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Abstract: Mutations of the X-linked gene encoding methyl-CpG-binding protein 2 (MECP2) cause
classical forms of Rett syndrome (RTT) in girls. A subset of patients who are recognized to have
an overlapping neurological phenotype with RTT but are lacking a mutation in a gene that causes
classical or atypical RTT can be described as having a ‘Rett-syndrome-like phenotype (RTT-L). Here,
we report eight patients from our cohort diagnosed as having RTT-L who carry mutations in genes
unrelated to RTT. We annotated the list of genes associated with RTT-L from our patient cohort,
considered them in the light of peer-reviewed articles on the genetics of RTT-L, and constructed an
integrated protein–protein interaction network (PPIN) consisting of 2871 interactions connecting 2192
neighboring proteins among RTT- and RTT-L-associated genes. Functional enrichment analysis of RTT
and RTT-L genes identified a number of intuitive biological processes. We also identified transcription
factors (TFs) whose binding sites are common across the set of RTT and RTT-L genes and appear as
important regulatory motifs for them. Investigation of the most significant over-represented pathway
analysis suggests that HDAC1 and CHD4 likely play a central role in the interactome between RTT
and RTT-L genes.

Keywords: Rett syndrome; atypical RTT syndrome; Rett-syndrome-like phenotype; methyl-CpG-
binding protein 2; neurodevelopmental disorders; overlapping phenotype; protein–protein interaction
network
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1. Introduction

Rett syndrome (RTT), first described by Austrian pediatrician Andreas Rett, is a severe
X-linked neurodevelopmental disorder mainly affecting females, which is characterized by
the loss of spoken language and loss of purposeful hand use, as well as hand stereotypies
that mimic handwashing [1–3]. Mutations of the X-linked gene encoding methyl-CpG-
binding protein 2 (MECP2) cause RTT in girls, severe encephalopathy in male infants,
and X-linked mental retardation [4]. Classical Rett syndrome is mostly attributed to de
novo mutations in MECP2. Affected individuals display all the characteristic phenotypes,
including the loss of acquired purposeful hand skills, loss of acquired spoken language, gait
abnormalities, and stereotypic hand movements. Clinical criteria have been developed for
patients with similar symptoms to RTT that lack one or another of the classical symptoms.
These patients are referred to as having ‘atypical RTT syndrome’ [1–3]. Several pathogenic
and likely causative variants for atypical RTT have been described, including the early
seizure onset variant in the CDKL5 (cyclin-dependent kinase-like 5) gene [5], a variant in the
MECP2 gene that leads to a unique preserved speech phenotype [6–8] rare variants in the
NTNG1 (Netrin-G1) gene [8], and a variant in the FOXG1 (Forkhead box G1) gene [9].

Mutations that likely contribute to atypical RTT syndrome are found in genes besides
MECP2, CDKL5, NTNG1, and FOXG1. However, most of the patients possessing these
mutations display only some, but not all, the clinical features associated with classic and
atypical RTT. These patients are referred to as having ‘Rett-syndrome-like phenotype
(RTT-L)’ [10]. Given the genetic heterogeneity of RTT, atypical RTT, and RTT-L, it is likely
that many of the genes and mutations that contribute to the phenotype overlap, whose
identification could reveal additional molecular pathways and processes contributing
to them.

We hypothesized that several of the mutated genes causing the RTT-L phenotype
encode proteins that closely interact with known RTT and atypical RTT-associated proteins.
We pursued an analysis of mutations and genetic variants resulting from a sequencing
study of eight families with clinical features of RTT-L that did not possess mutations in
the known RTT and atypical RTT genes—MECP2, CDKL5, FOXG1, and NTNG1. We then
explored the PPIN between MECP2, CDKL5, FOXG1, and NTNG1 and the genes harboring
likely RTT-L mutations from our study. We also explored pathway enrichment analysis on
our broad set of RTT and RTT-L genes.

