeutic strategy is to modulate the cellular processes known to be impaired in
models of RTT. Loss of MeCP2 alters the expression levels of many genes,
suggesting that it is unlikely that a single molecular pathway can be targeted for
therapeutic intervention, but rather many cellular processes are affected, including
synaptic transmission and plasticity, protein synthesis, mitochondrial function, and

lipid metabolism*. Gaining insight into the molecular landscape of MeCP2 deficient
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cells will help to identify potential therapeutic targets to tackle the altered molecular

functions in patients with RTT.

2.1. New genes

After the association of MeCP2 mutations with RTT, the fact that a yet significant
number of patients remained genetically undiagnosed, especially patients with

atypical RTT, raised the idea that it might be a genetically heterogeneous disorder.

In 2004, pathogenic variants in cyclin-dependent kinase-like 5 (CDKLS,
OMIM*300203), a gene located in Xp22, were identified in patients who had been
clinically diagnosed with the early-onset-seizure variant of RTT"12%126, CDKL5 had
been previously associated with X-linked infantile spasms or X-linked West
syndrome, and later in patients with encephalopathy with refractory epilepsy,
suggesting that the clinical presentation of patients with CDKL5 mutations may be
heterogeneous and only a subset of them, approximately 25%, may fulfil criteria for

an atypical RTT diagnosis'?~"2°,

Despite the significant phenotypic overlap in these cases, recent studies have
highlighted the differences between patients with MECP2 and CDKL5 mutations,
considering CDKL5 Deficiency Disorder (CDD) a separate and specific clinical
entity'?”.13%, Distinctive features that characterise CDD include early-onset seizures
that evolve into severe encephalopathy with mostly refractory epilepsy, marked
hypotonia and very limited developmental progress, while the characteristic RTT
pattern of normal early development followed by regression is rarely observed'?8-
130 CDD patients also exhibit some characteristic RTT features, such as acquired
microcephaly, stereotypies, hand apraxia, sleep disturbances and bruxism, although
autonomic dysfunctions such as breathing disturbances and gastrointestinal
dysfunction are rare'?. Unlike MECP2 mutations, CDKL5 mutations are relatively

common in male patients presenting with epileptic encephalopathy''.

CDKLS5 is a serine/threonine kinase that shares homology with members of the

mitogen-activated protein (MAP) kinase and the cyclin-dependent kinase (CDK)
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families, and whose expression patterns overlap with that of MeCP2 during neuronal
maturation and synaptogenesis'2'33, CDKL5 can mediate the phosphorylation of
MeCP2 via its kinase domain, which suggests that they are part of the same
molecular pathway and partially explains the overlapping phenotypes'33. Moreover,
MeCP2 can bind the methylated CpG dinucleotides on the CDKL5 promoter and

modulate its transcription, establishing a feedback loop®'.

No significant correlation has been found in CDD patients between the phenotypic
variability and the type and location of the mutations or XCI patterns. However, it is
hypothesized that the phenotypic variability may be attributed to the specific
molecular consequences on CDKL5 activity caused by each mutation'®. In
particular, CDKL5 mutations identified in patients with the early-onset seizures
variant of RTT are believed to disrupt the phosphorylation of MeCP2, leading to
alterations in MeCP2 activity that contribute to generating a subset of RTT

features®’.

CDKL5 is required for dendritic arborization, correct neuronal migration and
neuronal morphogenesis'®*13%. CDKLS5 interacts with a protein complex containing
Rac1, a regulator of actin remodelling implicated in neuronal morphogenesis, whose
overexpression rescued dendrite growth in CDKL5 deficient neurons. These results
suggest that a dysfunction in Rho GTPase signalling may contribute to CDD

pathogenesis. Dendritic spine formation is also impaired in RTT neurons'®.

In 2008, chromosome rearrangements and interstitial deletions affecting the region
14912 were identified in patients with the congenital variant of RTT, in which the
forkhead box protein G1 (FOXG1, OMIM*164874) gene was highlighted as an
important candidate 3137, Subsequent screening for FOXG 1 intragenic mutations in
RTT patients with no molecular diagnosis confirmed that FOXG1 was frequently the
causative gene in patients with the congenital variant'®. Since it is not an X-liked
gene, FOXG1 mutations are equally identified in male and female patients.

The initial clinical characterization of patients with FOXG1 mutations was through
the identification of mutations in patients with the congenital variant of RTT, but with

the widespreading of NGS diagnostic methods new FOXG1 variants are being
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detected in patients with more unspecific clinical phenotypes'®. While there is a
significant phenotypic overlap with patients with MECP2 mutations and the
congenital variant of RTT, it has been suggested that FOXG1 syndrome may be
designated as a new clinical entity based on its distinctive set of features. These
include the absence of a period of normal development, a movement disorder
including dyskinesias, chorea and dystonia, and brain malformations consisting of a

simplified gyral pattern, reduced white matter volume and callosal hypogenesis'.

FOXG1 encodes a transcriptional repressor from the forkhead (FOX) family with
restricted expression to fetal and adult brain and testis'3®. FOXG1 has a DNA binding
fork-head domain and represses transcription of target genes by recruiting two
families of corepressors, Groucho and JARID1B, that associate with specific
domains of the protein'"142, It is localized in the nucleus but not found in MeCP2-
positive heterochromatic foci, although it does colocalize with MeCP2 in other
nuclear compartments'®. This suggests FOXG1 is not a TF stably associated with
heterochromatin, but it may be involved in some gene expression regulatory
activities alongside MeCP2 in differentiating and mature neurons, thus partially

explaining the overlapping phenotypes'®.

FOXG1 is expressed in neural structures derived from the telencephalon such as
the cerebral cortex, the hippocampus, and the basal ganglia, and is involved in
regional patterning during development by promoting the proliferation and
differentiation of progenitor cells'3. It also controls interneuron development and is

implicated in neurite growth and migration#4.

Frameshift and nonsense variants in the N-terminal domain and the forkhead
domain are predicted to result in a truncated protein with loss of DNA binding and
correlate with the most severe phenotypes, while truncating variants affecting the C-
terminal domain and missense variants in the forkhead domain may produce a
protein with residual function, including preserved binding sites for corepressors and
correlate with milder phenotypes™®. It has been hypothesized that these less
impactful variants produce the phenotypes with a greater degree of overlap with

RTT, while higher impact variants produce more severe phenotypes'.
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2.1.3. Other genes

After considering MECP2, CDKL5 and FOXG1, some patients remain mutation-
negative for all these genes and yet fulfil many criteria for a clinical diagnosis of
RTT"e. The generalization of NGS technologies for genetic diagnosis prompted the
detection of mutations in many different genes in these cases. Patients who present
a combination of distinct RTT features, yet do not fulfil established clinical criteria for
either typical or atypical RTT, can be described as RTT-like. RTT-like patients lack
formal consensus diagnostic criteria, and therefore represent a genetically

heterogeneous group with phenotypes overlapping RTT to different degrees'#.

In the past few years, disease-causing variants in more than 90 genes have been
identified in RTT-like patients'”. Some of these genes had previously been
associated with other well-defined, monogenic disorders with considerable
phenotypic overlap with RTT, such as Pitt-Hopkins syndrome (TCF4,
OMIM*602272), Angelman syndrome (UBE3A, OMIM*601623), or Cornelia de
Lange syndrome (SMC1A, OMIM*300040). Others were linked to epileptic
encephalopathies, such as STXBP1 (OMIM*602926), SCN2A (OMIM*182390),
KCNQ2 (OMIM*602235) or GRIN2B (OMIM*138252), while others were associated
with more unspecific phenotypes of intellectual disability with epilepsy, such as
MEF2C (OMIM*600662) and SYNGAP1 (OMIM*603384). Finally, novel potentially
disease-causing genes for RTT-like phenotypes, have also been identified, such as
JMJD1C (OMIM*604503) and GABBR2 (OMIM*607340)'46-158_ Interestingly, many
patients with mutations in these genes still fulfil the necessary criteria for the clinical
diagnosis of RTT'®.

Considering the genetic diversity yet phenotypic overlap of RTT-spectrum (typical
and atypical RTT and RTT-like) disorders, it is likely that some of the implicated
genes converge in common molecular pathways and processes that are implicated

in the pathophysiology behind these disorders'®.
2.2. Common molecular alterations in RTT-spectrum disorders

The current list of RTT-spectrum genes is especially enriched in genes involved in
chromatin remodelling functions, such as histone deacetylases and chromatin-

modifying enzymes, as well as genes involved in synaptic function, essential for

39



Introduction

GABAergic, glutamatergic and dopaminergic neurotransmission, synaptic vesicle
trafficking, ion homeostasis in neurons and circadian entrainment'”152, There are

also some genes involved in ubiquitination and proteasome degradation processes.

Molecular pathways related to chromatin structuring and synaptic circuits are
impaired in patients with RTT, as well as in RTT animal models, and could establish
a link between RTT-spectrum genes and suggest a reason why patients with

mutations in different genes present overlapping phenotypes'®'162,

The characterisation of the molecular consequences of the deficiency of different
RTT-spectrum genes could contribute to the understanding of their functions and
interrelationships. This could help in identifying common molecular pathways that
may be affected in RTT-spectrum patients, contributing to the shared phenotypes,

and could propose common potential therapeutic targets.

Omics technologies are high-throughput technical approaches that allow for non-
targeted detection of different types of molecules in biological samples, generating
non-biased data for analytic purposes. Omics approaches permit the acquisition and
analysis of all available data, which can lead to hypothesis generation in agnostic
experiments and allow to detect unpredicted connections and interrelationships in
the generated data. Omics sciences can focus onto many different fields, some of
the most relevant being the genome (genomics), the transcriptome (transcriptomics)

and the proteome (proteomics).
3.1. Omics for the diagnosis of rare diseases

3.1.1. Genomics

Genomics involves the comprehensive study of the DNA, including all its genes and
regulatory structures (the genome). Next-Generation Sequencing (NGS) is the
technological approach for the simultaneous sequencing of multiple regions in one
single experiment. NGS provides a fast and comprehensive analysis of genetically
heterogeneous clinical entities, such as RTT-spectrum disorders, and has
progressively substituted successive single-gene molecular testing which may be

more expensive and inefficient'®3. Instead of limiting the scope of the genetic study
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to one single candidate gene, NGS allows to extend or redirect a genetic analysis if

needed63.164
NGS-based diagnostic tests can vary in the number and type of target regions6®:

o  Target gene panels: the smallest NGS designs, which usually cover a set
of disease-specific genes (ranging from a few to thousands).

e Mendeliome or Clinical Exome Sequencing (CES): specific type of
target gene panel that covers all exons of genes currently associated with
monogenic (mendelian) disorders'®® (more than 4,000 genes).

e  Whole Exome Sequencing (WES): sequencing of all the exons of all
protein-coding genes (more than 20,000 genes).

e  Whole Genome Sequencing (WGS): sequencing of all the genes and

intergenic regions of the genome, with no targeted capture.

The American College of Medical Genetics and Genomics (ACMG) currently
recommends WES as the gold standard of clinical practice in children with
intellectual disability, developmental delay, or multiple congenital anomalies due to
its cost-effectiveness'®’. The diagnostic yield of WES in patients with paediatric rare
diseases is typically around 28% when performed in a proband-only approach,
although it varies depending on the group of genetic disorders being
considered'83168-170_|n a recent systematic review, neurodevelopmental disorders
(NDDs) were found to have a 23.7% overall diagnostic yield by NGS (22.6% using
gene panels and 27.3% using WES). Among NDD subtypes, patients with
intellectual disability showed the highest diagnostic yields (28.2%), while patients
with autism spectrum disorder (ASD) showed the lowest (17.1%)'". Trio-based
analysis, which consists of including data from the proband’s parents, can help
filtering out rare benign variants, identifying de novo variants and phasing the
variants in recessive or imprinted genes, which can increase the diagnostic yield up
to 50% compared to proband-only analyses'®'72, Since de novo mutations are the
most common cause of NDDs such as RTT, the trio-based approach can streamline
the genetic diagnosis'”. Even though the sequencing costs of the experiments are
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higher when compared to proband-only analyses, the reduction in costs of

segregation studies can compensate for this fact.

In terms of technical capacities, WES is especially sensitive to detecting single
nucleotide variants (SNVs) and small insertions or deletions (indels), but copy
number variant (CNV) detection is also possible through read depth analysis'3174,
In fact, the power of CNV detection in WES could be superior to that of low-resolution
genomic microarrays'’s. Therefore, WES studies that include CNV analysis usually

have a higher diagnostic yield.

Even so, more than 50% of patients remain with no molecular diagnosis after WES
analysis. WES can capture protein-coding regions, some UTRs, and intron-exon
boundaries’’®, which represent only 2% of the human genome, and therefore it is
most likely missing disease-causing variants in non-coding regions. Moreover, WES
presents non-uniform coverage, particularly in first exons and low-complexity
regions, and is limited by the specificity of capture probes, which makes variant

detection challenging in some genomic regions'”7:178,

Short-read WGS data provide many benefits when compared to WES. The library
preparation protocol free of targeted capture and PCR ampilification steps results in
a more uniform coverage and higher quality data across the exome, producing fewer
sequencing artifacts than WES, particularly in GC-rich exons'’®-81. Moreover,
extending the coverage to noncoding regions of the genome enables the detection
of potentially disease-causing deep intronic or regulatory variants, as well as
complex structural variants that cannot be resolved simply by depth of coverage

analysis with breakpoint base-pair resolution.

Despite not being part of the final protein sequence, noncoding variants have
demonstrated disease-causing potential through various mechanisms: they may
affect transcript splicing, gene transcription, protein translation, RNA processing and

stability, or they may shape chromatin structure and interactions (Figure 5).

42



Introduction

Exons
, . Protein truncating variants
5’UTR Region Missense variants
Premature start codon Use of alternative splice sites Intergenic regions
l l i Chromatin structure

l—‘—\

f f f f

Regulatory regions Introns 3’'UTR Region Noncoding genes

Gene expression Intron retention Transcript stability
Exon exclusion

Exon creation
Use of alternative splice sites

Figure 5. Types of genomic variants and their consequences on gene and protein

function.

e Intronic regions: Intronic regions can contain variants with splicing
altering consequences, which may alter transcript structure. These variants may
cause intron retention, exon exclusion or creation, and the use of 3' and 5
alternative splicing sites. The alterations of transcript structure may generate
premature stop codons that trigger the degradation of the aberrant transcript'®2.

e Promoters and enhancers: Promoters and enhancers are regulatory
regions which are implicated in the modulation of gene expression. Variants
affecting these regions can alter the affinity of certain transcription factors, affecting
the expression levels of the regulated genes'83184,

¢ Untranslated regions (UTRs): UTRs are sequences that are part of the
mature mRNA (they are transcribed), but they are not translated into protein. The
5’'UTR region is the nucleotide sequence before the translation initiation codon, and
the 3'UTR region is the nucleotide sequence after the termination codon. Variants
in the 5’UTR can affect gene functioning creating premature start codons, affecting
splicing, and affecting the interaction with ribosomes and transcript elongation. On
the other hand, 3'UTRs are implicated in transcript stability, and variants in these
regions may affect miRNA interaction, splicing, and poli-A tail addition signals'83,

e Noncoding RNAs: noncoding RNAs are those that will not end up
generating a protein, such as transference RNAs (tRNAs), ribosomal RNAs
(rRNAs), microRNAs (miRNAs), small nuclear RNAs (snRNAs), and long non-
coding RNAs (IncRNAs)'83,
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. Intergenic regions: Despite not containing gene sequences, intergenic
regions can contain functional elements important for chromatin structure. One of
their functions is to delimit regions known as topologically associated domains
(TADs), which are chromatin domains folded in a way that enables the interaction
between functional elements contained inside them, such as genes, promoters, and
enhancers, to modulate gene expression. TADs are delimited by sequences which
can be bound by proteins that structure chromatin, and variants affecting these
sequences can cause TAD restructuring in such a way that prevents or enhances
ectopic interaction between functional elements and influencing gene

expression'83,

The extension and the uniformity of coverage in WGS data also enable the
resolution of complex structural variants (SVs), which usually have their breakpoints
in noncoding regions. SVs can consist in different combinations of gains, losses,
and rearrangements of the DNA sequence, which are usually classified in deletions,
duplications, inversions, insertions, translocations, and complex rearrangements 8.
These variants are less common than smaller genetic variants such as SNVs and
indels but have a greater potential phenotypic impact since given their size have
higher probabilities of altering gene structure or dosage, causing alterations in the

functionality or regulation of affected genes'8>'%.

SV detection from short-read NGS data can be performed using different methods,
including the analysis of read depth, discordant read pairs, and split reads, or a de
novo assembly approach of the sequencing data'8'8”. Methods beyond read depth
analysis enable the detection of balanced SVs which are nearly impossible to

capture in WES and can resolve their breakpoints at nucleotide level.

With the progressive decrease in sequencing costs, the current limitation of WGS
consists in the interpretation of the vast quantity of data generated, due to the lack
of insight into the functional consequences of most of these variants. Even though
some noncoding and structural variants may have potential disease-causing
consequences, they are usually excluded from WGS analysis or are classified as

variants of unknown significance because of the complexity of predicting their
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biological impact with no functional evidence. This is why complementary omics
technologies such as transcriptomics and proteomics can play a role in the
prioritization and interpretation of variants detected by WGS.

Transcriptomics consists in the study of gene expression (i.e., transcripts) in a
biological sample. The current gold standard for transcriptomics analysis is RNA
sequencing (RNAseq), which is an NGS approach that enables the capture,
sequencing, and quantification of multiple transcripts in a single experiment.
Transcriptome analysis provides functional information of the impact of genetic
variants at a molecular level. RNAseq data can be used to detect different aberrant

molecular phenotypes which may indicate gene dysfunction'88189,

e Aberrant expression: Aberrant expression analysis is based on the
detection of expression outliers, i.e., samples with expression levels of one or
several genes significantly higher or lower than the rest of the population. Low
expression may be caused by truncating variants that cause transcript degradation
via the activation of the nonsense-mediated decay (NMD) system, variants in
regulatory regions affecting gene expression, or SVs causing a rearrangement or
loss of genetic material that breaks the reading frame of a gene.

e Aberrant splicing: The analysis of exon-exon junctions enables the
detection of alterations in splicing patterns, such as exon exclusion, intron retention
and the use of alternative splicing sites. The detection of aberrant splicing helps the
correct interpretation of variants in non-canonical splicing regions and deep intronic
variants.

e Monoallelic expression: The analysis of allelic frequency in RNAseq
reads allows to determine whether there is a preferential transcription of one of the
two alleles. This may indicate that the allele with lower expression may have a loss-
of-function variant causing transcript degradation, or a regulatory variant hindering
its transcription. In cases where one of the two alleles is significantly more

expressed than the other, a variant identified in heterozygosity in DNAseq may still
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be causing a disorder with a recessive mode of inheritance, since its expression is

hemizygous.

Mass spectrometry-based proteomics enable the identification and quantification of
all proteins present in a sample (the proteome) in a single experiment'®®. Tandem
mass tag (TMT) proteomics allow to multiplex several samples in a single
experiment, reducing the costs'®'. As with RNAseq aberrantly expressed transcripts,
expression outliers in proteomics may help reprioritize variants detected by WGS
within those genes and might indicate that those variants affect protein stability or

post-translational modifications92193
3.1.3. Multi-omics data integration for diagnosis

Transcriptomics and proteomics evidence enables the reinterpretation, and, in some
cases, the reclassification of variants identified in WGS, whose functional
consequences are not accurately predicted in silico. Transcriptome and proteome
analyses provide information about gene activity and are a strong indication of

whether a functional protein is being produced (Figure 6).
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Figure 6. Genetic variation identified in genomics, transcriptomics, and proteomics. Figure
modified from Yépez et al. (2021)"38.
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Detecting normal gene expression levels does not necessarily imply that the protein
is functioning adequately, but detecting alterations in gene expression constitutes
strong evidence of gene dysfunction. Using multi-omics data, several studies have

unravelled previously unsolved cases, increasing diagnostic yield in 10-36%"94"%,

Since gene expression is tissue and cell-type specific, selecting a relevant tissue to
conduct the complementary omics analyses is crucial. In neuromuscular disorders,
for example, muscle biopsies have proven to generate more robust data for RNAseq
analysis compared with blood and cultured fibroblasts'®’. The most relevant tissue
to study RTT-spectrum phenotypes would probably be the brain, which is not an
easily accessible sample to obtain. However, recent studies show that cultured
fibroblasts reliably express almost 70% of disease-causing genes registered in the
OMIM database, and they express 70-75% of known RTT-spectrum-related genes
according to GTEx data'®'%, These data suggest that a minimally invasive
procedure, such a skin biopsy, could provide a useful sample for multi-omics

analyses in RTT-spectrum patients with no molecular diagnosis.

3.2. Omics for the characterization of molecular alterations in

disease

Besides providing data for disease-causing variant interpretation, omics
experiments offer a high-throughput, agnostic framework to comprehensively

characterise the molecular landscape in patients with rare disorders.

Transcriptomics and proteomics generate a picture of gene expression landscape
that can be analysed searching for patterns in biological samples from a disease
group. Differential expression analysis is an approach that compares two or several
groups of samples and detects significant variations in gene expression levels
between groups and may be applied through specific algorithms onto both
transcriptomics and proteomics data. RNAseq and TMT-proteomics experiments
can capture expression data from thousands of genes in each experiment, which
allows for comprehensive profiling, but also generates false-positive hits even when
correcting for statistical significance in multiple testing. Therefore, integrating data

in a multi-omics analysis can highlight the most robust differential expression hits.
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Differential expression analysis can yield from tenths to thousands of hits per
analysis. In order to understand some of the biological implications of these results,
enrichment analysis attempts to stratify them under biological processes, molecular
functions, cellular components or known molecular pathways or gene sets. This
highlights whether some set of genes is commonly deregulated, indicating that some
particular functions or pathways could be implicated in the disease pathogenesis
and suggesting potential therapeutic targets to revert the molecular effects of the

malfunctioning of the disease-causing gene.
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Objectives

The main objective of this work is to characterise the molecular landscape of RTT

and RTT-spectrum disorders to identify potential biomarkers or therapeutic targets.

The specific objectives are:

1.

To determine the degree of implication of X chromosome inactivation in
phenotypic heterogeneity in patients with classical RTT with MECP2
mutations, as a potential modifier of the disease phenotype.

To characterize the alterations of GABAergic synapse proteins expression
as a consequence of MeCP2 deficiency and as a potential therapeutic target
for RTT.

To characterize gene expression alterations in fibroblasts from RTT
patients, as well as common alterations shared in fibroblasts from RTT-
spectrum patients that may constitute bases explaining phenotypic overlap,
contributing to the understanding of the pathomechanisms behind these
disorders and to the identification of potential biomarkers and therapeutic
targets.

To design and apply a diagnostic pipeline integrating data from genomics,
transcriptomics, and proteomics to maximize the diagnostic efficiency in

RTT-spectrum patients.
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1.1. Patients

All studies were approved by the ethical committees of Hospital Sant Joan de Déu,
CEIC: Comité d’Etica d’Investigacié Clinica — Fundacié Sant Joan de Déu. Written
informed consent from the legal guardians of the patients was obtained in
accordance with the corresponding ethical protocols to perform the genetic studies,
and tissue samples from patients and controls were obtained according to the

Helsinki Declaration of 1964, as revised in 2001.

Samples of blood genomic DNA (gDNA) were obtained from peripheral blood
leukocytes. 221 patients with one of the following recurrent mutations in the MECP2
gene were recruited for X chromosome inactivation (XClI) analysis, of which 174 had
available blood samples and 181 had available clinical data to complete the

checklists for the calculation of clinical severity scores (CSS) (Table 3).

MECP2 Variant Total | Blood | CSS
c.455C>G | p.Pro152Arg | 6 6 5
c.473C>T | p.Thr158Met | 36 33 30
¢.502C>T | p.Arg168* 38 29 34
c.674C>G | p.Pro225Arg | 2 2 1
c.763C>T | p.Arg255* 47 36 39
¢.806delG | p.Gly269fs 13 11 7
c.808C>T | p.Arg270* 31 20 29
c.880C>T | p.Arg294* 21 20 13
c.916C>T | p.Arg306Cys | 25 15 22
Large deletions 2 2 1
Total 221 174 181

Table 3. Patients recruited for XCI studies. Total number of patients with each MECP2
mutation, number of patients with available blood samples (Blood) and with available clinical

data to calculate clinical severity scores (CSS).
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Moreover, 80 patients were recruited for genetic testing using several NGS
approaches. 67 patients were recruited for clinical exome sequencing (CES), 50
patients for whole exome sequencing (WES), and 10 patients and their parents were
recruited for whole genome sequencing (WGS) in trio analysis. Blood DNA samples
from parents were also used when available to validate the segregation patterns of

candidate variants identified in singleton CES and WES analyses.

For XCI analysis, we used samples of brain gDNA obtained post-mortem from
several brain regions (frontal, occipital, temporal and parietal cortex; white matter,
brain stem, striatum and cerebellum) of two patients with the recurrent MECP2
¢.763C>T mutation. RNA was also obtained from the frontal and occipital cortices of
such patients. DNA samples were isolated using the saline extraction kit
PUREGENE® DNA Isolation Kit of Gentra Systems®, and brain RNA samples were

extracted using TRIzol Reagent from Invitrogen.

For RNAseq, we used post-mortem brain samples from the same two RTT patients
and an intra-assay control for RNAseq (i.e., an extra sample that due to its pathology
could not be used as a bona fide control, but that allowed us to run technical
verifications). The patients were 10 and 15 years old at exitus. RNA was isolated

from two brain regions (frontal and occipital cortex).

47 individuals (34 patients and 13 healthy age-matched controls) participated in the
differential expression study. Patients were recruited after clinical and genetic
confirmation of their pathology as described elsewhere'. We studied 22 patients
with RTT and mutations in MECP2 (21 females, 1 male); 12 patients with RTT-like
phenotypes and mutations in CDKL5 (1 female, 3 males), FOXG1 (1 female, 1
male), NR2F1 (1 female), GRIN2B (1 female) and AHDC1 (1 female), and 3 female
patients without molecular diagnosis; as well as 13 healthy controls (7 females, 6
males). Clinical severity of patients with RTT and RTT-like phenotypes was
measured using the clinical severity score designed by Dr Pineda?'. Skin biopsies
were obtained from the internal part of the upper arm and primary fibroblast cell lines

were established using standard procedure.
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DNA was isolated from fibroblast cell lines using the DNAeasy Blood & Tissue Kit
(Qiagen) according to manufacturer’s instructions. XCl was performed in all female
samples as described by Allen et al.'®®. XCI| was considered skewed with an allele
ratio of 80:20 or greater. RNA was isolated from cultured fibroblast pellets using the
RNeasy Fibrous Tissue Mini Kit (Qiagen) following manufacturer’s instructions. The
obtained RNA was then measured with a Nanodrop spectrophotometer and

examined in an agarose gel to check its purity and integrity.
1.1.3. Patient phenotype evaluation and correlation analysis

When clinical data were available, the RTT phenotype was evaluated, and a score
was assigned following the scale of evaluation of the RTT phenotype published by
Monrds, et al.?'. The linear correlation between the inactivation patterns of the
mutated alleles and the CSS of each patient was evaluated using statistical methods
that are based on Ordinary Least Squares (OLS) regression models, grouping

patients with the same mutation.
1.2. Mouse colony

Cortex samples from one and six-month old Mecp2+/- female mice Bird’s model?®
(B6.129P2(C)-Mecp2tm1.1Bird/J) were obtained after mouse sacrifice and brain
dissection. The proteins from cortex were extracted by tissue homogenization with
an ice-cold RIPA buffer with protease inhibitors (complete, mini, EDTA-free protease
inhibitor cocktail, Merck), for 30 minutes at 4°C followed by 15 minutes of centrifuge

at 4°C. The protein samples were quantified by Bradford assay and stored at -80°C.
1.3. External public data

Publicly available data from the GTEx project were downloaded and used for
comparison with the samples used in this study. Gene expression counts of all GTEx
samples and all available brain areas (amygdala, basal ganglia, cerebellar
hemisphere, cerebellum, cortex, hippocampus, hypothalamus, spinal cord and
susbstantia nigra) were used to assess gene expression levels in the brain and
compare them with the transcriptomic landscape identified in fibroblast cell lines
used in this study. Cortex gene expression counts of five samples (GTEX-12126-
1026-SM-5P9JJ, GTEX-15ER7-3126-SM-7TKUGH, GTEX-T21S-3026-SM-32QPM,
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GTEX-T5JC-2426-SM-3NMDB, and GTEX-WHSE-3026-SM-3P5ZH) were used for
transcriptomic analysis of GABAergic synapse proteins in comparison to our

patients.

2.1. Primary fibroblast cell culture

Fibroblast lines were grown on plates with Dulbecco’s Modified Eagle’s Medium
(DMEM) high glucose with glutamine, supplemented with 10% heat-inactivated
foetal bovine serum (FBS) and 1% penicillin, streptomycin and B amphotericin
(Thermo Fisher). Cultures were kept at 37°C with 5% CO2 in a humidified
atmosphere. When the cells reached 70-80% confluence, they were trypsinised and
either re-sowed on new plates or harvested for subsequent RNA or protein
extraction. Frozen vials from all the fibroblast lines were entrusted to the Biobanc
Hospital Infantil Sant Joan de Déu per la Investigacio, which is integrated into the

Spanish Biobank Network of ISCIII for the sample and data procurement.
2.2. Neuro2a cell culture

Immortalized Neuro2a cells (also known as N2A cells, a fast-growing mouse
neuroblastoma cell line) were grown following standard conditions in DMEM
supplemented with 1% glutamine, 10% FBS, and 1% penicillin, streptomycin and B

amphotericin (Thermo Fisher).
2.3. Neuronal primary cell culture

For neuronal primary cell cultures, the protocol described in the literature was
followed?®'. All of the experimental procedures were carried out according to
European Union guidelines (Directive 2010/63/EU) and following protocols that were
approved by the Ethics Committee of the Bellvitge Biomedical Research Institute
(IDIBELL). Briefly, mouse embryos (embryonic day E18) were obtained from
pregnant CD1 females, the cortexes were isolated and maintained in cold Hank’s
Balanced Salt Solution supplemented with 0.45% glucose (HBSS-Glucose) and
digested mildly with trypsin for 17 minutes at 37°C and dissociated. The cells were

washed three times in HBSS and resuspended in a Neurobasal medium

58



Material and Methods

supplemented with 2mM Glutamax (Gibco) before filtering in 70mm mesh filters (BD
Falcon). The cells were then plated onto glass coverslips (5 x 10* cells/cm?) coated
with 0.1mg/mL poly-L-lysine (Sigma), and 2h after seeding, the plating medium was
substituted by a complete growth medium, consisting of a Neurobasal medium
supplemented with 2% B27 (Invitrogen) and 2mM Glutamax.

3.1. X chromosome inactivation assays

3.1.1. Enzymatic digestion

Digestion of gDNA samples was performed with one of the methylation-sensitive
restriction enzymes Hpall or Hinfl (New England Biolabs Inc.), depending on the
presence of the relevant enzyme target sequences near the studied loci. In the
androgen receptor gene, ¢.455C>G, c.473C>T, c.502C>T, ¢.674C>G, c.763C>T,
c.806delG, c.808C>T, c¢.880C>T, c¢.916C>T and deletion 2 (NM_004992.3:
c.887_10015 + 18460del) loci assays Hpall was used, while in the deletion 1
(NM_004992.3: ¢.27-10677_1192del) locus assay Hinfl was used. A total volume of
500ng of gDNA was digested with 0.5uL of enzyme in a 25uL reaction volume in
CutSmart 1x Buffer (New England Biolabs Inc.). Digestions were incubated at 37°C
for 20 minutes followed by another 20 minutes at 80°C for enzyme inactivation, as

established in the enzyme protocol.
3.1.2. PCR amplification and fragment analysis

A pair of primers with the sequences described in Cutler Allen et al. was used to
amplify the AR polymorphic locus'®. Allele-specific primers were designed for each
MECP2 recurrent mutation included in the study. Primer design was carried out
following the recommendations in Liu, et al. 2°2. For the deletion assays, a forward
primer was designed inside the deletion locus and another primer immediately after
the deletion; they were both amplified with a reverse primer outside the deleted
region. All primers used were designed using Primer3 Software v4.1.0203204, One
primer of each pair was FAM-labelled at the 5’ end. Primers and PCR conditions are

shown in Table 4, Table 5 and Figure 7.
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Locus Forward Primer Reverse Primer

AR CCAGAATCTGTTCCAGAGCGTGC *GCTGTGAAGGTTGCTGTTCCTCAT

WT GCGACACATCCCTGGACT
MECP2 c.455C>G

(p.Pro152Arg)

Mut | GCGACACATCCCTGGACT
*AGCTTCCCAGGACTTTTCTCC

wWT GGACCCTAATGATTTTGACTTTA

MECP2 c.473C>T
(p.Thr158Met)
Mut | GGACCCTAATGATTTTGACTTTA
WT | CTTAGGTGGTTTCTGCTCCC
MECP2 ¢.502C>T
(p.Arg168*)
Mut | CTTAGGTGGTTTCTGCTCCC
*TCGAAAAGGTAGGCGACACATC
WT | CCCCTGGCGAAGTTTGAAAG
MECP2 c.674C>G
(p.ProP225Leu)
Mut | CCCCTGGCGAAGTTTGAAAG
WT | AAACGCCCCGGCAGGAGG
MECP2 c.763C>T
(p.Arg255*)
Mut | AAACGCCCCGGCAGGAGG
WT | ATTCCCAAGAAACGGGGCCG
MECP? ¢ 806delG *AGTCCTTTCCCGCTCTTCTC
(p.Gly269fs)
Mut | ATTCCCAAGAAACGGGCCGA
WT | CATTCCCAAGAAACGGGAC
MECP2 c.808C>T
(p.Arg270*)
Mut | CATTCCCAAGAAACGGGAC
MECP2 0.880CST WT | GGTCTCCTGCACAGAAC
® Ar929i*) “TCGAAAAGGTAGGCGACACATC
’ Mut | GGTCTCCTGCACAGAAC
MECP2 6.916C5T WT | ACCGTACTCCCCATCAAGAGG
C. “TCTGAGTGGTGGTGATGGTG
(p.Arg306Cys)
Mut | ACCGTACTCCCCATCAAGAGG
MECP2 WT | ACATTCAGGTTGGCTTGGTC
€.27-10677_1192del *CTCTGGGCATCTTCTCCTCTT

(deletion 1; exons 3-4) | Mut | AAAAATAAAATGTGCAATTCAGTGTC

MECP2 WT | TCTGAGTGGTGGTGATGGTG
¢.887_10015+18460del *CAGGCCATTCCCAAGAAAC
(deletion 2; exon 4) Mut | CTCAGCTGGAAGGGAAAATG

Table 4. Primer sequences for XCl assays. Primer sequences to amplify each locus. Bold
yellow formatting indicates the mutated nucleotides and bold red formatting indicates the
mismatch introduced for primer specificity. The bold green formatting indicates the nucleotide
only present in the WT allele and not in the mutated allele with the G deletion. * Indicates the
FAM label at the 5’ end of the primer to allow detection in fragment analysis. Mutation
nomenclature is referenced to MECP2 NM_004992.3.
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PCR Mix 1 PCR Mix 2 PCR Mix 3
Volume il , Volume et . Volume et ,
concentration concentration concentration
H>0O 19.3uL | - 18.25uL | - 17.25uL | -
Buffer 2.5uL 1x 2.5uL 1x 2.5uL 1X
in .
MgCl; buffer 2.5mM in buffer | 2.5mM TpL mM
dNTPs | 0.5uL 0.2mM Tul 0.4mM Tul 0.4mM
. 0.5uL + TulL + TulL +
Primers 0.5uL 0,2uM 1l 0.4uM 1l 0.4uM
Taq Pol | 0.2uL 0.028U/uL 0.25uL 0.035U/uL 0.25uL 0.035U/uL
Mix 23.5uL 24l 24l
DNA 1.5uL 1.2ng/uL TulL 0.8ng/uL Tul 0.8ng/uL
Total 25uL 25uL 25uL

Table 5. Amplification conditions. Amplification conditions for all assays. PCR Mix 1 was used
for the AR, c.455C>G, ¢.473C>T, ¢.502C>T, c.763C>T, c.808C>T and c.916C>T assays;
PCR Mix 2 was used for the ¢.674C>G, ¢.880C>T assays and the deletion assays; PCR Mix
3 was used for the ¢.806delG assay. The buffer used in PCR Mix 1 and 2 already contains
MgClz, whereas in PCR Mix 3 the MgCl; is added separately.

C cycles
96°C 96°C
- 5 72°C 72°C
Tc 45” 7
45”

Figure 7. Amplification programs. Annealing temperature (T) varied between primer pairs: AR
—60°C; ¢.455C>G — 58°C; c.473C>T - 61°C; ¢.502C>T — 61°C; c.674C>T — 60°C; c.763C>T
— 60°C; ¢.806delG — 61°C; c.808C>T — 58°C; ¢.880C>T — 56°C; ¢.916C>T — 60°C; deletion
assays — 59°C. The number of cycles (C) also varied between the AR assay (25 cycles) and

the allele-specific assays (30 cycles).
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PCR amplification was performed on gDNA before and after the digestion of each
sample. PCR products were analysed on a 3500 Genetic Analyzer (Applied
Biosystems) using GeneScan — 500LIZ Size Standard of Applied Biosystems as an
internal size standard and Peak Scanner Software v1.0. The X chromosome

inactivation ratios were calculated as described elsewhere’®.

RT-PCR was performed with frontal and occipital cortex RNA of two patients with
the ¢.763C>T mutation, following the recommendations provided with the
SuperScript Il First-Strand Synthesis SuperMix for gRT-PCR from Invitrogen.
Subsequently, Sanger sequencing of the cDNA obtained in the RT-PCR reaction

was performed with primers and conditions indicated in Table 6.

Locus Forward Primer Reverse Primer

MECP2 c.763C>T

* GGACCCTAATGATTTTGACTTTAC | GGTCTCCTGCACAGAACG
(p-Arg255*)

Table 6. Primer sequences for Sanger sequencing ¢.763C>T variant.

gPCR was performed in a QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems) with TagMan Gene Expression Master Mix (Applied Biosystems) and
specific TagMan MGB probes to amplify the mutant and the wild-type alleles. gPCR
data were analysed using the comparative Ct method. Primers and probes were
designed using Primer3 Software v4.1.02%%32%4 and they are listed in Table 7.

Forward Primer CCAGGTCATGGTGATCAAACG
Reverse Primer AGACTCCTTCACGGCTTTCT
MECP2 c.763C>T C Probe (WT) CAGCTTTTCGCTTCCTG
MECP2 c.763C>T T Probe (Mut) CAGCTTTTCACTTCCTG

Table 7. TagMan probe and primer sequences. Primer and probe sequences for TagMan
gPCR assay. Bold coloured formatting indicates the different nucleotides in the TagMan

probes.
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3.2. MECP2 deficiency experiments
3.2.1. Plasmids and transfection

In certain experiments, we attempted to silence the endogenous MECP2 expression
and re-express the human gene either in the wild type or mutated form. For the
MECP2 silencing, transient transfection with a vector containing shRNA targeting
mMECP2 was performed. Silencing was done with the MISSION shRNA technology
(Sigma Aldrich; Clone TRCN0000304464), and the efficiency was checked at the
protein level. To ensure the sole silencing of the endogenous gene, and not the re-
expressed form, we used a shRNA directed to the 3'UTR region of the gene, absent
in the transfected cDNA. We used, as a control for transfection, a vector with the

same backbone but no shRNA.

The MeCP2 c.763C>T genetic variant was introduced by site-directed mutagenesis
using the QuickChange Il XL Kit (Agilent Technologies), in the pEGFP-C1-hMeCP2
(WT) mammalian expression vector (kindly provided by Dr. Landsberger). The
mutation was confirmed by Sanger sequencing. Both vectors, together with the
p.EGFP-C1 vector (BD Clontech) and a mock vector with the same backbone, were

used for the experiments that required plasmid transfections.

These were carried out using Lipofectamine 2000 (Thermofisher) following
manufacturer recommendations. For neuronal primary cultures 0,8ug of total DNA
was mixed with Lipofectamine 2000 and incubated with cortical neurons (at DIV11).
The transient expression was allowed for 96h, and the neurons were fixed at DIV14.
For the N2A cells, 4ug of DNA was transfected over 300,000 cells grown in 10cm?

plates, and the cells were collected four days after transfection for RNA analysis.
3.2.2. qRT-PCR

RNA for RNAseq (from post-mortem human brain samples) and for gRT-PCR (from
post-mortem human brain samples and N2A cells) was extracted using RNeasy
Fibrous Tissue Mini Kit (Qiagen), following manufacturer’s instructions. The total
RNA was eluted in 40uL of RNAse-free water and stored at -80°C. The RNA

concentration was measured using the NanoDrop 2000 Spectrophotometer
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(ThermoScientific), and integrity was assessed by running the samples through a

1% agarose gel.

gPCRs were carried out following a two-step protocol. First, cDNA was synthesised
from a total of 500ng of RNA per reaction, following the recommendations provided
with SuperScript 1l First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen). After
the RT-PCR reaction, the post-mortem brain cDNA from frontal and occipital cortex
samples was pooled. Second, gPCR was performed in a QuantStudio 6 Felx Real
Time PCR sustem (AppliedBiosystems) with PowerUp SYBR Green Master Mix
(AppliedBiosystems). The data were analysed using a comparative method,
correlating the initial template concentration with the cycle threshold (Ct) so as to
obtain the relative quantity (RQ) of the RNA. The RQ is defined as 22!, where AACt
is the ACt of the patient cell line minus the ACt of the control cell line, and ACt is the
Ct of the target gene minus the Ct of the endogenous gene (RPLPO and GUSB).

The probes design was done through the selection of the exonic areas present in all
of the transcript variants of each gene, by the selection of common fragments in the
UCSC genome browser, based on GRCh38/hg38 version. Primers for N2A-derived

gPCR experiments were, in 5’-3’ sense, as follows:

Locus Forward Primer Reverse Primer

m-Mecp2 ACCATCATCACCACCATCAC GGGCATCTTCTCTTCTTTGC

h-MECP2 AGGAGAGACTGGAAGAAAAGT | CTTGAGGGGTTTGTCCTTGA

m-Gabra1 ACCAGTTTCGGACCAGTTTC TACAGCAGAGTGCCATCCTC

m-Gabrb2 TCGCTGGTTAAAGAGACGGT TCTCTCCAGGCTTGCTGAAA

m-Gabrg2 TGGGCTACTTCACCATCCAG GCCATACTCCACCAAAGCAG

Table 8. Primer sequences for gene expression quantification in transfection experiments.

