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Abstract

MECP2 duplication syndrome (MDS) is an X-linked neurodevelopmental dis-

order caused by the gain of dose of at least the genes MECP2 and IRAK1 and is

characterised by intellectual disability (ID), developmental delay, hypotonia,

epilepsy and recurrent infections. It mainly affects males, and females can be

affected or asymptomatic carriers. Rett syndrome (RTT) is mainly triggered by

loss of function mutations in MECP2 and is a well described syndrome that

presents ID, epilepsy, lack of purposeful hand use and impaired speech,

among others. As a result of implementing omics technology, altered biologi-

cal pathways in human RTT samples have been reported, but such molecular

characterisation has not been performed in patients with MDS. We gathered

human skin fibroblasts from 17 patients with MDS, 10 MECP2 duplication car-

rier mothers and 21 patients with RTT, and performed multi-omics (RNAseq

and proteomics) analysis. Here, we provide a thorough description and com-

pare the shared and specific dysregulated biological processes between the

cohorts. We also highlight the genes TMOD2, SRGAP1, COPS2, CNPY2,

IGF2BP1, MOB2, VASP, FZD7, ECSIT and KIF3B as biomarker and therapeutic

target candidates due to their implication in neuronal functions. Defining the

RNA and protein profiles has shown that our four cohorts are less alike than

expected by their shared phenotypes.

Abbreviations: BH, Benjamini–Hochberg; BP, Biological Process; CEIC, Comitè d’Ètica d’Investigaci�o Clínica; CPM, Counts per million mapped
reads; DE, differential expression; DEGs, differentially expressed genes; DEPs, differentially expressed proteins; GO, Gene Ontology; GRCh37/hg19,
human reference genome; GSEA, gene set enrichment analysis; ID, intellectual disability; IL-1R, interleukin-1 receptor; IRAK1, Interleukin-1
receptor-associated kinase 1; ISCIII, Instituto de Salud Carlos III; KEGG, Kyoto Encyclopedia of Genes and Genomes; LTP, long-term potentiation;
M10, mother number 10; MDS, MECP2 duplication syndrome; MECP2, Methyl-CpG-binding protein 2; NR2A, NMDAR subunit 2A; OMIM, Online
Mendelian Inheritance in Man; ORA, Overrepresentation analysis; PKC, protein kinase C; RNAseq, Sequencing of RNA; RP, Reactome pathway
database; RTT, Rett syndrome; SI, supplementary information; TLR, Toll-like receptor; WP, WikiPathways; XCI, X chromosome inactivation.

Received: 16 January 2024 Revised: 16 April 2024 Accepted: 24 April 2024

DOI: 10.1111/ejn.16389

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.

Eur J Neurosci. 2024;1–15. wileyonlinelibrary.com/journal/ejn 1

https://orcid.org/0000-0003-0588-9307
mailto:judith.armstrong@sjd.es
https://doi.org/10.1111/ejn.16389
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/ejn
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fejn.16389&domain=pdf&date_stamp=2024-05-15


PFNR0085; Spanish Ministry of Science,
Innovation and Universities,
Grant/Award Number: FPU18/02152

Edited by: Paola Bovolenta

KEYWORD S
MECP2, MECP2 duplication, Rett syndrome, RNAseq, TMT-mass spectrometry

1 | INTRODUCTION

MECP2 duplication syndrome (MDS; OMIM#300260) is
an X-linked neurodevelopmental disorder that mainly
affects males. It is a rare syndrome with just over 600
cases reported worldwide (Pascual-Alonso et al., 2021).
MDS is characterised by intellectual disability (ID), devel-
opmental delay, infantile hypotonia, epilepsy, poor or
absent speech, progressive lower extremity spasticity,
recurrent infections, gastrointestinal problems, autistic
features and mild dysmorphic features (Ta et al., 2022).
Females harbouring the MECP2 duplication present a
variable phenotype ranging from asymptomatic carriers
to affected girls, depending on the X chromosome inacti-
vation (XCI) status. MECP2 duplications can be de novo
or inherited from carrier mothers who are often asymp-
tomatic, but some cases with neuropsychiatric symptoms
or learning difficulties have been reported (Bijlsma et al.,
2012).

MDS is caused by the duplication of, at least, the
genes MECP2 (OMIM*300005) and IRAK1
(OMIM*300283). Duplication locations, sizes, gene con-
tents and dosages are specific to each family (Pascual-
Alonso et al., 2021). Unfortunately, no clear genotype–
phenotype correlation has been found to date.