2. Materials and Methods
2.1. Patient Samples

We identified 8 Caucasian trios whose offspring exhibited RTT-L clinical features
according to the revised Rett Search International Consortium criteria and nomenclature [2].
Affected individuals did not possess mutations in the MECP2, CDKL5, FOXG1, and NTNG1
genes. The Rett Search International Consortium criteria is an instrument for not only
assessing and diagnosing RTT but also for classifying individuals into RTT and atypical
RTT through a series of behavioral criteria. The parents of the affected children did not
exhibit clinical features of RTT-L or intellectual disability. Genomic DNA for the sequencing
studies from these trios was obtained from peripheral blood leukocytes. The study protocol
and consent procedure were approved by the Western Institutional Review Board (WIRB;
study number: 20120789). Informed consent was obtained from patients.

2.2. Sequencing

Genomic DNA was extracted from blood leukocytes for each member of the trios,
and libraries were prepared using 1.2 g of DNA with the TruSeq DNA sample preparation
and Exome Enrichment kit (62 Mb; Illumina, San Diego, CA, USA). Sequencing was
performed on the Illumina platform and utilized several methods to identify potential
pathogenic-disease-causing variants from the exome data following methods as previously
described [11].



Cells 2023, 12, 1437 3 of 16

2.3. RTT-L Gene Literature Search

An extensive literature search was conducted on PubMed for peer-reviewed articles
describing patients with RTT-L syndrome or RTT-syndrome-like disorder until June 2021
and manually curated a list of genes implicated in RTT-L [10,12–44]. We focused on genes
where the literature clearly described the patient’s phenotypic features as overlapping with
RTT syndrome. The list was meant to be exhaustive and was routinely updated. The genes
identified from our sequencing were combined with the list of genes from the PubMed
search. These characteristics were based on criteria outlined by the RettSearch International
Consortium as well as frequently described proband phenotypes [2].

2.4. Physical Protein–Protein Interaction Networks (PPINs) for RTT- and RTT-L-Implicated Genes
Network Analysis

The complete human protein interactome was downloaded from the Integrated Inter-
actions Database (IID) [45]. The IID has information on protein–protein interaction (PPI)
surveys associated with nine different curated databases (BioGRID, IntAct, I2D, MINT,
InnateDB, DIP, HPRD, BIND, and BCI). The experimentally validated PPIs were further
used to construct the resultant physical protein–protein interaction network (PPIN) in this
study. The RTT-L-causing genes identified through our study and our exhaustive literature
search, as well as the known RTT-implicated genes (MECP2, CDKL5, FOXG1, NTNG1),
were used as the seed list for the PPIN construction. The network was further extended
by including all the direct interacting protein partners of the RTT and RTT-L genes. To
obtain a brain-specific PPIN for the RTT and RTT-L genes, we filtered all the PPIs based
on their tissue-specific expression information in the human brain. The IID uses protein
expression data sets from the Human Protein Atlas, whereby a protein is considered to
be expressed in a tissue if its expression level is anything other than ‘not detected’ in the
protein atlas database (Protein Atlas version 20.0 (Release date: 2020.11.19). The resultant
network was visualized and further analyzed using the open-source software Cytoscape
v3.9.1 [46]. To understand the topology of the overall networks, we computed metrics such
as node degree (or connectivity), betweenness centrality (BC), and closeness centrality (CC).
All the measurements describing the network topology were calculated using Network-
Analyzer [47], which is a Java-based application (plugin) for Cytoscape. The first-order
interacting protein partners for both the classical and atypical RTT genes were curated in a
more sub-network-specific manner from the overall network. It is known that functionally
related proteins are more connected than randomly chosen protein pairs [48]. The main idea
was to identify a dense cluster (i.e., a strongly connected sub-graph) for the RTT genes in
the overall PPIN. We performed sub-network searches in the overall using CytoHubba [49],
which is another user-friendly interface for Cytoscape designed for identifying some of the
more important nodes in biological networks based on network topology.