Western blot analysis of the cortex protein samples from Mecp2*- female mice was
performed. The proteins were subjected to SDS-PAGE and transferred to a
nitrocellulose membrane using the Pierce Power Station (Thermo Scientific). The
membranes were blocked with milk, as follows: PBST buffer 5% for 1h at room
temperature. Incubation with primary antibodies was directed against GABA-A1
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(Neuromab, 73-136) at a concentration of 1:500, MeCP2 (ab2828; Abcam) at a
concentration of 1:1000, and vinculin (ab129002, Abcam) was performed o/n. The
secondary antibodies used were horseradish peroxidase-conjugated goat anti-
rabbit and goat anti-mouse IgG antibodies (Life Technologies); these were detected
using the Enhanced Chemiluminescence System (GE Healthcare).

Immunochemistry experiments were performed as described in the literature®°".
Anti-GABA A1R (Neuromab, 75-136) was used at a concentration of 1:100, and
MeCP2 (ab2828; Abcam) at a concentration of 1:250. The conjugated secondary

antibodies for the confocal microscopy were used.

Fluorescence was visualized with a Leica TCS-SL spectral confocal microscope
(Leica Microsystems) using a Plan-Apochromat 63x/1.4 N.A. immersion oil objective
(Leica Microsystems). To excite the different fluorophores, the confocal system was
equipped with excitation laser beams at 488 and 546nm. The images were analysed
with ImagedJ software. For the intensity quantification of the ICCs, pictures from
independent primary cultures were used. Regions Of Interest (ROIs) were defined
on the green channel (GFP positive neurons) applying a threshold to only select the
desired neuron. The same ROI was exported to the red channel pictures, and the

mean grey value was measured.

A frontal and occipital cortex paired-end RNAseq was performed for two RTT
patients bearing the MECP2 c.763C>T, p.Arg255* mutation and the mentioned intra-
assay control. Technical replicates (three separate RNA extractions) were run for
each of the two brain regions. The RNA samples were sent to the Centre Nacional
d’Analisi Gendomica (CNAG), where the RNAseq experiment was performed, within
the framework of the project FIS PI115/01159 Rett Syndrome (IP: Judith Armstrong,
PhD). Both brain areas were sequenced separately, and as no significant
differences were observed between them, they were analysed as a sole data pool.
To discard the differences between the brain areas, we performed a principal
component analysis (PCA). In such an analysis, we compare the variance between
all of the samples (patients and areas). At this point, we also added an “intra-assay

control” sample. Principal Component 1 (explaining 75% of the variance), clearly
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discriminated between the Rett and non-Rett samples, while there was not a

principal component separating the brain areas.

Because of the lack of true control data, the data from our RNAseq were compared
to various public controls’ data. We used data from public controls available on the
GTEXx (Genotype-Tissue Expression) Portal. Cortex RNAseq data from five controls
were used, two of which were female (GTEX-15ER7 and GTEX-T2IS) and three
were male (GTEX-12126, GTEX-T5JC, and GTEX-WHSE), all of them with ages
ranging 20-29.

As a result of the low performance of the sequencing experiment, the internal
control’s occipital cortex data was excluded from the analysis. The RNAseq analysis
pipeline was run by the Bioinformatics Unit form the Genetics and Molecular
Medicine Service at the Hospital Sant Joan de Déu. The FASTQ files passed
through a first quality control, after which a trimming was performed, and the
adapters were removed. Then, low quality bases were eliminated so only reads
longer than 70bp were left to continue the analysis. Here, a second quality control
was performed, and the reads were mapped with TopHat22%5. The counting was
performed with HTseq?*® and the R package DESeq2?®” was used for library
normalization and differential expression analysis. The frontal and occipital cortex
data from the two RTT patients were averaged. In order to compare the data
obtained from our RNAseq experiment to public data, an internal normalization over
the endogens RPLPO and GUSB of every patient's and control's data was

performed.

A validation of the results was carried out at the Hospital Sant Joan de Déu using
RT-gPCR, comparing patients with an internal RNAseq control; that is, a sample that
could be used for a later comparison of the results through gPCR and therefore
RNAseq technical validation, but could not be used to biologically validate the
results, as it was not a healthy brain, as previously described. Thus, following the
RNAseq analysis, the targeted gene expression of a subset of 21 genes
corresponding to different nodes of the GABAergic pathway and differentially
expressed between patients and the internal control was validated by RT-qPCR,

showing a strong correlation (20 out of 21 transcripts deregulated), with an overall
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coincidence between RQ values (RT-gPCR experiments) and fold-change (RNAseq

experiment).
3.3. Next-Generation Sequencing

3.3.1. DNAseq library prep

DNA samples were obtained from peripheral blood leukocytes or primary fibroblast
cell cultures depending on availability. WGS libraries were generated following a
PCR free protocol (lllumina) and were sequenced using paired-end 150bp reads in
a NovaSeq6000. CES and WES libraries were generated using SureSelect (Agilent
Technologies) probes following manufacturer’s instructions and were sequenced

using paired-end 75pb reads in a NextSeq500.
3.3.2. RNAseq library prep

For each sample, 2500ng of RNA were used for library preparation. TruSeq
Stranded mRNA kit (lllumna) was used following the manufacturer’s protocol.
Libraries were quantified in a 4200 TapeStation (Agilent Technologies) and their
integrity was checked. Sequencing was performed on an lllumina NextSeq500
sequencer and 75bp paired-end reads with around 40 million paired reads per
sample successfully mapped to the reference genome. At least two healthy controls
of the same sex as the patients were included in all the runs to enable normalisation

and to control the batch effect.
3.3.3. RNAseq results validation

To further confirm the quality of the isolated RNA and to diminish undesirable gene
alterations due to cell stress conditions?®, we performed RT-gPCR of five genes
that are part of the oxidative respiratory chain: MT-CO1, MT-CO2, MT-CYB, MT-ND4
and MT-ATP6. First, 500ng of total RNA were processed according to the
manufacturer’s instructions, and double-stranded cDNA was generated in the
presence of random hexamers using the SuperScript Il First-Strand Synthesis
SuperMix for gRT-PCR kit (Thermo Fisher). Primers for the five mitochondrial genes
and two additional housekeeping genes (RPLPO and ALAS1) were designed with
Primer3 software. The qRT-PCR was performed with PowerUp SYBR Green Master
Mix (Thermo Fisher) in a QuantStudio 6 Flex Real-Time PCR System (Applied
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Biosystems). All reactions were conducted in triplicate and the average of each
triplicate group was used for the analysis, which was based on the AACt relative
quantification method. Three non-stressed control samples were added to the
experiment to get the normalised values. Amplified product specificity was assessed
via melting curve. All samples that overexpressed two or more genes more than 1.5-

fold the values of non-stressed controls were discarded.

To validate the RNAseq experiment, we chose 22 significantly differentially
expressed genes (DEGs) and performed RT-gPCR as explained above with a total

of 23 different samples.

Proteomics was performed at the BayBioMS core facility at the Technical University
Munich (TUM), Germany, as described elsewhere'®'. Fibroblast cell pellets
containing 0.5 million cells were sent frozen. These cells were thawed and lysed
under denaturing conditions in urea containing buffer and quantified using BCA
Protein Assay Kit (ThermoScientific). 15ug of protein extract were further reduced,
alkylated and the tryptic digest was performed using Trypsin Gold (Promega).
Digests were acidified, desalted and tandem mass tag (TMT)-labelling was
performed according as described elsewhere?®® using TMT 11-plex labelling reagent
(ThermoFisher Scientific). TMT-batches were organised to always contain one
reference control common to all batches to allow for data normalization between
batches. Each TMT 11-plex peptide mix was fractionated using trimodal mixed-
mode chromatography as described elsewhere?'®. Liquid chromatography-mass
spectrometry (LC-MS) measurements were conducted on a Fusion Lumos Tribrid
mass spectrometer (Thermo Fisher) which was operated in data-dependent
acquisition mode and multi-notch MS3 mode. Peptide identification was performed
using MaxQuant version 1.6.3.4%"". And protein groups obtained. Missing values

were imputed with the minimal value across the dataset.
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4.1. XCl ratio analysis
The XClI ratio analysis was calculated as described elsewhere 9.
4.2. DNAseq analysis pipelines

4.2.1. Quality control, pre-processing, and alignment

Quality control of sequencing data was carried out using FastQC v4.11.92'2. The
cutadapt software?'® was used to eliminate the first 10 bases from the 5’ end of each
read and low-quality (less than 20) bases and high-quality Gs (sequencing artifacts)
at the 3’ end, and only reads of at least 100bp after pre-processing were kept. Pre-
processed reads were aligned to the GRCh37/hg19 reference genome using the
Burrows-Wheeler Alignment Tool (BWA-mem v0.7.17)?'4. Depth of coverage was
over 20x in 90% of coding regions of the genome and over 30x in 50% of coding

regions, indicating sufficient quality to proceed with WGS analysis.
4.2.2. Variant calling of SNVs and indels

Variant calling of SNVs and indels was carried out using three different tools: the
Genome Analysis ToolKit (GATK, v4.3.0.0)?'°, DeepVariant (v1.4.0)?'® and Octopus
(v0.7.4)27 chosen after considering the sensibility and specificity metrics calculated
in a recent benchmarking paper?'®. GATK analysis pipeline was designed according
to their best practices manuals?'®220, The first step consists in a base quality score
recalibration (BQSR), in which a new bam file is generated with new quality values,
which is used for the variant calling. To perform this recalibration, two files containing
known and validated SNVs and indels were used??!. Called variants were filtered
according to the GATK hard filters??2, and genotype calls were refined and filtered
using a file of validated genotypes??. DeepVariant was used with a WGS model and
with default specifications. Octopus was used with a standard filter and default

specifications.

After variant calling with any software, biallelic block substitutions were decomposed
in their constituent SNVs and indels were normalized (left-aligned). SNVs and indels
were separated in two files which were treated independently, and variants not

69



Material and Methods

meeting quality standards for each software were removed. SNVs and indels called
by each software were combined, sorted by chromosome and position, and

annotated with how many and which detectors had called them.

The SnpEff software was used to annotate variant effects (affected genes and
transcripts, impact and predicted effects on the transcript or protein)??*. SnpSift was
used to annotate variant ids from dbSNP, population frequencies from gnomAD
v2.1.1?%% functional predictions from REVEL??%%, CADD and SpliceAl, variant
classification form ClinVar??’, and imprinted genes from GenelmprintDB228, Variants
affecting more than one transcript were separated in the corresponding rows and a
python script was used to annotate phenotypes associated to each gene according

to OMIM'98-22% and gnomAD o/e metrics.

Variant calling of SVs was performed with four different tools, chosen because of
their precision and specificity metrics, and their ability to detect different kinds of
SVs, according to two recent benchmarking papers'®23°, We chose tools based on
different kinds of methods to identify SVs: discordant read pairs (RP), split reads
(SR), read depth (RP) and de novo assembly (AS) (Table 9).

Software Methods Type of SVs detected
Lumpy'86 RP, SR, RD DEL, DUP, INV, TRA
Manta?3’ RP, SR, AS DEL, DUP, INV, INS, TRA
Delly?32 RP, SR DEL, DUP, INV, INS, TRA
Wham?33 RP, SR DEL, DUP, INS, INV

Table 9. SV detection tools. SV detection tools and their detection methods and types of
SVs detected.

SV detection was performed using the default specifications of each software, but
excluding badly solved regions in the reference genome, which include centromeres
and telomeres of chromosomes, as well as low complexity regions described in Li,
et al. (2014)?34. Moreover, we filtered out from the output those variants with both

break ends mapping to the same repetitive region.
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To merge the sets of SVs detected by each caller we considered that the detection
of breakpoints may not be exact, so each detector may identify slightly different
breakpoints for the same variant. ACMG guidelines for SV detection establish a
minimum of 90% of reciprocal overlap between variants to be considered the same,
so we used this threshold to merge structural variant sets?®. SVs were annotated
with population frequencies in DGV, dbVar and gnomAD, and with haploinsufficiency

and triplosensitivity curations from ClinGen?%6.2%",
4.2.4. Detection of Runs of Homozygosity (ROHs)

ROH detection was carried out using the AutoMap software fed with a VCF file
containing genotype and allelic depth information, with default parameters (sliding

window of 7bp, and a minimum resolution of 1Mb and 25 variants to call an ROH)?%.
4.3. RNAseq analysis pipelines

4.3.1. Quality control, pre-processing, and alignment

The FastQC v4.11.9 software was used for sequencing data quality control?'2. The
cutadapt v4.1 software as used to remove low-quality bases (less than 10) from the
3’ end and high-quality Gs (sequencing artifacts) from the 5’ end of each read)?'3.
Only sequences longer than 25bp after pre-processing were kept for downstream
analysis.

RNAseq reads were aligned to the human reference genome (GRCh37/hg19) and
the reference transcriptome GENCODEvV34 using STAR (v2.4.2a) in a strand-
specific manner?®®. We obtained approximately 40M of paired-end reads per
sample, of which almost 90% belonged to exonic reads. A low proportion of rRNA
reads confirmed the efficacy of the poli-A tail selection steps of the library prep
protocol. We detected a variety of transcripts corresponding approximately to 18,000

genes. These data ensured the quality of data to proceed with analysis.
4.3.2. Differential expression

Uniquely mapped reads were counted for each gene using the HTSeq package
(v2.0.0) with gene models from GENCODE release 292%. A final count matrix for
analysis was generated by averaging the values of raw counts from different

replicates of the same sample. Counts per mullion mapped reads (CPM) were
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computed and only genes where more than 50% of samples had at least 1 CPM

were kept.

We first inspected age, sex, biopsy origin and batch as possible covariates in the
differential expression study by principal component analysis (PCA) and cluster
analysis, but found no clear patterns in our samples. PCA identified the primary
sources of variation in our data. The first three principal components, explaining
18.8%, 16.1% and 7.4% of the variance, were subsequently used in the model
construction for differential expression analysis with DESeq2 (v1.34.0)%%". We used
a Bejamini-Hochberg (BH) corrected p-value of 0.05 to consider significant

differences.

Enrichment analysis was performed using the clusterProfiler (v4.2.2)?%° and
ReactomePA (v1.38.0)?*' R packages. Both overrepresentation analysis (ORA) and
gene set enrichment analysis (GSEA) were carried out, using only significant DEGs
and all expressed genes, respectively. Potentially enriched terms were searched in
Gene Ontology (GO)?*2, the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway database?*®, WikiPathways (WP)?**, and the Reactome Pathway (RP)
database?#®. All genes with CPM greater than 1 in at least 50% of samples and with
an existing EntrezID were used as background (a total of 11904 genes). The cut-off

value for considering a term significantly enriched was 0.05 in BH-corrected p-value.

We considered upstream transcription factors (TFs) responsible for some of the
differential expression changes observed in our data and used the ChIP-X
Enrichment Analysis 3 (ChEA3) tool to identify them?*€. ChEA3 contains information
about TF gene co-expression association in ChlP-seq studies and co-occurrence in
gene lists, which is used to predict upstream TFs involved in the regulation of the
user inputted gene lists. The lists of DEGs resulting from differential expression
analysis were fed to ChEA3 to predict the possible involvement of TFs in their
dysregulation.
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4.3.4. Aberrant RNA phenotypes

BAM files obtained from the alignment against hg19/GENCODEv34 were used for
aberrant expression events using the tool OUTRIDER, included as a module in the
DROP framework with default parameters'®24, OQUTIRDER computes aligned
reads internally using HTseq, and it includes a denoising autoencoder to correct
batch effect when combining sets of samples. A publicly available count matrix was
used to complete the sample set for aberrant expression analysis. This matrix is built
from 127 fibroblast cell lines, sequenced with strand-specific chemistry and about

70M of mapped reads, produced by the Technical University of Munich (TUM)?248:249,

The tool FRASER?2, included as a module in the DROP framework, was used for the
detection of aberrant splicing events, with default specifications?*°. We used a
publicly available count matrix of split reads and intron-spanning reads from the
same samples that we used in aberrant expression analysis with OUTRIDER.
FRASER?2 also uses the denoising autoencoder to combine exon junction usage
counts from different sample sets, and provides metrics of this usage and a p-value

to determine which samples present aberrant splicing events.

The monoallelic expression analysis module from DROP is fed with a VCF of
detected variants in DNAseq and a BAM file from RNAseq, from which it will quantify
the reads corresponding to each allele in heterozygous positions and will calculate
a p-value for statistical significance of a preferential usage of one of the two

alleles™s.
4.4. Proteomics analysis pipelines

4.4.1. Differential Expression

Prior to any analysis, MS data were adjusted with respect to one identical control
sample that was present in each MS batch as described previously'®'. Recalibrated

intensities were log transformed for normalisation and proteins that were not
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detected in all samples were removed. An initial exploratory inspection of data by
PCA and cluster analysis revealed that samples were grouped by MS batch.
Therefore, we carried out the differential expression analysis using the limma
(v3.50.3) package in R, including the MS batch as a covariate in the model to adjust
for this confounding factor?®'. We used the removeBatchEffect function from limma
to recapitulate the exploratory analysis after batch correction and we observed no
more clustering by MS batch. Finally, we took a nominal p-value of 0.05 as a

threshold to define differentially expressed proteins (DEPS).

We carried out enrichment analysis just like we did for transcriptomics data. As a
background, we considered the proteins that we detected in all samples with a valid
EntrezID (a total of 5894 genes).

Aberrant expression analysis was performed using the PROTRIDER software'®'. To
detect protein expression outliers while controlling for known and unknown sources
of variation, PROTRIDER uses a denoising autoencoder based method, analogous
to methods for calling RNA expression outliers and splicing outliers?*7-2%0, Sizefactor
normalised and log-transformed protein intensities were centred protein-wise and
used as input to a denoising autoencoder model with three layers (encoder, hidden
space, decoder). As protein intensities varied strongly between batches, we
included the batch as a covariate in the input of the encoder and in the input of the
decoder. During the process of fitting the autoencoder model as well as statistical

tests, missing data are masked as unavailable and ignored.
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Results and Discussion — Chapter 1

Chapter 1. X chromosome inactivation in patients with

Rett syndrome

Despite carrying the same mutation, patients with RTT present a large degree of
phenotypic variation. These clinical differences have traditionally been attributed, at
least in part, to differences in XClI patterns. To investigate this hypothesis, we studied
XCIl in blood samples of RTT patients and assessed the severity of their clinical
presentation using a clinical severity score (CSS)?'. To check whether XClI status in
blood was an accurate predictor of the XCl landscape in brain, the primarily affected
tissue in RTT, we also compared XCI patterns in blood and several brain areas in
two RTT patients. We finally assessed the expression levels of each MECP2 allele

in brain tissue and whether these levels correlated with XCI status.

In most XCI studies in patients with RTT, the method used to assess XCI patterns
was the classic methylation-based assay on the androgen receptor gene (XCI-AR;
Figure 8A). This assay consists in digesting the DNA with a methylation-sensitive
restriction enzyme that targets the palindromic sequence CCGG and cuts it only
when it is not methylated. The androgen receptor gene contains a highly
polymorphic CAG repeat close to one of these palindromic sequences, which
enables the distinction of the two alleles by fragment analysis after PCR
amplification. The PCR products from digested and undigested samples are
quantified to assess the XClI ratio. The main limitation of this assay is that the phase
of the androgen receptor alleles and the MECP2 mutation is not determined, so the
XCI pattern can only be classified as either skewed or random, but no evidence is
provided of whether the preferentially inactivated chromosome is the one carrying
the mutant or the wild-type allele. Moreover, given that the separation process in
fragment analysis is based on PCR product size, if the patient is homozygous for
the CAG repeat allele, the assay results are noninformative. To overcome these
shortcomings, we designed an XCI assay specifically targeting several recurrent
MECP2 mutations.
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Figure 8. XCI assays outline. A) Androgen receptor assay. DNA samples are digested
with a methylation-sensitive restriction enzyme that targets the palindromic sequence CCGG,
which will only be cut when not methylated. PCR amplification is therefore only possible in
unmethylated sequences (originating from the inactive X chromosome), and the resulting
PCR products are quantified by analysing the area under the curve obtained in fragment
analysis before and after enzymatic digestion, allowing to calculate XCI ratio. B) Allele
Specific assay. Restriction enzyme digestion is performed as abovementioned. In this case,
specific primers are designed for each MECP2 mutation and two PCR reactions, one for each
allele, are performed separately. The resulting PCR products are also quantified by fragment

analysis before and after digestion for XCI ratio calculation.

78



Results and Discussion — Chapter 1

Given that the MECP2 gene also contains the palindromic sequence CCGG, we
have developed an allele-specific XCl assay on the loci of several recurrent MECP2
mutations based on the digestion with the same methylation-sensitive enzyme. This
assay allows for evaluation of the XClI pattern while considering which is the mutant,
and which is the wild-type allele (XCI-AS; Figure 8B). We designed allele-specific
PCR primers for each mutation, with the mutated nucleotide in the 3’ end and
containing a mismatch one or two nucleotides upstream to prevent the amplification
of the other allele (Table 4, Material and Methods). The use of allele-specific PCR
primers to selectively amplify only the wild-type or the mutant MECP2 allele allows

for specific quantification after fragment analysis.

We compared the results from both assays, the XCI-AR and the XCI-AS (Figure 9).
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Figure 9. Comparison of XCI patterns with the two assays: androgen receptor and
allele-specific. Samples with skewed XCI (80:20 or higher) according to at least one assay
were coloured in red. The correlation between the two assays is depicted by the grey line (r

= 0.3, p-value < 0.001).

Although the concordance is limited, there is a significant correlation between the
results of both assays (r = 0.3, p-value < 0.001). Differences between the XCI
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patterns obtained by both assays may be explained because in each of them the
methylation status is only analysed at a single locus, and the methylation of a single
cytosine residue may not be representative of the inactivation status of the entire X
chromosome?52253_ Different studies have shown that when methylation is assessed
in several loci of the X chromosome, the calculated XCl ratios can vary, with different
of up to 27%2%22%3, Therefore, the use of several loci for characterising XCl would

indicate the true XCI pattern more consistently?°2.

The XCI-AS assay allowed us to describe XCI patterns of patients previously
classified as noninformative by the classical XCI-AR assay and to identify which
MECP2 allele (WT or mutated) was preferentially inactivated in cases of skewed
XCI pattern.

We recruited 221 patients to study XCI patterns in blood and to collect clinical data
for the calculation of CSS according to the Pineda scale (Table 3, Material and
methods). For each patient, we performed the classical XCI-AR assay and the
corresponding XCI-AS assay when blood samples were available (174/221
patients), and we calculated the CSS when clinical data were available (181/221
patients). In agreement with literature, we established an 80:20 ratio for considering
an XCI pattern as skewed®2%4, The entire list of XCI results and clinical scores for

all patients can be found in Table S1 (Annex 1).

The vast majority (more than 90%) of patients presented a random pattern of XCI
(Table 10). Only 17 (9.8%) showed a skewed XCI pattern (80:20 or higher), which
is similar to what was found in other studies?®>2%. Different studies have found a
considerably higher incidence of skewing, up to 43%, among RTT patients?*”. Some
authors claim that most of the patients who meet diagnostic criteria for RTT have a
random XCI pattern, while those with skewed XCI patterns may not meet all the

criteria and therefore are not included in RTT studies?®.
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Mutation Class MeCP2 region Skewed XCI | % Skewed XCI
¢.455C>G (p.Pro152Arg) Missense MBD 0/6 0%
c.473C>T (p.Thr158Met) Missense MBD 0/33 0%
¢.502C>T (p.Arg168*) Nonsense | IDR 5/29 17.2%
€.674C>G (p.Pro225Arg) Missense TRD 0/2 0%
c.763C>T (p.Arg255%) Nonsense | TRD 4/36 1.1%
¢.806delG (p.Gly269fs) Frameshift | TRD-NLS 111 9.1%
¢.808C>T (p.Arg270*) Nonsense | TRD-NLS 4/20 20%
c.880C>T (p.Arg294*) Nonsense | TRD 1/20 5%
c.916C>T (p.Arg306Cys) Missense TRD 115 6.7%
Large deletions Deletion Exons 3-4 1/2 50%
All - - 17/174 9.8%

Table 10. Skewed XCI. Proportion of patients per mutation with skewed XCI pattern
according to at least one of the two techniques used for assessing XCI (XCI-AR and XCI-AS).

Interestingly, the percentage of patients in our cohort with skewed XCI patterns
varied across different types of mutations (Table 10). No patients with p.Pro152Arg,
p.Thr158Met or p.Pro225Arg mutations showed skewed XCI patterns in either XClI-
AR or XCI-AS. Skewed XCI patterns were more common in RTT patients with
deletions, nonsense, and frameshift mutations than in those with missense
mutations, and mutations that produce a truncated protein tend to result in a more
severe phenotype than missense mutations?®’. This relationship between XCI and
mutation type could reflect a protective effect related to the severity of the mutation.
It is possible that mutations producing a less functional, truncated protein (deletions
and nonsense mutations) cause cells to preferentially inactivate the X chromosome
harbouring the mutation. It has been shown that skewed XCl can be the
consequence of a selective advantage of cells with a particular active X
chromosome proliferating faster than cells where the other X chromosome is
active”81:2% This type of skewing has been described in up to 50% of familial cases
of X-linked mental retardation disorders?°.

Despite the higher tendency to present skewed XCI in patients with nonsense

mutations and large deletions, we did not observe a consistent preference for the
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inactivation of the wild-type or the mutant allele when analysing cases with skewed
XCI (Table 11).

Patient | Variant Class XCI-AR XCI-AS CSS | Z-score
P47 ¢.502C>T | p.Arg168* Nonsense | n.i. 81:19 13 0.01
P60 ¢.502C>T | p.Arg168* Nonsense | 84:16 28:72 16 0.88
P68 ¢.502C>T | p.Arg168* Nonsense | 75:25 15:85 NA NA
P70 ¢.502C>T | p.Arg168* Nonsense | 85:15 35:65 NA NA
P74 ¢.502C>T | p.Arg168* Nonsense | 81:19 55:45 NA NA
P83 c.763C>T | p.Arg255* Nonsense | 85:15 57:43 NA NA
P84 c.763C>T | p.Arg255* Nonsense | 87:13 55:45 13 -0.68
P85 c.763C>T | p.Arg255* Nonsense | 80:20 28:72 14 -0.37
P107 c.763C>T | p.Arg255* Nonsense | 87:13 68:32 11 -1.3
P139 ¢.806delG | p.Gly269fs Frameshift | 82:18 58:42 NA NA
P143 ¢.808C>T | p.Arg270* Nonsense | 97:3 16:84 18 0.86
P144 ¢.808C>T | p.Arg270* Nonsense | 84:16 21:79 NA NA
P145 c.808C>T | p.Arg270* Nonsense | 81:19 30:70 9 -1.47
P146 ¢.808C>T | p.Arg270* Nonsense | 80:20 73:27 13 -0.44
P191 ¢.880C>T | p.Arg294* Nonsense | 89:11 49:51 NA NA
P195 c.916C>T | p.Arg306Cys Missense 89:11 60:40 9 -0.76
P220 Deletion Deletion 88:12 7:93 NA NA

Table 11. XCl and CSS results for patients with skewed XCI according to at least one of
the two assays. The XCI-AR column shows the results of the AR XCl assay (percentage of
inactivation of each allele). The XCI-AS column shows the results of the allele-specific XCI
assay (percentage of inactivation of WT:Mut alleles; mean of two to three replicates). The
CSS is shown when available, next to the Z-score of each CSS value with respect to the

mean CSS for patients of our cohort with each variant.

Skewed proliferation could explain some cases, such as several patients with
p.Arg168* (P60, P68, P70; Table 11), p.Arg255* (P85; Table 11), and p.Arg270*
(P143, P144, P145; Table 11) mutations. The most extreme case would be that of
patient P220 (Table 11), who had a large deletion in MECPZ2 and showed a skewed
XCI pattern (88:12) by the XCI-AR assay. In this patient, the XCI-AS assay

confirmed an extremely skewed XCI pattern and that the preferentially inactivated
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allele was the mutated allele at a ratio of 7:93 (WT:Mut). However, there were other
patients with these same mutations and with skewed XCI according to the XCI-AR
assay who showed a preferential inactivation of the WT allele when the XCI-AS
assay was performed, such as P146 (Table 11). Patient P47 (Table 11), who was
noninformative for the XCI-AR assay, also showed a preferential inactivation for the
WT allele when the XCI-AS assay was performed. These last patients do not support
the abovementioned hypothesis.

In order to test for significant differences in CSS in patients with skewed XCI patterns
with respect to the average CSS of patients with the same mutation, we calculated
Z-scores, that represent the number of standard deviations from each CSS value to
the population mean. We found no significant differences between CSS in patients
with skewed XCI patterns when comparing to the average CSS of patients with the
same mutation (|]Z-score| < 2), and most patients were included in the central 68%

of individuals in a normal distribution (|Z-score| < 1) (Table 11, Figure 10).

We found no consistent increases or decreases in the CSS of RTT patients with a
preferential inactivation of the WT and mutated alleles in blood samples (Figure 10)
and no substantial correlation between the XCI patterns in blood and the clinical
presentation of RTT according to the CSS scale (Figure 11).
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Figure 10. CSS distribution by MECP2 variant. Boxplots of CSS values for each specific
mutation, where each dot represents one patient. Coloured dots correspond to patients with
skewed XCI patterns according to at least one of the two XCI assays (green for patients with
preferential inactivation of the WT allele and red for patients with preferential inactivation of

the mutated allele).
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Figure 11. Correlation analysis between inactivation of the MECP2 mutated allele and
CSS. Scatter plots of CSS and degree of inactivation of the mutated allele, where each dot
represents one patient and coloured dots correspond to patients with skewed XClI patterns
according to at least one of the two XCI assays (green for patients with preferential
inactivation of the WT allele and red for patients with preferential inactivation of the mutated
allele). The grey lines represent a linear model attempting to correlate the inactivated fraction

of the mutated allele and the CSS (not significant).

In order to determine if blood could be an accurate predictor of brain XClI status, we
assessed XCI patterns in several brain regions of two patients with the c.763C>T
(p-Arg255*) mutation and compared them to the results obtained in blood samples
(Table 12). Although no samples showed skewed XCI by either assay, there was no
clear homogeneity among blood and brain samples, and although small, there were
also differences in the XCI patterns between different brain regions of the same
patient. Some samples, such as the frontal cortex or the white matter samples of
patient P109, showed an XCI pattern closer to the skewing threshold than other
regions, such as the cerebellum, of the same patient. In patient P119, most samples

were close to the random XCI pattern, but the temporal cortex sample showed an
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XCIl pattern closer to the skewing threshold. The consequences of having
heterogeneous XCI patterns in different brain regions could potentially contribute to
the wide spectrum of RTT phenotypes, given that RTT is not characterised by a

dysfunction in a specific brain area but rather impacts the entirety of the brain.

Patient P109 (CSS = 20) Patient P119 (CSS = 19)

Brain region XCI-AR XCI-AS Brain region XCI-AR XCI-AS
Frontal Cortex 65:35 26:74 Frontal Cortex n.i. 48:52
Occipital Cortex 58:42 59:41 Occipital Cortex n.i. NA
Parietal Cortex 64:36 40:60 Parietal Cortex n.i. 56:44
Temporal Cortex 60:40 32:68 Temporal Cortex n.i. 73:27
White matter 59:41 23:77 White matter n.i. 46:54
Brain stem 59:41 31:69 Brain stem n.i. 38:62
Striatum 61:39 51:49 Striatum n.i. 50:50
Cerebellum 55:45 43:57 Cerebellum n.i. 50:50
Blood 73:27 64:36 Blood n.i. 34:66

Table 12. XClI patterns in blood and several brain areas in patients with the c.736C>T
mutation. The XCI-AR column shows the results of the XCI androgen receptor assay
(percentage of inactivation of each allele), and the XCI-AS shows the results of the XCI allele-
specific assay (percentage of inactivation of each allele, WT:Mut). n.i. = polymorphism

noninformative for the assay. NA = data not available.

It has been observed that XCl patterns can vary among different tissues?532%'. Blood
is particularly prone to XCI skewing, because of the proliferation of different clones
of lymphocytes under different conditions?522, |n fact, blood XCI patterns have
shown variations at different time points in different studies®. For two of the patients
included in the study (P9 and P199; Table S1, Annex 1) we compared two different
blood samples from different extractions. Both patients showed some differences in
the results of the XCI assays in the two extraction samples. Therefore, blood XCI
patterns may not accurately reflect the XCl landscape in other organs and tissues

such as the brain.

We observed that XCI patterns in blood and different regions of the brain are not

necessarily homogenous. Therefore, if RTT symptoms are caused mainly by the
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lack of MECP2 function in the brain, it is expected that the severity of the phenotype
will be more related to the XCI pattern in the brain than to the XCI pattern in the
blood, explaining the lack of a direct correlation between the XCI patterns in blood

and the clinical presentation of RTT.

RTT symptoms arise from a loss of function of MECPZ2 in neurons, and the severity
of the male phenotype points towards a dose-dependent mechanism of action of
MECP2%3%25% |t s possible that in females, slight deviations from random 50:50 XCI
ratios do not cause sufficient changes in the levels of the mutant MECP2 in the brain
to be translated into a different phenotype. It is possible that the effect is only
remarkable in extreme cases, such as some familial cases of RTT, in which a healthy
mother with extremely skewed XCI can be a carrier of a pathogenic mutation
responsible for causing RTT in her offspring, although she remains asymptomatic
84258.263.  Some authors have claimed that these familial cases of RTT are only
possible due to the presence of two coincident traits: RTT and the trait for skewed
XClI, which would be genetically determined, and would therefore not be caused by

a selective proliferation of cells expressing the WT allele 8084,

Finally, we analysed RNA samples from frontal and occipital cortex of the two RTT
patients with the c.763C>T (p.Arg255*) mutation. We checked if we could detect an
overrepresentation of one of the alleles by Sanger sequencing of cDNA samples
obtained by RT-PCR (Figure 12A). In cDNA samples from patient P109, the T allele
(mutated allele) was overrepresented, while in samples from patient P119, the C
allele (WT allele) was overrepresented. However, both patients presented a severe
form of RTT, with CSS of 20 and 19, respectively.

cDNA sequencing analysis seemed to indicate that one allele was more frequently
present than the other, although these results were not conclusive since Sanger
sequencing is not a quantitative technique. We later confirmed our findings in the
frontal cortex samples by RT-qPCR, a proper quantitative technique for quantifying
RNA levels (Figure 12B). We confirmed that in samples from patient P109, the
mutated allele was overrepresented, while in samples from P119, the WT allele was
overrepresented. The XCI assay results showed inactivation patterns that did not
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reach the threshold to be classified as skewed in any of the two patients and regions,
and the expression levels of each allele did not correlate with XCI patterns (Figure
12B).
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Figure 12. MECP2 expression in brain samples. A) Sanger sequencing. Chromatograms
obtained by Sanger sequencing cDNA obtained from frontal and occipital cortex samples of
the two patients. At the mutated locus (c.763C>T) patient P109 shows a higher expression of
the mutated allele (T), while patient P119 shows a higher expression of the wild-type allele
(C). B) RT-gPCR and XClI ratio in frontal cortex. Bar plots showing the quantification of
allelic expression by RT-qgPCR (RNA exp), and XCI pattern by XCI-AS (Active X chr) in frontal

cortex samples of the same two patients.

The differences between XCI patterns measured and the levels of each allele
observed in Sanger sequencing and RT-gPCR could be due to RNA degradation in
the post-mortem interval. RNA degradation during life through the nonsense-
mediated mRNA decay (NMD) pathway would be unlikely since this MECPZ2 variant
affects the last exon of the gene. However, brain RNA levels of each allele seemed
to show discrepancies with the XCI patterns identified in our XCl assays. Some
authors have noticed discordances between the XCI pattern according to the XClI-

AR assay and the quantification of the AR gene expression 2%4. These discrepancies
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suggest, first, that the methylation assay may not always be representative of XCl

and, second, that gene transcript levels may be regulated by more factors than XCI.

The difference between the XCI pattern and the final RNA levels of each allele
suggests that the levels of MECP2 are not directly determined by the XCI pattern
and that there could be mechanisms other than XClI involved in regulating MECP2
transcript levels. There might be other genes involved in regulating MECP2
transcription and/or RNA degradation, causing changes in the final levels of
functional MECP2 #7. Therefore, XCI may not necessarily be determining the
severity of the clinical presentation of RTT, which would be more related to the levels
of functional MECP2 in the brain 433, Nevertheless, it is important to keep in mind
that we are measuring MECP2 transcript levels from bulk RNA. Since different cell
types have shown diverse transcriptional profiles in several studies, the levels of the
MECP?2 transcripts measured do not necessarily reflect these transcripts levels in

neurons relevant for RTT pathophysiology 25°.

Although one patient showed higher levels of MECP2 mutant transcript than the
other, the CSS of both patients was not dissimilar (20 vs 19). This score similarity
supports the hypothesis that slight deviations from a 1:1 ratio of each allele produce
little to no change in the RTT phenotype. It is possible that more consistent
differences would be noticeable if one allele was more prevalent than the other, such

as in asymptomatic carriers with an XCI pattern close to the 100:0 ratio.

In conclusion, our results show that the relationship between XCI and the severity
of the RTT phenotype is not straightforward. MECP2 transcript levels are
presumably regulated by factors other than XCI, such as genetic polymorphisms,
the expression of other genes, and environmental conditions, whose combination
and addition may influence the clinical presentation to a greater extent than solely
the XClI pattern in the brain. Therefore, probably only extremely skewed XCI patterns

affecting relevant cell types can produce significantly different phenotypes.
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Chapter 2. Consequences of MeCP2 deficiency for the

expression of GABAergic synapse proteins

Although MECP2 mutations are known to be the cause of RTT, the pathomechanism
downstream MeCP2 deficiency leading to RTT remains elusive. Although the
entirety of the brain is affected by MeCP2 deficiency, GABAergic neurons have
demonstrated to play a key part in RTT pathophysiology, since mice with a
conditional Mecp2 KO in GABA-releasing neurons have proved to recapitulate most
of the RTT phenotypes?®. Moreover, restoring Mecp2 expression specifically in
GABAergic neurons of Mecp2-null mice rescued many RTT features, suggesting
GABAergic modulation as a potential therapeutic option in RTT®. Based on these
previous reports supporting the contribution of GABAergic dysfunction in RTT
progression and the alteration of the expression of GABA receptors, we
hypothesized that MeCP2 disturbance might directly affect the density these
receptors, rather than such an altered expression being a secondary effect of an
overall GABAergic dysfunction®-26¢,

Fast GABAergic neurotransmission is mediated by GABA ionotropic receptors
(GABAA). These are ligand-gated chloride (CI") channels consisting of five subunits
of eight subfamilies®’. Mechanistically, the activation of GABAA receptors allows for
a selective CI influx, triggering a hyperpolarization of the postsynaptic neuron that
reduces its likelihood of starting an action potential®®®. Among the multiple
stoichiometric combinations of the heteromeric GABAa receptors, a1-p2-y2 is the
major molecular combination, with the a1 subunit being present in over 60% of

GABAAx heteromers and being widely expressed in brain areas.

To test whether MeCP2 expression could directly affect the levels of these proteins,
we studied the expression pattern of GABAergic ionotropic receptors upon Mecp2
knockdown in cellular models. First, we used Neuro2a (N2A) mouse neuroblastoma
cells transfected with a shRNA-anti-3'UTR Mecp2 plasmid (shRNA) to knock-down

endogenous mouse Mecp2 (mMecp2) expression. On this knocked-down
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background, we assessed the effects of co-transfecting these cells either with a
plasmid expressing the WT human MECP2 (WT-hMECP2) or with a plasmid
expressing a human MECP2 harbouring the pathogenic ¢.763C>T variant (Mut-
hMECP2).

First, we evaluated the efficiency and specificity of the Mecp2 expression
interference. For this, total RNA was isolated from the cells under the four scenarios
analysed: untransfected, transfected only with shRNA, and co-transfected either
with shRNA and WT-hMECP2 or Mut-hMECP2. The shRNA was designed to
specifically target mMecp2, while the hMECP2 was predicted to be insensitive to its
knock-down effects. The system was proven to be reliable, as the endogenous
mMecp?2 levels were drastically reduced upon transfection of N2A cells with the
shRNA vector, while exogenous expression of the human isoform, however, was not
affected by the shRNA co-expression (Figure 13A).
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Figure 13. Validation of the inhibition/re-expression system. Bar graph representing the
relative expression of (A) mouse Mecp2 (m-Mecp2) and (B) human MECP2 (h-MECP2),
measured by RT-gPCR under the four transfection scenarios (non-transfected cells (N2A),
transfected with the shRNA-anti-(3'UTR)Mecp2 (shRNA), and co-transfected with the shRNA-
anti-(3’'UTR)Mecp2 and either WT or ¢.763C>T mutated MECP2 carrying plasmids. Error bars
represent the standard deviation of the average values. Statistical significance was calculated

through an unpaired two-tailed Student’s t-test (*** p-value < 0.001).

The amplification with specific h(MECP2 primers revealed an increased expression
only upon transfection with the WT-hMECP2 vector. While the shRNA has
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demonstrated specificity for the mMecp2 transcript, the exclusivity of the hMECP2
detection cannot be ensured, as endogenous mMecp2 is amplified in the
untransfected N2A cells using the hMECPZ2 primers (Figure 13B). Given that the
human and mouse MeCP2 are identical in almost 90% of their sequence, we
assume we are detecting undesired amplification due to cross-binding between the
mouse and human forms. While the forward primer binds to a sequence similar in
90% of both forms (19 out of 20 bases), the reverse primer was designed to only
bind the human transcript but is still producing some degree of undesired

amplification.

Under basal conditions, the transcript encoding for the major GABAa receptors
subunit (mGabra1) was not detectable in N2A cells. Remarkably, the target was
amplified upon transfection with the plasmid carrying the WT form of hMECP2
(Figure 14A), supporting a positive relationship between MeCP2 and Gabrat

expression.

Noteworthy, the GABAa receptor subunit expression was undetectable upon
transfection with the plasmid containing Mut-hMECP2. The expression of the
remaining principal GABAa subunits, Gabrb2 and Gabrg2 was also increased in the
presence of WT-hMECP2 but not Mut-hMECP2 (Figure 14B and C). These results
point towards a role of MeCP2 as a positive regulator of the most common GABAa

subunits.

We then assessed the effects of MeCP2 deficiency on another gene reported to be
affected in RTT patients, Slc12a5%%°. Slc12a5 is the gene encoding the KCC2
protein, a neuron-specific potassium-chloride symporter responsible for the
maintenance of intracellular chloride concentrations. Interestingly, Slc12a5
expression did not appear to be affected by MeCP2 inhibition (Figure 14D),
suggesting that both alterations affecting the same synapse can occur through

different mechanisms.