Methyl-CpG-binding protein 2 (MECP2) is located on
the long arm of the X chromosome (Xq28) and undergoes
XCI in females. The resulting protein, MeCP2, is ubiqui-
tously expressed, with the MeCP2_e1 isoform being pre-
dominant in the brain. MECP2 is a transcriptional
regulator, chromatin remodeller, it interacts with RNA
splicing machinery and microRNA processing machinery
and participates in neuronal development, maturation
and synapse formation (Chahrour et al., 2008; Gulmez
Karaca et al., 2019; Sandweiss et al., 2020).

Interleukin-1 receptor-associated kinase 1 (IRAK1) is
located downstream of MECP2 and is always duplicated
and overexpressed in MDS. IRAK1 is ubiquitously
expressed and is part of the Toll-like receptor (TLR)
and interleukin-1 receptor (IL-1R) signalling cascades,
which are involved in pathogen recognition and the
modulation of inflammatory and immune responses
(Gottipati et al., 2008), making it a candidate to explain
the severe recurrent infections that patients with MDS
suffer.

Apart from causing MDS, mutations in MECP2 trig-
ger Rett syndrome (RTT; OMIM#312750), severe neona-
tal encephalopathy (OMIM#300673) or X-linked mental
retardation syndrome (OMIM#300055). RTT is a neuro-
developmental disorder caused by loss of function muta-
tions in MECP2. It is characterised by a normal early
development followed by a psychomotor regression that
occurs between the first 6 to 18 months of life which
includes the appearance of stereotypic hand movements,
ID, seizures, breathing disturbances and loss of speech,
among others (Neul et al., 2010).

The main affected organ in MDS and RTT is the
brain. The impossibility of obtaining human samples
from the primarily altered tissue made us focus on a dif-
ferent target tissue. Skin fibroblasts have proven to be a
useful resource; the gene expression is less variable than
in whole blood and more disease-related genes are
expressed (Murdock et al., 2021).

Studying the global transcriptome and proteome is
becoming incredibly useful for diagnostics and for
research (Stenton et al., 2019). Few transcriptomics stud-
ies performed in MDS have been published: five studies
in mice models (Ben-Shachar et al., 2009; Chahrour
et al., 2008; Chen et al., 2015; Orlic-Milacic et al., 2014;
Samaco et al., 2012), one study using modified cell lines
(Buist et al., 2022) and one study with two patients with
MDS (Sun et al., 2021). No proteomics experiments have
been published to date. For RTT, however, there are
around 70 published transcriptomic studies and around
30 proteomic studies performed in mice and human sam-
ples. Those publications have broadened the knowledge
about the biological pathways dysregulated by MECP2,
but the syndrome’s causing pathomechanisms remain
unknown.

Here, we present the results of multi-omics (transcrip-
tomics and proteomics) experiments performed in skin
fibroblasts of 17 patients with MDS and 10 carrier
mothers and compared them with the results of 21
patients with RTT. We aimed to fill the current molecular
gap in MDS by delineating the molecular signature of dif-
ferent individuals with the MECP2 duplication. Knowing
which pathways are altered is crucial not only to gain
insights into the pathomechanism of the syndrome, but
also to find biomarkers and therapeutic targets that could
be used in upcoming clinical trials.
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2 | MATERIAL AND METHODS

2.1 | Clinical and molecular
characterization

Seventeen patients with MDS (15 males and two
females), 10 MECP2 duplication carrier mothers, 21
patients with RTT and 13 healthy controls (six males and
seven females) were enrolled in this study; written
informed consent was obtained from them all [Table 1;
SI_Table 1]. The healthy controls were either mothers of
patients who were genetically tested and did not carry
their child’s mutation, or children with no known disor-
ders or pathologies.

The study was approved by the Sant Joan de Déu
Hospital’s ethical committee, CEIC (Comitè d’Ètica
d’Investigaci�o Clínica): internal code: PIC-219-20. The
consent was written and was signed for all caregivers of
patients and carriers themselves. Twelve patients with
MDS were molecularly characterised in Pascual-Alonso
et al. (2020). Six new families were recruited and studied
following the same approach. Carrier mothers were also
molecularly characterised to confirm the location and
size of the duplication. The duplication in carrier mother
number 10 (M10) of our cohort was detected in a prenatal
test. We considered it to be too early to include her new-
born daughter in our cohort since we do not know
whether she will develop clinical traits for MDS or not.
The 21 patients with RTT have a mutation in MECP2 and
present the necessary criteria for RTT diagnosis (Neul et
al., 2010). The clinical severity of patients with RTT was
evaluated according to Dr Pineda’s clinical severity score
(Monr�os et al., 2001).