2.5. Functional Enrichments Analysis

Functional enrichment analysis was performed on our combined list of known and
discovered RTT-L genes along with RTT- and atypical RTT-causing genes (RTT genes). A
gene-set-based enrichment analysis was pursued using the g: GOSt tool from the g: Profiler
website [50]. The functional annotation of the genes was obtained using the following
data sources: biological process (BP) from Gene Ontology (GO); pathway information
from KEGG, Reactome, and WikiPathways; and the regulatory motifs were searched using
the transcription factors (TRANSFAC) and microRNA (miRTarBase) databases. Actual
enrichment statistics and p-values were calculated by applying a two-sided hypergeometric
test followed by a Bonferroni correction to the resulting p-values (p < 0.05) to identify
enrichment or overrepresented terms in the respective databases [51].
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3. Results
3.1. Clinical and Molecular Characterization of Pathogenic Variants

Here, we present a summary of the clinical reports for each RTT-L case in our study
(Table 1). All eight patients were initially diagnosed as RTT or RTT-L by the clinician before
the genetic diagnosis. Through WES, we identified likely de novo disease-causing mutations
in GABRG2 (patient 1), GRIN1 (patient 2), ATP1A2 (patient 3), KCNQ2 (patient 4), KCNB1
(patient 5), GRIN2A (patient 6), TCF4 (patient 7), and SEMA6B (patient 8) genes, all of
which are within evolutionarily conserved locations of the genes. In addition, all candidate
mutations were not observed in controls in the Genome Aggregation Database (gnomAD).
These mutations were in patients whose phenotypes overlap with those seen in patients
with Rett syndrome (Table 1).

Patient 1 is heterozygous for a de novo substitution mutation (c.316G>A; p.Ala106Thr;
CADD PHRED score: 22.2) in the GABRG2 gene, resulting in a missense mutation in the
ligand binding region of the encoded protein. This mutation was reported previously
to be associated with childhood febrile seizures [52]. Patient 2 carries a heterozygous de
novo mutation in the GRIN1 gene, which is associated with neurodevelopmental disorders
involving seizures [53,54]. The heterozygous c.2443G>C substitution resulted in a missense
mutation (p. Gly815Arg; CADD PHRED score: 34). Patient 3 is heterozygous for a de
novo substitution mutation (c.977T>G; p. Ile326Arg; CADD PHRED score: 26.2) in the
ATP1A2 gene, which is a private mutation. Analysis of patient 4’s exome revealed a de novo
substitution mutation in the gene KCNQ2 (c.740C>A; p.Ser247Ter; CADD PHRED score:
41), which is associated with early infantile epileptic encephalopathy [30,55]. This variant
is predicted to be targeted by nonsense-mediated decay (NMD). Patient 5 was identified
as having a de novo missense variant in the KCNB1 gene (c.916C>T; p.Arg306Cys; CADD
PHRED score: 32), which is associated with early infantile epileptic encephalopathy [56].
Patient 6 is heterozygous for a de novo mutation (c.1845T>C) in the gene GRIN2A, which
encodes a member of the glutamate-gated ion channel protein family and is associated with
focal epilepsy and mental retardation [57]. This mutation results in missense (p. Asn614Ser;
CADD PHRED score: 25.6) in exon 8 and affects the ligand-gated ion channel domain in
the cytoplasmic region. Patient 7 is heterozygous for a de novo splice site mutation in the
TCF4 gene, and haploinsufficiency of the TCF4 (c.1486+5 G>T; CADD PHRED score: 23.4)
causes rare Pitt–Hopkins syndrome [58]. The WES of Patient 8 revealed the presence of a de
novo frameshift mutation in the gene SEMA6B, predicted to cause a premature truncated
protein (c.1991delG; p.Gly664fsX21; CADD PHRED score: 16.8), and de novo heterozygous
mutations in SEMA6b is indicated to cause progressive myoclonic epilepsy-11 [59].

3.2. Curation of Gene Lists

After observing phenotypic overlap between features of RTT and our patients, we
curated a list of genes implicated in causing RTT-L from articles in peer-reviewed journals.
Through an exhaustive literature search, 58 genes were identified (Supplementary Table S1)
as harboring de novo damaging or chromosomal deletion mutations contributing, if not
likely causing, RTT-L [10,12–44]. In addition to the curated list, we included the genes
KCNQ2, GABRG2, GRIN1, ATP1A2, KCNB1, GRIN2A, TCF4, and SEMA6B identified from
our cohort to the RTT-L list and added classical RTT-causing genes such as MECP2 and
atypical RTT genes, such as CDKL5, FOXG1, and NTNG1, in the curated gene list table for
analysis (Table 2).
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Table 1. Clinical and genetic characterization of RTT-L cohort.
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1 Y Y Y Y N N N N N Y Y N GABRG2