In order to evaluate the identified MeCP2 positive regulatory effect on the GABAa
receptor expression in dendritic processes, primary cultures of WT murine cortical
neurons were established. Following shRNA-mediated MeCP2 silencing, the

expression of mGabra1 was assessed.
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Figure 14. In vitro analysis of MeCP2 altered activity over GABAergic synapse proteins.
Bar graph representing the relative expression of (A) mouse Gabra1 (m-Gabra1), (B) mouse
Gabrbr2 (m-Gabrb2), (C) mouse Gabrg2 (m-Gabrg2) and (D) mouse Sic12a5 (m-Slc12a5),
measured by RT-gPCR under the four transfection scenarios (non-transfected cells (N2A),
transfected with the shRNA-anti-(3'UTR)Mecp2 (shRNA), and co-transfected with the shRNA-
anti-(3’'UTR)Mecp2 and either WT or ¢.763C>T mutated MECP2 carrying plasmids. Error bars
represent the standard deviation of the average values.

Primary cortical neurons were transiently co-transfected at day in vitro 7 (DIV7) with
either the shRNA or a mock plasmid, together with a pcDNA-EGFP vector in a 1:7
ratio, allowing for the identification of shRNA-transfected neurons. An
immunofluorescence analysis was performed in the early mature primary neuronal
cultures (DIV11), showing a complete lack of Mecp2 detection in shRNA-(GFP-

positive) transfected neurons (Figure 15A), and thus validating the inhibition system.
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Figure 15. Immunofluorescence analysis of MeCP2, GABRA1, and KCC2 expression in
cortical primary neuronal cultures. Cells were transfected with either GFP and mock DNA, or
GFP and shRNA-anti-(3'UTR)Mecp2. Images show neurons at DIV11. Images were taken at
63x with constant time of exposure. Transfected neurons were labelled with anti-GFP and
anti-Mecp2 (A). For the GABRA1 and KCC2 immunostaining (B), different neurons are
shown. The quantification of the mean GABRA1 immunosignal in mock and shRNA
transfection conditions is shown in the bar graph. N=10 different neurons, from two

independent cultures. ** p-value < 0.01.

When we next evaluated the GABAA-A1TR expression on the silenced neurons, we
observed a severe decrease in the detection in the GFP-positive neurons, compared
with the cultures transfected with GFP and mock vector (Figure 15B), considered as
the control conditions. The mean detection on the GABRA1 marking was 37%
compared with the control conditions. These results are complementary to the N2A
cells observations, as both support a positive and straightforward relationship
between MeCP2 and GABAA-A1 receptor expression.
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As RTT is a neurodevelopmental disorder, we aimed to evaluate these gene
expression changes in different evolutionary stages. Thus, we evaluated the
GABAergic synapse proteins expression in the cortex of mice at pre-symptomatic
and symptomatic stages (one and six months, respectively). We used female
Mecp2*- heterozygous mice from the Bird strain, a RTT mice model that
recapitulates RTT-like abnormalities 27°. Western blot analysis revealed a significant
decrease of GABAA-A1 at a young, pre-symptomatic stage (one month old), while
no significant differences were detected between RTT and control mice at the

symptomatic stage (six months old) (Figure 16A, B and C).
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Figure 16. Developmental expression analysis of GABAergic proteins in the Mecp2-/+
mouse brain cortex. Representative western blot analysis of MeCP2, GABA-A1R, KCC2
and GADG7 expression in the cortex of female RTT and control mice. Vinculin was used as a
loading control. (A) Expression in p33 pre-symptomatic mice (control and pre-symptomatic
RTT mice). (B) Expression in six-months old mice (control and symptomatic RTT mice). Both

western blots (A, B) are cropped stripes of two different membranes each, and were
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incubated with each antibody separately. Each lane is a different animal. (C, D, E, F)
Quantification of protein expression detected by western blot. Relative protein western blot
quantification. Data shown as mean + standard deviation. The asterisk (*) represents
statistical significance (p < 0.05) in the unpaired two-tailed t-test comparing the means of RTT

vs control mice in each developmental stage.

To contextualise this difference between the prodromic stages and considering
whether it was a GABAa-A1 receptor subunit specific variation or a generalized
GABAergic synapse downregulation, we analysed the expression of two other
proteins in the same conditions: the abovementioned potassium-chloride
cotransporter KCC2 and GADG67, the enzyme that catalyses the decarboxylation of
glutamate to GABA and CO2, which is widely used as a GABAergic marker. A
decreased expression of KCC2 was observed only in the pre-symptomatic stage,
suggesting a generalized decrease of the GABAergic function without a decrease in

GABAergic neuronal population (Figure 16A, B, D and E).

As a control, the MeCP2 expression was assessed in the same samples and
appeared to be lower in all the RTT samples, regardless of the disease stage (Figure
16A, B and F).

These findings are in line with what we observed in the in vitro models, and suggest
an important component of development in RTT, showing that there are gene
expression changes throughout development and that MeCP2 may act differently at

different time points of the disease.

In order to study the potential translation of our previous findings onto RTT patients,
we then profiled the expression of the genes implicated in the GABAergic pathway
in brain samples of two RTT patients with the ¢.763C>T MECP2 mutation. We used
a sample of a patient with a different neurological disease as an internal RNAseq
technical control and publicly available data to assess biologically differential
expression. The internal RNAseq control was a patient with a neurological pathology
with a non-genetic basis, which was not related to RTT and was age-matched to our

RTT patients (who were 10 and 15 years old at exitus). We used this sample to
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validate RNAseq results, making it possible to confirm by RT-gPCR the accuracy of

the expression data obtained.

We analysed gene expression of all genes in the GABAergic pathway according to
KEGG Pathway Database (n = 108, map04727). We found that 27% of genes were
differentially expressed when compared to the internal control, among which we
found the abovementioned subunits of the GABAa receptors: GABRA1, GABRB2
and GABRG2. From these results, we chose a subset of genes (n = 22) to validate
the RNAseq results by RT-gPCR (Figure 17).
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Figure 17. RNAseq vs RT-gPCR results for a subset of genes involved in the GABAergic
synapse and MECP2. Comparison of RNAseq vs RT-qPCR results for each gene, as relative
quantification (RQ) of RTT samples vs our internal RNAseq technical control. RPLPO and
GUSB were used as endogens for data normalization in RT-gPCR. Triplicates of each sample
and target were run, and results were averaged for both endogens (standard deviation shown
by error bars). Statistical significance was calculated using an unpaired two-tailed Student’s
t-test (* p < 0.05).

We chose genes that were differentially expressed (p-adjusted < 0.05) with a
remarkable effect size (JFold Change| > 2) between RTT patients and the internal
control in RNAseq. This validation subset included the abovementioned GABRAT,
GABRB2 and GABRG2. RT-gPCR data confirmed the expression changes obtained
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in RNAseq for most part of the genes analysed including GABRA1, GABRB2 and
GABRG2, all of which showed overexpression in RTT patients compared to the
internal control (Figure 17).

Upon the validation of the RNAseq experiment, and given that we only had one
control brain for differential expression analysis, the raw data from RTT patients
were compared with RNAseq data from control individuals available at GTEx
Portal?’!. We compared our data with data derived from five controls (two females
and three males) aged 20-29, being the closest age-matched group to our patients.
Gene expression was normalized with the housekeeping gene RPLPO to allow for

the comparison between internal and public data.

The transcripts encoding for the major GABAA receptor subunits and the potassium-
chloride transporter KCC2 were slightly increased in RTT samples compared with
controls (Figure 18). As expected from western blot studies, GAD6G7 levels remained

unaltered compared with controls.
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Figure 18. Expression of GABAergic synapse genes in human brain. Boxplots of
RNAseq normalised counts of (A) GABRA1, (B) GABRB2, (C) GABRG2, (D) SLC12A5, (E)
GAD1 (GADG67), and (F) MECP2, using a housekeeping gene (RPLPO) as a reference in
cortex samples of our intra-assay control (Control), publicly available controls from GTEx
(GTEX) and patients with RTT (Rett).
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Many studies have reported that the excitatory/inhibitory (E/I) balance and
GABAergic inhibition are largely disturbed in RTT, and this malfunctioning affecting
several brain regions could give rise to a number of neurological symptoms, such
as motor dysfunction, abnormalities in breathing patterns and seizures, all common
manifestations of RTT4%:272,

Previous studies have explored the effects of MECP2 deficiency on GABAergic
synapses 9273274 An increased MeCP2 expression in GABAergic neurons has
been reported, and a reduced GABA release was reported upon MeCP2 knocking
out in forebrain GABAergic neurons 275. This positive relationship has been
observed in other neuron types and brain areas, such as CA3 hippocampal neurons
or brainstems?’3. Moreover, the restoration of MeCP2 expression exclusively in
GABAergic neurons was demonstrated to be sufficient to rescue some disease
features in a mouse model of RTT?76. One study even suggested a time-dependent

alteration in GABAergic neurotransmission in Mecp2-deficient male mice?’.

In the present study, we have evaluated how alterations in GABAergic synapse
proteins were occurring during development, setting the focus on the pre-
symptomatic stages of RTT. We have observed a direct relationship between the
MeCP2 altered expression and GABAergic receptors disruption that is strongly
dependent on the prodromic stage of the disease, which will set the focus on the

time frame as a key factor when evaluating therapeutic options.

Previous studies pointing out a relationship between GABA receptors and MeCP2
had been done in the context of whole brain models analysis, so it remained unclear
if the potential decrease in GABA receptors was strictly related to MeCP2 expression
or was a secondary effect to global dysfunction. The results we obtained in in vitro
models where MeCP2 expression was silenced and posteriorly re-expressed
strongly suggest a direct relationship between MeCP2 and the expression of post-
synaptic GABA ionotropic receptors, rather than this being a secondary effect of an
overall altered homeostasis. Moreover, the fact that the Mut-hMECP2 vector was
not able to induce the same expression changes observed with the WT vector
suggests that this is one of the consequences of MECP2 malfunctioning due to RTT-

causing mutations and that may contribute to the disease pathomechanism.
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Opposite to that, we found that the KCC2 expression was unaltered in the presented
scenario. KCC2 is a potassium-chloride channel, essential for GABAergic correct
functioning, and described to be downregulated in RTT 2%°. The fact that its
expression was not significantly altered by MeCP2 inhibition suggests that such an
altered regulation is more related to the pathophysiology of the disorder rather than
to the straightforward MeCP2 mutations. In fact, it has been well described how the

KCC2 expression and function is, indeed, regulated by the GABA function itself

277,278

To evaluate different prodromic stages of the disease, we used female RTT mice,
with a null Mecp?2 allele and a WT allele, as they better recapitulate the disorder
pathophysiology and reproduce the cases of patients with RTT, who are mostly
female?”®. We focused our analysis on the following three proteins: GABAA-A1R,
KCC2 and GADG67. The first two proteins were selected because of the previous
observations, and because they have been proven to be not only crucial in RTT
development, but also potential actionable targets of the disease 22%28'. Qur results
showed a markedly reduced expression of GABAA-ATR and KCC2 in pre-
symptomatic mice, while the GAD67 population (used as a marker for GABAergic
neurons) remained unaltered. These results suggest a reduced GABAergic activity
without the affectation of the GABAergic general population, which are aligned with
the previously described results. We did not observe any reliable difference in these
proteins’ expression in fully symptomatic mice, enhancing the importance of the time
frame when addressing RTT. The variability in KCC2 expression, and its activation
through phosphorylation, is a field that further studies should explore, especially
under the recent scenario in which KCC2 is being addressed as a therapeutic target
280, Preliminary results have pointed towards an over-phosphorylation of KCC2 in
symptomatic mice, drawing a scenario in which KCC2 will be under expressed in
early pre-symptomatic stages and inactivated in symptomatic phases — again,
shaping different therapeutic strategies on different prodromic stages. KCC2
activation and membrane diffusion has been related with GABAergic activity itself,

increasing its therapeutic interest?’7:278,

Completing the observed results, we analysed the aforementioned targets in two

RTT patients’ necropsied brains. Backing up our previous description, the results
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showed an even enhanced expression of GABAA-A1R and KCC2, without
alterations on GADG7. The overall analysis of the GABAergic pathway showed a
slightly increased expression of almost all the implicated genes. These results
confirm the previous findings, pointing towards the importance of pre-symptomatic
damage. These results agree with the dataset reported by Renthal et al. 282, An
increasing body of evidence pointing towards the importance of early intervention
has been reported in the last few years, raising awareness of subtle signs displayed
by RTT patients in early stages of development that will probably be accompanied

by significant molecular alterations?33,

Despite the limitations of the RNAseq experiment in post-mortem brain samples of
RTT patients, this constitutes a novel approach with the potential to unravel many
molecular alterations involved in RTT pathophysiology. Given the rareness of RTT,
post-mortem brain samples of RTT patients ware extremely uncommon, and this
type of transcriptomic studies is yet infrequent. To date, only four transcriptome-level
studies in RTT have used patients post-mortem brain samples; three of them were
carried out with microarray technology and only one employed RNAseq 8284, There
is a huge variation in the samples used in these studies (different brain regions,
mutation types and age groups), complicating the task to conduct a proper meta-
analysis of their results. Our decision to compare our samples with publicly available
controls was motivated by the lack of true healthy biological control samples. Results
found with this approach will need to go through further validation and replication
studies when more samples become available, but they can serve as starting point
in the search for candidate genes to become potential therapeutic targets for RTT.
To overcome the dependence on healthy controls, one study employed single-cell
RNAseq technology, where neurons expressing the mutated MECP2 allele were
compared to those expressing the wild type copy, disregarding the need of external
controls 282, Even though cells expressing the wild type MeCP2 may be influenced
by surrounding cells expressing the mutated MeCP2 allele, they serve as an
expression control with the advantage of sharing the same genetic background as
mutated cells and thus eliminating variability in expression because of that fact.

Furthermore, these types of studies can elucidate cell-type-specific effects of
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MeCP2 dysfunction, which would allow to better profile the pathomechanisms

behind neuronal dysfunction in the RTT brain.

Some reports have provided neurophysiological evidence of temporal alterations in
GABAergic dysfunction during development in RTT 28, MeCP2 is involved in
neuronal maturation, through influencing synaptogenesis and establishment of
functional circuits “°. However, additional evidence indicates that MeCP2 also has
an important function in the stabilization and maintenance of mature neural
networks, since its conditional KO in adulthood in a mouse model recapitulates most
RTT features?®. Also, in a mouse model in which Mecp2 was silenced by insertion
of a lox-stop cassette, a conditional reactivation of Mecp2 in adulthood rescued the
RTT phenotype, suggesting that the lack of Mecp2 during development does not
permanently damage neurons “. Increasing evidence suggests that MeCP2 has
diverse and distinct roles in all stages of brain development and maintenance, and
it could carry out its different functions through distinct gene expression changes
throughout development*4. MeCP2 has spatiotemporally diverse effects in different
brain regions, stages of development and cell types, and the importance of each
effect for cellular dysfunction might depend on the type and state of the cell #%°. As
recent studies reveal that neurological features in RTT mouse models are reversible,
even at late stages of disease progression, a treatment applied to RTT patients

could reasonably improve their condition 8.

Diverse downstream effects of MeCP2 at different time points could explain the
different levels of GABA ionotropic receptors expression in our experiments. MeCP2
may be involved in positively regulating their expression in early stages of
development, while it might not carry on with this function later, when its role is more

involved in neural circuit maintenance than in development.

Most GABAA receptor coding genes are clustered in four chromosomal regions in
chromosomes 4, 5, 15 and 19%%7. These subunits comprising the pentameric GABA
receptor formation have a coordinated expression, and as revealed by human brain
transcriptome analysis, this produces a subject and region-specific expression
signature of GABAA receptor subunits?®28° Further studies should be made to
elucidate whether MeCP2 acts as a transcriptional regulator of these clusters, the

mechanisms through which this regulation takes place, and the time during
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development. The differences in expression levels of GABA receptor subunits at
different time points of disease progression reinforces the idea of time-dependence
in the MeCP2 control of the GABAergic cluster during the specific developmental

stages.

Inhibitory dysfunction is a major feature of RTT, so its treatment seems a feasible
approach to improving RTT patients’ condition*°. Currently, there is an antiepileptic
drug called Vigabatrin which increases GABA levels that is already FDA-approved
for use in epilepsy syndromes and clinical trials for RTT are underway?°. As MeCP2
may have very diverse targets, it is unlikely that restoring the function of a single
pathway can revert all RTT symptoms. However, given the implication of the
GABAergic function in the RTT phenotype, targeting the GABAergic pathway is still
a good approach as Mecp?2 re-expression only in inhibitory neurons in Mecp2-null

mice rescued motor coordination deficits*°.

Our results suggest a potential implication of MeCP2 as a positive regulator of GABA
receptors expression in early stages of RTT. The lack of the most common subunit
of the GABAA receptor in a MECP2 deficient environment is one of the potential
causes of the alteration of GABAergic neurotransmission in RTT. Therefore, early
GABAergic modulation in RTT may represent a promising therapeutic strategy.
According to our findings, the time window of intervention would be critical, which
raises awareness of the importance of the stage of disease when trying to identify
potential therapeutic targets for RTT
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Chapter 3. Identification of molecular signatures and
pathways involved in RTT-spectrum disorders using

fibroblast cell lines and a multi-omics approach

One of the drawbacks in studying the downstream molecular effects of MeCP2
dysfunction is the lack of accessibility to patient samples of the primarily affected
tissue, the brain. The most accessible surrogate tissues to characterize molecular
alterations are blood and skin fibroblasts. Fibroblasts have demonstrated greater
consistency in gene expression studies and express more OMIM and neurologically
relevant genes compared with whole blood'®2°!, Therefore, we considered using
primary fibroblast cell cultures obtained from skin biopsies to characterize the
molecular landscape in a MeCP2-deficient, patient-derived context, employing a
multi-omics approach integrating transcriptomic and proteomic data. To this end, we
recruited 22 patients with RTT and MECP2 mutations, 12 patients with RTT-like
phenotypes and mutations in different genes, and 13 healthy controls to generate
primary fibroblasts cell cultures, which we subsequently studied by high-throughput

transcriptomics (RNAseq) and proteomics (TMT-mass spectrometry).
3.1.1. Cell culture quality control

An initial exploratory inspection of RNAseq data in which we interrogated the primary
sources of variation via principal components analysis (PCA) revealed a set of
samples, including patients and controls, far away from clustering with the rest
(Figure 19A). Intriguingly, some of the outlier samples were in fact technical
duplicates from samples that clustered within the main data cloud. The separation
of the outlier samples was mainly driven by PC1, encompassing approximately 25%
of variance, and strongly determined by the influence of mitochondrial respiratory
chain genes (Figure 19B). We hypothesised that those cell lines could have been
subject to higher oxidative stress conditions, therefore producing a stress response
and overexpressing mitochondrial respiratory chain genes?%.

Following these findings, we re-cultured the outlier samples and performed RT-
gPCR of five of these mitochondrial respiratory chain genes (MT-CO1, MT-CO2, MT-
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CYB, MT-ND4 and MT-ATP6) in the outlier samples before and after re-culture, and
we observed a normalisation of the expression levels of the mitochondrial

respiratory chain genes (Figure 19C).
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Figure 19. Principal Components Analysis (PCA). A) PCA was performed using the top
10000 variable genes (close to the total number of expressed genes). Samples separated
towards the negative values of the x axis (coloured in red) overexpressed many mitochondrial
respiratory chain genes with respect to the samples in the more uniform black cluster towards
the positive end, and this separation explained approximately 25% of the variance between
samples. Some of the genes contributing the most to the separation of samples along PC1
were mitochondrial respiratory chain genes. B) Representative scatter plots of some of the
mitochondrial respiratory chain genes primarily driving the separation along the x axis of the
PCA (PCH1). The y axis shows millions of normalized counts. Each dot corresponds to one
sample, and they are represented from left to right according to their ranking in expression

levels of each gene. C) Representative results of RT-gPCR in outlier samples before (red)

and after (black) re-culturing.
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These results proved that the aberrant expression of mitochondrial respiratory chain
genes was related to cell culture conditions and not to the inherent biology of the
cell lines. Therefore, all samples displaying an overexpression exceeding 1.5-fold of
the control values in two or more of the tested genes were excluded from analysis
and subsequently re-cultured and tested by RT-gPCR before re-sequencing to avoid

inaccurate results due to cell culture conditions.
3.1.2. Transcriptomic profiles in primary fibroblast cell cultures

To understand how many of the molecular alterations that we identify could be
extrapolated to neural tissues, we examined the similarity between the
transcriptomic profiles obtained from primary fibroblast cell cultures and those from
several brain areas. We used publicly available data from the GTEx project and
compared mean TPM (Transcripts per Kilobase Million) in fibroblast cultured cells
and 11 brain areas: amygdala, anterior cingulate cortex, caudate basal ganglia,
frontal cortex, cerebellar hemisphere, substantia nigra, hippocampus,
hypothalamus, nucleus accumbens basal ganglia, putamen basal ganglia and spinal
cord. 41% of brain-expressed transcripts are expressed in fibroblasts (TPM>0.5),
and more than 99% of transcripts expressed in fibroblasts correspond to genes with
some degree of expression in the nervous system (Figure 20). This indicates that
the vast majority of the data that we are analysing may be extrapolated to biological

processes occurring in the brain and may therefore reflect neurological phenotypes.
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Figure 20. A) Transcript expression levels in fibroblasts versus brain. B) Number genes

captured in RNAseq fibroblasts and all brain areas in GTEXx.
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3.1.3. Correlation of MeCP2 expression and phenotypic severity

We next evaluated MECP2 gene expression in RTT versus control fibroblasts.
Whereas there were no differences in expression levels in RNAseq data, we
observed a decrease in MeCP2 protein levels in RTT patients compared with control
fibroblasts (Figure 21A and B). Moreover, this decrease in MeCP2 protein
abundance was significantly correlated with an increase in phenotypic severity
indicated by higher Pineda CSS values?' (Figure 21C).
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Figure 21. A) MECP2 RNA expression levels measured by RNAseq data for RTT and control
individuals. B) MeCP2 protein expression levels measured by proteomics for RTT and control
individuals. C) Pearson’s correlation between the CSS of RTT patients and MeCP2 protein
levels (r = -0.56, adjusted R? = 0.28, p-value = 0.0122).

All these data suggest that primary fibroblast cell cultures are a suitable surrogate
tissue that can capture to a significant extent the consequences of MeCP2
deficiency in a patient-derived context, although away from the primarily affected
organ, and we therefore used the obtained data to profile the molecular landscape
in patients with RTT.

3.1.4. RNAseq validation

Given that RNAseq is a high-throughput technique, we validated some of the
findings to confirm the reliability of the obtained results. To this aim, we chose 21
genes that were called as differentially expressed in RTT samples versus controls
in RNAseq and performed RT-qPCR (Figure 22). All the analysed genes displayed
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Figure 22. RNAseq results validation by RT-qPCR. 21 genes that were prioritized as
significant in the differential expression analysis of the RNAseq data of RTT vs control
samples were tested by RT-gPCR. The y axis displays the relative quantification (RQ) of each
gene in RTT samples with respect to controls, and significance is denoted with asterisks (***
p-value < 0.001; ** p-value < 0.01; * p-value < 0.05; ns not significant).
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an expression change following the same direction (up or downregulated) in RT-
gPCR results compared to RNAseq, and 10 (48%) were also deemed significant (p-
value < 0.05). These results extensively validate the high-throughput findings and
we therefore carried on with the downstream analysis of RNAseq data with no
further validation.

High-throughput analyses of RNA and protein profiles are efficient approaches to
extract a great amount of molecular data from biological samples. However, the
obtained data tend to be noisy and complicate the identification of robust gene
expression changes. Integrative multi-omics has the potential to distinguish the most
reliable targets from these analyses and can contribute to the understanding of the
pathomechanisms downstream MeCP2 deficiency and the identification of potential

biomarkers and therapeutic targets for RTT.
3.2.1. Differential expression and upstream regulator analysis

Differential expression analysis of patients with RTT carrying MECP2 mutations
versus healthy controls showed 3446 DEGs, 1713 upregulated and 1733
downregulated (Figure 23A). We subsequently used these DEGs as input for
upstream regulator analysis with ChIP-X Enrichment Analysis 3 software
(ChEA3)?%6, We inspected the top 40 ranked TFs searching for proteins that regulate
a large number of the identified DEGs, since they would potentially be driving some
of these transcriptomic alterations. The list of DEGs was significantly enriched in
CREB1 and SRF targets (Fisher’s exact test p-value < 0.05 in 5 of the 6 primary
libraries in ChEA3). These two TFs have remarkable functions in neural tissues and
could regulate the expression of 1253 and 1017 of the identified DEGs, respectively.
More than 98% of these potential targets have some degree of expression in at least
one region of the nervous system, indicating that the alterations in transcriptomic
networks identified in primary fibroblast cell cultures may affect the nervous system

as well.

Proteomics differential expression analysis revealed 224 DEPs, 123 upregulated
and 101 downregulated (Figure 23B). 33 and 28 of these are CREB1 and SRF
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targets, respectively. The number of DEPs is markedly lower than the number of
DEGs identified in transcriptomics, probably in part because mass spectrometry
identified roughly half (5918) of the number of genes mapped in the RNAseq
experiment (12448). Aimost 97% of the proteins detected via mass spectrometry

were also identified in RNAseq.

Transcriptomics Proteomics

-Logyo (pvalue)
Protein Log, Fold Change

! 1
T T T T T T T T

2 0 2 4 -2 R} 0 1 2
Log, Fold Change Log, Fold Change RNA Log; Fold Change

DE Significance @ RNA Protein @ RNA and Protein

Figure 23. Multi-omics analysis results. A and B) Volcano plots of RNAseq and proteomics
DE analysis, blue and yellow dots, represent genes with significant DE in RNAseq and
proteomics, respectively. C) Fold Change comparison in RNAseq versus proteomics. Red
dots represent genes with significant DE both in RNAseq and proteomics, and highlighted red
dots correspond to SRF and/or CREB1 potential regulatory targets.

Although the correlation between transcriptome and proteome differential
expression findings was not high (Pearson’s correlation coefficient = 0.09, p-value
= 1.8e-11), we found 75 genes deregulated at both the RNA and protein levels in
patients with RTT, many of which were potential targets of SRF and CREB1 (Figure
23C, Table S2, Annex 1). Even though the overlap between DEGs and DEPs was
not significantly higher than expected by chance (Fisher’s exact test p-value =
0.1397, OR= 1.18), some of the concordant genes constitute strong candidates for
deciphering some of the pathomechanisms behind RTT, as well as for establishing

biomarkers of this disorder (Table 13).
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Biological process Direction Gene Potential TFs
Cytoskeletal Upregulated AFAP1 SRF
FMNL2 CREB1
processes ENBPIL CREBT
KIF3A -
MARCKSL1 -
PLS3 SRF
Downregulated ARMC9 SRF
ARHGEF1 -
CDC42EP1 -
IQGAP3 SRF
PLXNB2 CREB1, SRF
RNA processing Upregulated EIF4G3 -
NUDT12 -
Downregulated SARTT CREB1, SRF
DDX31 CREB1, SRF
DDX54 SRF
MYBBP1A SRF
Vesicular activity Upregulated NCALD -
PREPL CREB1
Downregulated TMED1 SRF
ZFPL1 CREB1, SRF
Metabolism Upregulated CTBS -
HS2ST1 -
Downregulated AGPAT3 -
DCAKD CREB1
AACS CREB1
ORMDL2 -
PCK2 -
PI4KB -
UAP1L1 CREB1
COMT CREB1

Table 13. Genes with concordant differential expression in transcriptomics and proteomics,

that are involved in the main biological processes identified via enrichment analysis.

3.2.2. Enrichment analysis: altered pathways in patients with RTT

Enrichment analysis uncovered significant overrepresentation of genes and proteins
involved in several cellular functions and processes, some of which may be
extrapolated to neuronal tissues, and these are especially interesting when trying to
elucidate the pathomechanisms underlying RTT. The most remarkable pathways

that repeatedly appeared significantly enriched with DEGs and DEPs were
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cytoskeletal processes, vesicular activity, rRNA processing and mRNA splicing
(Table 13, Figure 24). The vast majority of the consistent DEGs and DEPs driving
this enrichment have some degree of expression in at least one brain area according
to GTEx data.

Cytoskeletal actin-filament-based processes play a crucial role in neuronal
development, and their dysregulation is associated with cognitive disorders like RTT
86.91,292293 \We discovered a significant enrichment of cytoskeleton related DEGs and
DEPs in RTT patients compared with healthy controls, some of which play important

roles in neuronal morphology (Figure 24A).

Our study found that ARMC9 (OMIM*617612), a gene involved in cilium assembly,
signalling and transport, was significantly downregulated in both mRNA and protein
levels in patients with RTT. Its implication in cytoskeletal dynamics and the
cytoskeletal abnormalities found in patients with RTT suggest a potential link
between ARMC9 and RTT pathogenesis?®. Scaffolding proteins, actin monomers,
and regulatory proteins were upregulated in RTT patients. We found an upregulation
of p21-activated kinase 1 (PAK1, OMIM*602590), essential for regulation of the actin
cytoskeleton and which controls dendritic spine morphogenesis and excitatory
synapse formation?%s. Moreover, Roux et al. found an upregulation of proteins
related to cytoskeletal motor activities, such as tubulin monomers and kinesins, that
could be implicated in axonal transport to the neuronal growth cone?®. Our study
also showed a downregulation of protein levels of Ca?*/calmodulin-activated Ser-
Thr kinase (CASK, OMIM*300172), a scaffolding protein that is involved in synaptic
transmembrane protein anchoring in the brain?®”. CASK dysfunction could be a
promising route towards understanding some of the pathomechanisms behind RTT
since it has been linked to neurodevelopmental disorders with overlapping
phenotypes with RTT 2%,

We also found a significant enrichment in genes and proteins related to vesicular
activity located in the Golgi apparatus and the nuclear outer membrane-endoplasmic

reticulum membrane network, as well as secretory vesicles (Figure 24B). We found
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Figure 24. Enrichment analysis results. Left panels represent Fold Changes in RNAseq (x
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panels display the number of genes involved in significantly enriched terms).
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a significant upregulation of vesicular proteins located in neuronal axons. Prolyl
endopeptidase like (PREPL, OMIM*609557) is a cytoplasmic protein with high
expression in neuronal tissues. PREPL interacts with adaptor complex 1 (AP-1), a

protein complex that plays an essential role in vesicular trafficking?®®.

NCALD is a neuronal calcium sensor protein that is involved in calcium signalling. It
interacts with clathrin and actin and is involved in the modulation of endocytosis and
synaptic vesicle recycling. NCALD was found to bind clathrin only at low calcium
levels, resulting in inhibition and modulation of synaptic vesicle recycling®®. Our
study also found a significant downregulation of ZFPL1, a cis-Golgi membrane
protein that regulates trafficking from the endoplasmic reticulum to the Golgi

apparatus and maintains cis-Golgi structural and functional integrity>°'.

In agreement with literature, we identified a downregulation of genes and proteins
involved in rRNA processing and ribosome biogenesis in patients with RTT302-304
(Figure 24C). This could affect general protein translation in affected cells, possibly
due to a reduction in mTORC1 activity3°23%3, The downregulation of three proteins
that interact with MeCP2, MYBBP1A, DDX31, and DDX54, could explain alterations
in rRNA processing and mRNA splicing®®. The exact nature of the interaction
between MeCP2 and these proteins is still unknown. We also observed
downregulation of DEGs involved in mRNA splicing and spliceosomal complexes in
patients with RTT. MeCP2 is known to interact with splicing factors, but a recent
publication questions its role as a global regulator of splicing®:162:306.307 ' Additional
studies are needed to clarify the role of MeCP2 in splicing since many genes
involved in mRNA splicing are repeatedly dysregulated in different transcriptomics

experiments.

Another consistently downregulated mRNA and protein was COMT
(OMIM+116790), a methyltransferase required for the metabolism and degradation
of catecholamine neurotransmitters, including epinephrine, norepinephrine, and

dopamine (Figure 24D)3%. Patients with RTT and RTT mouse models have shown

113



Results and Discussion — Chapter 3

low levels of these biogenic amines, and alteration in dopaminergic metabolism has

been associated with the characteristic motor deficits of RTT3%.

CREB1 (OMIM*123810), which is a known MeCP2 interactor, regulates transcription
in processes of relevance for neuronal survival and memory consolidation, among
others®'%3" In astrocytes, it regulates genes related to mitochondrial function,
vesicle dynamics, and the cytoskeleton®'2. Besides, one third of our DEGs are
regulated by CREB1 and CREB1 itself was significantly upregulated in our cohort at
the mRNA level. SRF (OMIM*600589), which is an integrator of mitogen-activated
protein kinase (MAPK) and Rho-GTPase-mediated signalling, regulates cytoskeletal
dynamics. SRF binds to the serum response element (SRE) sequence, presentin a
subset of cytoskeletal genes such as ACTB and immediate early genes (IEGs)3'3.
Besides, SRF regulates neuronal morphology and activity-dependent transcription,
and suppression of SRF-mediated transcriptional responses has been found to
produce a reduction in dendritic complexity in cortical neurons, which could
contribute to the neuronal spine dysgenesis phenotype observed in patients with a

RTT-spectrum phenotype®'4:315,

None of the genes regulated in opposite directions in transcriptomics and
proteomics were known MeCP2 partners. We analysed the functional relationships
between them, but no clear biological processes were identified. Discordance in
transcriptomics and proteomics data was similar in other recent studies and may be
explained by cellular compensatory processes and further mechanisms of protein

dosage regulation3'8,

Numerous studies have investigated the transcriptomes of individuals with RTT,
resulting in over 60 published articles. Our study found that studying other human
tissues, such as fibroblasts, can reflect the same dysregulations caused by loss of
function of MECP2. However, integrating all knowledge is complicated by the
heterogeneity in experiments and tissue-specific effects of MeCP2. Dysregulation of
various cellular functions was identified, including cytoskeletal organization,

vesicular activity, translation, and RNA processing, which are altered in patients with
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RTT. TF analysis supports CREB1 and SRF transcriptional regulation as potential

therapeutic targets.

3.3.1. Differential expression and upstream regulator analysis

The RTT-like cohort of patients was recruited considering their phenotypic
resemblance to the RTT phenotype. It encompassed nine patients with mutations in
five different genes plus three patients without an established molecular diagnosis.
The greater heterogeneity of this group complicated the identification of DEGs, as
well as the interpretation of the differential expression results. Therefore, we
established a significance BH-adjusted p-value threshold of < 0.1 (instead of the
0.05 threshold used with RTT data) for transcriptomics to be able to call DEGs
despite the data heterogeneity. We interpreted these results in comparison with
those obtained in typical RTT patients, searching for shared molecular alterations
that could constitute common grounds in the pathogenesis of overlapping disorders

of diverse genetic nature.
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Figure 25. Common DE findings between the analysis of RTT and RTT-like patients
versus healthy controls. Change in expression relative to healthy controls in RTT (x axis)
versus RTT-like (y axis) in A) transcriptomics and B) proteomics. Highlighted genes presented

a consistently significant DE in both RTT and RTT-like cohorts and are related to the main
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biological processes that were identified in enrichment analysis (and are coloured
accordingly). Dashed lines depict the correlation in DE results from both cohorts (A) r = 0.69,
adj-R? = 0.47, p < 0.001; B) r = 0.75, adj-R? = 0.56, p < 0.001).

DE analysis of transcriptomics data revealed 63 genes consistently altered in
patients with RTT and RTT-like phenotypes (25 upregulated and 38 downregulated)
(Figure 25A). SRF targets were significantly overrepresented in these common
DEGs, with 31 putative targets out of 63 common DEGs). This could implicate SRF
transcriptional regulation as a common mechanism linking the molecular

phenotypes in RTT-spectrum disorders.

Proteomics data showed 81 proteins consistently dysregulated (39 upregulated and
42 downregulated) (Figure 25B). Interestingly, transcriptomic and proteomics
profiles of patients with RTT-like phenotypes are significantly correlated to those of
patients with typical RTT (r = 0.69, adj-R? = 0.47, p < 0.001 in transcriptomics, r =
0.75, adj-R? = 0.56, p < 0.001 in proteomics), indicating common gene expression
changes (Figure 25A and B). No gene was altered both in transcriptomics and
proteomics reaching significance, but some of the candidate genes identified in the
multi-omics approach in RTT patients maintained a consistent dysregulation at the

protein level in patients with RTT-like phenotypes (Table 14).

Biological process Direction Gene Potential TF

Cytoskeletal processes | Downregulated ARMC9 SRF

RNA processing Downregulated | PDX37 CREB1, SRF
DDX54 SRF
MYBBP1A | SRF

Metabolism Downregulated coMT CREB1

Table 14. Candidate genes identified in multi-omics analysis of patients with RTT and with a

concordant alteration at the protein level in patients with RTT-like phenotypes.

In order to study the similarity of the transcriptional profiles observed in patients with
RTT and patients with RTT-spectrum phenotypes with mutations in different genes,
we correlated gene expression changes (fold changes) versus healthy controls
obtained in RNAseq (Figure 26). Patients with mutations in CDKL5 (n=4), FOXG1

(n=2) and NR2F1 (n=1) presented transcriptomic profiles with significant

116



Results and Discussion — Chapter 3

correlations with those of patients with MECP2 mutations (Figure 26A, B and C),
whereas the fibroblast transcriptome of the patient with a GRIN2B mutation showed

no correlation (Figure 26D).
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Figure 26. Correlation of gene expression levels quantified in transcriptomics analysis.
Each panel depicts the correlation in gene expression levels (Log. Fold Change) in patients
with mutations in MECP2 (x axis) and patients with mutations in a RTT-like gene (y axis): A)
CDKLS5; B) FOXG1; C) NR2F1; D) GRINZ2B. Yellow dots represent genes exclusively DE in
patients with MECP2 mutations, blue dots represent genes exclusively DE in patients with
mutations in each RTT-like gene, and red dots represent genes DE in both cohorts of patients.
Squares correspond to genes commonly DE in all RTT-like patients. The black trend line
corresponds to the formula y = x. The red trend line depicts the linear regression model of the
data in each panel (A) r = 0.56 | Adj-R?= 0.32 | p-value = 0; B) r = 0.44 | Adj-R? = 0.19 | p-
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The GRIN2B gene encodes a glutamate receptor and has an expression profile
limited to the nervous system, and therefore it is reasonable that its dysfunction does
not cause extra-neurologic gene expression changes compatible with those caused
by MeCP2 deficiency.

3.3.2. Enrichment analysis: altered pathways in patients with

RTT-spectrum phenotypes

Enrichment analysis of common DEGs and DEPs revealed terms related to
cytoskeletal organisation, RNA processing, vesicular activity, and metabolism, which
constitute molecular alterations shared in patients with typical RTT and RTT-like
phenotypes and could explain phenotypic overlap to some extent (Figure 27A and
B).
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Figure 27. Common Enrichment Analysis findings between the analysis of RTT and

RTT-like patients versus healthy controls. Gene Set Enrichment Analysis (GSEA) results
for the shared 63 DEGs (A) and 81 DEPs (B), coloured by biological process.
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The results of our study found that patients with RTT-spectrum disorders share
common molecular alterations that could impact neuronal phenotypes. Almost one
third of the common DEGs are involved in cytoskeleton organisation and regulation,
and some of these have important functions in neurons. The malfunctioning of
cytoskeletal genes with prominent functions in neurite development could lead to
neuronal spine dysgenesis and, consequently, to the emergence of disorders with
common traits derived from this structural synaptic dysfunction®!”318, The
enrichment in putative SRF targets amongst shared DEGs highlights the potential
implication of SRF transcriptional regulation in RTT-spectrum common molecular

alterations leading to overlapping phenotypes.

We also detected an overrepresentation of several terms related to nervous system
development and structure, supporting that common molecular alterations found in
patients with RTT-spectrum phenotypes can impact neuronal phenotypes. The
downregulation of ARMC9 observed in patients with typical RTT is mirrored in
patients with RTT-like phenotypes, constituting a link between RTT-spectrum
disorders and overlapping the phenotype caused by loss-of-function variants in this

gene (Joubert syndrome).

The patients with RTT-spectrum phenotypes in our study shared a downregulation
of SNRPC expression at the RNA level that was not replicated in proteomics. This
transcriptional alteration was also previously found in post-mortem brain tissue and
embryonic stem cells of patients with RTT®303, SNRPC is a spliceosome
component involved in 5’ splice-site recognition, so it may affect the splicing of many
different targets and could constitute a shared mechanism of splicing dysregulation
of patients with RTT-spectrum phenotypes. The dysregulation of splicing factors and
regulators has been described in RTT as well as in other monogenic intellectual

disabilities and autism spectrum disorder (ASD)3'.

Protein translation may be affected in all patients with RTT-spectrum phenotypes.
Several rRNA processing and ribosome biogenesis-related proteins found altered in
patients with RTT were also consistently dysregulated in patients with RTT-like
phenotypes, indicating this commonality. DDX54, DDX31, and MYBBP1A are
MeCP2 partners and are linked to rRNA expression and pre-processing and could

explain, at least to some extent, the shared dysregulation of ribosome biogenesis.
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Chapter 4. Rett syndrome spectrum disorders:
molecular diagnosis and characterization of molecular

landscape

In the last few years, the use of massively parallel sequencing in patients with a
clinical diagnosis of RTT has uncovered mutations in many different genes. Some
of these genes were novel, while others were already associated with other
neurodevelopmental disorders with overlapping phenotypes with RTT. These
phenotypes are sometimes termed RTT-spectrum disorders and constitute a vague
group of overlapping clinical entities caused by mutations in different genes.
Biological interactions between these genes may explain, at least in part, the

overlapping phenotypes.
4.1.1. Rett syndrome spectrum candidate gene list

Given the genetic heterogeneity of RTT-spectrum disorders, our first approach was
to restrict the initial analysis to a limited list of genes related to RTT-spectrum
phenotypes. To this aim, we curated a candidate gene list using phenotypic data
from the Online Mendelian Inheritance in Men (OMIM) and the Human Phenotype
Ontology (HPO) databases.

We quantified the similarity of the clinical phenotype associated with each gene with
current clinical RTT diagnostic criteria using a scoring system'' (Table 15). We
assigned the highest scoring to main criteria and developmental regression, since
they are necessary to consider a diagnosis of RTT, and the lowest scoring to
supportive criteria and microcephaly. We assigned a medium scoring to major
descriptions of neurodevelopmental disorders and epileptic encephalopathies
(developmental delay, intellectual disability, and seizures), to cover unspecific

overlapping phenotypes.
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Main criteria Supportive criteria Major description
(score = 3) (score = 1) (score = 2)
1. Stereotypic hand 1. Breathing disturbances 1. Developmental delay
movements 2. Bruxism 2. Intellectual disability
2. Loss of purposeful | 3. Impaired sleep pattern 3. Seizures
hand skills 4. Abnormal muscle tone
3. Loss of spoken 5. Peripheral vasomotor
language disturbances

4. Gait abnormalities | 6. Scoliosis / kyphosis

5. Developmental 7. Growth retardation
regression 8. Small cold hands and feet

9. Inappropriate laughing /
screaming spells

10. Diminished response to pain
11. Intense eye communication

12. Microcephaly

Table 15. Scoring of phenotypic descriptions according to RTT diagnostic criteria.