Skin biopsies were obtained from the 61 individuals
and primary fibroblast cell lines were established as
described in Pascual-Alonso et al. (2023). In short, fibro-
blast lines were grown on plates with Dulbecco’s modi-
fied Eagle’s medium high glucose with glutamine,
supplemented with 10% heat-inactivated foetal bovine
serum and 1% penicillin, streptomycin and B amphoteri-
cin (Thermo Fisher, Waltham, MA, USA). Cultures were
kept at 37�C with 5% CO2 in a humidified atmosphere.
When 70–80% confluence was reached they were trypsi-
nised, and either resowed on new plates or harvested for
subsequent DNA, RNA, or protein extraction. Frozen
vials from all the fibroblast lines were entrusted to the
Biobanc ‘Hospital Infantil Sant Joan de Déu per a la
Investigaci�o’, which is integrated into the Spanish Bio-
bank Network of ISCIII for the sample and data procure-
ment. DNA was extracted from the fibroblast cell lines
using the DNeasy Blood & Tissue Kit, and RNA was
extracted using RNeasy Fibrous Tissue Mini Kit (Qiagen,

Hilden, Germany), both according to manufacturer’s
instructions. XCI was performed in all female samples as
described Allen et al. (1992). XCI was considered skewed
with an allele ratio of 80:20 or greater.

2.2 | Transcriptomics

To ensure the quality of the RNAs and discard any unde-
sirable effects due to cell stress, we performed RT-qPCR
of five genes of the oxidative respiratory chain (MT-CO1,
MT-CO2, MT-CYB, MT-ND4 and MT-ATP6) and two
housekeeping genes (RPLP0 and ALAS1), as shown in
Pascual-Alonso et al. (2023).

The RNAseq procedure was done with Illumina’s
TruSeq Stranded mRNA kit for the library preparation
(Illumina, California, USA) and it was sequenced on an
Illumina NextSeq 500 sequencer (Pascual-Alonso et al.,
2023).

Reads were aligned with STAR (v2.4.2a) to the
human reference genome (GRCh37/hg19) in a strand-
specific manner. The final count matrix was generated by
averaging the values of raw counts from different repli-
cates of the same sample. Counts per million mapped
reads (CPM) were computed and only genes with at least
1 CPM in more than 50% of samples were kept. The dif-
ferential expression (DE) analysis was done with DESeq2
(v1.34.0) using the first three principal components for
the model construction (Pascual-Alonso et al., 2023). The
Benjamini–Hochberg (BH)-corrected p-value of 0.05 was
stablished as a threshold to consider differences
significant.

2.3 | Proteomics

All proteomics experiments were performed at the Bay-
BioMS core facility at the TUM in Germany, as described
by Kopajtich et al. (2021) and analysed as described by
Pascual-Alonso et al. (2023). For peptide identification
MaxQuant version 1.6.3.4 was used and protein groups
were obtained. Missing values were imputed with the
minimal value across the dataset. Prior to any analysis,
TMT-mass spectrometry (MS) data were adjusted with
respect to one identical control sample that was present
in each MS batch. Recalibrated intensities were log-trans-
formed for normalisation and proteins that were not
detected in all samples were removed. DE analysis was
performed using the limma (v3.50.3) package in R con-
sidering MS batch as a covariate in the model. A nominal
p-value of 0.05 was taken as a threshold to define differ-
entially expressed proteins (DEPs).

PASCUAL-ALONSO ET AL. 3
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2.4 | Enrichment analysis

Enrichment analysis was performed with clusterProfiler
(v4.2.2) and ReactomePA (v1.38.0) R packages. Overrep-
resentation analysis (ORA) and gene set enrichment
analysis (GSEA) were calculated using only significant
differentially expressed genes (DEGs) and all expressed
genes, respectively. Potentially enriched terms were
searched in Gene Ontology (GO), the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway database, Wiki-
Pathways (WP) and the Reactome pathway database
(RP). All genes with CPM greater than 1 in at least 50%
of samples and with an existing EntrezID were used as
background (11,904 genes for transcriptomics and 5894
genes for proteomics). The cut-off value for considering a
significantly enriched term was BH-corrected p-value
<0.05.

3 | RESULTS

3.1 | Male patients with MDS versus
controls

Biased results because of a non-homogeneous distribu-
tion of females and males in the cohort were avoided by
performing separately differential expression (DE) analy-
sis for males and females with MDS. DE analysis of male
patients with MDS against healthy controls showed 2465
differentially expressed genes (DEGs) and 300

differentially expressed proteins (DEPs) (Figure 1a, b;
SI_Table 2a,b). From those DEGs and DEPs, 103 genes
are significant in both transcriptomics and proteomics
analysis (Figure 1c; SI_Table 2c).

Enrichment analysis of transcriptomics and proteo-
mics results revealed several significantly dysregulated
biological processes such as the cytoskeleton, neuronal
system, vesicular activity, immune system and Wnt and
NF-kB signalling cascades (Figure 2, Figure 3; SI_Table
3a,b,c).