Gamma-
Aminobutyric Acid
Type A Receptor
Gamma2 Subunit 5:161522557 c.316 G>A p.Ala106Thr

Epilepsy,
generalized,
with febrile
seizures plus,
type 3 22.2

2 N Y Y Y N N N Y Y N Y N GRIN1

Glutamate Ionotropic
Receptor NMDA Type
Subunit 1 9:140058120

c.2443
G>C p.Gly815Arg

Mental
retardation,
autosomal
dominant 8 34

3 Y Y Y Y Y Y N N Y Y Y N ATP1A2

ATPase Na+/K+
Transporting Subunit
Alpha 2 1:160097570 c.977 T>G p.Ile326Arg

Alternating
hemiplegia of
childhood 26.2

4 N Y Y N N N N N Y Y N N KCNQ2

Potassium
Voltage-Gated
Channel Subfamily Q
Member 2 20:63442482 c.740 C>A p.Ser247Ter

Epileptic en-
cephalopathy,
early infantile,
7 41

5 Y Y Y N N N N N N N N N KCNB1

Potassium
Voltage-Gated
Channel Subfamily B
Member 1 20:47991181 c.916 C>T p.Arg306Cys

Epileptic en-
cephalopathy,
early infantile,
26 32

6 N Y N N N Y N N Y N N Y GRIN2A

Glutamate Ionotropic
Receptor NMDA Type
Subunit 2A 16:9923446

c.1845
T>C p.Asn614Ser

Epilepsy, focal,
with speech
disorder and
with or
without mental
retardation 25.6

7 Y Y Y Y Y Y Y Y N N Y N TCF4 Transcription Factor 4 chr18:52901774
c.1486+5
G>T

IVS16+5
G>T (Splice
Variant) Pitt-Hopkins 23.4

8 N Y Y Y N Y N N N N Y N SEMA6B Semaphorin 6B chr19:4544288 c.1991delG p.G664AfsX21

Autism
Spectrum
Disorder 16.8

Y = Yes/N = No.



Cells 2023, 12, 1437 6 of 16

Table 2. List of genes contributing to classical RTT, atypical RTT, RTT-L features of our cohort and
those identified from literature.

Genes List

RTT Syndrome (Classical): MECP2

RTT Syndrome (Atypical): MECP2, CDKL5, FOXG1, NTNG1

RTT-L Genes Identified at C4RCD: KCNQ2, GABRG2, GRIN1, ATP1A2, KCNB1, GRIN2A, TCF4,
SEMA6B

RTT-L List (Literature): ADAM23, AGAP6, ANKRD31, BTBD9, CHRNA5, CLCN5, CREB1,
DEAF1, EEF1A2, EIF2B2, EIF4G1, GABBR2, GABRG2, GABRB2, GABRD, GNAO1, GRIN1,

GRIN2A, GRIN2B, HCN1, HDAC8, HECW2, HTT, IQSEC2, JMJD1C, KAT6A, KCNB1, KCNQ2,
KIF1A, KLF7, MAP2, MBD2, MEF2C, MEIS2, MFSD8, MGRN1, PDLIM7, PTPN4, RHOBTB2,

SATB2, SCN1A, SCN2A, SCN8A, SHANK3, SHROOM4, SLC35A2, SLC6A1, SMARCA1,
ST3GAL5, STXBP1, SYNGAP1, TBL1XR1, TCF4, VASH2, WDR45, ZFX, ZNF238, ZNF620

3.3. Phenotype Clustering of RTT-L Patients

We analyzed the phenotypes of RTT-L patients to evaluate the frequency of main
and supportive RTT criteria that appeared in our patients. Of the main criteria, RTT-L
patients often displayed at least two of the following clinical RTT features: regression,
partial or complete loss of acquired purposeful hand skills, partial or complete loss of
acquired spoken language, gait abnormalities, and hand stereotypies identified through
the phenotype clustering of the RTT-L patients (Supplementary Figure S1).