Using this scoring system, a patient fulfilling criteria for typical RTT should have a
minimum score of 15 (developmental regression and 4 main criteria), and a patient
fulfilling criteria for atypical RTT should have a minimum score of 14 (developmental
regression, 2 main criteria and 5 supportive criteria). Using phenotypic data from the
OMIM and HPO databases, we scored all genes previously related to
neurodevelopmental disorders, epileptic encephalopathies and implicated in
glutamatergic and GABAergic neurotransmission. The highest scoring gene, with a
score of 32, was MECP2, for which OMIM and HPO databases contained all
mentioned criteria except for intense eye communication (Table 16). CDKL5 and
FOXG1 were also contained within the top 10 scoring genes, with scores of 30 and
26, respectively (Table 16). After scoring all genes, we specified a cut-off score of 6
to include a gene in the curated RTT-spectrum gene set, which would correspond
to 2 main criteria or all 3 major descriptions, considering this threshold would retain
genes with unspecific overlapping phenotypes and leave out genes not associated
to any known clinical entity with phenotypic characterization or with spurious
similarities with a RTT phenotype. A score of 6 was also the minimal score assigned
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to genes that have published variants in HGMD linked to a RTT-spectrum
phenotype. With this threshold, we obtained a list of 1245 candidate RTT-spectrum

genes to use as a first-tier filter to evaluate NGS findings (Table S3, Annex 1).

4.1.2. Exome, genome, and multi-omics for diagnosis: diagnostic

yield

After an initial search for mutations in the genes MECP2, CDKL5 and FOXG1 by
direct sequencing and MLPA analysis, we followed a sequential workflow of NGS
approaches of increasing coverage to look for alternative genetic causes in negative
cases (Figure 28). The first NGS approach was mendeliome, or clinical exome,
sequencing (CES), which consists of a targeted panel that covers the coding regions
of all genes associated with human disease. Next, for cases with no pathogenic,
likely pathogenic or candidate variants identified in CES first analysis or re-analysis,
we performed whole exome sequencing (WES), which consists of a targeted assay

of exonic regions of all genes in the human genome.

CES and WES analyses were performed as a singleton test, and therefore the
identified candidate variants were segregated in the family trio by Sanger
sequencing, MLPA or gPCR when parental samples were available to assess their

inheritance pattern.

Some cases that remained negative after WES first analysis and re-analysis were
analysed by trio whole genome sequencing (WGS). To overcome the difficulties in
variant interpretation from WGS, we combined it with transcriptomic and proteomic
profiling in fibroblast cell cultures searching for aberrant splicing and aberrant and

monoallelic expression events that could prioritise candidate genes and variants.

The bioinformatics pipeline for variant calling consisted of aligning the sequencing
reads to the GRCh37/hg19 reference genome after initial quality control and pre-
processing, followed by variant detection using several variant callers. GATK,
DeepVariant and Octopus were used for SNV and indel variant calling in all data,
while CNVs were called by read depth analysis using ExomeDepth on exonic data
(CES and WES) and four variant callers (Lumpy, Manta, Delly and Wham)

considering read depth, split reads and discordant read pairs in genomic data. In the
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CES
n =67
v v v
Negative  -----r----

n=13 n=5 n=49

CES Reanalysis <

n=40
Negative  -----
n=7 n=2 n =231 |
WES I S
n=50
v v 3
Negative

n=9 n=7 n=34

WES Reanalysis <

n=24
v v v
Negative
n==6 n=1 n=17
WGS S ——
n=10
v v v
Negative
n=2 n=2 n=6

Figure 28. Sequential NGS workflow for negative cases in initial analysis. Initially, 67
patients were analysed by CES, obtaining 13 positive, 5 uncertain and 49 negative results.
40 of the negative results were re-analysed at least after the first analysis, obtaining another
7 positive and 2 uncertain results. Two of the negative CES cases were directly passed on to
WGS analysis and multi-omics analysis due to the fibroblast availability. The analysis of 37
other negative cases was widened to WES, together with 13 new patients, obtaining 9
positive, 7 uncertain and 34 negative results. 24 of the negative cases were re-analysed at
least one year after the first analysis, obtaining 6 new diagnoses and one candidate result.
Finally, negative cases with both parental blood samples and proband’s fibroblast availability

were analysed by trio WGS and multi-omics profiling of the fibroblasts.
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data analysis of each assay, SNVs and indels were initially filtered according to a
stringent population frequency threshold (< 1%), a high or moderate impact on the
protein and having been called by at least two of the three variant callers as a quality
filter. As a first-tier analysis, we examined the genes in the curated RTT-spectrum
gene list, and when negative, we examined all rare, high-quality variants with high
or moderate impact on the protein in an agnostic manner (with no candidate gene
list). In trio WGS analysis, we also filtered and analysed de novo variants, plus all
variants (coding and noncoding) in genes with aberrant expression phenotypes in
fibroblasts. Structural variant analysis was initially limited to variants with low internal
and external population frequencies and containing coding sequences, and later

extended to any de novo variation (in trio analysis).

We considered that an NGS test result was positive when pathogenic or likely
pathogenic variants, matching the patient's phenotype and observed mode of
inheritance, were identified; uncertain when variants of uncertain significance,
matching the patient’'s phenotype and observed mode of inheritance, or pathogenic
or likely pathogenic variants, matching the patient’s phenotype but not the observed
mode of inheritance, were identified; and negative when no diagnostic or candidate
variants were identified in the analysis. Positive and candidate results of all analysis

are summarised in Table 17.
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We analysed 67 patients by CES, with a diagnostic yield of 19% (13/67) after the
first analysis. Candidate variants of unknown significance were identified in another
7% of patients (5/67) (Figure 29). A re-analysis of the genomic data at least one year
after the initial analysis increased the diagnostic yield to 30% (20/67) and identified
candidate variants in 2 more patients. The main reasons for the reporting of new
variants in re-analysis were that they were either in genes not analysed in the
previous analysis (5 cases), or re-classified during the time between analyses (1

case). Therefore, CES produced a definitive or a candidate result for 40% of patients

(27167).
n=67 n=50 n=10 n=80
100
754
. . Negative
17 Candidate in reanalysis

50 Candidate

> 7 Positive in reanalysis

s 2

Positive

251 7 6 37

13 9 2

CI'ES W'ES WlGS Total

Figure 29. Results of CES, WES, WGS and in total. 67 patients were analysed by CES,
obtaining 20 positive results (13 in first analysis and 7 in re-analysis) and 7 candidate variants
(5 in first analysis and 2 in re-analysis). 50 patients were analysed by WES, obtaining 15
positive results (9 in first analysis and 6 in re-analysis) and 8 candidate variants (7 in first
analysis and 1 in re-analysis). Trio WGS analysis combined with multi-omics profiling in 10
patients produced 2 positive results and 2 candidate variants. Globally, we obtained a positive
diagnostic result in 37/80 cases (46%), and a candidate variant in 17/80 cases (21%), leaving
32% (26/80) of patients with no informative results from genetic testing.

Next, we analysed 50 patients by WES (37 with a negative CES result and 13 with
WES as a first-tier diagnostic test) with a diagnostic yield of 18% (9/50). We
identified candidate variants of unknown significance in another 7 patients (14%).

Most variants reported in WES analysis after a negative CES study were not
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covered by the previous assay (6 cases) or not detected or filtered out in the
previous analysis due to issues in the uniformity of coverage (6 cases), including a
deletion in the MECP2 gene. Some of the variants were also re-classified during the
time between analysis (2 cases). Negative WES cases were re-analysed at least
one year after the initial analysis, obtaining 6 new diagnoses and 1 candidate result,
and increasing diagnostic yield to 30%. These new variants were reported because
of new gene-disease relationships being published and/or patient phenotype re-
evaluation. In total, WES produced a definitive or a candidate result for 46% of

patients (Figure 29).

Finally, we analysed 8 families with 10 girls clinically diagnosed with RTT by trio-
WGS. We combined WGS data with transcriptomic and proteomic data from
fibroblast cell cultures of the probands to help prioritise candidate genes and
variants using evidence from aberrant expression events. This approach yielded 2
new diagnoses and 2 candidate results, producing a definitive or candidate result
for 40% of studied patients (Figure 29).

The index patient in this family was a 42-year-old woman with three healthy brothers.
After normal pregnancy and neonatal period, she started evidencing a psychomotor
delay at age 5 months and lost contact with the environment at age 6 months. She
achieved independent sitting at age 16 months, and she used her hands to grasp
objects at age 20 months, but lost both skills at age 2 years, and never achieved
independent sitting. She babbled at the age of 1, but never acquired purposeful
language. She started to present stereotypical hand movements including hand
washing and hand flapping at age 5, and she presented apnoeas, kyphoscoliosis
and peripheral vasomotor disturbances at age 6. At age 42, she shows acquired
microcephaly with a cephalic perimeter of 51cm (-3.5 sd), she keeps intense eye
communication, and she has refractory epilepsy presenting with several crisis per
day. She also presents facial dysmorphism with broad eyebrows, micrognathia,

broad lips, tubular nose, hypertelorism, wide nasal bridge and pointed palate.
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Directed genetic testing for MECP2, CDKL5 and FOXG1, as well as CES, yielded
no candidate variants for molecular diagnosis, so we pursued trio WGS and
fibroblasts multi-omics. In WGS data filtered using the RTT-spectrum curated
candidate gene list, we identified a de novo missense variant in the gene ASXL3
(NM_030632.3): c.2435T>C (p.lle812Thr) (Figure 30A). It is absent from gnomAD,
but it is predicted to be benign by the missense effect prediction algorithm REVEL.
This variant had already been detected in CES analysis but was discarded because
it was classified as a cold VUS with the ACMG criteria PM2-sup, BP4-sup.
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Figure 30. ASXL3 candidate variant. A) Pedigree of the proband with the identified de novo
missense variant in the ASXL3 gene. B) AlphaFold-based simulation of the ASXL3 protein,
with a vast majority of sequence with intrinsically disordered structure and indicating the
position of the amino acid with the missense substitution in our proband. C) Amino acid
sequence of the studied regions in several vertebrate species. The isoleucine in position 812
is conserved in human, chimp, gorilla, rhesus and baboon, while orangutan presents a valine,
another hydrophobic amino acid. Other more distant species present different amino acids in

this position.
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De novo mutations in the ASXL3 gene (OMIM*615115) cause Bainbridge-Ropers
syndrome (BRPS, OMIM#615485), in an autosomal dominant manner. The clinical
presentation of BRPS patients significantly overlaps that of patients with RTT,
including microcephaly, delayed psychomotor development, profound intellectual
disability, poor or absent speech, inability to walk, seizures, autistic features, and
stereotypic hand flapping. Moreover, they present with dysmorphic features

significantly matching the facies of our patient.

The majority of published BRPS causing mutations are truncating variants, while
some pathogenic missense variants have been described, mostly in ASD patients
lacking the characteristic BRPS phenotype. Nevertheless, given the phenotypic
resemblance of BRPS with our patient and the fact that the mutation was identified
de novo, we pursued further in silico analyses of the variant. We fed the primary
amino acid sequence to Phyre2, an AlphaFold-based software, to predict ASXL3
wild-type protein structure, since it was not contained in the pre-computed AlphaFold
Protein Structure Database. The results predicted an 85% of the protein sequence
to be intrinsically disordered, with no specific structure (Figure 30B). The isoleucine
at position 812 is placed within the extensive intrinsically disordered region of the
ASXL3 protein but is relatively conserved in most primates (Figure 30C). Despite
the lack of an accurate prediction of the wild-type protein, we can hypothesise that
the substitution of a hydrophobic amino acid as isoleucine by a polar amino acid
such as threonine may impact protein function. Unfortunately, this protein was not
captured in fibroblast proteomics profiling, so we could not ascertain whether protein

expression levels were altered in the patient.

With the information from trio sequencing and the extended in silico analysis, we
were able to re-classify the identified variant as a hot VUS with the ACMG criteria
PM2-sup and PS2-str. Although further functional studies are needed to ascertain

the pathogenicity of this variant, the evidence so far places it as a strong candidate.
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The proband was a 22 years-old woman with a history of congenital encephalopathy
and drug-resistant epilepsy. At age 7 months started having seizures and hand
stereotypies, and had never achieved purposeful use of hands or language. She
had severe mental retardation, scoliosis and osteoporosis.

Trio WGS in this family revealed a de novo missense variant (NM_001330260.2:
c.671T>A - p.Val224Asp) in the SCN8A (OMIM*600702) gene (Figure 31).
Mutations in SCN8A can cause various phenotypic presentations, ranging from
familial benign infantile seizures (OMIM#617080) to developmental and epileptic
encephalopathy (OMIM#614558) or cognitive impairment with or without cerebellar
ataxia (OMIM#614306), all in an autosomal dominant mode of inheritance. The most
severe phenotypes associated with mutations in SCN8A significantly overlap that of
RTT, including the characteristic psychomotor regression.
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Figure 31. Detection of a mosaic variant in SCN8A by trio-WGS. The variant was initially
detected in fibroblasts 30x WGS despite having been missed in blood WES with a coverage
higher than 100x in this region. We conducted a very high coverage NGS sequencing
experiment (~20 000x) targeting the mutated region and quantified a mosaic of 14% in
fibroblasts and 12% in blood of the SCN8A: ¢.671T>A (p.Val224Asp) variant. Fibroblasts RNA
sequencing confirmed the expression of the identified mosaic variant in approximately half of

the covered transcripts.
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Given that it is an exonic variant, we wondered why it had been missed by CES and
WES in the previous analyses. WGS data had a coverage of 31x on this nucleotide
position, and the variant was detected in 29% of reads (9/31), while WES data had
a coverage of 115x on this position and the variant was detected in 10% of reads
(11/115) (Figure 31). Therefore, the variant had been previously filtered out due to
low variant allele frequency (VAF) in the CES and WES analyses, which could
indicate a mosaic variant or a sequencing artifact. Transcriptomics data indicated
that 57% of produced transcripts contained the variant, diminishing the chance that

this should be a sequencing artifact (Figure 31).

We then carried out a mosaic validation experiment by amplifying the target region
by long-range PCR and very high coverage sequencing of the PCR product using
NGS. To this end, we used DNA isolated from peripheral blood leukocytes of both
parents and the proband, plus DNA isolated from the proband’s fibroblasts to
quantify the mosaic in more than one tissue. The SCN8A variant was not identified
in either of the parents but was detected as a mosaic in the proband: 12% of the
sequencing reads in blood DNA and 14% in fibroblast DNA harboured the variant,
indicating that approximately 25% of the cells would be carrying the variant in
heterozygosity (Figure 31). It is possible that WES library preparation masked the
mosaic variant because of a preferential amplification of the reference allele, while
the PCR-free library preparation workflow for WGS retained DNA copies containing

the variant more successfully.

The proband in this family was a 22-year-old girl with a clinical history compatible
with RTT. At age 18 months she evidenced a psychomotor delay accompanied with
a loss of social interaction and purposeful hand use, which was subsequently
replaced with hand stereotypies. She started babbling, but in time lost purposeful
language. She presents acquired microcephaly, hyperventilation crises, sleep
disturbances and behavioral manifestations, and she has never achieved standing
or walking independently. She does not present seizures, but she has shown white
matter alterations in brain imaging, and she has some unspecific dysmorphic facial
features.
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Transcriptomic profiling of the proband’s fibroblast cell lines revealed an aberrant
expression of 4 genes located consecutively on the X chromosome: TCEALT,
TCEAL3, TCEAL4 and TCEALO9 (Figure 32A). TCEAL3 and TCEAL4 also presented
low protein expression levels in fibroblasts, while TCEAL1 and TCEAL9 were
inconsistently detected through proteomics batches (Figure 32B). These expression
data directed us to the genomic region containing these genes (chrX:102609819-
102887415). Trio WGS revealed a 755kb de novo deletion affecting this region
(chrX:102589677-103221990) that was confirmed by CGHa.

Deleted region: chrX-102589677-103221990
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Figure 32. Identification of an interstitial deletion in chromosome X using aberrant
expression events. Expression of the genes TCEAL1, TCEALS3, TCEAL4 and TCEAL9in A)
transcriptomics and B) proteomics profiling in the proband’s fibroblasts. TCEAL3 and
TCEAL4 were detected as aberrantly expressed in both assays, while TCEAL1 and TCEAL9
only were in transcriptomics due to inconsistent peptide detection through proteomics
batches. These aberrant expression events led to the identification of a deletion affecting
these four genes and as well as others in the chrX-102589677-103221990 region.

141



Results and Discussion — Chapter 4

Mutations in TCEAL 1 were recently described as the cause of Hijazi-Reis syndrome,
an X-liked dominant clinical entity that overlaps the phenotype of RTT, presenting
global developmental delay, hypotonia, gait abnormalities, impaired intellectual
development, poor or absent speech, seizures, and autistic and repetitive
behaviours®*?°. The first report of Hijazi-Reis syndrome patients was published in
December 2022, and implicates the TCEAL1 as the driver gene causing the
phenotype in patients with Xq22.2 deletions. This phenotype consistently matches

our patient, including the myelination defects observed on brain imaging.

The patient was a 28-year-old girl, the first child of healthy, non-consanguineous
parents. After a normal early development, at age 9 months concerns were raised
due to the lack of independent sitting, generalized hypotonia and psychomotor
delay. At age 2, she started using purposeful monosyllabic words, and at age 3 she
achieved independent ambulation. She showed a myelinization delay in the
telencephalon and microcephaly, with a cephalic perimeter of -2sd according to her
age, and she started presenting refractory seizures. At age 28, she presents a light
cerebellum atrophy and significant behavioural and agitation disorders
accompanied by epileptic seizures.

She underwent genetic testing searching for mutations in MECP2, CDKL5 and
FOXG1, as well as CES, but no candidate variants were identified. Transcriptomic
and proteomic profiling in fibroblast cell lines revealed several aberrant expression
events in the QARS7 (OMIM*603727) gene. QARS1 was flagged as aberrantly
expressed, since both transcript and protein expression were significantly lower than
in any other sample (Figure 33A and B). Aberrant splicing analysis showed an
aberrant isoform containing retention of 16pb in intron 17, that could produce
transcript degradation by nonsense-mediated decay (NMD) (Figure 33C). Finally,
monoallelic expression analysis detected an allelic imbalance in chr3:49138795 with
93% of transcripts containing the variant NM_005051.3:¢.869A>G (Figure 33D).

Mutations in QARS1 produce progressive microcephaly with seizures and cerebral
and cerebellar atrophy, with an autosomal recessive inheritance pattern
(OMIM#615760). This clinical entity closely resembles the phenotypic description of

142



Results and Discussion — Chapter 4

our patients, including microcephaly, seizures, and cerebellar atrophy. Therefore,
and given aberrant expression data, the QARS7 gene was prioritised in WGS
analysis. We identified two compound heterozygous variants in the QARS? gene: a
paternally inherited missense variant (NM_005051.3: c.869A>G - p.Tyr290Cys), and
a maternally inherited intronic variant (NM_005051.3: ¢.1614+3A>G) (Figure 33E).
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Figure 33. Identification of two compound heterozygous variants in the QARS? gene.
A) Aberrant expression analysis of transcriptomic data revealed an abnormally decreased
amount of the QARST transcript. B) Aberrant expression analysis of proteomic data also
revealed an abnormally decreased amount of the QARS1 protein. C) Aberrant splicing
analysis revealed a 16bp intronic retention in the exon-intron junction of exon 17 and intron
17, encompassing the c.1614+3A>G variant in the QARS1 gene. D) Monoallelic expression
analysis revealed an allelic imbalance strongly favouring variant c.869A>G (p.Tyr260Cys) in
the QARS1 gene, suggesting that the other allele could be less transcribed or degraded. E)
The two variants were found to be in compound heterozygosity in the proband: the splicing
variant was inherited from the mother and the missense variant was inherited from the father.
F) Missense3D analysis of the impact of the missense variant on the protein structure
predicted a structural damage on the protein, changing the size of a cavity generated on the

protein surface.
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Aberrant splicing data showed that the c.1614+3A>G variant disrupts the intronic
sequence of a donor splice site, producing a donor site loss and a 16pb intronic
retention in intron 17, producing a frameshift. The fact that only 7% of sequenced
transcripts contain the intronic retention, could implicate that this isoform is likely to
cause aberrant transcript degradation by NMD or that the splicing sequence
alteration does not produce the intron retention in all transcripts. Nevertheless, the
allelic imbalance observed in monoallelic expression analysis reveals that the major
allele being expressed is the one containing the paternally inherited missense
variant, and therefore the transcript containing the maternally inherited intronic
retention is likely to be degraded. The tyrosine in position 290 is highly conserved in
vertebrates, and the substitution of this aromatic, polar amino acid with a cysteine

(non-polar) is predicted to impact protein structure (Figure 33F).

None of these two variants were previously published in the literature. The
€.1614+3A>G variant has a very low frequency in the gnomAD database, and
according to the recommendations for using the expression evidence derived from
transcriptomic data can be classified as likely pathogenic with the PS3-str, PM2-sup
and PP3-mod criteria. The p.Tyr290Cys missense variant is absent from gnomAD
and can be classified as a hot VUS with the PM2-sup, PM3-mod and PP3-sup

criteria, taking into account that it is found in trans with a likely pathogenic variant.
4.1.3. Rett syndrome spectrum genes

We identified disease-causing or candidate variants in 54 of the 80 participants
(67.5%). 6 patients had large CNVs encompassing several genes, and the
remaining had SNVs and indels distributed in 44 different genes (Table 18). The only
genes with reported variants in more than one patient were SYNGAP1 (3 patients),
DNMT3A (2 patients), SHANK3 (2 patients) and TCF4 (2 patients).

Gene N Gene N Gene N Gene N
SYNGAP1 3 DYRK1A 1 MED12 1 SETBP1 1
DNMT3A 2 GABBR2 1 NR2F1 1 SLC2A1 1
SHANK3 2 GATAD2B 1 PDHA1 1 SLC6A1 1
TCF4 2 HIVEP2 1 PGAP1 1 TCEAL1 1
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ARID1B 1 HNRNPH2 1 PHIP 1 TRAPPC9 1
ASXL3 1 HUWET1 1 PURA 1 UBTF 1
CACNATE 1 IQSEC2 1 QARS1 1 UNC13A 1
CHAMP1 1 JMJD1C 1 RAB11B 1 UNC80 1
CSTB 1 KDM6B 1 SCN1A 1 WDFY3 1
DDX3X 1 MAGEL2 1 SCN2A 1 ZBTB18 1
DNM1 1 MECP2 1 SCNSA 1 ZNF142 1

Table 18. Number of patients with reported variants in each gene.

SYNGAP1-related disorder and Pitt-Hopkins syndrome (caused by mutations in
TCF4) have been found to be two of the most recurrent monogenic disorders to
phenotypically overlap with RTT and fulfil all main diagnostic criteria for typical RTT
except for developmental regression in Pitt-Hopkins syndrome'®. According to
phenotypic databases, Phelan-McDermid syndrome (caused by mutations in
SHANK3) and Heyn-Sproul-Jackson syndrome (caused by mutations in DNMT3A)
share at least two main criteria and several supportive criteria, so patients with
mutations in these genes may fit the description of atypical RTT. The close
resemblance in the clinical characteristics of these patients poses a challenge in the

clinical diagnosis before a molecular confirmation is reached.

Nearly all the genes in which we reported disease-causing, or candidate variants
were contained in our curated RTT-spectrum gene set. The only exceptions were
TCEAL1, with no reported clinical phenotype until December 2022; UNC13A and
JMJD1C, with no reported clinical phenotype to date but with significant functions in
neuronal trafficking'®7:321322; and QARS?, CSTB and PHIP, with scores lower than
6 in our scoring system according to the phenotypic information found in databases
at the time of curating the gene set. Mutations in CTSB cause progressive myoclonic
epilepsy and according to databases these patients would not fulfil clinical criteria
for RTT diagnosis. However, re-scoring of both QARST and PHIP according to
current phenotypic data revealed a higher phenotypic overlap with RTT and would
pass the inclusion threshold, so they have prospectively been included in the
curated RTT-spectrum gene set together with TCEAL1, increasing the number of
included genes from 1245 to 1248.
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We wondered whether multi-omics profiling in fibroblasts would be an informative
test, since not using the primarily affected tissue would hinder the detection of
potentially important genes with limited expression patterns. 1012 and 700 of these
1248 genes (81% and 56%) were detected in our transcriptomics and proteomics
experiments in fibroblasts, respectively, and 691 (55%) were detected in both
(Figure 34). This data confirmed that despite not being able to capture de biological
consequences of variants in all candidate genes, a significant fraction of these could

be assayed using these high-throughput experiments.
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Figure 34. Detection of transcript and protein expression levels in fibroblasts. The x
and y axes represent log-normalized expression in transcriptomics and proteomics,
respectively, for the genes included in the curated RTT-spectrum dataset and other genes
with reported variants in this study that were detected in fibroblasts expression profiling.

This work used a sequential pipeline of genomic analyses of increasing coverage
for the diagnosis of RTT-spectrum patients with no candidate variants identified in
MECP2, CDKL5 and FOXGT1.

CES and WES produced a diagnostic or candidate result in 40% and 46% of
patients, respectively, of which 30% (20/67 and 15/50, respectively) obtained a

definitive result. These outcomes align with the diagnostic yield typically reported in

146



Results and Discussion — Chapter 4

the literature for singleton exome sequencing in patients with NDDs'63168-171.323
Studies specifically targeting RTT-spectrum patients showed varying diagnostic
yields, ranging from 20% to almost 70%'46.149-153324-326 Thjg wide range of variation
can be explained by the heterogeneity in study designs. Studies with frio sequencing
and with exome as a first-tier diagnostic test tend to have higher diagnostic yields
than singleton analyses and exome analysis after a negative result from another
genetic test (like CHGa, CES or targeted analysis of MECP2, CDKL5 and FOXGT).
Therefore, our results are in line with the expected yield from singleton exome

studies performed after a prior negative genetic test.

Periodic re-analysis of genomic data has proven to be a cost-efficient approach to
increase the diagnostic yield without increasing sequencing efforts. Recent literature
estimates that 30% of cases solved by WGS after negative WES could have been
solved by reanalysing WES data®’. Several studies have reported increases in
diagnostic yield of 10-15% after re-analysis within approximately one year of the first

analysis, in line with the results we obtained in this study32¢-331,

After the sequential NGS analysis pipeline, 67.5% (54/80) of patients had a definitive
or candidate result, of which 46% (37/50) obtained a final molecular diagnosis. WGS
and multi-omics profiling in primary fibroblast cell cultures modestly increased the
diagnostic yield by solving 2 cases and identifying strong candidate variants in
another 2. Transcriptomic and proteomic profiling effectively helped to prioritise and
interpret WGS data to detect disease-causing variants in two individuals, providing
direct functional evidence of gene malfunctioning. It is remarkable that these findings
were obtained by analysing expression profiles of primary fibroblast cell cultures,

proving that these samples are a suitable proxy for studying some NDDs.

Notwithstanding, frio analysis in WGS has proven to be valuable in itself, since it
allowed to prioritise a candidate de novo variant that had been previously filtered out
because of a benign in silico prediction without inheritance data. A closer inspection
of the variant prioritised by inheritance data revealed that the protein was intrinsically
disordered and had no solid structure prediction, casting serious doubts on the in
silico prediction of benignity. This finding must be taken into account when analysing

singleton data and when using in silico prediction algorithms.
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Given the phenotypic overlap and genetic heterogeneity of RTT-spectrum disorders,
comprehensive genomic tests may the most cost-effective diagnostic approach,
being more feasible than carrying out several targeted analyses sequentially. WGS
data have the potential to be re-analysed as many times as needed, changing the
phenotypic orientation according to the clinical evolution of the patient and being
able to accommodate new knowledge. Considering the rate at which new disease-
causing genes are identified in NDDs, the future of their molecular diagnosis will

probably involve more comprehensive genomic tests.
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Chapter 5. Discussion: Diagnosis, prognosis, and

treatments

Almost 60 years after the first description of RTT, its diagnosis still relies mainly on
clinical features. Current consensus criteria contemplate pathogenic MECP2
mutations as a genetic confirmation of RTT when clinical criteria are fulfilled, but
some MECP2 mutations can cause phenotypes other than RTT and therefore are
not sufficient to establish a definitive diagnosis by themselves'. Moreover, these
clinical criteria contemplate regression as an essential feature to consider in RTT
diagnosis, but with the generalisation of NGS technologies, a disease-causing
variant may be detected in young children before the hallmark features of RTT
become apparent*. With increasing knowledge about the pathomechanisms
downstream MeCP2 deficiency, diagnostic criteria of RTT and MeCP2-related
disorders will probably need to be updated, and molecular findings will have a pivotal

role in determining the final diagnosis.

Considering the phenotypic overlap between RTT and other neurodevelopmental
disorders, a molecular diagnosis has become an essential piece of evidence to
distinguish some of these clinical entities. A molecular diagnosis not only enables
accurate clinical management and genetic counselling, but with the arrival of
precision medicine, it will also become crucial to access clinical trials and targeted
therapies which will become gene and/or mutation specific. Comprehensive genetic
tests that cover more potentially disease-causing genes and variants, such as WGS
combined with multi-omics to assess gene expression, are a valuable tool to
streamline the process of detecting the molecular roots of neurodevelopmental
disorders and can potentially shorten the diagnostic odyssey and facilitate clinical

management.

Phenotypic variability in RTT is evident, with patients presenting diverse clinical
phenotypes ranging from severe infantile encephalopathies to intellectual disability
and autism. Besides some exceptions, such as late-truncating mutations and C-
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terminal deletions that seem to produce a less severe phenotype than other MECP2
mutations, the efforts for establishing a genotype-phenotype correlation have not
reached robust conclusions that can help in disease prognosis’>’6.

With phenotypical differences between RTT patients with the same mutation and
MECP2 being an X-linked gene, X chromosome inactivation (XCI) has long been
thought to be a contributing factor to the clinical variability®32. However, based on
the results presented in this work, we could find no clear correlation between XClI in
blood and clinical severity. We found heterogeneous XCI patterns in blood and
several brain regions, suggesting that blood is not an accurate proxy for determining
XClI in the most relevant tissue for RTT pathogenesis. Moreover, we observed that
XCI patterns in brain do not directly correlate with the expression levels of each
MECP?2 allele, suggesting that slight deviations from a random XCI pattern may not
be sufficient to cause relevant variations in the clinical phenotype. We did observe,
however, a correlation between MeCP2 protein levels in fibroblasts and disease
severity, indicating that MeCP2 dosage is indeed related to the clinical presentation.
Taken together, these data suggest that MeCP2 protein dosage is modulated by
factors other than MECP2 gene expression, and therefore these factors may impact
the disease severity. Moreover, other factors such as genetic modifiers (like
polymorphisms in the BDNF gene) and environmental factors (like early therapeutic

enrichment), are likely playing their roles and influencing the final phenotype?*333:334,

There are currently no biomarkers (besides MECP2 mutations) that can help in
establishing a diagnosis or prognosis in RTT patients, or that can help in assessing
the efficacy of preclinical trials. Understanding the precise downstream effects of
MECP2 dysfunction in a cellular context is essential to establish reliable biomarkers

for RTT that can inform prognosis and constitute potential therapeutic targets.

Traditional treatments for RTT are generalist and tackle the symptoms but not the
roots of the disorder. To design specific treatments, it is essential to understand the
pathophysiology of the disorder and the specific consequences of MeCP2 deficiency

in a cellular context.
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Many studies have investigated the molecular landscape downstream MeCP2
deficiency. These studies have used a variety of models, including Mecp2-null mice
models, modified cell lines, and different kinds of samples directly derived from
patients with RTT. Gene expression deregulation due to MeCP2 deficiency has
shown model, tissue, and cell type-specific effects, complicating the options of
conducting a proper meta-analysis of the existing data and producing a set of
minimally overlapping putative MeCP2 targets. Moreover, most of the studies
conducted in mice have used hemizygous Mecp2-null male mice, that are not the
most accurate representation of the majority of patients with RTT, who are

heterozygous females, complicating the extrapolation of the obtained results*.

Despite the heterogeneous results of gene expression studies to date, some cellular
functions and molecular pathways have been repeatedly found dysregulated in
different disease models, making them robust candidates for therapeutic
intervention. Many expression studies have found altered expression of genes
involved in mitochondrial function, associated with increased oxidative stress and
ROS production'9?-104335  The dysregulation of mitochondrial respiratory chain
genes would explain morphological and functional abnormalities in the mitochondria
of RTT patients and mouse models and can constitute strong therapeutic targets
through modulation of mitochondrial function'®'. Genes implicated in lipid
metabolism, in particular cholesterol metabolism, have also been found to be
dysregulated in RTT models3¢3%7, Cholesterol metabolism is important for neurite
outgrowth, synaptogenesis, and myelination, and therefore statin treatment was
considered for treating RTT-like symptoms in mice models, but results were not

conclusive337-339,

Aberrant expression of genes implicated in dendrite development and
neurotransmission has been reported by many studies, highlighting the central
function of MeCP2 in synapsis formation and maintenance*’-34:341, According to
these studies, MeCP2 deficiency causes a general deregulation of genes encoding
post-synaptic membrane proteins, such as ion channels, synaptic scaffolding
proteins and neurotransmitter receptors*. In line with these results, our study of
GABAergic synapsis proteins in MeCP2-deficient contexts demonstrates that

MeCP2 regulates the expression of genes crucial for synaptic function and highlights
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the importance of the developmental stage when considering therapeutic
intervention in RTT. The results of our multi-omics expression study in fibroblasts
also emphasise the importance of cytoskeleton regulation in the pathogenesis of
RTT, which could be related to the dendritic arborization abnormalities observed in
MeCP2 deficient neurons. Mecp2 reactivation in Mecp2-null mouse models has
shown a rescue in behavioural phenotypes together with significant improvements
in dendritic morphology, making the cytoskeleton regulatory proteins interesting
therapeutic targets. Some studies have suggested that alterations in the NF-xB
signalling pathway could be causing the dendritic arborisation defects observed in
MeCP2 deficient neurons3#!. Upstream regulator analysis of the DEGs in RTT
fibroblasts in our study pointed to SRF as a potential TF governing these expression
changes. SRF is a TF that regulates the expression of activity-regulated
cytoskeleton-associated proteins modulating neuronal morphology and activity-
dependent transcription®!3. Some of the genes regulated by SRF are immediate
early genes (IEGs), which are rapidly transcribed genes in response to stimuli like
neuronal activity and are involved in synaptogenesis and synaptic plasticity342.
Interestingly, a recent study also identified a dysregulation of IEGs in Mecp2-null
mice neurons and confirmed that MeCP2 was directly binding some of these genes.
They also detected aberrant expression of IEGs in peripheral blood and post-
mortem brain samples of RTT patients, verifying that these alterations occur in
diverse cellular contexts and validating the results we obtained on fibroblast cell
cultures3#. Taken together, these results present the regulation of IEGs transcription
as a promising therapeutic target for rescuing the dendritic arborization and

synaptogenesis defects observed in RTT neurons.

It is noteworthy that, despite the cell type-specific effects of MeCP2, some of the
molecular findings identified in fibroblasts can be translated to other more relevant
cell types, such as neurons. More extensive validation studies in affected tissues
are needed to confirm how much of the transcriptional landscape profiled in
fibroblasts can be extrapolated to a neuronal context, and neuron-specific gene
expression changes need to be deeply characterised to cover any alterations that
could not be detected in fibroblast cell lines. Moreover, further studies will be needed

to link MeCP2 function with the observed gene expression alterations and
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distinguish primary consequences of MeCP2 deficiency from secondary alterations
prompted by an altered cellular homeostasis. ChlP-seq could indicate whether
MeCP2 is involved in gene expression regulation as a traditional TF by binding gene
promoters, and Hi-C analysis of the chromatin structure may explain how MeCP2 is
regulating chromatin compaction to modulate the expression of certain genes.

Finally, potential connections between MeCP2 and other RTT-spectrum genes can
contribute to the understanding of the roles that this multifunctional protein is playing
in neuronal cells. Finding interactions and common molecular pathways between
MeCP2 and these genes can explain phenotypic overlap and encourage the
discovery of new therapeutic targets that may be useful for different
neurodevelopmental disorders sharing molecular alterations. Our differential
expression studies indicated a common dysregulation in genes under the
transcriptional regulation of SRF, indicating that modulating its function on dendritic
arborization could be a potential therapeutic target for several neurodevelopmental
disorders sharing this phenotype. In summary, profiling the molecular landscape of
neurodevelopmental disorders can pave the way to finding successful therapeutic

targets to improve the quality of life of affected children.
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Conclusions

This work has characterised the molecular landscape in RTT and RTT-spectrum

disorders from several perspectives and with complementary techniques, from

diagnosis to the identification of potential therapeutic targets. Specifically, we can

conclude the following:

XCI patterns in blood from RTT patients are rarely skewed, and do not directly
correlate with the severity of the phenotype.

XCI patterns in blood and different brain areas are heterogeneous, and
therefore blood is not an accurate proxy for determining the XCI patterns in
disease-relevant brain areas.

Given the lack of correlation between allele-specific XCl patterns and the
relative levels of WT and mutated MECP2 transcripts, MECPZ2 transcript
abundance must be influenced by factors other than XCI.

Our results support the implication of the GABAergic pathway in the
pathophysiology of RTT, identifying a role of MeCP2 as a positive regulator of
the expression of GABA ionotropic receptors.

Different experimental approaches have revealed temporally dynamic results
regarding this positive regulatory effect, highlighting the importance of the
developmental stage and the progression of disease in the state of the neural
circuits in RTT and qualifying GABA ionotropic receptors as a potential
therapeutic target in early stages of the disorder.

The identification of gene expression changes in neurologically relevant genes
in fibroblasts demonstrates that this is a suitable surrogate tissue to study the
molecular alterations occurring downstream MECP?2 deficiency.

MeCP2 protein levels in fibroblasts significantly correlate with the severity of the
phenotype in RTT patients, with lower protein levels associated to more severe
phenotypes.

Cytoskeletal regulation, vesicular activity, RNA processing and metabolic
pathways are significantly enriched in differentially expressed genes (DEGs)
dysregulated in RTT fibroblasts, implicating these cellular functions in RTT
pathophysiology. Specifically, SRF-regulated cytoskeletal remodelling is

potentially implicated in the dysregulation of cytoskeleton related genes and
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could be related with the dendritic arborization abnormalities observed in RTT
neurons, constituting a potential therapeutic target.

¢ We identified significant correlation in transcriptomic landscape of some RTT-
spectrum patients versus typical RTT patients, indicating common molecular
footprints in genetically heterogeneous disorders. Interestingly, SRF regulatory
targets were also enriched in the common DEGs, indicating a potential
connection between the overlapping disorders.

¢ A diagnostic pipeline integrating data from WGS with multi-omics profiling in
fibroblasts was useful for prioritising and interpreting variants in RTT-spectrum

patients, increasing diagnostic yield.
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Table S1. Results of XCI assays in blood for all patients included in the XCI studies.
The XCI-AR column shows the results of the AR XCI assay (percentage of inactivation of
each allele. The XCI-AS WT and Mut columns show the results of the allele-specific XCl
assay (percentage of inactivation of each allele, mean of two replicates, or three replicates in
the case of the deletions). The CSS column shows the average score and its standard
deviation (SD) in brackets for the patients of our cohort with each mutation. n.i. =

polymorphism noninformative for the assay. NA = data not available.