DE analysis was also performed stratifying the
patients according to their duplications’ size (threshold at
1 Mb) and location (in tandem versus outside Xq28) to
see whether a correlation with patient severity or progno-
sis could be found (SI_Table 2d). No specific dysregulated
molecular pathways were found in any group.

3.2 | Female patients with MDS versus
controls

We analysed the two girls with MDS that we charac-
terised (Table 1). DE analysis of the female patients with
MDS against female controls revealed 5720 DEGs and
493 DEPs (SI_Table 2e,f). Two hundred and forty-nine
genes are significantly differentially expressed at the
mRNA and protein levels (SI_Table 2g). An enrichment
analysis with the 249 common genes showed that 26%
are related mainly to translation (SI_Table 3f). Transla-
tion related DEGs are dysregulated in both directions but

F I GURE 1 Summary of the results of the male patients with MDS versus male healthy controls analysis. (a) RNAseq DE analysis

results. The coloured genes are considered differentially expressed, passing a threshold of BH < 0.05. (b) Proteomics DE analysis results. The

coloured proteins are considered differentially expressed, passing a threshold of nominal p-value <0.05. (c) An integrated view of the

transcriptomics and proteomics results. The genes that are significant at both analyses are coloured in purple.
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DEPs are predominantly upregulated. In addition, splic-
ing-related terms are enriched with downregulated DEGs
but upregulated DEPs.

A comparison between the results obtained for the
male and female cohorts with MDS showed that there
are only three genes significantly dysregulated in both
cohorts and in both omics that are not present in the car-
rier cohort: ABCC4, STK17B and MYO1C. Similarly, there
are some shared biological pathways between male and
female cohorts with MDS, such as cellular adhesion,
vesicular activity and synapses, all of which are downre-
gulated (SI_Table 3a–f).

3.3 | MECP2 duplication carriers versus
controls

The DE analysis of the 10 carrier mothers against female
healthy controls showed 2888 DEGs and 635 DEPs
(SI_Table 2h,i). In total, 177 genes are dysregulated at the
mRNA and protein levels (SI_Table 2j) and enrichment
analysis of those common genes showed few terms
(SI_Table 3i).

When considering the DEGs and DEPs that are not
shared between males with MDS and carrier mothers,
terms related to the cytoskeleton were still present for
males, while ribosome binding and phagocytic activity-
related terms appeared for the carrier mothers. General
enrichment analysis of carrier mothers has shown multi-
ple dysregulated genes related to the cell cycle, splicing,
nuclear transport, protein folding and degradation and
phagocytosis at the mRNA or protein levels, with most of
them being downregulated (SI_Table 3g,h).

Our female patients with MDS and carrier mothers
share a high percentage of DEGs, but we can see no com-
mon enriched terms when considering the genes that are
differentially expressed in both omics and are shared
between the two cohorts (SI_Table 3d–i).

3.4 | Male MDS versus female patients
with RTT

Since MECP2 is altered in both RTT and MDS, we com-
pared the DE analysis results of the male cohort with
MDS and a female cohort with RTT (SI_Table 2k–m,

F I GURE 2 Summary of the common findings of the analysis of male patients with MDS versus male healthy controls. (a) Enrichment

analysis results for the transcriptomics experiment, coloured by biological process (BP). (b) Enrichment analysis results for the proteomics

experiments, coloured by BP. (c) Common significant genes for transcriptomics and proteomics DE analysis results. The common 103 DEGs

and DEPs are coloured by BP.
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SI_Table 3k–m). At the transcriptomics level, 721 signifi-
cant DEGs were shared between the two analyses
(SI_Table 2n). At the proteomics level, only 12 DEPs
were common (SI_Table 2o) and only two genes were sig-
nificantly altered in both omics and in both syndromes.
We specifically queried the DEGs that are dysregulated
in the same or opposite directions (SI_Table 3j). The 82
DEGs that are downregulated in RTT and upregulated in
MDS (which corresponds to MeCP2 expression levels in
these patients) are significantly enriched with processes
involved in mRNA processing, mRNA splicing and DNA
replication.

The 100 DEGs upregulated in RTT and downregu-
lated in MDS are related to signalling cascades such as
Wnt, BMP and TGFß, cell adhesion, cell projection orga-
nisation and cell motility. Enrichment analysis for the
commonly upregulated DEGs in both syndromes showed
no enriched terms, but the analysis for the downregu-
lated DEGs showed cytoskeleton and some synapse-
related terms [SI_Table 3j].