3.4. Protein–Protein Interaction Networks (PPINs) across RTT and RTT-L Genes

Since we observed phenotypic overlap between clinical features of RTT and the RTT-L
patients in our cohorts, we were motivated to investigate protein–protein interactions
(PPIs) involving genes implicated in RTT-L syndrome and the genes we identified from
our sequencing study (Table 2). We used the PPI data sets from the Integrated Interactions
Database (IID) to identify experimentally validated protein partners for both RTT and
RTT-L genes. We found that a total of 2196 proteins directly interact with both the RTT and
RTT-L genes in the human protein interactome. Together, 2871 interactions were mapped
between RTT, RTT-L, and 2192 neighboring proteins. The overall physical protein–protein
interaction network (PPIN) for RTT-L syndrome is shown in Figure 1A. The topological
arrangements of the proteins were further analyzed using different network centrality
parameters, such as the node degree and betweenness centrality, to identify the hub-like
proteins in the constructed PPIN (Supplementary Table S2). The centrality comparison
between three different groups of proteins (RTT, RTT-L, and other interactors) highlighted
several important nodes that are highly connected and, thus, might play an important
regulatory role in the overall PPIN (Figure 1A).
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Rett-like Syndrome. 

We also identified four different transcription factors (TFs)—WT1, Sp1, CPBP, and 
MAZ—and two micro-RNA (microRNA)—hsa-miR-6867-5p and hsa-miR-574-5p—of 
which the binding sites are conserved across the gene set and appear as important regu-
latory motifs for the RTT and RTT-L genes.  

We further investigated the most significant over-represented pathway in our analy-
sis, i.e., one of the well-documented MECP2 regulatory WikiPathways (WP4312) for Rett-
syndrome-causing genes in Homo sapiens (adjusted p-value = 5.1 × 10−37), and identified a 
total of 3 RTT genes and 22 RTT-L genes, together representing the following pathway. 
We also mapped the RTT and RTT-L genes’ neighboring protein partners from WP4312 
pathway connectome and highlighted a total of five proteins (KDM5B, HDAC1, CHD4, 
NCOR1, and SMC1A) that are part of the pathway and shared a common interaction with 
both RTT and RTT-L genes in our constructed PPIN (as shown in Figure 2B). HDAC1 and 
CHD4 seem to play a central regulatory role in the underlining pathway. MECP2 activates 
the formation of the MECP2-HDAC complex, which, in turn, inhibits MEF2C, another 
RTT-L gene. Additionally, we found that two transcription factors—STAB2 and TCF4—
are part of the RTT-L genes and might play a regulatory role in the pathway by altering 
FOXG1 expression. 

Figure 1. RTT and RTT-L genes connecting PPIN: (A) The experimental protein–protein interactions
(PPIs) (in general—non-tissue-specific) of 4 RTT and 58 RTT-L genes together identified 2192 interacting
partners in human interactome. The topological assessments show the degree (connectivity) and
betweenness centrality distribution (box plot) of the genes and highlighted the hub-like RTT, RTT-L,
and interactor genes with higher degree of connectivity in the PPIN. Genes such as NTNG1 (RTT) and
ST3GAL5 (RTT-L) are not closely connected with the main network but share distinct set of interactions
with other proteins in human interactome. (B) A physical protein–protein interaction (PPI) graph of
4 RTT and 58 RTT-L genes together identified 201 and 1563 direct interacting partners, respectively, in
the human-brain-specific network. The Venn diagram highlights the common interactors present in
both RTT and RTT-L genes’ specific PPINs. RTT—Rett syndrome and RTT-L—Rett-like Syndrome.
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RTT-L genes such as HTT, HECW2, and TCF4 show very high levels of connectivity
compared to RTT genes such as MECP2, FOXG1, and CDKL5 in the overall network. One
of the RTT genes, NTNG1, exhibits a very distinct set of interactions and does not crosstalk
with the main PPIN. We also noticed that NTNG1 only interacts with four different proteins
(HSPA6, LRRC4, LRRC4C, and GAS6) and maintains a distinct set of interactions in the
constructed PPIN. Our analysis also identified several neighboring protein partners for
both RTT and RTT-L genes that show a high level of connectivity in the overall network.
For example, GPR1N1, FYN, APP, and NTRK1 show enhanced interactions and appear as
key neighboring protein partners in the constructed PPIN.