) XCI-AS css
e WT:Mut (Mean = SD)
c.455C>G (p.Pro152Arg) 11.6+£3.8
P1 i 535465 8
P2 60:40 62:38 13
P3 61:39 59.5:40.5 8
P4 74:26 48.5:51.5 17
P5 68:32 59.5:40 5 NA
P6 72:28 34:66 12
C.473C>T (p.Thr158Met) 132435
7 7228 3763 10
P8 54:46 66.5:33.5 16
P9a 58:42 60.5:39.5 i
P9b 56:44 36:64
P10 54:46 37.5:62.5 12
P11 55:45 52.5:47 5 12
P12 55:45 65:35 11
P13 62:38 35.5:64.5 16
P14 65:35 36:64 9
P15 61:39 4456 11
P16 53:47 54:46 16
P17 56:44 41558 18
P18 ni. 415585 16
P19 67:33 35.5:64.5 11
P20 ni. 57:43 NA
P21 62:38 36.5: 63.5 15
P22 79:21 4159 19
P23 71:29 4654 NA
P24 59:41 63:37 14
P25 51:49 31.5:68.5 19
P26 63:37 415585 9
P27 NA NA 13
P28 NA NA 17
P29 73:27 59:41 6
P30 71:29 51:49 14
P31 62:38 48.5:51.5 NA
P32 63:37 39.5:60.5 10
P33 ni. 4852 7
P34 68:32 56:44 19
P35 ni. NA 16
P36 71:29 41:59 10
P37 71:29 50.5:49.5 12
P38 55:45 37.5:62.5 NA
P39 7723 NA NA
P40 54:46 45:55 14
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P41 64:36 52:48 NA
P42 NA NA 13
¢.502C>T (p.Arg168*) 13.1+34
P43 66:34 46:54 13
P44 64:36 44:56 17
P45 65:35 60.5: 39.5 1
P46 69:31 32:68 10
P47 n.i. 81.5:18.5 13
P48 70:30 66.5:33.5 7
P49 51:49 56:44 12
P50 68:32 48:52 19
P51 NA NA 19
P52 64:36 49.5:50.5 16
P53 63:37 40:60 7
P54 NA NA 17
P55 59:41 38.5:61.5 14
P56 56:44 43:57 13
P57 n.i. 61:39 10
P58 64:36 38.5:61.5 1
P59 n.i. 59:41 14
P60 84:16 28:72 16
P61 58:44 35:65 13
P62 NA NA 12
P63 70:30 54:46 17
P64 NA NA 17
P65 65:35 56.5:43.5 7
P66 76:24 43.5:56.5 10
P67 58:42 45:55 NA
P68 75:25 15.5:84.5 NA
P69 n.i. 46:54 10
P70 85:15 35:65 NA
P71 60:40 41.5:58.5 12
P72 n.i. 46.5:53.5 1
P73 59:41 42:58 18
P74 81:19 55.5:44.5 NA
P75 54:46 50:50 17
P76 NA NA 14
P77 NA NA 7
P78 NA NA 12
P79 NA NA 1
P80 NA NA 13
c.674C>G (p.P225R)
P81 57:43 54:46 NA
P82 67:33 55.5:44.5 11
c.763C>T (p.R255X) 15.2+3.2
P83 85:15 57:43 NA
P84 87:13 55.5:44.5 13
P85 80:20 28:72 14
P86 78,5:21,5 71.5:28.5 14
P87 76,5:23,5 63.5:36.5 9
P88 78:22 53.5:46.5 17
P89 75:25 25:75 18
P90 75:25 63:37 17
P91 NA NA 10
P92 73:27 33:67 18
P93 71:29 62:38 13
P94 65:35 32:68 19
P95 65:35 52:48 17
P96 65:35 51:49 18
P97 64:36 43:57 14
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P98 64:36 52:48 NA
P99 63:37 51:49 11
P100 60:40 68:32 12
P101 59:41 60:40 14
P102 57:43 71.5:28.5 18
P103 55:45 57:43 15
P104 51:49 60:40 17
P105 n.i. 45:55 17
P106 62:38 62:38 17
P107 87:13 68:32 11
P108 75:25 68:32 17
P109 73:27 58:42 20
P110 68:32 60:40 13
P111 65:35 49:51 15
P112 64:36 45:55 NA
P113 64:36 56:44 NA
P114 60:40 50:50 15
P115 58:42 53:47 NA
P116 NA NA 18
P117 52:48 40:60 NA
P118 51:49 62:38 NA
P119 n.i. 34:66 19
P120 58:42 48:52 NA
P121 NA NA 20
P122 NA NA 17
P123 NA NA 10
P124 NA NA 19
P125 NA NA 10
P126 NA NA 16
P127 NA NA 10
P128 NA NA 19
P129 NA NA 12

¢.806delG (p.G269fs) 14.3 + 4.1
P130 77:23 51.5:48.5 8
P131 76:24 36.5:64.5 NA
P132 76:24 65:35 14
P133 n.i. 52.5:47.5 20
P134 n.i. 55.5:44.5 16
P135 59:41 43.5:56.5 10
P136 68:32 59:41 15
P137 54:46 41:59 17
P138 77:23 52:48 NA
P139 82:18 58:42 NA
P140 68:32 57.5:42.5 NA
P141 NA NA NA
P142 NA NA NA

¢.808C>T (p.R270X) 14.7+ 3.8
P143 97:3 16:84 18
P144 84:16 21:79 NA
P145 81:19 30:70 9
P146 80:20 73:27 13
P147 73:27 62:38 19
P148 | 71,5:28,5 33:67 11
P149 | 72,5:27,5 58:42 11
P150 69:31 59:41 17
P151 69:31 48:52 22
P152 65:35 53:47 17
P153 64:36 61:39 8
P154 68:32 37:63 16
P155 NA NA 17
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P156 54:46 56:44 19
P157 53:47 39:61 16
P158 53:47 56:44 16
P159 53:47 52:48 16
P160 53:47 36:64 18
P161 52:48 57:43 17
P162 62:38 54.5:45.5 NA
P163 58:42 48:52 21
P164 NA NA 13
P165 NA NA 9
P166 NA NA 12
P167 NA NA 16
P168 NA NA 1
P169 NA NA 14
P170 NA NA 10
P171 NA NA 9
P172 NA NA 18
P173 NA NA 13

¢.880C>T (p.R294X) 10.5+3
P174 71:29 48:52 7
P175 59:41 55:45 1
P176 58:42 40:60 12
P177 67:33 51:49 16
P178 59:41 37.5:62.5 13
P179 57:43 53.5:46.5 NA
P180 75:25 54:46 13
P181 56:44 NA 7
P182 55:45 65:35 NA
P183 54:46 51:49 10
P184 55:45 52.5:47.5 NA
P185 62:38 NA NA
P186 53:47 NA 12
P187 56:44 NA NA
P188 53:47 44:56 12
P189 62:38 46:54 NA
P190 59:41 NA 6
P191 89:11 49:51 NA
P192 67:33 42:58 8
P193 75:25 34:66 NA
P194 NA NA 9

¢.916C>T (p.R306C) 1.2+ 3.1
P195 89:11 59.5:405 9
P196a | 70,5:29,5 60:40 14
P196b | 45:55 63:37 NA
P197 70:30 4555 9
P198 63:37 63:37 1
P199 62:38 76:24 12
P200 59:41 49:51 16
P201 59:41 56:44 NA
P202 59:41 63:37 10
P203 58:42 66:34 7
P204 | 56,5:43,5 47:53 16
P205 61:39 31:69 14
P206 60:40 32:68 12
P207 64:36 38:62 16
P208 70:30 2575 NA
P209 ni. 38:62 NA
P210 NA NA 12
P211 NA NA 10
P212 NA NA 7
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P213 NA NA 7
P214 NA NA 11
P215 NA NA 11
P216 NA NA 13
P217 NA NA 11
P218 NA NA 5
P219 NA NA 13
Deletions in MECP2
P220 88:12 7:93 NA
P221 74:26 51:49 15
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Table S2. Differential expression results that were significant in both RNAseq and
proteomics for RTT patients vs healthy controls. Fold changes in red and green indicate
downregulated and upregulated genes, respectively. Genes in bold are dysregulated in the

same direction according to both omics.

Transcriptomics Proteomics

GeneSymbol p-value | Fold Change | p-value | Fold Change
AACS 0.00190 0.78034 0.02774 0.42969
ABCB8 0.00004 0.83470 0.00140 3.04580
ABCC4 0.02839 0.79643 0.03440 0.43369
AFAP1 0.01271 1.33460 0.02121 2.50779
AGPAT3 0.00632 0.87789 0.02318 0.45249
ALS2 0.00271 0.84393 0.00018 4.64430
ARHGEF1 0.00000 0.82919 0.01857 0.40413
ARIH1 0.00000 1.14203 0.03828 2.30512
ARMC9 0.00488 0.68509 0.00596 0.30966
BCL2L12 0.00421 0.79970 0.03968 0.46033
CDC42EP1 0.00153 0.79094 0.01430 0.36564
CEP170 0.00445 1.21412 0.00870 2.68824
comT 0.00013 0.81785 0.00168 0.30611
COX6A1 0.00252 0.87908 0.03695 2.09044
CTBS 0.00000 1.26403 0.03620 2.24421
CYB5R2 0.00090 0.69221 0.03486 0.43918
DAP 0.03727 0.88191 0.00512 2.85268
DCAF11 0.00637 0.88989 0.00451 2.68662
DCAKD 0.04477 0.88988 0.03798 0.45593
DDX31 0.02383 0.86442 0.02545 0.42627
DDX54 0.00000 0.82157 0.02877 0.40241
EIF4G3 0.02717 1.09643 0.03128 2.38663
EIF4G3 0.04955 1.14686 0.04626 2.16950
FMNL2 0.00063 1.41061 0.00118 3.50793
FNBP1L 0.00063 1.34463 0.04159 2.25483
FZD2 0.00726 0.75179 0.03924 0.43789
GATD1 0.00136 0.84617 0.01575 2.51809
GLT8D1 0.00381 1.13971 0.03807 0.44019
GUK1 0.04725 0.88866 0.01923 2.52828
HS2ST1 0.00110 1.22008 0.00484 2.99088
HSD17B11 0.00972 1.22272 0.04767 0.44934
IDH3G 0.01098 0.80231 0.02987 2.45767
IL17RA 0.03899 0.81173 0.00380 0.31503
IQGAP3 0.00726 0.60519 0.04348 0.44122
KCTD12 0.00079 1.69126 0.00746 2.82156
KIF3A 0.00002 1.16621 0.04336 2.30031
KLHL42 0.01761 1.13597 0.00225 2.55805
MAP3K20 0.00353 1.24994 0.01306 2.60508
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MARCKSL1
MARF1
mMBD1
MRPL14
MRPL28
MYBBP1A
NCALD
NME4
NSMCE3
NUDT12
ORMDL2
OSTF1
PCK2
Pl4KB
PLS3
PLSCR1
PLXNB2
PPP3CB
PREPL
RASSF8
RPAP1
SART1
SLC12A2
SLC7A1
SMADS5
SZRD1
TMED1
TMEM214
TMSB10
TRPMA4
TUBB6
UAP1L1
UBA3
VPS28
WDR54
ZFPL1
ZFR

0.00507
0.00659
0.04282
0.00000
0.00003
0.00413
0.00078
0.00167
0.04018
0.04719
0.00001
0.00547
0.04360
0.01014
0.03108
0.00961
0.00876
0.00561
0.00013
0.00491
0.00002
0.00009
0.02857
0.00000
0.01179
0.01555
0.00386
0.00005
0.00031
0.00136
0.00027
0.00053
0.00142
0.00000
0.01762
0.00001
0.00177

1.69896
1.10269
0.93814
0.84758
0.82526
0.84546
1.66300
0.82660
1.10552
1.20290
0.79345
0.86229
0.80472
0.89993
1.28261
1.22911
0.88532
1.13964
1.19472
1.38058
0.79047
0.82235
1.15858
0.74237
1.15190
0.91056
0.84918
0.84070
0.79652
0.78201
0.77073
0.62762
1.14409
0.82388
0.83184
0.82443
1.11364

0.00336
0.03373
0.00279
0.02761
0.03987
0.00536
0.02347
0.01274
0.00114
0.03456
0.04381
0.04349
0.04091
0.00316
0.02321
0.04044
0.01432
0.04754
0.00772
0.04491
0.03807
0.03427
0.01980
0.01939
0.00077
0.03532
0.02485
0.03301
0.03327
0.00662
0.02394
0.04591
0.03199
0.02066
0.04354
0.03571
0.02279

3.32128
2.24537
0.35514
2.29228
2.12834
0.32097
2.58122
2.59560
2.90562
2.20910
0.49329
2.34214
0.44068
0.34733
2.51230
0.45410
0.35749
2.00101
2.85419
2.17047
2.23591
0.50295
0.40967
0.36554
3.91699
2.31565
0.39295
0.47075
2.45351
0.34667
2.34675
0.46741
2.39929
2.51074
2.34349
0.41699
0.40003
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Table S3. RTT-spectrum candidate gene list. Genes that scored >=6 in semantic similarity

of their phenotypes with respect to RTT diagnostic criteria.

AAAS
AARS1
AASS
ABCB7
ABCC8
ABCD1
ABHDS
ACADM
ACADS
ACAN
ACAT1
ACO2
ACOX1
ACP5
ACSL4
ACTA1
ACTB
ACTG1
ACTL6B
ACY1
ADAR
ADGRG1
ADK
ADNP
ADPRS
ADSL
AFF2
AFF3
AFF4
AFG3L2
AGA
37469
AHDC1
AHI1
AIFM1
AIMP1
AIPL1
ALDH18A1
ALDH3A2
ALDHS5A1
ALDH7A1
ALG1
ALG11
ALG13
ALG2
ALG3
ALG9
ALPL
ALS2
ALX4
AMER1
AMPD2
ANKRD11
ANTXR1

AP1S2
AP2M1
AP3B2
AP4B1
AP4E1
AP4M1
AP4S1
APC2
APP
ARCN1
ARFGEF2
ARG1
ARHGAP31
ARHGEF9
ARID1A
ARID1B
ARID2
ARL13B
ARL3
ARL6
ARMC9
ARSA
ARX
ASAH1
ASCL1
ASH1L
ASL

ASPA
ASPM
ASS1
ASXL1
ASXL2
ASXL3
ATAD3A
ATM
ATN1
ATP1A1
ATP1A2
ATP1A3
ATP5F1D
ATP6AP2
ATP6VOA2
ATP6V1A
ATP6V1B2
ATP6V1E1
ATP7A
ATP8A2
ATR
ATRX
AUH
AUTS2
B3GALNT2
B3GALT6
B9D1

BBS10
BBS12
BBS2
BBS4
BBS5
BBS7
BBS9
BCAP31
BCL11A
BCL11B
BCOR
BCS1L
BICD2
BIN1
BMP2
BMP4
BOLA3
BPTF
BRAF
BRAT1
BRCA1
BRCA2
BRPF1
BRWD3
BSND
BTD
BUB1B
C12o0rf57
C2CD3
CA8
CACNA1A
CACNA1B
CACNA1C
CACNA1D
CACNA1E
CACNA1G
CACNG2
CAD
CAMK2A
CAMK2B
CAMTA1
CARS1
CARS2
CASK
CAV1

CBL

CBS
CC2D1A
CC2D2A
CCBE1
CcCDC22
CCDC32
CCDC47
CCDC88A

cCcDC8sC
CCND2
CCNK
CD96
CDC42
CDC45
CDC6
CDH15
CDH2
CDK10
CDK13
CDK5RAP2
CDK8
CDKL5
CDKN1C
CDON
CDT1
CENPJ
CEP104
CEP135
CEP152
CEP290
CEP41
CEP57
CEP63
CERT1
CFL2
CHAMP1
CHD2
CHD3
CHD4
CHD7
CHD8
CHKB
CHMP1A
CHRNA4
CHRNA7
CHRNB2
CHRND
CHRNG
CHST14
CHST3
CHSY1
ciC
CISD2
CIT
CKAP2L
CLCN4
CLCNKA
CLCNKB
CLIC2
CLN3
CLN5
CLN8

CLP1
CLPB
CLTC
CNKSR2
CNOT1
CNOT3
CNPY3
CNTNAP1
CNTNAP2
COA8
COASY
COG1
COG4
COG5
COG6
COG7
COG8
COL13A1
COL2A1
COL4A1
COL4A2
COLG6A1
COL6A3
COLEC10
coQ2
COoQ4
COoQ5
COQ8A
COQ9
COX15
COX7B
CPLANE1
CPS1
CPT1A
CRADD
CRB1
CRBN
CREBBP
CRPPA
CRX
CSF1R
CSNK2A1
CSPP1
CTCF
CTNNA2
CTNNB1
CTSD
CUL3
CUL4B
Cux2
cwear
CYB5R3
CYP27A1
CYpP2U1
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D2HGDH
DAGT1
DARS1
DARS2
DCC
DCHS1
DCX
DDB2
DDC
DDHD2
DDOST
DDX11
DDX3X
DDX6
DEAF1
DEGS1
DENNDSA
DEPDC5
DHCR24
DHCR7
DHDDS
DHPS
DHTKD1
DHX16
DHX30
DHX37
DIP2B
DIS3L2
DKC1
DLAT
DLD
DLG3
DLG4
DLL1
DMD
DMPK
DMXL2
DNA2
DNAJC12
DNM1
DNMT3A
DOCK3
DOCK®6
DOCK7
DOCK8
DPAGT1
DPF2
DPM1
DPM3
DPYD
DSTYK
DYM
DYNC1H1
DYNC1I2
DYRK1A
EBF3
EBP
EED
EEF1A2
EFNB1
EFTUD2

EGR2
EHMT1
EIF2AK3
EIF2B1
EIF2B2
EIF2B3
EIF2B4
EIF2B5
EIF2S3
ELN
ELOVL4
ELP2
EMC1
ENPP1
ENTPD1
EP300
EPB41L1
EPG5
EPM2A
EPRS1
ERCC1
ERCC2
ERCC3
ERCC4
ERCCS
ERCC6
ERCCS8
ERF
ERLIN2
ERMARD
ESCO2
ETHE1
EXOSC3
EXT2
EXTL3
EYA1
EZH2
FAM126A
FAM149B1
FANCA
FANCB
FANCC
FANCD2
FANCE
FANCF
FANCG
FANCI
FANCL
FANCM
FAR1
FARS2
FAT4
FBLN1
FBN1
FBP1
FBXL4
FBXO11
FBXW11
FCSK
FEZF1
FGF12

FGF13
FGF8

FGFR1
FGFR2
FGFR3

FIG4
FKBP14
FKRP
FKTN
FLNA
FLVCR1
FMN2
FMR1
FOLR1
FOXE1
FOXG1
FOXP1
FOXRED1
FRMPD4
FRRS1L
FTCD
FTSJ1
FUCA1
FUT8
GABBR2
GABRA1
GABRA2
GABRAS
GABRB1
GABRB2
GABRB3
GABRD
GABRG2
GAD1
GALC
GALE
GALK1
GALT
GAMT
GATA4
GATA6
GATAD2B
GATM
GBA
GBA2
GBE1
GCDH
GCH1
GDF6
GDI1
GFER
GJA1
GJC2

GLB1
GLE1
GLI2
GLI3
GLRAT1
GLRB

GLS
GLUD1
GLUL
GM2A
GMNN
GMPPA
GMPPB
GNAO1
GNAQ
GNAS
GNB1
GNB5
GNE
GNPTAB
GORAB
GOSR2
GOT2
GPAA1
GPC3
GPC4
GPHN
GPSM2
GRIA2
GRIA3
GRIA4
GRIK2
GRIN1
GRIN2A
GRIN2B
GRIN2D
GRM1
GRM7
GRN
GTF2E2
GTF2HS
GTPBP3
H1-4
HACET1
HADH
HADHA
HAX1
HCCS
HCFC1
HCN1
HDAC4
HDAC8
HECW2
HERC1
HERC2
HESX1
HGSNAT
HIBCH
HIVEP2
HLCS
HMGB3
HMGCL
HNF1B
HNRNPH2
HNRNPK
HNRNPU
HPRT1

HRAS
HSD17B10
HSD17B4
HSPD1
HSPG2
HTRAZ2
HTT
HUWET1
HYLS1
IARS1
IDH2
IDS
IDUA
IER3IP1
IFIH1
IFT140
IGF1
IGF1R
IGF2
IKBKG
IL10
IL1RAPL1
INPPSE
INPP5K
IQSEC2
IRF2BPL
ITGA7
ITPR1
KANSL1
KARS1
KAT6A
KAT6B
KBTBD13
KCNA1
KCNA2
KCNA4
KCNB1
KCNC3
KCNH1
KCNJ1
KCNJ10
KCNJ11
KCNJ13
KCNJ2
KCNJ5
KCNJ6
KCNK4
KCNMA1
KCNN3
KCNQ2
KCNQ5
KCNT1
KCNT2
KCTD7
KDM1A
KDM3B
KDM5B
KDM5C
KDMG6A
KDMé6B
KIAA0586
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KIAA1109
KIDINS220
KIF11
KIF14
KIF1A
KIF4A
KIF5C
KIF7
KIFBP
KLHL15
KMT2A
KMT2B
KMT2C
KMT2D
KMT2E
KMT5B
KPTN
KRAS
L1CAM
L2HGDH
LAGES3
LAMA1
LAMAZ2
LAMB1
LAMB2
LAMP2
LARGET1
LARP7
LARS2
LASTL
LBR
LEMD3
LHX3
LHX4
LIAS
LIG4
LINGO1
LINS1
LIPT1
LIPT2
LMBRD1
LMNA
LMX1B
LNPK
LONP1
LRAT
LRP2
LRP4
LRP5
LRPPRC
LYRM7
LYST
LZTR1
MACF1
MAF
MAFB
MAGEL2
MAN1B1
MAN2B1
MANBA
MAP2K1

MAP2K2
MAPK1
MAPK8IP3
MAPRE2
MAPT
MAST1
MBD5
MBOAT7
mccct
MCcCcC2
MCOLN1
MCPH1
MDH2
MECP2
MED12
MED13
MED13L
MED23
MEF2C
MEIS2
METTLS
MFSD2A
MFSD8
MGAT2
MGP
Micu1
MKKS
MKS1
MLC1
MLYCD
MMACHC
MMADHC
MMP13
MMUT
MN1
MOCS1
MOGS
MORC2
MPDU1
MPLKIP
MPV17
MRE11
MRPS2
MRPS34
MSL3
MTHFR
MTM1
MTMR14
MTOR
MTR
MTRFR
MTRR
MYH3
MYO5A
MYPN
MYRF
MYT1L
NAA10
NAA15
NACC1
NADK2

NAGA
NAGS
NALCN
NANS
NAXD
NBEA
NCAPD2
NCAPD3
NCAPG2
NDE1
NDP
NDST1
NDUFA1
NDUFA10
NDUFA11
NDUFA2
NDUFA6
NDUFA9
NDUFAF2
NDUFAF6
NDUFB11
NDUFB8
NDUFS1
NDUFS3
NDUFS4
NDUFS7
NDUFS8
NDUFV1
NEB
NECAP1
NECTINT
NEDD4L
NEFL
NEK1
NEU1
NEXMIF
NF1
NFIA
NFIX
NGLY1
NHLRC1
NHP2
NIPBL
NKX2-1
NKX2-5
NKX6-2
NLGN3
NLGN4X
NMNAT1
NODAL
NONO
NOP10
NOTCH3
NOVA2
NPC1
NPC2
NPHP1
NR2F1
NRAS
NRXN1
NSD1

NSDHL
NSF
NSUN2
NTNG2
NTRK1
NTRK2
NUBPL
NUP107
NUP133
NUP214
NUP62
NUS1
OCRL
OFD1
OPA1
OPHN1
ORC1
ORC4
ORC6
OSGEP
oTC
OTUD6B
oTX2
PACS1
PACS2
PAFAH1B1
PAH
PAK1
PAK3
PALB2
PANK2
PARN
PAX6
PAX8
PC
PCCA
PCCB
PCDH19
PCGF2
PCNT
PCYT1A
PDE10A
PDE2A
PDE4D
PDGFRB
PDHA1
PDHX
PET100
PEX1
PEX10
PEX11B
PEX12
PEX13
PEX14
PEX16
PEX19
PEX2
PEX26
PEX3
PEX5
PEX6

PEX7
PGAP1
PGAP2
PGAP3
PGK1
PGM3
PHACTRT1
PHC1
PHF21A
PHF6
PHF8
PHGDH
PHOX2B
PIEZO2
PIGA
PIGB
PIGG
PIGL
PIGN
PIGO
PIGQ
PIGS
PIGT
PIGU
PIGV
PIGW
PIGY
PIK3CA
PIK3R2
PLA2G6
PLAA
PLCB1
PLK4
PLOD1
PLP1
PLPBP
PMM2
PMPCB
PMS2
PNKP
PNPLA2
PNPO
POC1A
POGZ
POLA1
POLG
POLR2A
POLR3A
POMGNT1
POMGNT2
POMT1
POMT2
POU1F1
POUS3F3
PPM1D
PPP1CB
PPP1R15B
PPP2CA
PPP2R1A
PPP2R5D
PPP3CA
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PPT1
PQBP1
PREPL
PRICKLE1
PRKAR1A
PRKD1
PRMT7
PRODH
PROP1
PRPS1
PRR12
PRRT2
PRSS12
PRUNET1
PSAP
PSAT1
PSEN1
PSEN2
PSMD12
PSPH
PTCH1
PTCHD1
PTDSS1
PTEN
PTPN11
PTPN23
PTS
PUF60
PURA
PUS7
PYCR1
PYCR2
QDPR
QRICH1
RAB11B
RAB18
RAB39B
RAB3GAP1
RAB3GAP2
RAC1
RAC3
RAD21
RADS1
RADS1C
RAF1
RAI1
RANBP2
RARS2
RBM10
RBMB8A
RBPJ
RECQL4
RELN
RERE
RET

RFT1
RHOBTB2
RLIM
RMND1
RNASEH2A
RNASEH2B

RNASEH2C
RNASET2
RNF113A
RNF13
RNF168
RNU4ATAC
ROGDI
RORA
RPE65
RPGRIP1
RPGRIP1L
RPS19
RPS6KA3
RRAS2
RRM2B
RSPRY1
RTEL1
RTTN
RUBCN
RXYLT1
RYR1
SACS
SALL4
SAMDIL
SAMHD1
SATB2
SC5D
SCARB2
SCN1A
SCN1B
SCN2A
SCN3A
SCN4A
SCNB8A
SCO2
SCYL1
SDCCAGS8
SDHA
SDHAF1
SEC23B
SELENOI
SEMAG6B
SEPSECS
SET
SETBP1
SETD1A
SETD1B
SETD2
SETDS
SHANKS3
SHH
SHOC2
SIK1

SIL1
SIN3A
SIX3

SKi
SLC12A1
SLC12A2
SLC12A5
SLC12A6

SLC13A5
SLC16A2
SLC17A5
SLC18A2
SLC19A3
SLC1A2
SLC1A3
SLC25A15
SLC25A20
SLC25A22
SLC25A4
SLC2A1
SLC2A10
SLC33A1
SLC35A1
SLC35A2
SLC35C1
SLC39A13
SLC39A8
SLC45A1
SLC46A1
SLC5A5
SLC5A7
SLC6A1
SLC6A17
SLC6A3
SLC6AS
SLC6A8
SLC9A6
SLX4
SMAD4
SMARCA2
SMARCA4
SMARCALT1
SMARCB1
SMARCC2
SMARCD1
SMARCE1
SMC1A
SMC3
SMG9
SMO
SMPD1
SMPD4
SMS
SNAP25
SNAP29
SNIP1
SNORD118
SNRPN
SNX14
SOBP
SON
SOS1
SOX10
SOX11
SOX2
SOX3
SOX4
SOX5
SPATAS

SPEG
SPEN
SPG11
SPR
SPTAN1
SPTBN2
SRCAP
SRD5A3
SRPX2
ST3GAL3
ST3GALS
STAG1
STAG2
STAMBP
STIL
STRADA
STS
STT3A
STT3B
STX1B
STXBP1
SUCLA2
SUCLG1
SUFU
SUMF1
SURF1
SYNE1
SYNGAP1
SYNJ1
SYP
SYT1
SZT12
TACO1
TACR3
TAF1
TAF13
TAF2
TANGO2
TARS1
TAT
TBC1D20
TBC1D23
TBC1D24
TBCD
TBCE
TBCK
TBL1XR1
TBR1
TBX1
TBX4
TCF20
TCF4
TCTN1
TCTN2
TCTN3
TECPR2
TELO2
TERT
TFAP2A
TGFB1
TGFBR2

TGIF1

TH
THOC2
THOC6
TINF2
TK2

TKT

TLK2
TMCO1
TMEM165
TMEM216
TMEM237
TMEM®67
TMEM70
TMEM94
TMTC3
TOET1
TP53
TP53RK
TPM2
TPP1
TPRKB
TRAF7
TRAIP
TRAPPC11
TRAPPC12
TRAPPC9
TREX1
TRIM32
TRIO
TRIP12
TRIP13
TRIP4
TRIT1
TRMT1
TRPS1
TRPV4
TRPV6
TRRAP
TSEN15
TSEN2
TSEN34
TSEN54
TSHB
TSHR
TSPAN7
TTC8

TTI2

TTN
TUBA1A
TUBB
TUBB2B
TUBB3
TUBB4A
TUBGCP4
TUBGCP6
TUSC3
TWIST1
TWIST2
UBAS
UBE2A
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UBE2T USP27X WAC WNT1 ZC4H2
UBE3A USP7 WASF1 WWOX ZDHHC9
UBE3B USP8 WDFY3 XPA ZEB2
UBE4A USP9X WDR11 XPC ZICc1
UBR7 VAC14 WDR26 XRCC4 ZIC2
UBTF VAMP1 WDR37 XYLT1 ZMIZ1
UFC1 VAMP2 WDR4 YWHAG ZMYND11
UFM1 VDR WDR45 YY1 ZNF142
UGT1A1 VLDLR WDR45B ZBTB11 ZNF462
UNC80 VPS13A WDR62 ZBTB18 ZNF599
UPF3B VPS13B WDR73 ZBTB20 ZNFT711
UQCRQ VPS53 WDR81 ZC3H14 ZSWIM6
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X chromosome inactivation does
not necessarily determine the
severity of the phenotype in Rett
syndrome patients

ClaraXiol*, Silvia Vidal*, Ainhoa Pascual-Alonso?, Laura Blasco?, Nuria Brandi?,
Paola Pacheco?, Edgar Gerotina®, Mar O’Callaghan(®?, Mercé Pineda®, Judith Armstrong®3* &
Rett Working Group*

Rett syndrome (RTT) is a severe neurological disorder usually caused by mutations in the MECP2 gene.
Since the MECP2 gene is located on the X chromosome, X chromosome inactivation (XClI) could play a
role in the wide range of phenotypic variation of RTT patients; however, classical methylation-based
protocols to evaluate XCl could not determine whether the preferentially inactivated X chromosome
carried the mutant or the wild-type allele. Therefore, we developed an allele-specific methylation-based
assay to evaluate methylation at the loci of several recurrent MECP2 mutations. We analyzed the XCI
patterns in the blood of 174 RTT patients, but we did not find a clear correlation between XCl and the
clinical presentation. We also compared XCl in blood and brain cortex samples of two patients and found
differences between XCl patterns in these tissues. However, RTT mainly being a neurological disease
complicates the establishment of a correlation between the XCl in blood and the clinical presentation

of the patients. Furthermore, we analyzed MECP2 transcript levels and found differences from the
expected levels according to XCI. Many factors other than XCl could affect the RTT phenotype, which

in combination could influence the clinical presentation of RTT patients to a greater extent than slight
variations in the XCl pattern.

Rett syndrome (RTT, OMIM #312750) is a severe neurodevelopmental disorder characterized by a period of nor-
mal development until 6-18 months of age followed by a regression of neurological traits. RTT features include
compromised brain functions, severe mental retardation, epilepsy, regression of purposeful hand use and lan-
guage, breathing disturbances, gait apraxia and repetitive stereotyped hand movements'=>. RTT has an incidence
0f 1:10,000-20,000 live births and affects mainly young females*, being the second most common cause of severe
mental retardation in females after Down syndrome.

The association of RT'T with mutations in methyl-CpG binding protein 2 (MECP2; Xq28; OMIM *300005)
gene was recognized in 19992 Since then, more than 800 different mutations in MECP2 have been identified
in more than 95% of patients with classic RT'T>¢. There are also some atypical RTT variants, such as the early
onset seizure variant and the congenital variant, which have been associated with mutations in cyclin-dependent
kinase-like 5 (CDKL5; Xp22; OMIM *300203) and forkhead box protein G1 (FOXGI; 14q12; OMIM *164874),
respectively”S. However, the vast majority of RTT patients have a de novo mutation in MECP2, and there are
8 mutation hotpots with recurrent mutations (p.Thr158Met, p.Arg255%, p.Argl68%, p.Arg306Cys, p.Arg294*,
p.Arg270%, p.Arg133Cys and p.Argl06Trp), which are responsible for over 60% of all RTT cases*'°.

Increasing experience has shown that RTT patients present a large degree of phenotypic variation®. Patients
with truncating mutations in MECP2 tend to show a more severe phenotype than those with missense mutations’,
and there are also phenotypical presentation differences between patients with the same mutation!!~'3.

IMolecular and Genetics Medicine Section, Hospital Sant Joan de Déu, Barcelona, Spain. ?Facultat de Medicina,
Universitat de Barcelona, Barcelona, Spain. ?Institut de Recerca Pediatrica, Hospital Sant Joan de Déu, Barcelona,
Spain. “CIBER-ER (Biomedical Network Research Center for Rare Diseases), Instituto de Salud Carlos I, Madrid,
Spain. Neurology Service, Hospital Sant Joan de Déu, Barcelona, Spain. *A comprehensive list of consortium
members appears at the end of the paper. Correspondence and requests for materials should be addressed to J.A.
(email: jarmstrong@sjdhospitalbarcelona.org)
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Type of MeCP2 Number of patients | % of patients with
Mutation mutation region with skewed XCI skewed XCI
¢.455C > G (p.P152R) Missense MBD 0/6 0%
c473C>T (p.T158M) Missense MBD 0/33 0%
¢.502C > T (p.R168X) Nonsense IDR 5/29 17.2%
¢.674C > G (p.P255R) Missense TRD 0/2 0%
¢.763C > T (p.R255X) Nonsense TRD 4/36 11.1%
¢.806delG (p.G269fs) Frameshift TRD-NLS 1/11 9.1%
¢.808C > T (p.R270X) Nonsense TRD-NLS 4/20 20%
¢.880C > T (p.R294X) Nonsense TRD 1/20 5%
¢.916C > T (p.R306C) Missense TRD 1/15 6.7%
Large deletions Deletion Exons 3-4 172 50%
All — — 17/174 9.8%

Table 1. Proportion of patients per mutation with a skewed XCI pattern according to at least one of the two
techniques used for assessing XCI (XCI-AR and XCI-AS).

These clinical differences have been attributed, at least in part, to X chromosome inactivation (XCI). Through
the XCI process, mammalian female cells inactivate one of the two X chromosomes to compensate for gene
dosage. XCl is a stochastic process that takes place in the initial stages of the embryogenesis, causing a mosaic
expression of X-linked genes in the adult organism>'*"°. Since MECP2 is located on the X chromosome, the
severity of RTT could be theoretically regulated by XCI, showing a more severe phenotype as more cells express
the mutated MECP2'.

Some cases of healthy carriers of RTT-causing mutations with highly skewed XCI patterns have been doc-
umented'*!1%'7, as have cases of RTT patients with milder symptoms who also presented a skewed XCI pat-
tern'>!1”18, However, in most XCI studies in RT'T, the phase of the two X chromosomes was not determined, so the
XClI pattern could only be classified as either skewed or random. Therefore, no evidence of whether the preferen-
tially inactivated chromosome was the mutant or the wild-type (WT) could be obtained.

We have developed an allele-specific methylation-based assay to evaluate methylation on the loci of several
recurrent MECP2 mutations, allowing for evaluation of the XCI pattern while taking into account which is the
mutant and which is the wild-type allele. We compared the results from the classical androgen receptor assay for
evaluating X chromosome inactivation (XCI-AR) with the allele-specific X chromosome inactivation (XCI-AS)
assay we developed. We also compared all XCI results with a score of clinical severity of the clinical presentation
of RTT to determine if we could correlate the XCI pattern with milder or more severe forms of RTT. Our cohort
included 221 RTT patients with several recurrent mutations and two deletions in MECP2, for whom we could
evaluate XCI patterns in blood. Moreover, we also assessed XCI in brain samples of two patients and compared
the XCI status to blood to determine if it could be used as an accurate predictor. Finally, we measured MECP2
RNA levels in brain samples to determine whether they correlated with the XCI pattern detected.

Results

Allele-specific X chromosome inactivation and XCl skewing in blood samples. For each patient,
we performed an XCI-AR and the corresponding XCI-AS when blood samples were available (174/221 patients),
and we also calculated the global score of the clinical presentation when clinical data were available (181/221
patients). The reference values for considering an XCI pattern as skewed in the literature are usually established at
an 80:20 ratio'*!?, so we also used that threshold to allow the comparison of our results with previous studies. The
entire list of XCI results and clinical scores for all patients can be found in Supplementary Table S1.

The overall tendency of our cohort was to have random XCI. However, 9.8% of our patients showed a skewed
XCI pattern (80:20 or higher; Table 1), which is similar to what was found in other studies'**’. No patients with p.
RI152R, p.T158M or p. P225R mutations showed skewed XCI patterns in either XCI-AR or XCI-AS.

When we applied the 80:20 skewing threshold, 17 out of 174 patients presented a skewed XCI pattern accord-
ing to at least one of the two XCI assays performed (Table 2). We compared these patients’ clinical severity scores
with the average clinical score of RT'T patients with the same mutation. We found that, when the clinical score
was available, in the majority of cases this value was included in the interval of p+ o (central 68% of individuals
in a normal distribution) of the patients with the same mutation.

There were only two patients who had a clinical score lower than the interval p-o for their mutation (P107 and
P145, Table 2, in bold). In the case of patient P107, the preferentially inactivated allele was the WT allele, while
in the case of patient P145 the mutant allele was inactivated. The results from patient P145 seem to be consistent
with the theory that when the chromosome that harbors the MECP2 mutation is preferentially inactivated, the
clinical presentation of RT'T may be milder.

Allele-specific X chromosome inactivation and XCl skewing in brain samples.  We also performed
XCI-AR and XCI-AS assays in samples of several brain regions of two patients with the ¢.763C > T mutation
(Table 3). The XCI-AS assay was useful for assessing the XCI pattern in both patients, but especially in patient
P119, since in this case, the polymorphism in the AR locus was noninformative for the XCI-AR assay.
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XCI-AS
Patient Number | XCI-AR WT Mut Global Score
Patients with ¢.502C > T (p.Argl68*) mutation X=13.12(SD=3.361)
P47 ni. 81.5 18.5 13
P60 84:16 28 72 16
P68 75:25 15.5 84.5 NA
P70 85:15 35 65 NA
P74 81:19 55.5 445 NA
Patients with ¢.763C > T (p.Arg255*) mutation | X=15.21 (SD=3.213)
P83 85:15 57 43 NA
P84 87:13 55.5 44.5 13
P85 80:20 28 72 14
P107 87:13 68 32 11

Patients with c.806delG (p.Gly269fs) mutation X =14.29 (SD=4.112)

P139 82:18 58 42 NA
Patients with c.808C >T (p.Arg270*) mutation | X =14.69 (SD = 3.846)
P143 97:3 16 84 18

P144 84:16 21 79 NA
P145 81:19 30 70 9

P146 80:20 73 27 13
Patients with ¢.880C > T (p.Arg255*) mutation X =10.46 (SD=2.993)
P191 [89:11 [49 51 [NA
Patients with ¢.916C > T (p.Arg306Cys) mutation | X =11.18 (SD =3.065)
P195 [89:11 [595 405 [o
Patients with deletions in MECP2

P220 [88:12 [673 [9327 [Na

Table 2. Data of patients with skewed XCI according to at least one of the two assays. The XCI-AR column
shows the results of the AR XCI assay (percentage of inactivation of each allele). The XCI-AS WT and Mut
columns show the results of the allele-specific XCI assay (percentage of inactivation of each allele, mean of two
replicates n =2 or three replicates n =3 in the cases of the deletions). The Global Score column shows the
average (X) score and its standard deviation (SD) in brackets for the patients of our cohort with each mutation.
Bold formatting indicates patients with a clinical score lower than the interval p-o for the average clinical score
of their mutation. n.i. = polymorphism noninformative for the assay. NA = clinical data not available.

Although no samples showed skewed XCI by either assay, there was no clear homogeneity among blood and
brain samples. Some samples, such as the frontal cortex or the white matter sample of patient P109, showed an
XCI pattern closer to the skewing threshold than other regions, such as the cerebellum, of the same patient. In
patient P119, the vast majority of samples were close to the random XCI pattern, but the temporal cortex sample
showed an XCI pattern closer to the skewing threshold.

Brain RNA analysis. Finally, we analyzed frontal and occipital cortex RNA samples. We performed RT-PCR
to obtain cDNA samples so that we could perform Sanger sequencing to check if we could detect the presence of
one allele over the other (Fig. 1).

In cDNA samples from patient P109, the T allele (mutated allele) was overrepresented, while in samples from
patient P119, the C allele (WT allele) was overrepresented. However, both patients presented a severe form of
RTT, with clinical scores of 20 and 19, respectively.

The cDNA analysis was not conclusive since Sanger sequencing is not the best technique for quantifying the
RNA of each allele. However, the sequencing analysis seemed to indicate that one allele was more frequently pres-
ent than the other, although the XCI assay results showed inactivation patterns that did not reach the threshold
for classifying the XCI pattern as skewed in any of the two patients and regions.

We later confirmed our findings in the frontal cortex samples by qRT-PCR, a more suitable technique for
quantifying RNA levels (Fig. 2a,b). We found that in samples from patient P109, the mutated allele was overex-
pressed, while in samples from patients P119, the WT allele was overexpressed.

Discussion
The XCI-AS assay allowed us to describe the XCI patterns of patients previously classified as noninformative by
the classical XCI-AR assay and to identify which MECP2 allele (mutated or WT) was preferentially inactivated in
cases of skewed XCI pattern.

Differences between the XCI patterns obtained by both techniques can be explained because in each tech-
nique, the methylation status is only analyzed at a single locus, and the methylation of a single cytosine residue
may not be representative of the inactivation status of the entire X chromosome?"?. Different studies have shown
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XCI-AS
Sample XCI-AR WT Mut
Patient 109 (Clinical score = 20)
Frontal Cortex 65:35 26 74
Occipital Cortex 58:42 59 41
Parietal Cortex 64:36 40 60
Temporal Cortex 60:40 32 68
White matter 59:41 23 77
Brain stem 59:41 31 69
Striatum 61:39 51 49
Cerebellum 55:45 43 57
Blood 73:27 64 36
Patient 119 (Clinical score = 19)
Frontal Cortex n.i. 48 52
Occipital Cortex ni. NA NA
Parietal Cortex n.i. 56 44
Temporal Cortex ni. 73 27
White matter ni. 46 54
Brain stem n.i. 38 62
Striatum ni. 50 50
Cerebellum n.i. 50 50
Blood ni. 34 66

Table 3. Data of patients P109 and P119 with the ¢.763C > T mutation. The XCI-AR column shows the
results of the AR XCI assay (percentage of inactivation of each allele). The XCI-AS WT and Mut columns
show the results of the allele-specific XCI assay (percentage of inactivation of each allele). n.i. = polymorphism
noninformative for the assay. NA = data not available.

Sequence Brain
region

Patient XCl

26:74

Frontal
Cortex

P109

59:41

Occipital
Cortex

48:52

Frontal
Cortex

P119

NA

Occipital
Cortex

c.763C>T
p.Arg255*

Figure 1. Brain RNA Sanger Sequencing. cDNA analysis of brain samples. Electropherograms obtained from
Sanger sequencing of frontal and occipital cortex cDNA samples. Blue peaks correspond to the C allele (WT),
while red peaks correspond to the T allele (mutated), and the red box highlights the locus of the ¢.763C > T
mutation in heterozygosis. Inactivation ratios are shown as inactivation WT:inactivation Mut.

that when methylation in several loci of the X chromosome is assessed, different ratios of XCI can be obtained,
with up to 27% of variation?"?2. Therefore, the use of several loci for characterizing XCI would indicate the true
XCI pattern more consistently>'.
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Figure 2. Brain RNA qRT-PCR analysis and comparison with XCI-AS assay results. (a) cDNA analysis of brain
samples. The results obtained by qRT-PCR of frontal cortex RNA samples (% of expression of each allele). The
discontinuous line indicates 50% of the expression of each allele (each allele is equally present in the sample).
(b) Comparison of XCI and qRT-PCR data from patients P109 and P119 with the ¢.763C > T mutation. Data are
shown as % of activation of each X chromosome (% Active) and % RNA expression measured by qRT-PCR.

Gathering data from both XCI assays performed with samples of 174 patients, we found that 9.8% of patients
had skewed XCI patterns (80:20 XCI ratio or higher). Other studies have found either similar results'>* or a
considerably higher incidence of skewing, up to 43%, among RTT patients?’. Some authors claim that most of
the patients who meet the diagnostic criteria for RT'T have a random XCI pattern, while those with skewed XCI
patterns may not meet all the criteria and therefore are not included in some RTT studies'®.

However, the percentage of patients in our cohort with skewed XCI patterns varied among different types of
mutations. Mutations that produce a truncated protein result in a more severe phenotype than missense muta-
tions?, and skewed XCI patterns were more common in RTT patients with deletions and nonsense mutations
than in those with missense mutations. This could be due to a protective effect related to the severity of the muta-
tion. It is possible that mutations producing a less functional, truncated protein (deletions and nonsense muta-
tions) cause cells to preferentially inactivate the X chromosome harboring the mutation. It has been shown that
skewed XCI can be caused by a selective advantage of cells with a particular active X chromosome proliferating
faster than cells where the other X chromosome is active'>?*?*. This type of skewing has been described in up to
50% of familial cases of X-linked mental retardation disorders.