4 | DISCUSSION

4.1 | Male patients with MDS: altered
pathways

4.1.1 | Cytoskeletal functions

The most recurrently enriched terms in male patients
with MDS are related to actin cytoskeletal functions,
specifically to processes involved in cell migration, cell
adhesion and filament organisation. From these 103
significant DEGs and DEPs, almost a third are related
to the cytoskeleton and most of them are downregu-
lated (Figure 3a). The function of some of those genes
occurs at the neuronal level (Table 2); for example,
TMOD2 (OMIM*602928) regulates dendritic arborisa-
tion and SRGAP1 (OMIM*606523) regulates neuronal
differentiation; both are upregulated. MOB2
(OMIM*611969) regulates neurite formation and VASP
(OMIM*601703) regulates dendritic spine morphology,

F I GURE 3 Summary of the main biological processes found enriched in the analysis of male patients with MDS versus male healthy

control analysis. (a) Significant DEGs and DEPs related to cytoskeleton (coloured in the dotplot). (b) Significant DEGs and DEPs related to

the neuronal system. (c) Significant DEGs and DEPs related to Wnt and NF-kB signalling cascades. (d) Significant DEGs and DEPs related to

vesicular activity. (e) Significant DEGs and DEPs related to the immune system.
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axon guidance and neuronal migration, and both are
downregulated. It has been thoroughly described that
cytoskeletal alterations lead to neuronal malfunction in
cognitive and neurodevelopmental disorders such as
RTT, autism or Fragile X (Fortin et al., 2012; Liaci et
al., 2021; Verpelli & Sala, 2012). The dysregulation of
genes and proteins related to actin dynamics and cell
adhesion can alter the dendritic spine morphology and
synapse plasticity needed for proper synapse function
(Betancur et al., 2009; Fortin et al., 2012; Verpelli &
Sala, 2012).

4.1.2 | Neuronal system

Even though we have performed our studies in fibroblast
tissue, we also identified some terms related directly to
the neuronal system in the enrichment analysis, which
are mainly downregulated (Figure 3B). Two of the genes
that fall into that category are COPS2 (OMIM*604508),
which participates in neuronal differentiation in the
early stages, and CNPY2 (OMIM*605861), which regu-
lates neurite outgrowth; both are upregulated. In MDS
mouse models, the dendritic spine density is initially
higher but falls below normal levels around the same
age as the neurobehavioral traits emerge (Jiang et al.,
2013). The genes that we have found to be significantly
differentially expressed could be interesting candidates
for direct study in neuronal tissues of patients with
MDS.

4.1.3 | Wnt and NF-κB signalling cascades

Wnt and NF-κB signalling cascades have also been shown
to be enriched with downregulated DEGs and DEPs
(Figure 3C). The Wnt signalling cascade takes part in neu-
ronal development, axon and dendrite branching and syn-
apse formation (Armenteros et al., 2018; He et al., 2018),
whereas the NF-κB pathway regulates neurogenesis, den-
dritic complexity, axon guidance and peripheral nerve
myelination, among others (Gutierrez & Davies, 2011).
NF-kB has been reported to be upregulated in Mecp2-null
mice and in Irak1-overexpressing neurons (Kishi et al.,
2016). Also, partial silencing of the aberrant NF-kB signal-
ling improves the dendritic phenotype of the RTT mouse
model and expands its lifespan. FZD7 (OMIM*603410), a
Wnt protein receptor required for spine plasticity and the
migration of glutamatergic neurons, as well as ECSIT
(OMIM*608388), which regulates the NF-κB pathway, are
significantly downregulated in our cohort. These signalling
cascades might be impaired and could compromise proper
synapse function and axon formation.

4.1.4 | Vesicular transport

Terms related to vesicular transport are also enriched with
downregulated DEGs and DEPs (Figure 3D). These genes
transport different kinds of cargos. KIF3B (OMIM*603754)
is downregulated and transports vesicles containing the
NMDAR subunit 2A (NR2A), which is required for ade-
quate synaptic plasticity needed for learning and memory
(Alsabban et al., 2020). In addition, KIF3B inhibition
results in an increased spine density and Kif3b haploinsuf-
ficient models have an upregulated long-term potentiation
(LTP) (Alsabban et al., 2020; Joseph et al., 2020). Both fea-
tures have been reported in MDS mouse models (Jiang
et al., 2013; Na et al., 2012). IGF2BP1 (OMIM*608288) is
upregulated is involved in growth cone migration, den-
dritic branching and synapse formation in neurons, and
also transports transcripts required for axonal regenera-
tion on adult sensory neurons (Núñez et al., 2022). Alto-
gether, our data emphasise a disruption in vesicle
formation, cargo uptake and secretion.

4.1.5 | Immune system

Several processes related to the immune system are also
significantly enriched with mainly downregulated DEGs
and DEPs (Figure 3E). Patients with MDS suffer from
recurrent infections and elements of their immune sys-
tem have been reported to be impaired (Bauer et al.,

TAB L E 2 Interesting significantly DE genes and proteins from

the analysis of male patients with MDS against healthy male

controls.