The topological arrangements of all four RTT genes in the constructed PPIN were
further investigated using sub-network analysis. We explored two particular sub-networks
for this study—The first one is the MECP2 (typical) gene mediated sub-network (Supple-
mentary Figure S2A), where we found a close contact between MECP2 and another RTT
gene, CDKL5. Two RTT-L genes (HECW2 and TBL1XR1) also show a direct connection with
MECP2 in the same sub-network. Apart from that, 151 other proteins share a common set
of interactions in the MECP2 mediated sub-network. We also included all four RTT genes,
i.e., classical and atypical, together and constructed another sub-network (Supplementary
Figure S2B). We found a total of four RTT-L genes (HECW2, TBL1XR1, SMARCA1 and
SATB2) share direct connectivity with MECP2, CDKL5 and FOXG1 and play an important
role in maintaining the cross-talk between RTT genes in the overall PPIN. Altogether,
255 other proteins along with 4 RTT and 4 RTT-L genes show proximity in the RTT gene
sub-network.

To understand the tissue-specific connectivity of RTT and RTT-L genes, we further
restricted our PPIN analysis to human brain tissue. The existing PPIN was refined based on
brain-specific expression profiling of the proteins. A physical protein–protein interaction
(PPI) graph of RTT and RTT-L genes together identified 201 and 1563 direct interacting
partners, respectively, in the human-brain-specific network (Figure 1B). We highlighted a
total of 63 protein partners, which share a common interaction with both RTT and RTT-L
genes and are, therefore, important for inter-network communication in the human-brain-
specific PPIN (Supplementary Table S3). We also observed that the RTT gene CDKL5 has
lost its connectivity in the brain-specific PPIN due to inadequate protein level expression
information in the human brain.

3.5. Functional Enrichment

We then conducted functional profiling using a gene-set-based enrichment analysis on
the complete RTT and RTT-L gene lists to identify significantly altered biological processes
and pathways among the genes (Figure 2A). The biological functions identified (adjusted
p < 0.05) were ranked according to the p-values for an enrichment test (Supplementary
Table S4). The RTT and RTT-L genes together showed a significant over-representation of
GO biological processes involving nervous system development, chemical synaptic trans-
mission, behavior, cognition, and learning or memory processes. Similarly, the gene sets to-
gether also had an over-representation of the biological pathways including GABAergic and
glutamatergic synapse (KEGG), transcriptional regulation by MECP2 and neuronal system
(Reactome), and Rett-syndrome-causing genes and fragile X syndrome (WikiPathways).
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Figure 2. Functional Enrichment Analysis for RTT and RTT-L Genes: (A) A gene-set-based enrich-
ment analysis results for RTT (N1 = 4) and RTT-L (N2 = 58) genes together using the Gene Ontology
(biological process), pathway databases (KEGG, REACTOME, and WIKIPATHWAYS) and regula-
tory motifs databases (transcription factors and microRNA). The X-axis represents the number of
overlapping genes from our given gene sets in each enrichment term. The dot size highlights the
enrichment statistics (p-values) for each term, and the dot color represents the source of each term in
the respective databases. (B) The RTT and RTT-L genes are highlighted in one of the well-documented
WikiPathways (WP4312) for Rett-syndrome-causing genes—Homo sapiens. We identified a total of
5 genes (highlighted in cyan color) that are part of the PPIN, which share common interaction with
both RTT and RTT-L genes (as shown in Figure 1A). Genes such as HDAC1 and CHD4 play a central
role in the underline pathway.

We also identified four different transcription factors (TFs)—WT1, Sp1, CPBP, and
MAZ—and two micro-RNA (microRNA)—hsa-miR-6867-5p and hsa-miR-574-5p—of which
the binding sites are conserved across the gene set and appear as important regulatory
motifs for the RTT and RTT-L genes.