This skewed proliferation could be the case for patient P220 (Table 2), who had a large deletion in MECP2
and showed a skewed XCI pattern (88:12) by the XCI-AR assay. In this patient, the XCI-AS assay confirmed an
extremely skewed XCI pattern and that the preferentially inactivated allele was the mutated allele at a ratio of 93:7.
We also found this tendency in several patients with p.Arg168* (P60, P68, P70; Table 2) p.Arg255* (P85; Table 2)
and p.Arg270* (P143, P144, P145; Table 2) mutations. However, there were other patients with these same muta-
tions with skewed XCI according to the XCI-AR assay who showed a preferential inactivation of the WT allele
when the XCI-AS assay was performed, such as P146 (Table 2). Patient P47 (Table 2), who was noninformative
for the XCI-AR assay, also showed a preferential inactivation of the WT allele at a ratio of 81:19 when the XCI-AS
assay was performed. These last patients do not support the abovementioned hypothesis.

We found no substantial correlation between the XCI patterns in blood and the clinical presentation of RTT
following the scale of evaluation of the RTT phenotype by Monr®s, et al.”’ (data not shown). We did not observe
consistent increases or decreases in the clinical score of RT'T patients with a preferential inactivation of the WT
or mutated alleles in blood samples.

It has been published that XCI patterns can vary among different tissues?»?*. Indeed, we compared the XCI
patterns of blood and brain samples of the same patient, and they did not show homogeneous XCI patterns.
Although they were small, there was also a slight difference in the XCI patterns between different brain regions
of the same patient.

Moreover, it has been shown that blood is especially prone to XCI skewing® because of the proliferation of
different clones of lymphocytes under different conditions®>*. In fact, blood XCI patterns have shown variations
at different time points in different studies'. For two of the patients included in the study (P9 and P199; Table S5),
we compared two different blood samples from two different extractions. Both patients showed some differences
in the results of the XCI assays in the two extraction samples.

The lack of a direct correlation between the XCI patterns in blood and the clinical presentation of RTT could
be explained by different reasons. First, we observed that the XCI patterns in blood and different regions of the
brain are not necessarily homogeneous. Therefore, if RTT symptoms are caused mainly by the lack of MECP2
function in the brain, it is expected that the severity of the phenotype will be more related to the XCI pattern in
the brain than to the XCI pattern in the blood.

Moreover, there are many other factors that can influence the presentation of the RTT phenotype, such as
other polymorphisms and genetic variants, the expression levels of other genes and environmental conditions*.
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It is likely that the combination and addition of these additional factors can influence the phenotype to a greater
extent than only the XCI pattern in the brain.

RTT symptoms arise from either a partial or a complete loss of function of MECP2 in neurons'**. RTT
affects mainly females, partly because a complete loss of function of MECP2 in males is so damaging that it can
cause death in the first months of life or even before birth. The severity of the male phenotype points towards a
dose-dependent mechanism of action of MECP2, where the expression of the mutant MECP2 in a high propor-
tion of cells causes the RTT phenotype'**!. It is possible that in females, slight deviations from random 50:50
XClI ratios do not cause sufficient changes in the levels of the mutant MECP2 in the brain to be translated into a
different phenotype.

However, it is possible that in more extreme cases, the effect is more remarkable. This could be similar to the
case of female carriers of the MECP2 duplication who show an extremely skewed XCI pattern with the mutant
chromosome inactivated in most of their cells. In these cases, where a greater number of cells have inactivated
the mutant chromosome, the effects of the XCI pattern are more important and cause the carrier of the MECP2
duplication not to present the MECP2 duplication syndrome. The same phenomenon could occur with patho-
genic mutations in MECP2. If there is an extremely skewed XCI pattern in the brain, where a greater number of
cells express the WT copy of MECP2, a threshold of MECP2 function could be reached, and the RTT phenotype
would therefore not be expressed. In some familial cases of RT'T, it has been observed that a healthy mother with
extremely skewed XCI can be a carrier of a pathogenic mutation responsible for causing RTT in her offspring'®'8,
although she remains asymptomatic. Some authors have claimed that these familial cases of RT'T are only pos-
sible due to the presence of two coincident traits: RTT and the trait for skewed XCI, which would be genetically
determined'*!¢.

The differences between the XCI patterns measured and the levels of each allele observed in Sanger sequenc-
ing and qQRT-PCR could be due to RNA degradation, both in the postmortem interval and during life due to the
nonsense-mediated mRNA decay (NMD) pathway, which could degrade mutant mRNA because of its potential
to be translated into a truncated protein.

However, brain RNA levels of each allele seemed to show discrepancies with the XCI patterns identified in
our XCI assays. Some authors have noticed discordances between the XCI pattern according to the XCI-AR assay
and the quantification of the AR gene expression®. These discrepancies suggest, first, that the methylation assay
may not always be representative of XCI and, second, that gene transcript levels may be regulated by more factors
than XCI.

The difference between the XCI pattern and the final RNA levels of each allele suggests that the levels of
MECP?2 are not directly determined by the XCI pattern and that there could be mechanisms other than XCI
involved in regulating MECP2 transcript levels. Consistent with what we have discussed, there might be other
genes involved in regulating MECP2 transcription and/or RNA degradation, causing changes in the final levels of
functional MECP2'°. Therefore, XCI may not necessarily be determining the severity of the clinical presentation
of RTT, which would be more related to the levels of functional MECP2 in the brain®**!.

Nevertheless, it is important to keep in mind that we are measuring MECP2 transcript levels from brain bulk
RNA. Since different neuronal types have showed diverse transcriptional profiles in several studies®, the levels
of the MECP2 transcripts we measured do not necessarily reflect these transcript’s levels in neurons relevant for
RTT pathophysiology.

Although one patient showed higher levels of the MECP2 mutant transcript than the other, the clinical sever-
ity scores of both patients were not dissimilar (20 vs 19). This score similarity supports the hypothesis that slight
deviations from a 1:1 ratio of each allele produce little to no change in the RTT phenotype. It is possible that more
consistent differences would be noticeable if one allele was more prevalent than the other, such as in asympto-
matic carriers with an XCI pattern close to the 100:0 ratio.

In conclusion, our results show that the relationship between XCI and the severity of the RT'T phenotype is
not straightforward. Factors other than XCI can influence MECP2 transcript levels, and presumably many addi-
tional factors, such as genetic polymorphisms and the expression of other genes, may influence the final clinical
presentation of RT'T. Therefore, probably only extremely skewed XCI patterns affecting neurons can be correlated
with milder forms of RTT or asymptomatic carriers.

Materials and Methods

Sample material. The study cohort consisted of 221 RTT patients with one of the 9 following recurrent
mutations in the MECP2 gene: ¢.455C > G-p.Prol152Arg (6 patients), c.473C > T-p.Thr158Met (36 patients),
¢.502C > T-p.Arg168* (38 patients), c.674C > G-p.Pro225Arg (2 patients), c.763C > T-p.Arg255* (47 patients),
¢.806delG-p.G269fs (13 patients), c.808C > T-p.Arg270* (31 patients), c.880C > T-p.Arg294* (21 patients) and
€.916C > T-p.Arg306Cys (25 patients); and 2 patients with a large deletion in MECP2.

Samples of blood genomic DNA (gDNA) were obtained from peripheral blood leukocytes. Samples of brain
gDNA were obtained postmortem from several brain regions (frontal, occipital, temporal and parietal cortex;
white matter, brain stem, striatum and cerebellum) of two patients with ¢.763C > T mutation. RNA was also
obtained from the frontal and occipital cortices of such patients. DNA samples were isolated using the saline
extraction kit PUREGENE® DNA Isolation Kit of Gentra Systems®, and brain RNA samples were extracted using
TRIzol™ Reagent from Invitrogen™.

Ethical approval and informed consent.  The study was approved by the ethical committees of Hospital
Sant Joan de Déu, CEIC: Comité d’Etica d’'Investigaci6 Clinica- Fundacié Sant Joan de Déu (internal code: PIC-
101-15). Written informed consent from the legal guardians of the patients was obtained in accordance with the
corresponding ethical protocols to perform the genetic studies, and tissue samples from patients and controls
were obtained according to the Helsinki Declaration of 1964, as revised in 2001
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Hpall and Hinfl digestion. Digestion of gDNA samples was performed with one of the
methylation-sensitive restriction enzymes Hpall or Hinfl (New England BioLabs® Inc.), depending on the pres-
ence of the relevant enzyme target sequences near the studied loci. In the AR, ¢.455C> G, c.473C>T, ¢.502C>T,
¢.674C > G, c.763C > T, c.806delG, c.808C > T, c.880C > T, c.916C > T and deletion 2 (NM_004992.3:
¢.887_10015 + 18460del) loci assays Hpall was used, while in the deletion 1 (NM_004992.3: ¢.27-10677_1192del)
locus assay Hinfl was used. A total volume of 500 ng of gDNA was digested with 0.5 uL of enzyme in a 25 puL reac-
tion volume in CutSmart 1x Buffer (New England Biolabs® Inc.). Digestions were incubated at 37 °C for 20 min-
utes followed by another 20 minutes at 80 °C for enzyme inactivation, as established in the enzyme protocol.

PCR amplification and fragment analysis. A pair of primers with the sequences described in Allen, et
al.*® was used to amplify the AR polymorphic locus. Allele-specific primers were designed for each MECP2 recur-
rent mutation included in the study. Primer design was carried out following the recommendations in Liu, et al.®.
For the deletion assays, a forward primer was designed inside the deletion locus and another primer immediately
after the deletion; they were both amplified with a reverse primer outside the deleted region. All primers used
were designed using Primer3web version 4.1.0%, and they are shown together with PCR conditions for each
pair in Supplementary Tables S2, S3 and S4. One primer of each pair was FAM-labeled at the 5 end.

PCR amplification was performed using the resulting DNA after the digestion and nondigestion of each sam-
ple. PCR products were analyzed on a 3500 Genetic Analyzer (Applied Biosystems®) using GeneScan™ - 500
LIZ® Size Standard of Applied Biosystems® as an internal size standard and Peak Scanner Software v1.0. The X
chromosome inactivation ratios were calculated as described elsewhere®.

Brain RNA analysis. RT-PCR was performed with frontal and occipital cortex RNA of two patients with
the ¢.763C > T mutation, following the recommendations provided with the SuperScript™ III First-Strand
Synthesis SuperMix for qRT-PCR from Invitrogen™. Subsequently, Sanger sequencing of the cDNA obtained in
the RT-PCR reaction was performed. QPCR was performed in a QuantStudio™ 6 Flex Real-Time PCR System
(Applied Biosystems™) with TagMan™ Gene Expression Master Mix (Applied Biosystems™) and specific
TagMan™ MGB probes to amplify the mutant and the wild-type alleles. qPCR data were analyzed using the
comparative Ct method. Primers and probes were designed using Primer3web version 4.1.036,37, and they are
listed in Supplementary Table S5.

Patient phenotype evaluation and correlation analysis. When clinical data were available (181/221
patients), the RTT phenotype was evaluated, and a score was assigned following the scale of evaluation of the RTT
phenotype published by Monros, et al.?’.

The linear correlation between the inactivation patterns of the WT allele and the global score of each patient
was evaluated using statistical methods that are based on Ordinary Least Squares (OLS) regression models,
grouping patients with the same mutation.

Data Availability
All data from this article is available in the Supplementary Data.
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Abstract: Rett syndrome, a serious neurodevelopmental disorder, has been associated with an
altered expression of different synaptic-related proteins and aberrant glutamatergic and
Y-aminobutyric acid (GABA)ergic neurotransmission. Despite its severity, it lacks a therapeutic
option. Through this work we aimed to define the relationship between MeCP2 and GABAA.-A1
receptor expression, emphasizing the time dependence of such relationship. For this, we analyzed
the expression of the ionotropic receptor subunit in different MeCP2 gene-dosage and
developmental conditions, in cells lines, and in primary cultured neurons, as well as in different
developmental stages of a Rett mouse model. Further, RNAseq and systems biology analysis was
performed from post-mortem brain biopsies of Rett patients. We observed that the modulation of
the MeCP2 expression in cellular models (both Neuro2a (N2A) cells and primary neuronal
cultures) revealed a MeCP2 positive effect on the GABAA.-A1 receptor subunit expression, which
did not occur in other proteins such as KCC2 (Potassium-chloride channel, member 5). In the
Mecp2+/- mouse brain, both the KCC2 and GABA subunits expression were developmentally
regulated, with a decreased expression during the pre-symptomatic stage, while the expression
was variable in the adult symptomatic mice. Finally, the expression of the gamma-aminobutyric
acid (GABA) receptor-related synaptic proteins from the postmortem brain biopsies of two Rett
patients was evaluated, specifically revealing the GABA AIR subunit overexpression. The
identification of the molecular changes along with the Rett syndrome prodromic stages strongly
endorses the importance of time frame when addressing this disease, supporting the need for a
neurotransmission-targeted early therapeutic intervention.

Keywords: Rett syndrome; GABA; autism; GABA-A1R; KCC2; RNAseq
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1. Introduction

Rett syndrome (RTT; OMIM #312750) is a severe neurodevelopmental disorder characterized
by a regression in the neurological development between 6 and 18 months following a normal early
development. Patients experience seizures, autistic features, apnea/hyperpnoea and a loss of all the
acquired capabilities, speech and non-verbal communication capacity, stereotypes, loss of
purposeful use of hands, and organic dysfunctions [1,2].

The complexity of Rett syndrome derives from the MeCP2 protein function, coded by MECP2
(Xq28; MIM* 300005), as most reported cases are associated with its defective activity. MeCP2 is a
nuclear protein that acts as an epigenetic regulator, controlling the expression of numerous genes
(either as transcription activators or repressors) involved in several biological processes [3]. Whilst it
is a ubiquitous protein, MeCP2 is most highly expressed in the brain [2,4], most precisely in post
mitotic neurons [5,6], and its deficiency results in a global neurodevelopment disturbance [7].
Neurochemically, Rett syndrome has been associated with an aberrant expression of
neurotransmitters, neuromodulators, transporters, and receptors [8-11]. Collectively, these
alterations may underlie an unbalanced excitatory/inhibitory neurotransmission together with a
disturbed synaptic development associated with Rett syndrome [12,13]. In particular, an unbalanced
excitatory/inhibitory neurotransmission stands out, with a specific y-aminobutyric acid
(GABA)ergic malfunction. GABA (y-aminobutyric acid) is the major inhibitory neurotransmitter in
the brain [14]. The fast inhibitory actions of GABA are mediated by the GABA(a) receptors, which
are ligand-gated chloride (Cl-) channels consisting on assemblies of five different subunits from
eight possible subfamilies [15], the 2al + 232 + 1y2 conformation being the most prevalent,
accounting for 43% of the total GABAA4 receptors [16], present in most brain areas. The selective
transport of Cl- when the GABAAa receptors are activated hyperpolarizes the neuron, reducing its
likelihood of starting an action potential [17].

GABAergic synapses dysfunction has been associated with several Rett features. This altered
performance, nevertheless, seems to be region and developmental-stage dependent. In fact, studies
in MeCP2-/y mice brain slices show reduced miniature excitatory postsynaptic currents in the
somatosensory cortical neurons, together with unaltered miniature inhibitory postsynaptic currents,
which result in an overall reduced excitation. Opposite to that, there is a reduced conductance but
increased excitatory/inhibitory ratio in the CA1l and CA3 areas of the hippocampus and V1
pyramidal neurons in in vivo visually evoked responses. Many players appear to be participating in
this GABAergic neurotransmission alteration, from GABA receptors [18-20] to the chloride channels
NKCC1 and KCC2 [13,21], responsible for the excitatory to inhibitory switch of GABAergic synapses
during development, and for which the expression has been found to be altered in Rett patients’
cerebrospinal fluid (CSF).

In agreement with this, the restoration of correct GABAergic neurotransmission partially
rescued Rett-like phenotypic abnormalities in mouse models [22], supporting the GABAergic
pathway pivotal role in Rett's pathophysiology, and opening a window for the
treatment-expectancy of the disease [23].

Regarding the need for a treatment for the disease, and proving its mentioned potential

reversibility, neurotransmission modulation appears to be an attractive therapeutic approach.
However, enlightened by very last reports, the question of “when” adds on to the “how” for treating
the disease. Given the severity of Rett syndrome and the lack of therapeutic options, there is an urge
for the definition of the molecular alterations during development that set the bases for the window
travel to address novel therapeutic targets, as intended throughout this work.
Throughout this work, we aimed to define if there was a direct relationship between GABAergic
synapses known to alter elements, and MeCP2. Our results show a direct relationship between
MeCP2 and GABA ionotropic receptors’ expression, which is not extensible to other GABAergic
proteins such as KCC2, altered in the context of MeCP2 dysfunction, but not appearing to be directly
regulated by its activity. More important than this, our work points attention towards the
importance of the time frame when addressing Rett syndrome, as changes appear to be
time-dependent, with greater importance for the pre-symptomatic stages.
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2. Results

2.1. MeCP2 Levels Are Associated with GABAa Receptors’ Expression in Cellular Models

Fast GABAergic neurotransmission is mediated by GABA ionotropic receptors (GABAA). These
are ligand-gated chloride (Cl-) channels consisting on five subunits of eight subfamilies [15].
Mechanistically, GABAa receptors’ activation allows for a selective Cl- influx, triggering a
hyperpolarization of the postsynaptic neuron that reduces its likelihood of starting an action
potential [17]. Among the multiple stoichiometric combinations of the heteromeric GABAa
receptors, al-B2-y2 is the major molecular combination, with the a1l subunit being present in over
60% of GABAA heteromers, being widely expressed in brain areas.

Based on previous reports supporting the contribution of GABAergic dysfunction in Rett
syndrome progression and the alteration of the GABAa-Al expression, we hypothesized that
MeCP2 disturbance might directly affect the density of GABAAa receptors, rather than such an altered
expression being a secondary effect of an overall GABAergic dysfunction. To this end, we studied its
expression pattern over two days of Mecp2 knockdown in cellular models.

On one side, we interfered mMeCP2 (mouse MECP2) expression in Neuro2a (N2A) mouse
neuroblastoma cells by the transient transfection of a shRNA-anti-3'UTR Mecp2 plasmid (from now
on, mentioned solely as shRNA). Prior to the GABAA-AIR assessment, the efficiency and specificity
of the MECP?2 expression interference was evaluated. For this, the total RNA was extracted from the
cells under the four scenarios analyzed, that is, un-transfected N2A cells, cells transfected with the
shRNA vector or co-transfected with the shRNA vector, and the hMECP2 gene in either its wild type
(wt) or mutated versions. Interestingly, the short hairpin sequence was designed to specifically
target mouse Mecp2, while the human MECP2 (hMeCP2) was predicted to be insensitive to
shRNA-anti-(3'UTR)Mecp2. The system was proven to be reliable, as the endogenous MECP2 levels
were drastically reduced upon the transfection of N2A cells with the shRNA vector, while the
exogenous expression of the human isoform, however, was not affected by the shRNA
co-expression. As shown in Figure 1A, the amplification with specific tMECP2 primers revealed an
increased expression only upon transfection with the tMECP2 wt vector.

While the specificity of the shRNA interference has been shown, the exclusivity of the hMeCP2
cannot be ensured, as endogenous mMeCP2 is amplified in the un-transfected N2A cells using
hMeCP2 primers (Figure 1A, right panel). We believe we are detecting undesired amplification due
to cross-binding between the mouse and human forms. Human and mouse MeCP2 are identical in
87.41% of their RNA sequence. While the forward primer binds to a sequence similar in 95% of both
forms (19 out of 20 bases), the reverse primer was designed to only bind to the human transcript,
which, however, seems not to have been properly achieved.

Under basal conditions, the transcript encoding for the major GABAa receptors subunit
(Gabral) was not detectable in N2A cells. Remarkably, the target was amplified upon transfection
with the plasmid carrying the wt form of htMECP2 (Figure 1B), supporting a relationship between
MeCP2 expression and the gene over-expression. Noteworthy, the GABAa receptor subunit
expression was undetectable upon transfection with the plasmid containing hMECP2_c.763C>T
(Figure 1B). The same happened with the remaining principal GABAa subunits Gabrb2 and Gabrg2
(data not shown). These results point towards a direct regulation of GABAA-AIR expression by
MeCP2 during, at least, a certain time frame of development.

Interestingly, with the KCC2 expression, which has been reported to be affected in Rett
syndrome models, patients did not appear to be affected by MeCP2 inhibition, as can be shown in
Figure 1B, suggesting that both alterations affecting the same synapse occur through different
mechanisms.
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Figure 1. In vitro analysis of MeCP2 altered activity over y-aminobutyric acid (GABA) ionotropic
receptors’ expression. Bar graph representing the relative expression of (A) mouse MECP2
(mMeCP2), human MECP2 (hMeCP2) and (B) mouse GABRA1, and mouse KCC2, measured by
qRT-PCR under four different transfection scenarios, namely: non-transfected cells (N2A),
transfected with the shRNA-anti-(3'UTR)Mecp2 (shRNA) and co-transfected with the
shRNA-anti-(3'UTR)Mecp2 and wt, or ¢.763C>T mutated MeCP2 carrying plasmids. Error bars
represent the standard deviation of the average values. Statistical significance was calculated
through a Student’s t-test (*** p-value < 0.001).

In order to evaluate the identified MeCP2 positive regulatory effect on the GABAa receptor
expression in the dendritic processes, the primary cultures of murine cortical neurons were
established. Following shRNA-mediated MeCP2 silencing, the expression of the GABRA1I subunit
was assessed.

The primary cortical neurons were transiently co-transfected at day in vitro 7 (DIV7) with either
a shRNA-anti-(3"'UTR)Mecp2 or a mock plasmid, together with a pcDNA-EGFP vector in a 1:7 ratio,
allowing for the identification of sShARNA-transfected neurons. An immunofluorescence analysis was
performed in the early mature primary neuronal cultures (DIV11), showing a complete lack of
Mecp?2 detection in shRNA-(GFP-positive) transfected neurons (Figure 2A), and thus validating the
inhibition system.

When we next evaluated the GABAA-AIR expression on the silenced neurons, we observed a
severe decrease in the detection in the GFP-positive neurons, compared with the cultures transfected
with GFP and mock vector (Figure 2B), considered as the control conditions. The mean detection on
the GABRA1 marking was 37% compared with the control conditions. These results are
complementary to the N2A cells observations, as both support a positive and straightforward
relationship between MeCP2 and GABAa-A1 receptor expression.
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MeCP2

GABRA1

GFP : mock
GFP : ShRNA

GFP: mock GFP:shRNA

Figure 2. Immunofluorescence analysis of MeCP2, GABRA1, and KCC2 expression in cortical
primary neuronal cultures. Cells were transfected with either GFP and mock DNA, or GFP and
shRNA-anti-(3'UTR)Mecp2. Images show neurons at DIV11. Images were taken at 63x with constant
time of exposure. Transfected neurons were labeled with anti-GFP and anti-Mecp2 (A). For the
GABRA1 and KCC2 immunostaining (B), different neurons are shown. The quantification of the
mean GABRA1 immunosignal in mock and shRNA transfection conditions is shown in the bar
graph. n = 10 different neurons, from two independent cultures. ** refer to p-value < 0.01.

2.2. Neurodevelopmental Changes of GABAs-AIR and KCC2 in a Rett Syndrome Mouse Model Point
Towards the Importance of Pre-Symptomatic Versus Symptomatic Manifestations

As Rett syndrome is a neurodevelopmental disorder, we aimed to appraise the studied changes
in different evolutionary stages.

Thus, we evaluated the GABAa Al subunit expression and KCC2 in the cortex of mice at
pre-sympromatic and symptomatic stages (one and six months, respectively). As aforementioned,
we selected these two proteins for their proven implication in Rett syndrome pathophysiology. We
used female Rett mice models from the Bird strain, which recapitulate Rett-like abnormalities [24].
Western blot analysis revealed a significant decrease of the ionotropic GABA receptor subunit at a
young stage (one month-old), while no significant differences were detected between the genotypes
(Figure 2) at the symptomatic stage (six months old).

To contextualize this difference between the prodromic stages and considering whether it was a
GABAA Al receptor subunit specific variation or a generalized GABAergic synapse downregulation,
we analyzed two other proteins expression in the same conditions, namely: KCC2 and GAD67. The
first one, KCC2, is a neuron-specific chloride potassium symporter responsible for the maintenance
of intracellular chloride concentrations. On the other side, GAD67 or glutamate decarboxylase is the
enzyme that catalyzes the decarboxylation of glutamate to GABA and CO?, and is widely used as a
GABAergic marker. As can be seen in Figure 2B, a decreased expression of both markers was
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observed in the pre-symptomatic stage, suggesting a generalized decrease of the GABAergic
function.

Parallel to this, and as a control, the MeCP2 expression was assessed in the same samples and
appeared to be lower in all of the Rett samples (Figure 3).

A B
p33 6 months
Control Rett Control Rett
GABA AIR | | |- e, o e e e e e o |
Loading control -‘_-4 Y O ey G ey S e Gl .|

MeCP2|‘__.-_— - - -| P e e ——
KCC2 | e wmm w8 . ‘| ‘ --Q,_.‘-‘
GAD67

———————— | [ - D]

Figure 3. Developmental expression analysis of GABAergic proteins in the MeCP27* mouse brain
cortex. Representative Western blot analysis of the GABAA-AIR, KCC2, GAD67, and MeCP2 E1
expression in the adult cortex of female Rett and control mice. (A) Expression in
p33-pre-symptomatic mice (control vs. pre-symptomatic Rett mice). Vinculin was used as a loading
control. (A) Expression in six-months old mice (control vs. symptomatic Rett mice). Both Western
blots (A,B) are cropped stripes of two different membranes each, and incubated with each antibody
separately (target protein and loading control respectively). Each lane is a different animal.
Representative blots shown.

2.3. Transcriptomic Profile of the GABAergic Pathway in Post-Mortem Brain of Rett Syndrome Patients
Shows a Generalized GABAergic Pathway Upregulation

The above-mentioned results allowed for the definition of the MeCP2-related expression of
GABAA-A1 R, highlighting the difference between pre-symptomatic and phenotypic stages.
Furthermore, we evaluated the expression of the 108 genes shaping the GABAergic synaptic
pathway, as defined in the Kegg pathways (Kegg pathway: map04727).

Upon the validation of the RNAseq experiment, as described in Materials and Methods, and
because of the lack of healthy control samples, the raw data from the Rett patients’ necropsies were
compared with the RNAseq data of the control individuals, available at GTEx Portal [25]. We
crossed our data with the data derived from five controls (two females and three males), all aged 20
to 29, being the closest age-matched group to our patients (10 to 15 years old at exitus). All of the
data were normalized with housekeeping genes RPLP0 and GUSB.

The transcripts encoding for the major GABAA receptor subunits, GABRAI, and the chloride
transporter KCC2, were slightly increased in the patients’ samples compared with the controls
(Figure 4). Similar as expected from the Western blot studies, the GAD67 levels remained unaltered
compared with the controls.



Int. J. Mol. Sci. 2020, 21, 518 7 of 14

GABRA1 SLC12A5 GADG67

Expression
(RPLPO normalized counts)
Expression

|
{1

Expression
(RPLPOnormalized counts)
(RPLPOnormalized counts)

cul |
RTT1
RTT2

Ctrl
RTT1
RTT2

ctrl
RTTI
RTT2

Allen_10021
Allen_9861
GTEX-12126
GTEX-1SER7
GTEX-T2IS
GTEX-TSIC
GTEX-WHSE
Allen_10021
Allen_9861
GTEX-12126
GTEX-1SER7
GTEX-T2IS
GTEX-TSIC
GTEX-WHSE
GTEX-1SER7
GTEX-T2IS
GTEX-TSIC
GTEX-WHSE

Figure 4. GABAergic pathways genes expression assessment in brain patients by RNAseq.
Comparison of the GABA ionotropic receptors subunits GABRAI, and KCC2 and GAD67 genes
between the patients (RTT 1 and RTT 2), the intra-assay control (Ctrl), and publicly available
controls, showing a tendency to increase in the Rett patients. The results were normalized by RPLPO.

3. Discussion

The present work arises from the need to deepen into the definition of Rett’s syndrome
pathophysiology in order to define new therapeutic strategies. To such end, we have explored the
GABAergic neurotransmission system in different evolutionary stages of the disease, setting the
focus on the main GABA ionotropic receptor, GABAA-A1R. We have observed a direct relationship
between the MeCP2 altered expression and GABAergic receptors disruption, which is strongly
dependent on the prodromic stage of the disease, angling the focus towards the time frame, which
will be a key factor when looking for therapeutic options.

The triangle conformed by Rett syndrome, MeCP2, and GABAergic synapses has been
previously explored by other groups [9,12,26]. An increased MeCP2 expression in GABAergic
neurons has been reported, and a reduced GABA release was reported upon MeCP2 knocking out in
forebrain GABAergic neurons [27]. Such a relationship has been shown to be extensive to other
neuron types and brain areas, such as CA3 hippocampal neurons or brainstems [12]. Moreover, in
2016, Dr. Zoghbi's team showed how the restoration of the MeCP2 expression exclusively in
GABAergic neurons was sufficient to rescue some disease features in a mouse model of Rett
syndrome [28]. Even a time-dependent alteration was suggested in male mice by the authors of [26].
Through our work, we have followed such a line of thought, wondering how the alterations were
occurring during development, setting the focus on the pre-symptomatic stages.

We first wondered if there was a direct relationship between MeCP2 and the postsynaptic
GABAA-A1R expression. Previous studies pointing out a relationship between GABA receptors and
MeCP2 had been done in the context of whole brain models’ analysis, so it remained unclear if the
potential decrease in GABA receptors was strictly related to MeCP2 expression or was a secondary
effect to a global dysfunction. To address that question, we performed two complementary
experiments. On first term, we overexpressed MeCP2 in a cell system that almost did not express
GABA ionotropic receptors (or its expression was mostly below our detection sensitive), namely
N2A cells. To increase the assay restricted conditions, we silenced any potential endogenous MeCP2
expression, and overexpressed the human form in either its wild-type or mutated forms. As
expected, the GABA ionotropic receptors were only detected upon transfection with the MeCP2 wt
form, not occurring when transfected with the mutated version. These results were complemented
with the peer experiment in primary cortical neurons; this time, we imaged a decrease in
GABAA-AIR expression four days after silencing the MeCP2 expression. Our results strongly
suggest a direct relationship between MeCP2 and post-synaptic GABA ionotropic receptors’
expression, rather than this being a secondary effect of an overall altered homeostasis. Opposite to
that, we found that the KCC2 expression was unaltered in the presented scenario. KCC2 is a chloride
channel, essential for GABAergic correct functioning, and described to be down regulated in Rett
syndrome [13]. The fact that its expression was not significantly altered by MeCP2 inhibition
suggests that such an altered regulation is more related to the syndrome pathophysiology rather
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than to the straightforward MeCP2 mutations. In fact, it has been well described how the KCC2
expression and function is, indeed, regulated by the GABA function itself [29,30].

It is largely known that most GABAA receptor coding genes are clustered in four chromosomal
regions in chromosomes 4, 5, 15, and 19 [31]. These subunits comprising the pentameric GABA
receptor formation have a coordinated expression [32], and, as revealed by human brain
transcriptome analysis, this produces a subject and region-specific expression signature of GABAa
receptor subunits [33]. Enlightened by our results, further studies should be made to elucidate
whether MeCP2 acts a transcriptional regulator of these clusters, the mechanisms through which this
regulation takes place, and the time during development.

As stated from the beginning of the discussion, our main objective was setting the focus over
the evolutionary stages in the disease. As for that, we switched to a model that allowed us to
evaluate the different prodromic stages of the disease. We used females Bird’s Rett mice model, as
they better recapitulate the pathophysiology [34]. We focused our analysis on the following three
proteins: GABAA-AIR, KCC2, and GAD67. The first two proteins were selected because of the
previous observations, and because they have been proven to be not only crucial in Rett syndrome
development, but also potential actionable targets of the disease [21,35]. As shown by our results, a
markedly reduced expression of GABAA-AIR and KCC2 was recorded in pre-symptomatic mice,
while the GAD67 population (used as a marker for GABAergic neuronal) remained unaltered. These
results suggest a reduced GABAergic activity without the affectation of the GABAergic general
population, which are aligned with the previously described results. Expanding previous
descriptions, our results bring focus to the pre-symptomatic stages of the disease, where the most
differences were observed. Furthermore, we did not observe any reliable difference in both proteins’
expressions in fully-symptomatic mice (or even an increase in KCC2 expression), once again,
enhancing the importance of the time-frame when addressing Rett syndrome. The variability in
KCC2 expression, and its activation through phosphorylation, is a field that further studies should
explore, especially under the recent scenario in which KCC2 is being addressed as a therapeutic
target [36]. Preliminary results (data not shown) have pointed towards an over-phosphorylation of
KCC2 in symptomatic mice, drawing a scenario in which KCC2 will be under expressed in early
pre-symptomatic stages and inactivated in symptomatic phases—again, shaping different
therapeutic strategies on different prodromic stages. KCC2 activation and membrane diffusion has
been related with GABAergic activity itself, increasing its therapeutic interest [29,30].

During the preparation of this manuscript, Dr. Ben-Ari’s team also pointed out the importance
of GABAergic dysfunction during development in Rett syndrome [37], providing
neurophysiological evidence of such a temporal alteration. The detected expression to normal
extents of GABAA-A1R in mature Rett brains reinforces the idea of time-dependence in the MeCP2
control of the GABAergic cluster during the specific developmental stages.

Completing the observed results, we analyzed the aforementioned targets in two Rett patient’s
necropsied brains. Backing up our previous description, the results showed an even enhanced
expression of GABAa-AIR and KCC2, without alterations on GAD67. The overall analysis of the
GABAergic pathway showed a slightly increased expression of almost all of the implicated genes.
These results confirm the previous findings, pointing towards the importance of pre-symptomatic
damage. These results are in agreement with the dataset reported by Renthal et al. [38]. An
increasing body of evidence pointing towards the importance of early intervention has been
reported in the last few years, as reviewed by Constentino et al. [39], and has extended from
neurotransmission to other therapeutic targets in Rett syndrome, such as energetic dysfunction, as
very recently published [40], or inflammatory processes [41,42].

To summarize, our results show a direct relationship between MeCP2 and GABA ionotropic
receptors’ expression, which is not extensible to other GABAergic proteins such as KCC2, which is
altered in the context of MeCP2 dysfunction, but does not appear to be directly regulated by its
activity. More important than this, our work points attention towards the importance of the time
frame when addressing Rett syndrome, as changes appear to be time-dependent, with greater
importance in the pre-symptomatic stages.
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Therapeutically, early GABAergic modulation in Rett syndrome may represent a promising
strategy. While our results suggest that GABA-A1 R can be a potential therapeutic target, the time
window of intervention is, according to our findings, critical. Additionally, the development of
novel drugs enhancing GABA-A1 R function (for potential use in the initial clinical stages) and
devoid of side effects are required, for an early intervention of Rett syndrome.

4. Materials and Methods

4.1. Cell Lines and Samples Utilization

Immortalized Neuro2a cells (also known N2A cells, a fast-growing mouse neuroblastoma cell
line) were grown following standard conditions in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 1% glutamine, 10% fetal bovine serum (FBS), and antibiotics.

For neuronal primary cells cultures, the protocol described in the literature [43] was followed.
All of the experimental procedures were carried out according to European Union guidelines
(Directive 2010/63/EU) and following protocols that were approved by the Ethics Committee of the
Bellvitge Biomedical Research Institute (IDIBELL, Barcelona, Spain). Briefly, mouse embryos
(embryonic day E18) were obtained from pregnant CD1 females, the cortexes were isolated and
maintained in cold Hank’s Balanced Salt Solution supplemented with 0.45% glucose (HBSS-Glucose)
and digested mildly with trypsin for 17 min at 37 °C, and dissociated. The cells were washed three
times in HBSS and resuspended in a Neurobasal medium supplemented with 2 mM Glutamax
(Gibco, MA, USA) before filtering in 70 mm mesh filters (BD Falcon, San Jose, CA). The cells were
then plated onto glass coverslips (5 x 10* cells/cm?) coated with 0.1 mg/mL poly-L-lysine (Sigma,
Darmstadt, Germany), and 2 h after seeding, the plating medium was substituted by a complete
growth medium, consisting of a Neurobasal medium supplemented with 2% B27 (Invitrogen, MA,
USA) and 2 mM Glutamax.

In this study, we used post mortem brain samples from two unrelated Rett patients bearing the
MECP2_c.763C>T mutation and an intra-assay control for RNAseq (i.e., an extra sample that due to
its pathology could not be used as a bona fide control, but that allowed us to run technical
comprobations). This mutation is the second most frequent Rett-causative mutation, present in
10.9% of the cases [44]. The patients were between 10 and 15 years old at exitus, which is
noteworthy, as life expectancy is not highly reduced in Rett syndrome. In all of the cases, RNA was
isolated from two brain regions (frontal and occipital cortex) and the samples were treated according
to the informed consent of the legal representatives.

The study was approved by the Ethics Committee of Sant Joan de Déu Hospital, project
PI15/01159, 01/2016. We are indebted to the “Biobank de Hospital infantil Sant Joan de Déu per la
Investigaci6” integrated in the “Spanish Biobank Network of ISCIII for the sample and the data
procurement”.

4.2. Mouse Colony

Cortex samples from one and six-month old Mecp2/ female mice [45] Bird’" model
(B6.129P2(C)-Mecp2tm118ird/J) were obtained after mouse sacrifice and brain dissection. The proteins
from cortex were extracted by tissue homogenization with an ice-cold RIPA buffer with protease
inhibitors (cOmplete, mini, EDTA-free protease inhibitor cocktail, Merck), for 30 min at 4 °C
followed by 15 min of centrifuge at 4 °C. The protein samples were quantified by Bradford assay and
stored at -80 °C.

4.3. Plasmids and Mutagenesis

In certain experiments, we attempted to silence the endogenous MECP2 expression and
re-express the human gene either in the wild type or mutated form.

For the MECP2 silencing, transient transfection with a vector containing a shRNA targeting
mMECP2 was performed. Silencing was done with the MISSION® shRNA technology (Sigma
Aldrich, Darmstadt, Germany; Clone TRCN0000304464), and the efficiency was checked at the
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protein level. To ensure the sole silencing of the endogenous gene, and not the re-expressed form, we
used a shRNA directed to the 3'UTR part of the gene, absent in the transfected cDNA. We used, as a
control for transfection, a vector with the same backbone but no shRNA.

The MeCP2 c.763C>T genetic variant was introduced by site-directed mutagenesis using the
QuickChange II XL Kit (Agilent Technologies, Santa Clara, CA), in the pEGFP-C1-hMeCP2
(wild-type) mammalian expression vector (kindly provided by Dr. Landsberger). The mutation was
confirmed by Sanger sequencing. Both vectors, together with the pEGFP-C1 vector (BD Clontech,
Palo Alto, CA, USA) and a mock vector with the same backbone, were used for the experiments that
required plasmid transfections.

These were carried out using Lipofectamine 2000 (Thermofisher, MA, USA) following
manufacturer recommendations. For neuronal primary cultures, 0.8 og of total DNA was mixed
with Lipofectamine 2000 and incubated with cortical neurons (at DIV11). The transient expression
was allowed for 96 h, and the neurons were fixed at DIV14. For the N2A cells, 4 og of DNA was
transfected over 300,000 cells grown in 10 cm? plates, and the cells were collected four days after
transfection for RNA analysis.

4.4. RNA Extraction and qRT-PCR

RNA for RNAseq (from post-mortem human brain samples) and for qRT-PCR (from
post-mortem human brain samples and N2A cells) was extracted using RNeasy® Fibrous Tissue
Mini Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. The total RNA was
eluted in 40 uL of RNAse-free water and stored at =80 °C. The RNA concentration was measured
using the NanoDrop 2000 Spectrophotometer (ThermoScientificc, MA, USA), and integrity was
assessed by running the samples through a 1% agarose gel.

qPCRs were carried out following a two-step protocol. First, cONA was synthesized from a
total of 500 ng of RNA per reaction, following the recommendations provided with SuperScript™ III
First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen™). After the RT-PCR reaction, the
post-mortem brain cDNA from frontal and occipital cortex samples was pooled.

Second, qPCR was performed in a QuantStudioTM 6 Flex Real Time PCR System (Applied
Biosystems™ MA, USA) with PowerUpTM SYBRTM Green Master Mix (Applied Biosystems™).
The data were analyzed using a comparative method, correlating the initial template concentration
with the cycle threshold (Ct) so as to obtain the relative quantity (RQ) of the RNA. The RQ is defined
as 2-05¢t, where AACt is the ACt of the patient cell line minus the ACt of the control cell line, and ACt
is the Ct of the target gene minus Ct of the endogenous gene (RPLP0 and GUSB).

The probes design was done through the selection of the exonic areas present in all of the
transcript variants of each gene, by the selection of common fragments in the UCSC genome
browser, based on GRCh38/hg38 version. Primers for N2A-derived qPCR experiments were, in 5'-3'
sense, as follows: m-Mecp2 (F: ACCATCATCACCACCATCAC; R: GGGCATCTTCTCTTCTTTGC),
h-MECP3 (F: AGGAGAGACTGGAAGAAAAGT; R: CTTGAGGGGTTTGTCCTTGA), m-Gabral (F:
ACCAGTTTCGGACCAGTTTG; R: TACAGCAGAGTGCCATCCTC), m-Gabrb2 (F:
TCGCTGGTTAAAGAGACGGT; R: TCTCTCCAGGCTITGCTGAAA) and m-Gabrg2 (F:
TGGGCTACTTCACCATCCAG; R: GCCATACTCCACCAAAGCAG,). The primers sequence for the
brain samples of JPCRs were not included.

4.5. Western Blotting and ICC

Western blot analysis of the cortex protein samples from Mecp27 female mice was performed.
The proteins were subjected to SDS-PAGE and transferred to a nitrocellulose membrane using the
Pierce® Power Station (Thermo Scientific). The membranes were blocked with milk, as follows: PBST
buffer 5% for 1 h at room temperature. Incubation with primary antibodies was directed against
GABA-A1 (Neuromab, UCDavis, CA, USA, 75-136) at a concentration of 1:500, MeCP2 (ab2828;
Abcam, Madrid, Spain) at a concentration of 1:1000, and vinculin (ab129002, Abcam, Madrid, Spain)
was performed o/n. The secondary antibodies used were horseradish peroxidase-conjugated goat
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anti-rabbit and goat anti-mouse IgG antibodies (Lfe Technologies, MA, USA); these were detected
using the Enhanced Chemiluminescence System (GE Healthcare, Berkshire, UK).