Gene Expression Biological process

TMOD Upregulated Cytoskeleton

SRGAP1 Upregulated Cytoskeleton

MOB2 Downregulated Cytoskeleton

VASP Downregulated Cytoskeleton

COPS2 Upregulated Neuronal system

CNPY2 Upregulated Neuronal system

FZD7 Downregulated Signalling cascade

ECSIT Downregulated Signalling cascade

KIF3B Downregulated Vesicular transport

IGF2BP1 Upregulated Vesicular transport

IRAK1 Upregulated Immune system

MASP1 Upregulated Immune system

MPP1 Upregulated Immune system

8 PASCUAL-ALONSO ET AL.
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2018). Recurrent infections, together with epilepsy, are
some of the major factors that trigger regression and
cause death in patients with MDS. Among our consis-
tently dysregulated genes and proteins, IRAK1, MASP1
and MPP1 are upregulated; the first two are involved in
innate immunity function and MPP1 in neutrophil polar-
ity. It has been hypothesised that the overexpression of
IRAK1 could be key to understanding the malfunction of
these children’s immune systems. Recently, Gottschalk et
al. saw no significant difference in IL-6 and IL-8 produc-
tion in some patient with MDS samples (Gottschalk
et al., 2022).However, the NF-kB pathway by TLR and
IL-1R signalling should be further studied in several tissues
of patients with MDS to determine whether it is implicated
at the neuronal and immunological level in MDS.

4.2 | Male patients with MDS: grouped
by duplication size and location

It is thought that part of the phenotypic variability of
patients with MDS can be explained by the size, location
and content of the duplication, characteristics that are
exclusive to each family. No clear genotype–phenotype
correlation has been found to date, although it has been
reported that larger duplications and triplications tend to
lead to a more severe phenotype (Del Gaudio et al.,
2006). In our cohort with MDS, we have no triplications
and all the duplications in tandem have a size smaller
than 1 Mb, whereas the duplications outside the Xq28
region are larger than 1 Mb. No significant enriched
terms or dysregulated molecular pathways were found
when patients with duplications larger than 1 Mb and
outside Xq28 were compared against patients with dupli-
cations smaller than 1 Mb and in tandem. Larger cohorts,
especially with large and translocated duplications,
should be considered for this approach.

4.3 | Female patients with MDS: altered
pathways

4.3.1 | Translation

Around a quarter of the shared DEGs and DEPs in
female patients with MDS are involved in translation.
Buist et al. recently reported an impairment in protein
translation and mTOR signalling in RTT human brains
but not in a cell model overexpressing MECP2 isoforms
(Buist et al., 2022). Those findings are consistent with our
data, since no relevant impairment has been detected in
our male patients with MDS, but our females, whose phe-
notype is milder, present dysregulation of the genes

related to translation, which are mainly upregulated. All
the DEGs and DEPs related to translation, together with
those found in the enriched terms involved in protea-
some regulation and nonsense mediated decay, could
reflect a cellular compensation, explaining why our
females have a milder phenotype and a different molecu-
lar signature than our males with MDS. To further con-
firm the status of protein translation machinery in MDS,
other MDS models and tissues should also be tested.

4.3.2 | mRNA processing

Splicing-related terms have downregulated DEGs but
upregulated DEPs. The tight regulation of alternative
splicing is crucial for neurodevelopment and also for syn-
aptic plasticity (Shah & Richter, 2021). MECP2 interacts
with splicing factors and regulates splicing (Li et al.,
2016). However, it has recently been stated that MECP2
can only regulate the alternative splicing of specific genes
rather than doing it in a global way (Chhatbar et al.,
2020). Splicing dysregulations have been found in RTT
and in other monogenic intellectual disabilities (Shah &
Richter, 2021), so the affected transcripts might be impli-
cated in similar biological functions, explaining why
those splicing defects are recurrently detected in disor-
ders with overlapping traits.

In any case, a bigger female cohort with MDS and
more age-matched controls should be included to
improve the reliability of these results and discard any
possible interference caused by age differences in this
cohort.

4.4 | Comparison between female and
male patients with MDS

Only three genes were differentially expressed in male
and female patients with MDS in both omics: ABCC4,
STK17B and MYO1C. ABCC4 (OMIM*605250) is needed
for dendritic cell migration, which are key initiators of
the immune response (Van de Ven et al., 2008). ABCC4 is
downregulated in males with MDS but upregulated in
females. Those results are consistent with the immune
system dysfunction reported in our males but not in our
females with MDS. STK17B (OMIM*604727) is a down-
stream effector of protein kinase C (PKC) in the immune
system. PKC is also involved in dendrite development
and synapse plasticity in Purkinje cells. Reduced levels of
STK17B in mouse models have been shown to protect
Purkinje cell dendrites from the negative impact of the
activation of PKC signalling. STK17B is upregulated in
males with MDS but downregulated in females. Finally,
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MYO1C (OMIM*606538), which is downregulated in
male and female cohorts with MDS, is a myosin involved
in cytoskeletal organisation and vesicle trafficking and
when depleted, induces fragmentation of the Golgi com-
plex, the loss of cellular F-actin and a delay in transport
(Capmany et al., 2019). MYO1C is also involved in the
recycling of glucose transporters in response to insulin
(Åslund et al., 2021).