We further investigated the most significant over-represented pathway in our analysis,
i.e., one of the well-documented MECP2 regulatory WikiPathways (WP4312) for Rett-
syndrome-causing genes in Homo sapiens (adjusted p-value = 5.1 × 10−37), and identified
a total of 3 RTT genes and 22 RTT-L genes, together representing the following pathway.
We also mapped the RTT and RTT-L genes’ neighboring protein partners from WP4312
pathway connectome and highlighted a total of five proteins (KDM5B, HDAC1, CHD4,
NCOR1, and SMC1A) that are part of the pathway and shared a common interaction with
both RTT and RTT-L genes in our constructed PPIN (as shown in Figure 2B). HDAC1 and
CHD4 seem to play a central regulatory role in the underlining pathway. MECP2 activates
the formation of the MECP2-HDAC complex, which, in turn, inhibits MEF2C, another
RTT-L gene. Additionally, we found that two transcription factors—STAB2 and TCF4—are
part of the RTT-L genes and might play a regulatory role in the pathway by altering FOXG1
expression.
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4. Discussion

The application of WES to patients with features of RTT resulted in the identification
of several likely causative mutations beyond those found in MECP2, CDKL5, FOXG1, and
NTNG1. Patients with classical and atypical RTT display characteristic phenotypes that are
well defined. However, there are many clinical diagnoses in settings in which individuals
exhibit some, but not all, phenotypes associated with RTT, raising the question about
overlap in the genetic determinants of RTT and RTT-like (RTT-L) clinical phenotypes. To
characterize the potential overlap between RTT-associated genes and RTT-L-associated
genes, we pursued a whole exome sequencing (WES) study of eight trios with offspring with
the RTT-L phenotype and combined the genes we found to be associated with RTT-L with
known RTT genes for protein–protein interaction network (PPIN) and pathway enrichment
analyses. WES analysis of the eight trios led to the identification of unique de novo
candidate RTT-L mutations in genes known to cause childhood epilepsy (KCNB1, KCNQ2,
and GABRG) [52,60–62], mental retardation (GRIN1 and GRIN2A) [63,64], hemiplegia,
developmental and epileptic encephalopathy, and microcephaly (ATP1A2) [65–67].

A combined analysis of RTT-L-associated genes from our WES study and known RTT
genes suggests shared neurological processes and pathways contribute to RTT-L features
and likely interact with the RTT-implicated genes MECP2, CDKL5, FOXG1, and NTNG1.
Examples of functional overlap of the function of the genes associated with RTT and RTT-L
include the potassium voltage-gated channel subfamily B member 1 (KCNB1) gene, which
is responsible for transmembrane potassium transport in excitable membranes, and potas-
sium voltage-gated channel subfamily Q member 2 (KCNQ2), which is responsible for the
subthreshold electrical excitability of neurons, as well as the responsiveness to synaptic
inputs. These transmembrane ion proteins are functionally relevant in the context of RTT
and RTT-L, with KCNB1 implicated in earlier studies of RTT-L [68,69]. Other examples of
the functional overlap of the genes are glutamate ionotropic receptor NMDA type subunit
1 (GRIN1) and glutamate ionotropic receptor NMDA type subunit 2A (GRIN2A), both of
which are essential in excitatory neurotransmission, verbal memory, and cognitive function,
probably through regulating the patterning of neuron dendritic arborizations [63,64,70–73],
which is similar to the impacts caused due to RTT mutations. ATP1A2 mutations cause
variable phenotypes such as hemiplegia, epilepsy, and intellectual disability [65–67,74].
We found a patient with the RTT-L phenotype carrying the private potential pathogenic
mutation in the ATP1P2 gene that encodes the alpha2 isoform of the Na(+), K(+)-ATPase.
A mutation in Na(+), K(+)-ATPase has been shown to share many clinical features of
RTT [75,76], and reduced neuronal activity was found to be a distinct abnormality of Rett
syndrome neurons in human and preclinical models [77–79]. Thus, the ATP1A2 muta-
tion may contribute to the pathogenesis of RTT-L linked to its molecular association with
MECP2. Transcription factor 4 (TCF4) is a primary helix–loop–helix transcription factor
that plays an essential role in neural development. Mutations in the TCF4 gene cause
Pitt–Hopkins syndrome, a rare neurological disorder characterized by developmental delay
and intellectual disability [80,81]. Patients with TCF4 mutations present with phenotype
overlap with Rett syndromes and are often diagnosed as RTT-L [29,82]. Pathogenic variants
in genes encoding Gamma-aminobutyric acid type A receptor gamma2 subunit (GABRG2)
were first identified to cause developmental disorders characterized by the classical Rett
syndrome phenotype [20]. It is interesting to note that GABA-receptor-mediated neuro-
transmission is a hallmark of several Rett syndrome phenotypes in animal and in vitro
MECP2 mutant model systems [83]. Additionally, the restoration of Mecp2 expression in
GABAergic neurons rescues features of Rett syndrome in a mouse model [84]. These find-
ings highlight the critical role of GABAergic neurons in the RTT-L phenotype. Semaphorins,
a significant player in axon guidance, are involved in peripheral and central nervous
system development. De novo pathogenic variants in SEMA6B were identified to cause
progressive myoclonic epilepsy-11 and have also been described as causing RTT-like clinical
phenotypes [10]. Overall, these findings from the well-characterized patient phenotypes
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from our cohort indicate a significant degree of overlap between the genetic basis of RTT-L
and other neurodevelopmental disorders.