Immunochemistry experiments were performed as described in the literature [43]. Anti-GABA
A1R (Neuromab, UCDavis, CA, USA, 75-136) was used at a concentration of 1:100, and MeCP2
(ab2828; Abcam, Spain) at a concentration of 1:250. The conjugated secondary antibodies for the
confocal microscopy were used.

Fluorescence was visualized with a Leica TCS-SL spectral confocal microscope (Leica
Microsystems, Wetzlar, Germany) using a Plan-Apochromat 63x/1.4 N.A. immersion oil objective
(Leica Microsystems). To excite the different fluorophores, the confocal system was equipped with
excitation laser beams at 488 and 546 nm. The images were analyzed with Image] software. For the
intensity quantification of the ICCs, pictures from independent primary cultures were used. Regions
Of Interest (ROIs) were defined on the green channel (GFP positive neurons) applying a threshold to
only select the desired neuron. The same ROI was exported to the red channel pictures, and the
mean gray value was measured.

4.6. RNAseq Data Analysis

Origin of data: A frontal and occipital cortex paired-end RNAseq was performed for two RTT
patients bearing the MECP2c.763C>T, p.Arg255* mutation and the mentioned intra-assay control.
Technical triplicates (three separate RNA extractions) were run for each of the two brain regions. The
RNA samples were sent to the Centre Nacional d’Analisi Genomica (CNAG), where the RNAseq
experiment was performed, within the framework of the project FIS PI15/01159 Rett Syndrome (IP:
Judith Armstrong, Ph.D.). Both brain areas were sequenced separately, and as no significant
differences were observed between them, they were analyzed as a sole data pool. To discard the
differences between the brain areas, we performed a principal component analysis (PCA). In such an
analysis, we compare the variance between all of the samples (patients and areas). At this point, we
also added an “intra-assay control” sample. Principal Component 1 (explaining 75% of the variance),
clearly discriminated between the Rett and not-Rett samples, while there was not a principal
component separating the brain areas (data not shown).

Because of the lack of true control data, the data from our RNAseq were compared to various
public controls’ data. We used data from public controls available on the GTEx (The
Genotype-Tissue Expression) Portal. Cortex RNAseq data from five controls were used, two of
which were female (GTEX-15ER7 and GTEX-T2IS) and three were male (GTEX-12126, GTEX-T5]C,
and GTEX-WHSE), all of them with ages ranging 20-29. We also compared our data to the cortex
RNAseq data from two public male controls (ages 24 and 39) available on the Allen Human Brain
Atlas, and the RNAseq data from three female control samples (ages 15-25) used in a publication by
Lin, et al. in 2016 (3). Two of these samples were a pool of frontal and temporal cortex RNA, and one
of them was just temporal cortex RNA.

RNAseq analysis pipeline: As a result of the low performance of the sequencing experiment, the
internal control’s occipital cortex data was excluded from the analysis. The RNAseq analysis
pipeline was run by the Bioinformatics Unit from the Genetics and Molecular Medicine Service at
the Hospital SJD. The FASTQ files passed through a first quality control, after which a trimming was
performed and the adapters were removed. Then, low quality bases were eliminated so only reads
longer than 70 bp were left to continue the analysis. Here, a second quality control was performed
and the reads were mapped with TopHat2 (4). The counting was performed with HTseq (5) and the
R package DESeq?2 (6) was used for library normalization. The frontal and occipital cortex data from
our two RTT patients were averaged.

In order to compare the data obtained from our RNAseq experiment to the public data, an
internal normalization over the endogens RPLPO or GUSB of every patient’s and control’s data was
performed.

A validation of the results was carried out at the Hospital Sant Joan de Déu using qRT-PCR,
comparing patients with an internal RNAseq control; that is, a sample that could be used for a later
comparison of the results through qPCR and therefore RN Aseq technical validation, but could not
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be used to biologically validate the results, as it was not a healthy brain, as previously described.
Thus, following the RNAseq analysis, the targeted gene expression of a subset of 21 genes
corresponding to different nodes of the GABAergic pathway and differentially expressed between
patients and the internal control was validated by qRT-PCR, showing a strong correlation (20 out of
21 transcripts deregulated; Figure S1), with an overall coincidence between RQ values (QRT-PCR
experiments) and fold-change (RNAseq experiment).

4.7. Data Availability Statement

The present study is not a clinical trial of any kind. All of the data, materials, and methods to
conduct the research are available in the manuscript. Patient samples are located at the “Biobank de
Hospital Infantil Sant Joan de Déu per la Investigacié” integrated in the “Spanish Biobank Network
of ISCIII for the sample and the data procurement”, to whom we are indebted.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1.
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Abstract

Background Rett syndrome (RTT) is a neurodevelopmental disorder mainly caused by mutations in the methyl-
CpG-binding protein 2 gene (MECP2). MeCP2 is a multi-functional protein involved in many cellular processes,

but the mechanisms by which its dysfunction causes disease are not fully understood. The duplication of the MECP2
gene causes a distinct disorder called MECP2 duplication syndrome (MDS), highlighting the importance of tightly reg-
ulating its dosage for proper cellular function. Additionally, some patients with mutations in genes other than MECP2
exhibit phenotypic similarities with RTT, indicating that these genes may also play a role in similar cellular functions.
The purpose of this study was to characterise the molecular alterations in patients with RTT in order to identify poten-
tial biomarkers or therapeutic targets for this disorder.

Methods We used a combination of transcriptomics (RNAseq) and proteomics (TMT mass spectrometry) to charac-
terise the expression patterns in fibroblast cell lines from 22 patients with RTT and detected mutation in MECP2, 15
patients with MDS, 12 patients with RTT-like phenotypes and 13 healthy controls. Transcriptomics and proteomics
data were used to identify differentially expressed genes at both RNA and protein levels, which were further inspected
via enrichment and upstream regulator analyses and compared to find shared features in patients with RTT.

Results We identified molecular alterations in cellular functions and pathways that may contribute to the disease
phenotype in patients with RTT, such as deregulated cytoskeletal components, vesicular transport elements, riboso-
mal subunits and mRNA processing machinery. We also compared RTT expression profiles with those of MDS seeking
changes in opposite directions that could lead to the identification of MeCP2 direct targets. Some of the deregulated
transcripts and proteins were consistently affected in patients with RTT-like phenotypes, revealing potentially relevant
molecular processes in patients with overlapping traits and different genetic aetiology.

Conclusions The integration of data in a multi-omics analysis has helped to interpret the molecular consequences
of MECP2 dysfunction, contributing to the characterisation of the molecular landscape in patients with RTT. The
comparison with MDS provides knowledge of MeCP2 direct targets, whilst the correlation with RTT-like phenotypes
highlights processes potentially contributing to the pathomechanism leading these disorders.
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Background

Rett syndrome (RTT, OMIM#312750) is a severe neu-
rodevelopmental disorder characterised by psychomotor
regression after a period of normal early development.
It mainly affects girls, who typically present with loss of
purposeful hand use and expressive language, gait abnor-
malities and stereotypic hand movements. In addition,
the main symptoms can be accompanied by a variety of
other dysfunctions, such as seizures, breathing distur-
bances, scoliosis, impaired sleep patterns and abnormal
muscle tone [1]. The diagnosis of RTT is mainly clinical
and is based on a set of criteria that differentiate between
typical RTT and three atypical variants with distinctive
features: the preserved speech variant, the congenital
variant and the early-onset seizure variant [2].

Most typical and atypical RT T cases are caused by loss-
of-function mutations in the methyl-CpG-binding pro-
tein 2 (MECP2, OMIM*300005) gene, located on the X
chromosome [3]. MeCP2 is a chromatin-associated pro-
tein that acts as a transcriptional regulator, both repress-
ing and activating transcription, and is also involved in
maintaining heterochromatin structure, regulating splic-
ing through interaction with splicing factors and miRNA
processing by binding to microprocessor components
[1]. MeCP2 is expressed ubiquitously, but is especially
abundant in mature neurons. MeCP2 has proved to be
crucial for neuronal maturation, dendritic arborisation
and synaptic plasticity [1].

Mutations in other genes have also been identified in
patients with RTT. Pathogenic variants in cyclin-depend-
ent kinase-like 5 (CDKLS5, OMIM*300203) and forkhead
box G1 (FOXGI1, OMIM*164874) have been detected in
a substantial number of cases with early-onset seizure
and congenital RTT variants, respectively [4, 5]. Moreo-
ver, with the generalisation of next-generation sequenc-
ing (NGS), the number of genes associated with RTT
has increased remarkably [6—8]. Some of these are novel
findings whilst others have already been associated with
different neurodevelopmental disorders or epileptic
encephalopathies. Patients with overlapping phenotypes
with RTT but who do not fulfil established clinical cri-
teria are termed ‘RTT-like. Therefore, any patient with a
combination of RTT features can be described as RTT-
like [6, 7].

MeCP2 levels are tightly regulated in the cells and not
only a loss of function can have pathogenic effects. Chro-
mosomal duplications at Xq28 encompassing the MECP2
and IRAKI genes, leading to their gain of function,

cause MECP2 duplication syndrome (MDS), a neuro-
logical disorder characterised by intellectual disability
(ID), infantile hypotonia, seizures, speech impairment
and recurrent respiratory infections [9]. It mainly affects
males, whilst penetrance in females is highly depend-
ent on X-chromosome inactivation (XCI). Phenotypic
variability is high in patients with MDS and potentially
related to the size and content of the duplication, which
is unique for each family [10]. However, a clear geno-
type—phenotype correlation has not yet been found.

One of the drawbacks in studying the downstream
molecular effects of MeCP2 dysfunction is the lack of
accessibility to samples of the primarily affected tissue,
the brain. In the search for new tissues, skin fibroblasts
have demonstrated greater consistency in gene expres-
sion and include more OMIM and neurologically rele-
vant genes compared with whole blood [11, 12].

Around 70 experimental and repurposed drugs have
been investigated for RTT, but there is no approved treat-
ment yet [13]. In RTT clinical trials, the success of the
tested drugs is evaluated by measuring the improvement
in the symptomatology and quality of life of the patients.
The lack of a biomarker complicates an objective quan-
tification of the improvements derived from drug treat-
ments. An efficient way to extract huge amounts of
molecular data in order to find biomarkers could be by
analysing the RNA profiles and proteome of the patients
using multi-omics technology.

To date, no multi-omics analysis has been performed
with RTT human samples and only one has been pub-
lished with 4 RTT mice samples [14]. Here, we aim to fill
that knowledge gap by studying a cohort of 22 patients
with RTT, 12 patients with RTT-like and 15 patients with
MDS. Integration of transcriptomics and proteomics
data could be a promising approach to find new potential
therapeutic targets and biomarkers.

Material and methods

Clinical and molecular characterisation

The study was approved by the Hospital Sant Joan
de Déu (HSJD) ethical committee, Comité d’Etica
d’Investigacié Clinica-Fundacié Sant Joan de Déu
(CEIC; internal code: PIC-219-20). Sixty-two indi-
viduals (49 patients and 13 healthy age-matched con-
trols) participated in this study and provided written
informed consent. Patients were recruited after clini-
cal and genetic confirmation of their pathology as
described elsewhere [15]. Eleven out of the fifteen
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MDS patients were described in Pascual-Alonso et al.
[16], and the four new patients were characterised in
the same way. We studied 22 patients with RTT and
mutations in MECP2 (21 females and 1 male); 15 male
patients with MDS; 12 patients with RTT-like pheno-
types and mutations in CDKL5 (1 female and 3 males),
FOXG1 (1 female and 1 male), NR2FI (1 female),
GRIN2B (1 female), AHDCI (1 female) and 3 female
patients without molecular diagnosis; and 13 healthy
controls (7 females and 6 males) (Table 1). Clinical
severity of patients with RTT and RT T-like phenotypes
was measured using the clinical severity score designed
by Dr Pineda [17].

Skin biopsies from the 62 individuals were obtained,
and primary fibroblast cell lines were established.
Fibroblast lines were grown on plates with Dulbecco’s
modified Eagle’s medium high glucose with glutamine,
supplemented with 10% heat-inactivated foetal bovine
serum and 1% penicillin, streptomycin and B ampho-
tericin (all from Thermo Fisher, Waltham, MA, USA).
Cultures were kept at 37°C with 5% CO, in a humidi-
fied atmosphere. When the cells reached 70-80% con-
fluence, they were trypsinised and either re-sowed on
new plates or harvested for subsequent RNA or pro-
tein extraction. Frozen vials from all the fibroblast lines
were entrusted to the Biobanc ‘Hospital Infantil Sant
Joan de Déu per a la Investigacié, which is integrated
into the Spanish Biobank Network of ISCIII for the
sample and data procurement.

DNA was extracted from fibroblast cell lines using the
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany)

Table 1 Composition of the studied cohort, which consists
of individuals with Rett syndrome (RTT) with mutations in
MECP2, MECP2 duplication syndrome (MDS) and Rett-like (RTT-
like) with mutations in different genes that are not MECP2 and
healthy controls.’Age’and ‘Duration of disease’ are given in years;
Mean + Standard Deviation with available data (Additional file 5:
Table S2)

Individuals Age Duration of Female Male Total
disease
RTT 9+6 12+2 21 1 22
MDS 746 6+6 - 15 15
RTT-like 12+7 Mm+7 8 4 12
CDKLS 95+10 9+£105 1 3 4
FOXG1 95+35 9+35 1 1 2
NR2F1 9 8.7 1 1
GRIN2B 9 8.7 1 - 1
AHDC1 13 M 1 - 1
Unknown muta-  18+5 17+5 3 - 3
tion
Healthy controls 18+ 14 - 7 6 13
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according to manufacturer’s instructions. XCI was per-
formed in all female samples as described by Allen et al.
[18]. XCI was considered skewed with an allele ratio of
80:20 or greater (Additional file 4: Table S1).

RNA sequencing

RNA was extracted from cultured fibroblast pellets using
the RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions.
The obtained RNA was then measured with a NanoDrop
spectrophotometer and examined in an agarose gel to
check its purity and integrity.

To further confirm the quality of the isolated RNA and
to diminish undesirable gene alterations due to cell stress
conditions [19], we performed reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) of
five genes that are part of the oxidative respiratory chain:
MT-COI1, MT-CO2, MT-CYB, MT-ND4 and MT-ATP6.
First, 500 ng of total RNA was processed according to
the manufacturer’s instructions, and double-stranded
complementary DNA (cDNA) was generated in the pres-
ence of random hexamers using the SuperScript III First-
Strand Synthesis SuperMix for qRT-PCR kit (Thermo
Fisher, Waltham, MA, USA). Primers for the five mito-
chondrial genes and two additional housekeeping genes
(RPLPO and ALASI) were designed with Primer3 soft-
ware [20] (Additional file 5: Table S2). The qRT-PCR
was performed with PowerUp SYBR Green Master Mix
(Thermo Fisher, Waltham, MA, USA) in an QuantStu-
dio 6 Flex Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA). All reactions were conducted in
triplicate and the average of each triplicate group was
used for the analysis, which is based on the AACt rela-
tive quantification method. Three non-stressed control
samples were added to the experiment to get the normal-
ised values. Amplified product specificity was assessed
via melting curve. All samples that overexpressed two or
more genes more than 1.5-fold the values of non-stressed
controls were discarded (Additional file 2: Fig. S2).

For each sample, 2500 ng of RNA was used for library
preparation. Illumina’s TruSeq Stranded mRNA kit (Illu-
mina, San Diego, CA, USA) was used following the man-
ufacturer’s protocol. Libraries were quantified in a 4200
TapeStation (Agilent Technologies, Santa Clara, CA,
USA) and their integrity was checked. Sequencing was
performed on an Illumina NextSeq 500 sequencer and 75
base pair (bp) paired-end reads with around 40 million
paired reads per sample successfully mapped to the refer-
ence genome. At least two healthy controls of the same
sex as the patients were included in all the runs to enable
normalisation and to control the batch effect.

To validate the RNAseq experiment, we chose 22 sig-
nificantly differentially expressed genes (DEGs) and
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performed RT-qPCR as explained above with a total of 23
different samples (Additional file 2: Fig. S2).

Differential expression analysis

RNAseq reads were aligned to the human reference
genome (GRCh37/hgl9) using STAR (v2.4.2a) in a
strand-specific manner. Uniquely mapped reads were
counted for each gene using the HTSeq package (v2.0.2)
[21] with gene models from GENCODE release 29. A
final count matrix for analysis was generated by aver-
aging the values of raw counts from different replicates
of the same sample. Counts per million mapped reads
(CPM) were computed and only genes where more than
50% of samples had at least 1 CPM were kept.

We first inspected age, sex, biopsy origin and batch as
possible covariates in the differential expression study by
principal component analysis (PCA) and cluster analy-
sis, but found no clear patterns in our samples (data
not shown). PCA identified the primary sources of vari-
ation in our data. The first three principal components,
explaining 18.8%, 16.1% and 7.4% of the variance, were
subsequently used in the model construction for differ-
ential expression analysis with DESeq2 (v1.34.0) [22]. We
used a Benjamini—-Hochberg (BH)-corrected p-value of
0.05 to consider significant differences.

Enrichment and upstream regulation analysis

Enrichment analysis was performed using the clusterPro-
filer (v4.2.2) [23] and ReactomePA (v1.38.0) [24] R pack-
ages. Both overrepresentation analysis (ORA) and gene
set enrichment analysis (GSEA) were carried out, using
only significant DEGs and all expressed genes, respec-
tively. Potentially enriched terms were searched in Gene
Ontology (GO) [25], the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway database [26], WikiP-
athways (WP) [27] and the Reactome pathway database
(RP) [28]. All genes with CPM greater than 1 in at least
50% of samples and with an existing EntrezID were used
as background (a total of 11,904 genes). The cut-off value
for considering a significantly enriched term was 0.05 in
BH-corrected p-value.

We considered upstream transcription factors (TFs)
responsible for some of the differential expression
changes observed in our data and used the ChIP-X
Enrichment Analysis 3 (ChEA3) tool to identify them
[29]. ChEA3 contains information about TF gene co-
expression, association in ChIP-seq studies and co-occur-
rence in gene lists, which is used to predict upstream
TFs involved in the regulation of the user inputted gene
lists. The lists of DEGs resulting from differential expres-
sion analysis were fed to ChEA3 to predict the possible
involvement of TFs in their dysregulation.
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Proteomics

Proteomics experiments were performed at the BayBi-
oMS core facility at the Technical University of Munich
(TUM) in Germany. Fibroblast cell pellets containing
around 0.5 million cells were sent frozen. These cells
were thawed and lysed with urea containing buffer and
quantified using BCA Protein Assay Kit (Thermo Scien-
tific, Waltham, MA, USA).

For the proteomics experiment, 15 pg of protein
extract was reduced, alkylated and digested using
Trypsin Gold (Promega, Madison, WI, USA). Digests
were acidified, desalted and TMT-labelled follow-
ing the protocol described by Zecha et al. [30] using
the TMT 11-plex labelling reagent (Thermo Fisher,
Waltham, MA, USA). TMT batches were organised to
always include one reference sample that is common
to all batches in order to enable normalisation. Liquid
chromatography—mass spectrometry (LC—-MS) meas-
urements were run on a Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher, Waltham, MA, USA)
operated in data-dependent acquisition mode and
multi-notch MS3 mode. MaxQuant version 1.6.3.4 [31]
was used for peptide identification, and protein groups
were obtained. Missing values were imputed with the
minimal value across the dataset [32].

Differential expression in proteomics data

Prior to any analysis, MS data were adjusted with
respect to one identical control sample that was present
in each MS batch as described previously [32]. Recali-
brated intensities were log-transformed for normalisa-
tion and proteins that were not detected in all samples
were removed. An initial exploratory inspection of data
by PCA and cluster analysis revealed that samples were
grouped by MS batch (data not shown). Therefore, we
carried out the differential expression analysis using
the limma (v3.50.3) package [33] in R, including the MS
batch as a covariate in the model to adjust for this con-
founding factor. We used the removeBatchEffect func-
tion from limma to recapitulate the exploratory analysis
after batch correction and we observed no more clus-
tering by MS batch. Finally, we took a nominal p-value
of 0.05 as a threshold to define differentially expressed
proteins (DEPs).

We carried out enrichment analysis just like we did
for transcriptomics data. As a background, we consid-
ered the proteins that we detected in all samples with a
valid EntrezID (a total of 5894 genes).
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Results

Transcriptomic profiles in primary fibroblast cell cultures
First of all, we examined the similarity between the
transcriptomic profiles obtained from primary fibro-
blast cell cultures and those from several brain areas,
in order to understand how many of the molecular
alterations that we identify could be extrapolated to
neural tissues. We used publicly available data from the
Genotype-Tissue Expression (GTEx) project and com-
pared mean TPM (Transcripts per Kilobase Million) in
fibroblast cultured cells and 11 brain areas: amygdala,
anterior cingulate cortex, caudate basal ganglia, frontal
cortex, cerebellar hemisphere, substantia nigra, hip-
pocampus, hypothalamus, nucleus accumbens basal
ganglia, putamen basal ganglia and spinal cord. 98.5%
of detected transcripts (TPM>0.5) in GTEx cultured
fibroblasts RNAseq samples correspond to genes with
some degree of expression in at least one neural tis-
sue (Additional file 3: Fig. S3). More than 99% of the
transcripts detected in our analysis are also reliably
detected in GTEx cultured fibroblasts samples, indi-
cating that the vast majority of the data that we are
analysing may be extrapolated to biological processes
occurring in the brain and therefore may impact neuro-
logical phenotypes.

Characterisation of RTT-MECP2 versus controls

There were similar MECP2 mRNA amounts in patients
with RTT and controls, whereas MeCP2 protein amount
was significantly reduced in patients with RTT (Fig. 1A,
B). We found a significant correlation between MeCP2
levels and the Pineda clinical severity score of our
patients with RTT, indicating that more severely affected
patients present lower amounts of MeCP2 protein
(Fig. 1C).
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Transcriptomics and upstream regulator analysis
Differential expression analysis of patients with RTT car-
rying MECP2 mutations versus healthy controls showed
3446 DEGs: 1713 upregulated and 1733 downregulated
(Fig. 2A). We subsequently used these DEGs as input for
upstream regulator analysis with ChEA3. We inspected
the top 40 ranked TFs searching for proteins that regulate
a large number of the identified DEGs, since they would
potentially be driving some of these transcriptomic alter-
ations. The list of DEGs was significantly enriched in
CREBI and SRF targets (Fisher’s exact test p<0.05 in 5
of the 6 primary libraries in ChEA3). These two TFs have
remarkable functions in neural tissues and could regulate
the expression of 1253 and 1017 of the identified DEGs,
respectively (Fig. 2B, Additional file 8: Table S5a). More
than 98% of these potential targets have some degree of
expression in at least one region of the nervous system,
indicating that the alterations in transcriptomic networks
identified in primary fibroblast cell cultures may affect
the nervous system as well.

Multi-omics: integrating transcriptomics and proteomics
data

Proteomics differential expression analysis revealed 224
DEPs, 123 upregulated and 101 upregulated (Fig. 2C,
Additional file 6: Table S3a,b). Thirty-three and 28 of
these are CREB1 and SRF targets, respectively. The num-
ber of DEPs is markedly lower than the number of DEGs
identified in transcriptomics, probably in part due to the
fact that mass spectrometry identified roughly half (5918)
of the number of genes mapped in the RNAseq experi-
ment (12,448). Almost 97% of the genes detected via mass
spectrometry were also identified in RNAseq. Although
the correlation between transcriptome and proteome
differential expression findings was not high [Pearson
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Fig. 1 A MECP2 expression levels for RTT, MDS and control individuals obtained by RNAseq. B MeCP2 intensity levels for RTT, MDS and control
individuals obtained by proteomics. C Pearson’s correlation between the severity score of RTT patients and MeCP2 levels
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correlation coefficient=0.09, p=1.8e-11, Fig. 2D], we
found 75 genes deregulated at both the RNA and protein
levels in patients with RTT (Additional file 6: Table S3C).
The overlap between DEGs and DEPs is not signifi-
cantly higher than expected by chance (Fisher’s exact test
p=0.1397, OR=1.18), but some of the concordant genes
constitute strong candidates for deciphering some of the
pathomechanisms behind RTT, as well as for establishing
biomarkers of this disorder (Table 2).

Enrichment analysis uncovered significant overrep-
resentation of genes and proteins involved in several
cellular functions and processes, some of which may be
extrapolated to neuronal tissues and thus are especially
interesting when trying to elucidate the pathomecha-
nisms underlying RTT (Additional file 7: Table S4a,b).

The most remarkable pathways that repeatedly
appeared significantly enriched with DEGs and DEPs
were cytoskeletal processes, vesicular activity, rRNA
processing and mRNA splicing (Fig. 3, Table 2). The
vast majority of the consistent DEGs and DEPs driving
this enrichment have some degree of expression in at
least one brain area according to GTEx publicly avail-
able data.

Patients with RTT versus patients with MDS

We compared the results of the DE analysis performed
with patients with classical RTT and patients with MDS
to identify common gene expression dysregulations that
could shed some light into the pathomechanism underly-
ing both syndromes.
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Table 2 Genes with concordant differential expression in
transcriptomics and proteomics that are involved in the main
biological processes identified via enrichment analysis

Gene Direction Biological process Potential TF
AFAPT Upregulated Cytoskeletal processes  SRF
FMNL2 Upregulated Cytoskeletal processes ~ CREB1
FNBPTL Upregulated Cytoskeletal processes ~ CREB1
KIF3A Upregulated Cytoskeletal processes -
MARCKSLT  Upregulated Cytoskeletal processes -

PLS3 Upregulated Cytoskeletal processes  SRF
ARMC9 Downregulated  Cytoskeletal processes  SRF
ARHGEF1 Downregulated  Cytoskeletal processes -
CDC42EPT  Downregulated  Cytoskeletal processes — —

IQGAP3 Downregulated  Cytoskeletal processes ~ SRF
PLXNB2 Downregulated  Cytoskeletal processes ~ CREBT, SRF
EIF4G3 Upregulated RNA processing -

NUDTI12 Upregulated RNA processing -

SART1 Downregulated ~ RNA processing CREBT, SRF
DDX31 Downregulated ~ RNA processing CREBT, SRF
DDX54 Downregulated ~ RNA processing SRF
MYBBPIA Downregulated ~ RNA processing SRF
NCALD Upregulated Vesicular activity -

PREPL Upregulated Vesicular activity CREB1
TMED1 Downregulated  Vesicular activity SRF

ZFPLT Downregulated  Vesicular activity CREBT1, SRF
AGPAT3 Downregulated ~ Metabolism -

AACS Downregulated ~ Metabolism CREB1
CTBS Upregulated Metabolism -

DCAKD Downregulated ~ Metabolism CREB1
HS2ST1 Upregulated Metabolism -

ORMDL2 Downregulated ~ Metabolism -

PCK2 Downregulated ~ Metabolism -

PI4KB Downregulated ~ Metabolism -

UAPILT Downregulated ~ Metabolism CREB1
comT Downregulated ~ Metabolism CREB1

Transcriptomics DE analysis of male patients with
MDS versus male controls and female patients with
RTT versus female controls revealed 2465 and 3716
DEGs, respectively. Proteomics DE analysis returned
300 and 238 DEPs, respectively. Of these, 721 DEGs
and 12 DEPs are shared between both groups, but only
2 genes are dysregulated with both omics in both syn-
dromes (Fig. 4F). Those common DE genes are MYOIC
and HARS2. MYOIC (OMIM*606538) is a myosin
involved in cytoskeletal organisation and vesicle traf-
ficking to the plasma membrane and is consistently
downregulated. HARS2 (OMIM*600783) is a mito-
chondrial histidyl-tRNA synthetase 2. At the RNA lev-
els, it is consistently upregulated in patients with MDS
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and downregulated in patients with RTT. At the protein
level, however, it is upregulated in both sets of patients.

Because MECP2 expression is decreased in RTT and
increased in MDS, we wondered whether they share
DEGs that are expressed in opposite directions. In our
cohort, 82 DEGs were positively correlated with MeCP2
expression levels (hence, upregulated in MDS and down-
regulated in RTT), and 100 DEGs were negatively corre-
lated with MeCP2 expression (upregulated in RTT and
downregulated in MDS) (Additional file 9: Table S6a,b).
Enrichment analysis of those two gene sets revealed that
pathways related to cytoskeleton and mRNA processing
are altered. In addition, we found other molecular func-
tions and pathways commonly altered between the RTT
and MDS cohorts, some of which could help to under-
stand why these two syndromes share clinical traits
(Fig. 4A,B; Additional file 7: Table S4c).

The 82 DEGs downregulated in patients with RTT and
upregulated in patients with MDS are overrepresented in
terms related to mRNA processing and cell cycle (Fig. 4A,
Additional file 7: Table S4c). mRNA splicing-related
genes appear dysregulated in both analyses. Interestingly,
8 of the 82 DEGs are part of spliceosome complexes and
another four are related to mRNA stability, processing
and maturation functions. When looking at the ChEA3
TF enrichment analysis that regulates the same 82 DEGs,
we found several TFs, most of them zinc finger proteins,
described as cell cycle regulators and also SRF, which we
found in the RTT ChEA3 analysis (Fig. 4C, Additional
file 8: Table S5b). These results are consistent with our
findings in transcriptomics enrichment.

The 100 DEGs upregulated in RTT and downregu-
lated in MDS enrich processes related to neurogenesis
regulation; signalling cascades, such as Wnt, BMP and
TGEFf; and the cytoskeleton (Fig. 4B, Additional file 7:
Table S4c). TF analysis with ChEA3 for the 100 DEGs
revealed that CREBI (BH<0.05 in DE analysis) is upreg-
ulated and SRF is downregulated, and that they regu-
late 39% and 22% of the shared 100 DEGs, respectively.
Moreover, the following TFs related to neuronal function
are also enriched in the ChEA3 analysis: HEYL, GLIS2,
NFATC4 and JUN (Fig. 4C, Additional file 8: Table S5c).

Among the shared 12 DEPs, three, APPL2, CNPY4
and CTSC, regulate immune response and are down-
regulated in RTT and upregulated in MDS (Fig. 4E,
Additional file 9: Table S6¢c). Two other DEPs are related
to cytoskeleton functions: REPSI and CNNI. REPSI
(OMIM*614825) is a signalling adaptor protein that
mediates cytoskeletal changes as endocytosis, and
the protein is upregulated in both syndromes. CNN1
(OMIM*600806) can bind to the cytoskeleton and pro-
duce smooth muscle contractions and is upregulated in
RTT and downregulated in MDS.



Pascual-Alonso et al. Human Genomics

Cytoskeleton

Protein Log; Fold Change

{ cocezert

* (vicoNFowez

RNA Logl Fold Change

(2023) 17:85

Transcriptomics

Vesicular activity

Page 8 of 15

Transcriptomics

Downregulated Upregulated Downregulated Upregulated
Corieal actn ctoskseton R
Cell leading edge 4 ¥
2 P i
Celladhesion moleciding () i .o
Actin filament o
® NcALD COPI-dependent Golgi-to-ER
Actin cyoskeleton | 5, > erocrads vafic
10 % EY s < ) %
Number ol gens 3 Nombeof gooss
Proteomics Fl Proteomics
Dowreuated  Upreguisted 3 OV Dowregulated Upreguited
]
g

Polymeric cytoskeletal fioer
Microtubule-based process
Kinesins

Cytoskeletal motor activity

Actin cytoskeleton {

100 50 E
Number of genes

[ 1
RNALog; Fold Change

Secretory granule membr.

Nuclear outer membr.-ER
membr.network

Golgi membrane

ER membrane

100 50
Number of genes.

RNA processing Transcriptomics Metabolism Transcriptomics
Downreguisted Upreguiatec Downreguiated Upreguiated
Spiceosome | | Hormone metab 1
fRNA processing —
# RNA spiicing 2 Glucose metab. {
| Ribosome biogenesis — | - o FsasTr Gholesterol biosynth. 1
o o o o crss josynih. of amino acids |
g s NUDTTZ HRNARBHENY X Biosynih. of amino acids
5 / 00 50 5 s 0 50 50
3 b Number of genes H ¢ M 4 Number of genes
§ Proteomics § } . Proteomics
3 o] - o Downreguisted Uproguisted 2 o ] 2 '..# B o Downreguisted Upreguited
2 . 1RNA processin — H e )8 -
processing o Lipid metab. process 1
o *{sART1 TRNA metabol process om— o s ¥
@ 0OX31 2 e QQAKD Glycerolipid metab. <
Ribosome biogenesis — A ,,{mxa
8 4 ATP metab process |
MYBEPTA Prerivosome { = ComT o
2 2
2 K] o i H 00 50 £ 2 1 [ 1 z 100 50 50

RNA Log; Fold Change: Number of aenes

RNA Log; Fold Change Number of genes

DE Significance ® RNA @ Protein @ RNAand Protein

Biological process [l Cytoskeleton

Vesicuiar activity [l RNA processing

Metabolism

Fig. 3 Summary of the enriched biological processes found in RTT-MECP2 versus healthy control analysis. A Significant DEGs and DEPs related
to cytoskeleton (coloured in the dot plot) and the enriched terms found for those DEGs (upper bar plot) and DEPs (lower bar plot). B Significant
DEGs and DEPs related to vesicular activity and the enriched terms found for them. C Significant DEGs and DEPs related to RNA processing

and the enriched terms found for them. D Significant DEGs and DEPs related to metabolism and the enriched terms found for them

Patients with RTT versus patients with RTT-like phenotypes
Our RTT-like cohort was recruited considering their
resemblance to the RTT phenotype. It encompassed nine
patients with mutations in five different genes plus three
patients without an established molecular diagnosis. The
greater heterogeneity of this group complicated the iden-
tification of DEGs, as well as the interpretation of the
differential expression results. Therefore, we established
a significance threshold of BH<0.1 for transcriptomics
to be able to call DEGs despite the data heterogeneity.
We interpreted these results in comparison with those
obtained in typical patients with RTT, searching for
shared molecular alterations that could constitute com-
mon grounds in the pathogenesis of overlapping disor-
ders of diverse genetic nature.

DE analysis of transcriptomics data revealed 63 genes
consistently altered in patients with RTT and RTT-like
phenotypes (25 upregulated and 38 downregulated)
(Fig. 5A, Additional file 9: Table S6d). SRF targets were
significantly overrepresented in these common DEGs,
with 31 putative targets out of 63 common DEGs. This
could implicate SRF transcriptional regulation as a

common mechanism linking the molecular phenotypes
in RTT-spectrum disorders.

Proteomics data showed 81 proteins consistently
dysregulated (39 upregulated and 42 downregulated)
(Fig. 5C; Additional file 9: Table S6e), but no gene was
altered in both transcriptomics and proteomics reaching
significance. Nevertheless, some of the candidate genes
identified in the multi-omics approach in RTT patients
maintained a consistent dysregulation at the protein level
in patients with RTT-like phenotypes [Table 3].

Transcriptomic and proteomic profiles of patients with
RTT-like phenotypes are significantly correlated with
those of patients with typical RTT (r=0.69, adj-R*=0.47,
p<0.001 in transcriptomics; r=0.75, adj-R2=O,56,
»<0.001 in proteomics) (Fig. 5A and C). Enrichment
analysis of common DEGs and DEPs revealed terms
related to cytoskeletal organisation, RNA processing,
vesicular activity and metabolism, which constitute
shared molecular alterations shared in patients with typi-
cal RTT and RTT-like phenotypes and could explain phe-
notypic overlap to some extent (Fig. 5B and D; Additional
file 7: Table S4d-e).
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Discussion

Multi-omics expression in RTT patients with MECP2
mutations

Cytoskeletal actin filament-based processes play a cru-
cial role in neuronal development, and their dysregu-
lation is associated with cognitive disorders like RTT
[34-37]. We discovered a significant enrichment of
cytoskeleton-related DEGs and DEPs in RTT patients
compared to healthy controls.

Our study found that ARMCY9 (OMIM*617612), a
gene involved in cilium assembly, signalling and trans-
port, was significantly downregulated in both mRNA
and protein levels in patients with RTT. Its implica-
tion in cytoskeletal dynamics and the cytoskeletal
abnormalities found in patients with RTT suggest a
potential link between ARMC9 and RTT pathogenesis

[38]. Scaffolding proteins, actin monomers and regu-
latory proteins were upregulated in RTT patients. We
found an upregulation of p21-activated kinase 1 (PAKI,
OMIM*602590), essential for regulation of the actin
cytoskeleton and controls dendritic spine morpho-
genesis and excitatory synapse formation [39]. Moreo-
ver, Roux et al. [40] found an upregulation of proteins
related to cytoskeletal motor activities, such as tubu-
lin monomers and kinesins, that could be implicated
in axonal transport to the neuronal growth cone. Our
study also showed a downregulation of protein levels
of Ca2+ /calmodulin-activated Ser-Thr kinase (CASK,
OMIM*300172), a scaffolding protein that is involved in
synaptic transmembrane protein anchoring in the brain
[41]. CASK dysfunction is a promising route towards
understanding some of the pathomechanisms behind
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RTT since it has been linked to neurodevelopmental
disorders with overlapping phenotypes with RTT [42].
Another consistently downregulated mRNA and
protein was COMT (OMIM + 116790), a methyltrans-
ferase required for the metabolism and degradation of
catecholamine neurotransmitters, including epineph-
rine, norepinephrine and dopamine [43]. Patients with
RTT and RTT mouse models have shown low levels of
these biogenic amines, and alteration in dopaminergic

Table 3 Candidate genes identified in multi-omics analysis of
patients with RTT and with a concordant alteration at the protein
level in patients with RTT-like phenotypes

Gene Direction Biological process Potential TF
ARMC9 Upregulated Cytoskeletal processes  SRF

DDX31 Downregulated RNA processing CREBT, SRF
DDX54 Downregulated ~ RNA processing SRF
MYBBP1A Downregulated RNA processing SRF

comT Downregulated ~ Metabolism CREB1

metabolism has been associated with the characteristic
motor deficits of RTT [44].

We also found a significant enrichment in genes and
proteins related to vesicular activity located in the
Golgi apparatus and the nuclear outer membrane—
endoplasmic reticulum membrane network, as well as
secretory vesicles. We found a significant upregula-
tion of vesicular proteins located in neuronal axons.
Prolyl endopeptidase like (PREPL, OMIM*609557)
is a cytoplasmic protein with high expression in neu-
ronal tissues. PREPL interacts with adaptor complex 1
(AP—1), a protein complex that plays an essential role
in vesicular trafficking [45]. NCALD is a neuronal cal-
cium sensor protein that is involved in calcium signal-
ling. It interacts with clathrin and actin and is involved
in the modulation of endocytosis and synaptic vesicle
recycling. NCALD was found to bind clathrin only at
low calcium levels, resulting in inhibition and modula-
tion of synaptic vesicle recycling [46]. Our study also
found a significant downregulation of ZFPLI1, a cis-
Golgi membrane protein that regulates trafficking from
the endoplasmic reticulum to the Golgi apparatus and
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maintains cis-Golgi structural and functional integrity
[47].

We identified a downregulation of genes and proteins
involved in rRNA processing and ribosome biogenesis in
patients with RTT [48-50]. This could affect general pro-
tein translation in affected cells, possibly due to a reduc-
tion in mTORCI activity [48, 49]. The downregulation
of three proteins that interact with MeCP2, MYBBPIA,
DDX31 and DDX54, could explain alterations in rRNA
processing and mRNA splicing [51]. The exact nature of
the interaction between MeCP2 and these proteins is still
unknown. We also observed downregulation of DEGs
involved in mRNA splicing and spliceosomal complexes
in patients with RTT. MECP2 is known to interact with
splicing factors [37, 52, 53], but a recent publication
questions its role as a global regulator of splicing [54].
Additional studies are needed to clarify MECP2’s role
in splicing since many genes involved in mRNA splicing
are repeatedly dysregulated in different transcriptomics
experiments.

CREB1 (OMIM*123810), which is a known MeCP2
interactor, regulates transcription in processes of rel-
evance for neuronal survival and memory consolidation,
among others [55, 56]. In astrocytes, it even regulates
genes related to mitochondrial function, vesicle dynam-
ics and the cytoskeleton [57]. Besides, one-third of our
DEGs are regulated by CREB1 and CREBI itself was sig-
nificantly upregulated in our cohort at the mRNA level.
SRF (OMIM*600589), which is an integrator of mito-
gen-activated protein kinase (MAPK) and Rho-GTPase-
mediated signalling, regulates cytoskeletal dynamics. SRF
binds to the serum response element (SRE) sequence,
present in a subset of cytoskeletal genes such as ACTB
and immediate early genes (IEGs) [58]. Besides, SRF
regulates neuronal morphology and activity-dependent
transcription [59] and suppression of SRF-mediated tran-
scriptional responses has been found to produce a reduc-
tion in dendritic complexity in cortical neurons, which
could contribute to the neuronal spine dysgenesis pheno-
type observed in patients with an RTT-spectrum pheno-
type [60].

None of the genes regulated in opposite directions in
transcriptomics and proteomics were known MeCP2
partners. We analysed the functional relationships
between them, but no clear biological processes were
identified. We hypothesise that the discordance in tran-
scriptomics and proteomics may be due to cellular com-
pensatory processes.

RTT and MDS: MECP2 gene, two syndromes

Our study found that there are common genes between
RTT and MDS. We found two shared genes, MYOIC
and HARS2, which are a cytoskeletal component and a
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tRNA synthetase, respectively, in common significant
DEGs and DEPs. The AKT/mTOR signalling pathway is
downregulated in Mecp2 null models, indicating a dereg-
ulation of transcription followed by a limited ability to
generate functional proteins [48]. Both syndromes seem
to have a deregulation of the correct protein synthesis.

In total, 82 DEGs were downregulated in patients with
RTT and upregulated in patients with MDS, indicating
that MECP2 is important for mRNA processing. Moran-
Salvador et al. found a downregulated group of genes
involved in DNA replication and cell proliferation in
hepatic stellate cells of Mecp2-null mice and suggested
inhibition of Mecp2 phosphorylation as a liver fibrosis
treatment [61].

The 100 DEGs upregulated in RTT and downregulated
in MDS revealed processes related to neurogenesis regu-
lation, cytoskeleton, and Wnt, BMP and TGEFf signalling
cascades. The Wnt, BMP and TGFf} signalling pathways
are also involved in osteoblast activity and maintenance
of cartilage [62—64]. Patients with RTT suffer from sco-
liosis, low bone mass density and a higher bone fracture
rate than the general population [65, 66]. Scoliosis is the
most commonly reported orthopaedic issue in patients
with MDS, and osteopenia, contractures of joints and
fractures have also been reported [67].