Male and female cohorts with MDS share some bio-
logical pathways, such as cellular adhesion, vesicular
activity and synapses; which are downregulated. These
commonly altered biological processes can contribute to
the dysregulation in neuronal architecture and synapse
function that occurs in patients with MDS, even if it is to
a different degree. Therefore, a larger female cohort with
MDS should be analysed. On the other hand, no enriched
terms related to immune system deficiencies were found
in females. These data reflect our children’s phenotype,
since only our male patients are affected by recurrent
infections.

4.5 | MECP2 duplication carriers: altered
pathways

The enrichment of the 177 commonly dysregulated DEGs
and DEPs shows few terms. The terms have been classi-
fied as cytoskeleton and vesicular organisation-related,
but they are annotated based on the Cellular Component
GO domain; thus, no specific information about any
altered biological processes is observed. These results
show that even though multiple DEGs and DEPs exist at
the mRNA and protein levels, no evident dysregulation is
detected in the carriers from a multi-omics perspective.
This could explain the normal and healthy phenotype
that our MECP2 duplication carriers present, although
they cannot be considered control individuals for the
multiomic study.

4.6 | Comparison between MECP2
duplication carriers and male patients
with MDS

We looked for specific terms that are enriched in MECP2
duplication carriers and absent in the male patients with
MDS, since those could be rescuing the MDS phenotype.
At mRNA or protein levels we found differentially
expressed genes related to cell cycle, splicing, nuclear
transport, protein folding, protein degradation and
phagocytosis, which are mainly downregulated and miss-
ing in male patients with MDS. (SI_Table 3 a,b,c,g,h,i).
The genes that are not present in males with MDS could

be implicated in cellular compensation against the effects
of the duplication.

In addition, since carriers possess the duplication, it
could be possible that some disease relevant genes are
changing their expression in the same direction that in
the patients but at a level that is not sufficient to reach
phenotypic relevance. Thus, studying the genes that sig-
nificantly move in the same direction in male and female
patients and in carriers, as compared with healthy con-
trols, could reveal interesting correlations between
expression levels and phenotype severity. A bigger female
cohort with MDS would be helpful for this study.

4.7 | Comparison between MECP2
duplication carriers and female patients
with MDS

Despite numerous shared DEGs, no common enriched
terms were found between female cohorts at both omic
levels. The differences at transcriptomic and proteomic
levels between them could explain why some females can
compensate the effect of the duplication and remain
asymptomatic carriers. The altered DEGs and DEPs
linked to RNA transcription, translation, and protein pro-
cesses might be essential for this. Skewed XCI might lead
to fewer cells with the duplication, contributing to the
carriers’ asymptomatic nature. Yet, DEGs and DEPs in
our carriers indicate that XCI alone does not ensure
proper molecular regulation. The mechanism causing
skewed XCI in some females remains elusive. Analysing
a broader female cohort with MECP2 duplication, catego-
rized by phenotype, is vital to decipher molecular signa-
tures and address these uncertainties.

4.8 | Comparison between male patients
with MDS and patients with RTT

The opposing expression levels of MECP2 between RTT
and MDS made it interesting to compare the DE results
obtained from both omics studies. However, only two
genes, MYO1C and HARS2, were commonly dysregulated
in both syndromes and omics. MYO1C is consistently
downregulated. HARS2 (OMIM*600783) is a mitochon-
drial histidyl-tRNA synthetase 2. At the RNA level, it is
upregulated in patients with MDS and downregulated in
patients with RTT, whereas it is upregulated in both sets
of patients at the protein level. Having only two common
genes demonstrates that these patients are not as compa-
rable as thought at the molecular level, at least in fibro-
blast tissue. The downstream effect of MECP2 seems to
be quite different depending on its dose.
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However, it should be noted that some shared DEGs
have been detected at the mRNA level which highlight
biological processes that could be involved in causing at
least some of the features of RTT and MDS.

For example, we have detected 100 DEGs that are
upregulated in RTT and downregulated in MDS mRNA,
which present enriched terms related to the Wnt, BMP
and TGFß signalling cascades. These signalling path-
ways participate in neurogenesis regulation, myelin syn-
thesis and synapse formation (Armenteros et al., 2018;
Fjodorova et al., 2020; He et al., 2018; Pascual-Alonso
et al., 2023), functions that, when altered, could explain
the malfunction of the neuronal tissues in MDS and
RTT. Wnt, BMP and TGFß are also implicated in osteo-
blast regulation and the maintenance of cartilage
(Finnson et al., 2012; Liu et al., 2022; Lowery & Rosen,
2018), and scoliosis and bone fractures have been
reported in these syndromes (Pascual-Alonso et al.,
2023; Pecorelli et al., 2021; Ta et al., 2022). The dysre-
gulation found in the Wnt, BMP and TGFß signalling
pathways could be related to the problems found in the
skeletal system of patients with RTT and patients with
MDS since childhood. Enrichment analysis in those 100
DEGs also revealed terms related to cell adhesion, cell
projection organisation and cell motility. An altered
cytoskeleton seems to be implicated in the deficient
synaptic activity of patients with MDS and patients with
RTT.

Zoghbi’s group reported that the majority of the dys-
regulated genes found in male MECP2-Tg and Mecp2-
null mice hypothalamus and cerebella were shared
between both models and that most of them were upre-
gulated (Ben-Shachar et al., 2009; Chahrour et al., 2008).
In our cohort, however, less than 30% of the DEGs are
common between patients with MDS and patients with
RTT and the gene dysregulation occurs evenly in both
directions. The integrative transcriptomics analysis of 43
mouse studies performed by Trostle et al. also showed an
even distribution of the dysregulated genes (Trostle et al.,
2023). The limited correlation of the findings between
both species and tissues makes it necessary to confirm
the results in patient-derived samples.

The commonly upregulated DEGs in both MDS and
RTT showed no enriched terms, indicating that all those
DEGs are involved in different biological functions.
Enrichment analysis for the consistently downregulated
DEGs showed cytoskeleton- and synapse-related terms.
The common DEGs that do not follow the expected
behaviour for a gene regulated by MeCP2 in these two
syndromes could be secondary or indirect effects that
cannot be traced with the RNAseq technique.

At the proteome level, only 12 proteins are shared, as
described in Pascual-Alonso et al. (Pascual-Alonso et al.,
2023). Overall, a limited correlation between transcrip-
tomics and proteomics experiments was found, similar to
other groups (Pacheco et al., 2017; Vogel & Marcotte,
2012). This is partly due to the producing and degrading
rates of the molecules but also because the characteristics
of the experiments, such as the resolution of the tech-
niques, which complicates the generation of more com-
parable results between these two omics (Vogel &
Marcotte, 2012).

5 | CONCLUSIONS

Our male cohort with MDS shows the significant upregu-
lation of the genes TMOD2, SRGAP1, COPS2, CNPY2 and
IGF2BP1 and the significant downregulation of MOB2,
VASP, FZD7, ECSIT and KIF3B at the mRNA and protein
levels. They have been published to be involved in neur-
ite formation, dendritic arborisation, synaptic plasticity
and neuronal differentiation and migration, thus being
implicated in the neuronal dysfunctions reported in
MDS. Those genes are expressed in brain tissue and are
not associated with any other disorder presenting ID or
neurodevelopmental delay, making them candidates for
therapeutic targets and diagnostic biomarkers of MDS. In
particular, KIF3B seems to be a promising candidate, as
its inhibition leads to increased spine density and upregu-
lated LTP, two features that have been seen in the brains
of MDS mouse models. Therefore, studying these genes
in neuronal models derived from patients with MDS
would be recommended. In addition, fibroblasts are
involved in maintaining epithelial and immune homeo-
stasis in the lung and intestine, and some of the core fea-
tures of MDS are associated with these organs. Now that
we have reported dysregulated genes and pathways in
patient-derived fibroblasts, it would be interesting to find
out how the genetic changes we have found alter the
proper function of cells in these organs. The study of
intestinal and lung biopsies may shed some light on this
issue.

We have shown distinct transcriptomics and proteo-
mics profiles for males and females with MDS, MECP2
duplication carriers, and patients with RTT. MDS girls
in our study exhibit a mild phenotype, and the limited
overlap of DEGs and DEPs between male and female
cohorts with MDS highlights the sex-based phenotypic
differences in this syndrome. While MECP2 duplication
carriers and females with MDS have a similar mRNA
molecular signature, they differ at the protein level. We
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believe dysregulated DEGs and DEPs might compensate
for duplication effects in carrier mothers, but not
entirely in females with MDS. However, our female
MDS sample size is limited, which might not fully reflect
the syndrome’s molecular perturbations. Addressing
sample size challenges in rare diseases may involve inte-
grating data from multiple published studies. Multi-
omics has been invaluable for understanding syndromes,
identifying biomarkers, and pinpointing therapeutic
targets.

Definitively, multi-omics has proven to be a useful
technique to gain insight into the altered genes and
molecular processes of a syndrome, as well as to find bio-
markers and therapeutic targets.
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