Our results detected four transcription factors related
to neuronal function, HEYL, GLIS2, NFATC4 and JUN.
HEYL and GLIS2 promote neuronal differentiation [68,
69], whilst NFATC4 regulates adult hippocampal neu-
rogenesis and shares a common signalling process with
BDNF for neuron maturation [70, 71]. BDNF modulates
many aspects of neuronal development, synaptic trans-
mission and plasticity, and its dysregulation is found in
RTT [72]. JUN plays a role in neuronal migration and
axon—dendritic architecture, and its inhibition reduces
breathing abnormalities in RTT mice and induced pluri-
potent stem cell neuronal models, and rescues the den-
dritic spine alterations [73].

Our findings indicate a resemblance of both syndromes
at a molecular level, with several TFs involved in neural
processes and dendritic complexity. Therapeutic strat-
egies that seem promising for one syndrome could also
benefit the other if the correct gene dosages are reached.

TT-spectrum: one common clinical presentation, different
mutated genes

The results of our study found that patients with RTT-
spectrum disorders share common molecular altera-
tions that could impact neuronal phenotypes. Almost
one-third of the common DEGs are involved in cytoskel-
eton organisation and regulation, and some of these have
important functions in neurons. The malfunctioning of
cytoskeletal genes with prominent functions in neurite
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development could lead to neuronal spine dysgenesis
and, consequently, to the emergence of disorders with
common traits derived from this structural synaptic dys-
function [74, 75]. The enrichment in putative SRF targets
among shared DEGs highlights the potential implica-
tion of SRF transcriptional regulation in RTT-spectrum
common molecular alterations leading to overlapping
phenotypes.

We also detected an overrepresentation of several
terms related to nervous system development and struc-
ture, supporting that common molecular alterations
found in patients with RTT-spectrum phenotypes can
impact neuronal phenotypes. The downregulation of
ARMC9 observed in patients with typical RTT can also
be observed in patients with RTT-like phenotypes, con-
stituting a link between RTT-spectrum disorders and the
overlapping phenotype caused by loss-of-function vari-
ants in this gene.

The patients with RTT-spectrum phenotypes in our
study shared a downregulation of SNRPC expression
at the RNA level that was not replicated in proteom-
ics. This transcriptional alteration was also previously
found in post-mortem brain tissue and embryonic stem
cells of patients with RTT [49, 76]. SNRPC is a spliceo-
some component involved in 5’ splice-site recognition,
so it may affect the splicing of many different targets and
could constitute a shared mechanism of splicing dysregu-
lation of patients with RTT-spectrum phenotypes. The
dysregulation of splicing factors and regulators has been
described in RTT as well as in other monogenic intellec-
tual disabilities and in autism spectrum disorders (ASD)
[77].

Protein translation may be affected in all patients with
RTT-spectrum phenotypes. Several rRNA processing
and ribosome biogenesis-related proteins found altered
in patients with RTT were also consistently dysregu-
lated in patients with RTT-like phenotypes, indicating
this commonality. DDX54, DDX31 and MYBBP1A are
MeCP2 partners and are linked to rRNA expression and
preprocessing and could explain, at least to some extent,
the shared dysregulation of ribosome biogenesis.

Conclusions

Numerous studies have investigated the transcriptomes
of individuals with RTT, resulting in over 60 published
articles. Our study found that studying other human
tissues, such as fibroblasts, can reflect the same dysreg-
ulations caused by loss of function of MECP2. However,
integrating all knowledge is complicated by the het-
erogeneity in experiments and tissue-specific effects of
MECP2. Dysregulation of various cellular functions was
identified, including cytoskeletal organisation, vesicular
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activity, translation and mRNA processing, which are
altered in patients with RTT, RTT-like phenotypes and
MDS. ARMC9 could be a potential biomarker for RTT
and RTT-spectrum disorders. TF analysis supports
CREBI and SRF as potential therapeutic targets. Shared
dysregulated biological processes and cellular functions
were found between patients with RTT, MDS and RTT-
like phenotypes, with RTT and RTT-like being more
similar than MDS. Further studies are necessary to vali-
date these findings.
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Abstract: Rett syndrome (RTT) is a severe neurodevelopmental disorder that constitutes the second
most common cause of intellectual disability in females worldwide. In the past few years, the
advancements in genetic diagnosis brought by next generation sequencing (NGS), have made it
possible to identify more than 90 causative genes for RTT and significantly overlapping phenotypes
(RTT spectrum disorders). Therefore, the clinical entity known as RTT is evolving towards a spectrum
of overlapping phenotypes with great genetic heterogeneity. Hence, simultaneous multiple gene
testing and thorough phenotypic characterization are mandatory to achieve a fast and accurate
genetic diagnosis. In this review, we revise the evolution of the diagnostic process of RTT spectrum
disorders in the past decades, and we discuss the effectiveness of state-of-the-art genetic testing
options, such as clinical exome sequencing and whole exome sequencing. Moreover, we introduce
recent technological advancements that will very soon contribute to the increase in diagnostic yield
in patients with RTT spectrum disorders. Techniques such as whole genome sequencing, integration
of data from several “omics”, and mosaicism assessment will provide the tools for the detection and
interpretation of genomic variants that will not only increase the diagnostic yield but also widen
knowledge about the pathophysiology of these disorders.

Keywords: Rett syndrome; Rett-like; NGS; WES; WGS; RN Aseq; genetics; MECP2

1. Rett Syndrome Spectrum Disorders: Clinical Picture
1.1. Rett Syndrome

Rett syndrome (RTT, OMIM #312750) is a severe neurodevelopmental disorder char-
acterized by a regression of acquired skills, including purposeful hand use and language,
after a normal psychomotor development in the first months of life [1]. RTT has an inci-
dence of approximately 1:10,000-20,000 live female births and is the second most common
cause of severe intellectual disability in females [2,3]. RTT was first reported in 1966 by the
Austrian doctor Andreas Rett, and in 1983, Bengt Hagberg further described the syndrome
in a larger cohort of patients [3].

Although belonging to the same clinical entity, patients with RTT show heterogeneous
phenotypes, with varying symptoms and severity. In the classic form, patients display a
regression in psychomotor development, partial or complete loss of acquired purposeful
hand skills and spoken language, gait abnormalities and stereotypic hand movements,
which are the required features to diagnose typical RTT. These symptoms are frequently
accompanied by breathing disturbances, bruxism, impaired sleep patterns, abnormal
muscle tone, and scoliosis, which constitute supportive criteria [4,5]. It is also common that
patients with RTT present with acquired microcephaly and epilepsy [3-5].

Int. ]. Mol. Sci. 2021, 22, 10375. https:/ /doi.org/10.3390/1jms221910375

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://doi.org/10.3390/ijms221910375
https://doi.org/10.3390/ijms221910375
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms221910375
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms221910375?type=check_update&version=2

Int. J. Mol. Sci. 2021, 22, 10375

20f 19

Presently, the diagnosis of RTT is clinical and follows a set of guidelines published in
2010 [4]. A genetic confirmation typically follows the clinical diagnosis of RTT, but its role
is still supportive, since mutations in MECP2 (the main RTT-associated gene) may cause
other phenotypes than RTT, and mutations in other genes have been found in patients with
a clinical diagnosis of RTT [4,6]. According to the current diagnostic guidelines, patients
who only fulfil two of the four required criteria and five of the 11 supportive criteria are
diagnosed with atypical RTT.

There are several atypical forms of RTT. The Zappella (or preserved speech) variant is
a generally milder form of RTT characterized by the recovery of some language after the
regression, with the ability to speak single words or phrases [4,7]. Other atypical forms of
RTT entail more severe phenotypes. The Hanefeld (early-onset seizures) variant is defined
by a very prompt onset of epilepsy, and in the Rolando (congenital) variant, there is no
clear regression, with the symptoms already being apparent during the neonatal period [4].

Although valid diagnostic guidelines highlight the importance of an apparently nor-
mal early development followed by a regression period as a distinct feature for the iden-
tification of this disorder, recent reports draw attention towards subtle impairments in
motor and communication skills in early stages of development and before the onset of
clear RTT features [4,8,9]. Both parents and clinicians have reported feeding difficulties,
abnormal crying, and delay in reaching developmental milestones in the first months of
life before the clear regression period had begun [10]. Since the identification of these slight
symptoms, there has been increasing interest in finding molecular and neurofunctional
markers that will enable early detection of RTT.

1.2. A Broader Clinical Entity: RTT Spectrum Disorders

Despite the common characteristic features, patients with RTT display a wide range of
phenotypic variation that can be appreciated after a thorough clinical characterization. The
idea behind the standardized clinical criteria is to provide guidelines to evaluate all traits
related to RTT and aid differential diagnosis. Nevertheless, there are patients with many
of the distinct features of RTT that do not fulfil the established clinical criteria for either
typical or atypical RTT. Currently, the term “Rett-like” is used to describe patients with
these overlapping phenotypes, but there are no consensus clinical criteria for a Rett-like
diagnosis [11-13].

Additionally, recent evidence of genetic heterogeneity behind RTT and RTT-like dis-
orders has become available. Over the past few years, massively parallel sequencing
technologies used to diagnose RTT and RTT-like disorders have led to the identification
of disease-causing variants in many different genes, some of which are novel and oth-
ers are traditionally associated with other neurodevelopmental disorders or epileptic
encephalopathies with a considerable phenotypic overlap with RTT [11,13-15].

In light of the findings regarding the phenotypic and genetic heterogeneity behind
this clinical entity, the term “RTT spectrum disorders” can be used to encompass all RTT
(typical and atypical) and RTT-like phenotypes [13]. The rationale supporting this idea is
that, if the dysfunction of several different genes is causing such similar phenotypes, they
must be connected in some way, probably because they share functions or because they are
involved in the same molecular pathways [13,16].

2. Single-Gene Genetic Testing for RTT Spectrum Disorders
2.1. MECP2

The genetic cause of RTT remained unknown until 1999 when it was associated with
mutations in the MECP2 gene, which encodes methyl-CpG-binding protein 2 (MeCP2) [17].
MeCP2 is a multifunctional protein involved in transcriptional regulation, chromatin
remodeling, micro-RNA processing, and alternative splicing, modulating gene expression
levels both at transcriptional and post-transcriptional levels [18-20]. Recent studies show
that the loss of MeCP2 alters the expression of many genes, but the effects at an individual
gene level are small [1]. This indicates that MeCP2 acts as a global genome regulator of gene
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expression and chromatin architecture that mediates cellular changes through activation
and repression of a great number of genes genome-wide [20,21].

MECP? has four exons and produces two different isoforms through alternative splic-
ing. Isoform el (498 amino acids) encompasses exons 1, 3, and 4, and has its translation start
codon in exon 1 (NM_001110792). Isoform e2 (486 amino acids) encompasses all four exons
at the RNA level, but has the translation start codon in exon 2, while exon 1 remains noncod-
ing (NM_004992) [3,22,23]. MeCP2e2 was the form initially described, while MeCP2el was
not identified until 2004 [22,23]. The two isoforms differ in their N-terminal regions, but
share all functional domains [24]. MeCP2el is the predominant isoform in the brain, while
MeCP2e2 is more abundant in other tissues such as fibroblasts [3,23]. Nonetheless, both
isoforms coexist in the brain, where MeCP2e2 has shown a later onset of expression during
mouse embryonic development and a more restrictive pattern of expression [24,25]. Ata
functional level, both proteins differ in binding dynamics, turn-over rates, and interacting
partners, suggesting non-overlapping functions of MECP2 isoforms [26].

According to recent studies, approximately 95% of patients with typical RTT and 75%
of patients with atypical RTT (especially those with the Zappella variant) have pathogenic
variants in MECP2 [9,27,28]. So far, 925 different MECP2 variants, including 535 pathogenic
variants and 212 variants of unknown significance (VUSs), have been reported in RettBASE,
a specialized database that gathers information related to RTT-related genomic variants [29].
These include missense, nonsense, frameshift, splicing, and intronic variants, and moreover,
280 gross deletions that produce the loss of MECP2 function have also been described and
are included in the Human Gene Mutation Database (HGMD®) [30]. However, there are
eight recurrent point mutations (missense and nonsense) that account for approximately
50% of all genetically diagnosed cases of RTT (Table 1) [27,29]. Interestingly, mutations
specific to MeCP2el, the predominant isoform in the brain, have been found in RTT patients,
whereas there are no mutations specific to isoform e2 known to cause RTT [31].

Table 1. Most recurrent point mutations in MECP2 and their frequencies in RTT patients [29].

Coc(lli\?l{g/li)ol(\)lgg\;z‘\;)iant Amino Acid Change Percentage of RTT Patients
c473C>T p-Thr158Met 8.74%
¢.502C>T p-Argle8 * 7.57%
c.763C>T p-Arg255 * 6.64%
c.808C>T p-Arg270 * 5.74%
c.916C>T p-Arg306Cys 5.14%
¢.880C>T p-Arg294 * 4.97%
c397C>T p-Argl33Cys 4.52%
c.316C>T p-Argl06Trp 2.79%

Total = 46.11%

The * in the table represents stop codons according to the current variant nomenclature guidelines of the HGVS
(https:/ /varnomen.hgvs.org/recommendations/protein/variant/substitution/).

Since its association with RTT, MECP2 has been studied by direct sequencing (by
Sanger sequencing) and gene dosage analysis (by multiplex ligation-dependent probe
amplification (MLPA), qPCR, and FISH) to obtain a molecular confirmation of the clinical
diagnosis. At the beginning, the studies did not include exon 1 (because it was thought to
be noncoding), but with the description of MeCP2el, with coding sequences in this exon, it
was added to routine mutation screening [23,32]. Taking advantage of the recurrence of the
mutations, an electronic DNA microchip was developed to detect seven of the eight most
common MECP?2 pathogenic variants in a faster and more economical manner [33].
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2.2. CDKL5 and FOXG1

Although most patients carry disease-causing variants in MECP2, several other genes
have progressively been linked to RTT over the past two decades. In 2004, pathogenic
variants in cyclin-dependent kinase-like 5 (CDKL5) were associated with the atypical form
of RTT known as the early-onset seizure variant. CDKLS5 is a protein kinase that directly
interacts with MeCP2 and mediates its phosphorylation. This phosphorylation modulates
the function of MeCP2 in neurons [34-36]. MeCP2 also binds CDKL5 at the DNA level and
represses its transcription [37].

In 2008, forkhead box G1 (FOXG1) was found to be related to the congenital variant of
RTT [38-40]. FOXG1 is a brain-specific transcriptional repressor that is coexpressed and
colocalized with MeCP2 in the postnatal cortex [40]. FOXG1, like MeCP2, associates with
histone deacetylase 1 (HDAC1) to repress transcription [41].

Currently, some authors consider the neurodevelopmental disorders caused by pathogenic
variants in CDKL5 and FOXG1 distinct clinical entities because of the defining features that
differentiate them from typical RTT [42,43]. Nevertheless, the connections and interactions
among these three proteins highlight their relationship and indicate that they are in fact
involved in common processes, which could explain the overlapping symptoms that arise
when the function of any of them is impaired.

When CDKL5 and FOXG1 were linked to RTT, single-gene molecular diagnosis tech-
niques were also applied to these genes, particularly in MECP2-negative patients with RTT.
Combining single-gene approaches in these three genes, about 28% of patients with RTT
spectrum disorders were diagnosed with disease-causing variants in MECP2, CDKL5, and
FOXGI [44].

3. The Revolution of Next Generation Sequencing
3.1. Gene panels and Exome Sequencing

The arrival of next generation sequencing (NGS) has allowed us to simultaneously
sequence multiple genes in the same experiment [45]. NGS for diagnosis is especially useful
in genetically heterogeneous disorders, where many successive single-gene approaches
may be more expensive and inefficient. Instead of limiting the scope of the genetic study
to one single candidate gene, NGS allows us to extend or redirect a genetic analysis if
needed [46].

NGS approaches can target anything from a set of specific genes (gene panels) to
the whole genome. Presently, the most widely used approach in a medical diagnostic
setting is clinical exome sequencing (CES), which targets all exons of the genes currently
known to cause monogenic disorders [44,46-48]. Nevertheless, the diagnosis by whole
exome sequencing (WES), which targets all exons and canonical splice sites of the ~20,000
known protein-coding genes, is becoming more popular [49,50]. The American College of
Medical Genetics and Genomics (ACMG) currently recommends WES as the gold standard
of clinical practice in children with intellectual disability (ID), developmental delay, or
multiple congenital anomalies, due to the reduction in costs and the increase in diagnostic
rate [51].

The overall diagnostic yield when applying WES to patients affected with pediatric
rare diseases is 28% on average [46,49,52,53]. Nevertheless, the positive diagnostic rate
varies greatly depending on the group of genetic disorders considered [52]. The Decipher-
ing Developmental Disorders (DDD) Study successfully diagnosed 28% of the patients
enrolled by applying a combination of WES and exome-focus array comparative genomic
hybridization (exome-aCGH) [54]. In a recent systematic review, neurodevelopmental
disorders (NDDs), among which we can classify RTT spectrum disorders, were found to
have a 23.7% overall diagnostic yield by NGS (22.6% using gene panels and 27.3% using
WES). Among NDD subtypes, patients with intellectual disability showed the highest
diagnostic yields (28.2%), while patients with autism spectrum disorder (ASD) showed the
lowest diagnostic yields (17.1%) [55].
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Since a good clinical characterization is critical for variant interpretation, it is not sur-
prising that the best defined clinical entities have the highest diagnostic yields. Therefore,
patients with general or imprecise clinical diagnoses, such as ASD or ID, tend to show less
successful outcomes than patients with a well-defined, accurate clinical description, such as
RTT or Noonan syndrome, despite genetic heterogeneity. Moreover, complex phenotypes
that can be caused and modified by several factors, such as ASD, are less likely to be
definitively diagnosed than monogenic Mendelian disorders with a clear genetic root.

In terms of technical capacities, NGS technologies are especially sensitive to detecting
single nucleotide variants (SNVs) and small insertions or deletions (indels), but copy
number variant (CNV) detection is also possible through read depth analysis [46,56]. In
fact, the power of CNV detection in WES could be superior to that of low-resolution
genomic microarrays [57]. Therefore, WES studies that include CNV analysis usually have
a higher diagnostic yield.

Including the parents of the affected child in the WES analysis (trio-WES) has certain
advantages. This approach allows us to directly assess the inheritance pattern of candidate
variants (de novo or inherited), as well as the phase (whether two variants in the same
gene are in the same or in different chromosomes). It also enables directly filtering out
rare benign familial variants, which may lead to an up to 10-fold reduction in the number
of candidate variants to analyze in families where parents are unaffected [46]. Since de
novo mutations are the most common cause of neurodevelopmental disorders such as
RTT, the trio-based approach can streamline the genetic diagnosis [58]. Even though the
sequencing costs of the experiments are higher when compared to proband-only analyses,
the reduction in costs of segregation studies can compensate for this fact. In pediatric rare
diseases, diagnostic rates can be increased up to about 40% when applying a trio-WES
approach [46].

3.2. The Results of NGS Studies of Patients with RTT Spectrum Disorders

Many diagnoses of patients with RTT spectrum disorders come from studies where
they were enrolled together with other probands in wider groups characterized as NDD or
ID. Nevertheless, there are several diagnostic NGS studies focused only on RTT spectrum
patients (Table 2). WES studies of RTT spectrum cohorts have had diagnostic yields around
65% when used as a first-tier diagnostic test and slightly lower when performed after a
negative CES result [15,44,59-63]. Gene panels have a higher variation in the diagnostic
rates of RTT spectrum patients, strongly depending on the subset of targeted genes and the
characteristics of the studied cohort [14,44,64—66].

The higher diagnostic yield in WES studies focused only on patients with RTT spec-
trum disorders, usually above 60% (Table 2), when compared to general NGS data, usually
around 28-40%, could be explained due to the thorough phenotypic characterization of the
patients included in these studies. As mentioned above, an exhaustive clinical characteri-
zation is essential to reach a definite diagnosis by NGS, where many candidate variants
can be potentially identified and must be interpreted in the phenotypic context of each
patient. Due to the problem of phenotypic heterogeneity, researchers working with RTT
spectrum cohorts tend to establish rather accurate criteria for inclusion in the studies and
are familiar with comprehensive phenotyping, leading to such positive results (see Table
S1 in supplementary data for gene list of RTT spectrum genes).

NGS has identified more than 90 novel causative genes of RTT spectrum disorders
over the past 7 years (Supplementary Table S1) [11]. Some of these genes had previously
been linked to other well-characterized disorders with overlapping features with RTT, such
as Pitt-Hopkins syndrome (TCF4), Angelman syndrome (UBE3A), or Cornelia de Lange
syndrome (SMC1A), while others are linked to epileptic encephalopathies (such as STXBP1
and GRIN2B), intellectual disability with epilepsy (IQSEC2 and MEF2C), or other NDDs.
Moreover, thanks to NGS, novel possible causative genes for RTT spectrum phenotypes,
such as JMJD1C and GABBR2, have also been identified, [13-15,44,60-63,67-71].
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The current list of RTT spectrum genes is especially enriched in chromatin modulators
(such as HDAC1, MEF2C, NCOR2, or SATB2, and including MECP2) and genes involved
in synaptic function (such as GABRB2, GRIN2B, SHANK3, IQSEC2, STXBP1, SLC6A1, or
SYNGAPI) [11,62]. These pathways and functions have been found impaired in patients
with RTT spectrum disorders, as well as in RTT animal models, and this might be the link
between RTT spectrum genes and the reason why patients with RTT spectrum disorders
present with overlapping features [72,73].

It is noteworthy that patients with pathogenic variants in several of the abovemen-
tioned genes (TCF4, STXBP1, SCN2A, WDR45, KCNQ2, and MEF2C) present with signifi-
cant phenotypic overlap with patients with typical RTT and meet the four main established
criteria for a diagnosis of typical RTT—gait abnormalities, loss or absence of purposeful
hand movements, stereotypies and speech loss, or severe deficit [11]. These six genes are
the most frequent causative genes in patients with RTT spectrum disorders, apart from
MECP2, CDKL5, and FOXGI [14].

Table 2. NGS studies performed on RTT cohorts and their diagnostic yields.

Publication Type of Genetic Testing Number of Genes in Test Number of Patients Diagnostic Yield
Olson et al., 2015 [59] Singleton-WES Whole exome 11 64%
Lucariello et al., 2016 [60] Trio-WES Whole exome 21 67%
. Whole genome (aCGH), whole 68.5% (58% due to
Lopes et al., 2016 [61] aCGH and trio-WES exome (WES) 19 WES)

17 (custom panel), 4813 (commercial

242 (custom panel),

23% (custom panel),

Vidal et al., 2017 [44] Gene panels and WES 51 (commercial 24% (commercial
panel), and whole exome (WES) 1 1yon 05 (WES)  panel) and 32% (WES)
. SNP array-based CNV Whole genome (CNV analysis) and o
Sajan etal., 2017 [62] analysis and trio-WES whole exome (WES) 2 68.4%
. 5 (gene panel) and whole 30 (gene panel) and ~ 10% (gene panel) and
Allou et al., 2017 [66] Gene panel and trio-WES exome (WES) 2 (trio-WES) 509% (trio-WES).
Yoo et al., 2017 [63] Trio-WES Whole exome 34 67.6%
Iwama et al., 2019 [15] Singleton-WES Whole exome 77 61%
. ’ Direct MECP2 analysis
Henriksen et al., 2020 [74] and WES Whole exome 91 NA

Although the genetic findings of NGS are still validated by molecular genetic tech-
niques in standard clinical practice, this approach is more cost-effective than succes-
sive single-gene diagnostic testing. Interestingly, some studies have detected, by NGS,
pathogenic variants in MECP?2 that were previously missed by classical molecular genetic
testing, and some studies show that NGS can outperform Sanger sequencing in detecting
heterozygous changes and mosaic variants [46,59,62,75].

3.3. NGS Data Re-Analysis

Nowadays, big efforts are made to improve our variant interpretation capacities.
Evidence of the biological consequences of variants of unknown significance (VUSs) is
obtained from functional studies, descriptions of disease phenotypes associated with novel
genes and variants are stored in comprehensive databases, and the characterization of new
functional genomic elements enables the correct interpretation of variants.

Therefore, the frequent update of all these data makes it feasible to reanalyze negative
WES cases prior to proceeding with whole genome sequencing (WGS). A recent study
showed that 30% of the positive cases solved by WGS could be identified by reanalyzing
the WES raw data [76]. Moreover, several studies reported a diagnostic rate after reanalysis
of 10.5-15.3% within a period of approximately 1 year after the first analysis [77-81].

The increase in diagnostic success after reanalysis can be due to several reasons. In
some cases, new diagnoses are reached because of recent publications of disease-gene asso-
ciations or particular phenotypes that were not considered when the former analysis was
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conducted [77,78,80,81]. Another common reason is a revision of the patient’s phenotype
by the clinician that can eventually redirect the analysis towards a new set of candidate
genes or reconsider variants that were previously detected and dismissed [77,79,80]. Re-
classification of a formerly detected variant can also change the result of a WES analysis.
For instance, functional and in silico studies can help, over time, to reclassify a former VUS
as either a benign or a pathogenic variant or to identify a synonymous variant as a splicing
aberration [77]. Finally, a common reason is an improvement in the bioinformatics pipeline
or a database update that allows for correct detection or annotation of variants missed in
the prior analysis [77-80].

Considering these outcomes, NGS data reanalysis becomes an interesting diagnostic
tool to contemplate in medical genetics until WGS-trio costs decrease and WGS-trio is
implemented as ordinary clinical care.

4. Future Perspectives of Genetic Diagnosis for RTT Spectrum Disorders
4.1. The Bigger Picture—WGS

Exome sequencing has been extremely useful in diagnosing rare diseases, such as RTT.
It enables the detection of protein-coding and splice-site variants, which constitute 85% of
the known disease-causing mutations [82,83]. Nevertheless, this approach targets only 2%
of the genome and has certain limitations, and therefore unsolved exome sequencing cases
could potentially be elucidated by WGS.

In addition to the protein-coding and splice-site variants detected by exome sequenc-
ing, WGS can also identify several types of non-coding variants that can compromise gene
function. Introns, which are not sequenced in exome assays, harbor deep intronic mutations
that can increase the activity of cryptic splice sites that otherwise seldom produce splicing
events, causing an intron inclusion within the transcript. These aberrant splicing events
produce dysfunctional transcripts and may lead to disease. Deep intronic variants have
been implicated in the pathogenesis of rare diseases, such as ocular albinism due to GPR143
malfunctioning and hyperammonemia as a result of OTC deficiency [84].

Variants located in regulatory elements (promoters, enhancers, and insulators) may
modify gene expression levels by changing transcription factor binding affinities to the
DNA sequence. In the 3’ untranslated region (3’-UTR), which contributes to the regulation
of gene expression by binding to microRNAs, non-coding variants could affect this binding
ability, thus modifying transcript stability [85].

Non-coding variation is progressively gaining acknowledgment, but there are still few
reports of the implication of these kind of variants in Mendelian disease phenotypes [86].
This may be partly because these regions are not covered by a regular exome sequencing
assay, which is the most common type of genetic test nowadays, so pathogenic variants
within these sequences simply have not yet been detected. Moreover, the difficulty in
deciphering the effects that these variants may produce and the necessity of functional
studies to validate these hypotheses hinder the interpretation and report of these variants.

Another advantage of WGS is its power to detect structural variants (5Vs) and complex
rearrangements. Since exome sequencing must rely almost exclusively on read depth, it can
only confidently detect unbalanced alterations (CNVs). WGS, on the other hand, because
of its extensive coverage, enables detection of SVs not only by read depth analysis but also
by discordantly aligned paired-end reads and split reads, which allow the detection of
SV breakpoints (even at nucleotide resolution) [87]. Thus, WGS can detect balanced SVs
(inversions and translocations), besides CNVs and insertions. Furthermore, in the case
of duplications, it can distinguish whether they are in tandem or inserted elsewhere in
the genome. An interesting study by Gilissen et al. identified disease-causing CNVs and
SVs by WGS in nine patients with ID that had been previously missed by a comparative
genomic hybridization array (aCGH) [69]. One of these variants was a partial duplication
of TENM3 inversely inserted into IQSEC2, which is related to a phenotype of intellectual
disability and epilepsy that lies within the RTT spectrum [69].
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Furthermore, WGS enables reliable identification of runs of homozygosity (ROH),
which are long genomic stretches that display identical haplotypes in both homologous
chromosomes. WGS is the best strategy to identify these events, since the non-uniform
distribution of WES and SNP-array data complicate the detection of these signals, especially
the shorter ones [88]. ROH may denote identity by descent (IBD), which means that the
homozygosity originates because the two alleles come from the same common ancestor,
indicating some degree of consanguinity [89]. These regions may contain pathogenic
recessive variants and are especially relevant when suspecting an autosomal recessive
inheritance pattern. ROH might also be indicative of uniparental disomy (UPD) [90]. UPD
happens when both homologs of a chromosome pair are inherited from the same parent,
and it has implications for disease by causing either the lack or the overexpression of genes
affected by gender-specific imprinting and by converting recessive pathogenic variants in a
heterozygous state in unaffected carrier parents into homozygous variants causing disease
in the proband [90,91]. The detection of long regions of homozygosity in NGS data allows
us to uncover UPD events, which have been linked to several cases of NDDs [90].

Finally, WGS uniformity in terms of coverage depth and genotype quality enables the
detection of variants previously missed by WES, particularly in GC-rich exons [92,93]. In
fact, the proportion of false-positive SNVs is 61% lower in WGS compared to WES [92].
While WES has around a 28% diagnostic rate in patients with ID, WGS has been shown to
solve up to 42% of cases, even when only the coding region is studied [69].

Despite the advantages of WGS, it is not always the final answer to reaching a diag-
nosis [46]. The current issue is that the source of the disease will most likely be blended
among the huge amount of data generated, and we may not be able to pinpoint it with our
still-limited knowledge.

4.2. Multi-Omics

While WES yields 20,000-23,000 variants per individual, WGS reveals 3-5 million [94].
A large proportion of these variants lies outside the coding regions and canonical splice
sites, which makes the interpretation of their possible effects challenging. To help prioritize
the variants detected at the DNA level, WGS analysis can be coupled with several other
technologies focused on studying other molecules, such as RNA sequencing (RNA-seq)
and proteomics [94,95].

RNA-seq is an NGS approach that allows us to simultaneously sequence and quantify
all transcripts (usually coding transcripts) present in a sample. RNA-seq analyses allow us
to not only detect variants in the RNA sequence but also to identify aberrant events that may
be caused by variants detected in WGS [96]. Aberrantly expressed transcripts can lead to
the identification of both coding variants that trigger nonsense-mediated decay (NMD) and
noncoding variants in regulatory regions, such as promoters and enhancers, that hamper
transcription. Abnormal splicing events may reveal pathogenic variants in canonical splice
sites or within exons or introns that produce dysfunctional transcripts. Finally, finding that
one allele is absent among the analyzed transcripts of a given gene (monoallelic expression)
helps reconsider the effect that a heterozygous variant in a recessive gene may have if it is
the only expressed allele [96-98].

Mass spectrometry-based proteomics enable us to identify and quantify all proteins
present in a sample (the proteome) at the same time [99]. As with RNA-seq aberrantly
expressed transcripts, expression outliers in proteomics may help reprioritize variants
detected by WGS within those genes and might indicate that those variants affect protein
stability or post-translational modifications [95,96].

Integrating data from genomics and other “omics” is currently known as “multi-
omics.” Using multi-omics, several studies have unraveled previously unsolved cases by
WGS, WES, or gene panels, increasing diagnostic rates in 10-36% of patients [97,100,101].

The most delicate issue when using multi-omics is the decision of which tissue to
study. Since not all transcripts and proteins are produced by all cell types, it would be ideal
to select the most relevant tissue according to the condition affecting each patient. In the
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case of neuromuscular disorders, for instance, muscle biopsies have proved to generate
more robust data for RN A-seq analysis compared to blood and cultured fibroblasts [100].
In the case of RTT spectrum disorders, the most disease-relevant tissue would be the
central nervous system, which is unfortunately not easily accessible. However, cultured
fibroblasts reliably express almost 70% of the disease-related genes registered in OMIM and
70-75% of the RTT-spectrum-related genes according to GTEx data (Figure 1) [96,102]. This
demonstrates that a minimally invasive procedure, such as a skin biopsy could provide a
sample that, at least to some extent, could be useful for multi-omics analyses to increase
the diagnostic yield in RTT spectrum disorders.

4.3. Mosaicism

The most widely used NGS technologies for the diagnosis of rare diseases are usually
designed to detect genetic variants that affect all the cells of an individual (germline
variants). Mosaic mutations (those variants only present in a subset of cells of an individual)
are more difficult to recognize and call. Since they are usually found at low frequencies,
with a nonspecific analysis they can be confused with technical errors or artifacts [103,104].

The effects of a mosaic mutation on an individual strongly depend on the develop-
mental stage at which the mutation occurs, and consequently, of the number of cells that
carry the mutation and the tissues to which they belong [105]. These mutations can happen
in the first stages of development and be present in several tissues at different frequencies
or relatively late in the process and affect only certain tissues or groups of cells [103,105].

In the former case, a deep coverage NGS approach (at least 200x) may be able
to recognize and call the mosaic variant, while in the latter, the mutation will only be
detectable if the affected tissue is available for analysis [103]. CES or WES approaches may
be too comprehensive to achieve such deep coverage. Therefore, the design of a smaller
custom gene panel that contains relevant disease-causing genes with sufficient evidence
of pathogenicity for mosaic variants might be a possible strategy to streamline resources.
On the other hand, single-cell NGS approaches provide the higher resolution and enable a
more shallow sequencing coverage to detect mosaicism, but require access to the tissues
relevant for the disease, which is a setback when facing neurological phenotypes [103].

The contribution of mosaic variants to neurodevelopmental disorders is becoming
increasingly manifest. A 2014 study using WGS to identify de novo mutations in patients
with ID validated seven mosaic pathogenic variants in candidate ID genes (6.5% of the
presumed germline variants) [69,104]. Moreover, the study of this cohort found that four
presumed de novo mutations in patients with ID were in fact mosaic mutations present at
very low frequencies (average of 3.54%) in the blood of unaffected parents [104]. In addition,
another recent study found that 6.6% of parents of children with epileptic encephalopathies
presented with low levels of mosaicism for the disease-causing variant affecting their
children [106]. Therefore, when evaluating the implications of mosaic variants for the
genetic diagnosis of neurodevelopmental disorders, we must consider both mosaicism in
patients and mosaicism in parents.
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4.3.1. Mosaicism in Probands

A mosaic variant in a patient with a neurodevelopmental disorder, such as RTT, could
lead to a less specific or a milder phenotype, hindering clinical diagnosis. Furthermore, we
must consider that, if the pathogenic variant is present only in the affected tissues (such as the
central nervous system), it may be inaccessible and thus remain undetected when sequencing
a common peripheral blood sample [105]. Several reports have described male patients with
mosaic MECP2 mutations and different presentations of RTT spectrum disorders, ranging
from classical RTT to a mild form resembling the forme fruste [107-113]. A few studies have
also implicated MECP2 mosaicism in female RTT pathogenesis, typically with a phenotypic
presentation according to typical or atypical RTT [113,114].

If detected, a low rate of mosaicism may also complicate interpretations of pathogenic-
ity, questioning if a few mutated cells can have a strong enough effect to cause disease.
Nevertheless, mosaic mutations with frequencies as low as 1% have been shown to cause
focal cortical dysplasia, an epileptogenic neurodevelopmental malformation [115]. MECP2
mosaic mutations identified in blood samples have been reported to cause disease from
frequencies as low as 6.5% in males and 12.28% in females [113].

4.3.2. Mosaicism in Parents

On the other hand, apparently unaffected parents of children with a neurodevelop-
mental condition can also carry mosaic variants. The mosaicism may be detectable in many
tissues but not cause symptoms if there is a low frequency of the pathogenic mutation
insufficient to cause disease or causing very mild subclinical manifestations. On the other
hand, there are cases where the mutation arises in germ cells and is not present in any
other tissue (germline mosaicism). In these cases, the mutation may seem to be de novo
if only blood is tested, even though a high proportion of germ cells carry the variant. In
these circumstances, correctly detecting parental mosaicism has important implications
for adequate genetic counseling, since it increases disease recurrence risk in subsequent
pregnancies [105,116,117].

Several familial cases of RTT have been reported where one of the parents had a
germline mosaicism that caused them to have more than one RTT case among their off-
spring, while they remained asymptomatic [17,117-121]. Although most of these case
reports implicate maternal germline mosaicism, a recent study in a large cohort of pa-
tients with RTT found paternal germline mosaicism in as much as 23.8% of the fathers
studied [113]. As these cases raised the awareness on this issue, the detection of parental
germline mosaicism as a cause for RTT spectrum disorders has increased considerably
in the past few years. Currently, prenatal diagnosis is indicated in any subsequent preg-
nancy of families with an individual affected by RTT spectrum disorders, even though the
detected disease-causing variant is thought to be de novo [105,116].

4.4. Functional Validation of Genomic Variants

The outcome of genomic testing may not always be a conclusive diagnosis. Usually, to
reach a final diagnosis directly from the sequencing data, a variant must be identified in a
disease-associated gene matching the phenotype of the patient, and this variant should be
either a known pathogenic variant previously described and characterized in the literature,
or an unknown variant very likely to cause disease [122]. This latter case applies to null
variants (nonsense, frameshift, canonical &1 or 2 splice sites, initiation codon, and single
exon or multiexon deletions), which can be assumed to disrupt gene function, when loss of
function is a known mechanism of disease for a particular gene [123].

In many other cases, the analysis of sequencing data results in the identification of
novel, uncharacterized variants in disease-associated genes, that are classified as VUSs.
Additionally, if the analysis is not targeted to previously known disease-genes, it may lead
to the identification of genes of unknown significance (GUSs). GUSs are genes with no
solid evidence of being disease-causing that may be interesting candidates given their
functional roles or molecular interactions.
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In order to ascertain the biological consequences of VUSs and reach a definite genetic
diagnosis, a functional validation is required [122,124]. A functional assay is an exper-
iment (in vitro or in vivo) that can assess the influence of a VUS on protein function or
conformation, and thus help re-classify this variant [125]. In order to re-classify VUSs
into either pathogenic or benign variants, the results of functional assays constitute a
strong criterion according to the ACMG variant interpretation guidelines [123]. Given
the large number of VUSs encountered through genomic testing and the need to validate
their functional consequences, the field of “functional genomics” is progressively gaining
acknowledgement.

There are diverse approaches to the functional validation of the biological conse-
quences of VUSs [122]. The more extensive, untargeted strategy is the use of multi-omics
data in order to find evidence of the malfunctioning at RNA or protein levels of genes
carrying VUSs, as discussed above [126]. On the other hand, other functional validation
methods are targeted to one or few candidate VUSs previously identified in genomic
data. Targeted validation methods include rescue experiments (usually performed with
patient-derived cells), where the wild-type allele is introduced to see if the pathogenic
phenotype is reverted, and test experiments (usually in model systems), where the VUS is
introduced and its consequences assessed [122].

Depending on the type of variant and its predicted biological effect, there are different
suitable types of assays [85]. Non-synonymous variants (missense and nonsense) may
cause aberrant protein structure and function, leading to decreased gene product levels
that can be measured by qRT-PCR or Western blotting. Another possible consequence is
erroneous cellular localization, which can be detected by immunocytochemistry assays. To
assess the impact of splice-site variants, minigene assays, where the splicing pattern of a
subset of exons and introns of a gene is studied, can be used to check the effect on splicing of
the candidate variant. Testing the effect of VUSs found in 3'-UTRs and regulatory regions
tends to be more complicated. Some assays can be applied though, such as luciferase
assays, to compare gene expression levels with and without the candidate variant.

Despite the potential of functional assays to unveil the pathogenicity of VUSs, it must
always be taken into account that some biological effects of candidate variants may be tissue
or cell-type specific, or they may take place only at a certain developmental stage or under
specific environmental conditions [122]. Thus, the choice of a relevant assay and model
system (patient-derived material, commercial cell-lines, or animal models, etc.), together
with a cautious interpretation of the experimental results, are key to successful outcomes.

Functional validation has been carried out to confirm the pathogenicity of several
VUSs associated with RTT spectrum disorders [63,127]. For instance, a specific functional
assay demonstrated that a recurrent de novo missense variant in GABBR2, which was
found in 3 unrelated RTT-like patients, impaired the activity of the mutated protein, thus
confirming its pathogenicity [63].

As functional assays can potentially transform a possible diagnosis into a certain
diagnosis, it is important to implement functional genomics in a diagnostic setting. The
major setbacks for this implementation are high economic costs and long turnaround
times [122]. To ensure that the limited resources are spent on the functional validation
of the most relevant VUSs, expert clinical geneticists should be involved in the selection
of candidate variants. Moreover, as more and more functional studies are performed
worldwide, the results of these experiments should be stored in specialized databases,
which combined with newly developed machine learning methods, could generate variant
pathogenicity predictions with the highest accuracy [128]. The access to this valuable
information would streamline variant interpretation and shorten turnaround times in
future patients.

5. Conclusions

Over the last 20 years, the concept of RTT spectrum disorders has evolved from a
monogenic disease, towards a spectrum of overlapping phenotypes caused by pathogenic
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variants in a great number of genes. The genetic diagnosis techniques applied to this
clinical entity have concurrently progressed from single-gene genetic testing to genome-
wide approaches and integration of different types of data (Figure 2 summarizes the
diagnostic approaches discussed in this review).
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Figure 2. Summary flowchart of the diagnostic approaches presented in this review.

The fact that the dysfunction of different interconnected genes can give rise to such
similar phenotypes suggests the implication of common pathways in the pathophysiology
of the disease, but these mechanisms currently remain unknown. Moreover, the high
phenotypic resemblance between patients with pathogenic variants in different genes
and the also high phenotypic variability among patients with mutations in the same
gene complicate the clinical diagnosis. That is why single-gene genetic testing can be
inefficient and the more cost-effective solution is multiple gene approaches enabled by
NGS technologies. The ability to reanalyze, extend, or redirect a genetic analysis can benefit
the patients and their families by speeding up the diagnostic process. A recent study
concluded that if WES or WGS had been performed at symptom onset, genetic diagnoses
of NDDs could have been reached more than 6 years earlier [93].

The field of genetics is evolving rapidly and the key to an efficient genetic diagnosis
lies in a combination of technological progress and organized knowledge. On the one hand,
cutting-edge technologies, such as WGS and multi-omics, are expanding the boundaries
of researchers towards more genomic regions and new functional levels. On the other
hand, new knowledge is being generated about regulatory regions, gene expression and
chromatin organization, which will enable the correct identification and interpretation of
pathogenic variants within the huge amount of data generated. In the case of RTT spectrum
disorders, with high genetic heterogeneity and significant phenotypic overlap, a thorough
clinical characterization remains crucial for assessing the pathogenicity of the identified
variants and their relationship with the phenotypes of patients.
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