Functional enrichment analysis of an expanded list of RTT and RTT-L genes fur-
ther demonstrates the genetic diversity of the clinical RTT phenotype. Past studies have
noted that genes causing RTT-L are involved in neurodevelopmental diseases such as
Dravet syndrome (SCN1A), Pitt–Hopkins syndrome (TCF4), and Huntington’s disease
(HTT) [10,17,68]. This clinical overlap with similar neurodevelopmental diseases suggests
the presence of shared functional networks among diseases with similar, but not identical
phenotypic manifestations, suggesting a more detailed study of RTT and RTT-L associated
genes could reveal functional overlap. Network analysis of the PPI interaction network
generated with the RTT- and RTT-L genes suggests significantly interconnected protein
network implicating genes with high betweenness centrality (the number of shortest paths
in the network that pass through the gene). Protein–protein interaction networks (PPINs)
across RTT and RTT-L genes analysis indicate RTT-L genes, such as HTT, HECW2, and
TCF4, exhibit very high levels of connectivity compared to MECP2, FOXG1, and CDKL5
in the overall network. Proteins such as GPR1N1, FYN, APP, and NTRK1 show enhanced
interactions and appear as key neighboring protein partners in the constructed PPIN.
Interestingly, HECW2, TBL1XR1, SMARCA1, and SATB2 were identified to have direct
connectivity with MECP2, CDKL5, and FOXG1 and play an important role in maintaining
the crosstalk between RTT genes in the overall PPIN. These genes likely serve as key
interactors with genes that cause RTT-L syndrome.

RTT-L-causing genes are directly involved in the MECP2-mediated pathways of chro-
matin regulation (HDAC2, MEF2C, CREB1, and GRIN1), upregulation of glutamate, and
downregulation of dopamine and GABA pathways (CREB1, KCNA2, GRIN1, KCNB1,
GRIN2A, GRIN2B, and KCNQ2) [85]. A pathway analysis of RTT and RTT-L genes also
showed enrichment of GO biological processes involving nervous system development,
chemical synaptic transmission, behavior, cognition, and learning or memory processes [86,87].
The involvement of many RTT-L-implicated genes in MECP2 function indicates that the
replication of many of the clinical features of RTT-L like that of classical or atypical RTT
could be attributed to the disruption of one of MECP2’s transcription regulatory activities.
We found two transcription factors—SATB2 and TCF4—might play a regulatory role in
the pathway by altering FOXG1 expression. This interaction between MECP2 and RTT-L
implicated genes reinforces the notion that there is not a unique biological process or
molecular pathway involved in RTT that is disrupted; rather, because MECP2 is pleiotropic
and involved in a variety of pathways by controlling transcription, and as seen from Erhart
et al., MECP2 functionality can result in alterations in the many different pathways it
controls [85].

Based on the characteristics of our patient cohort and the other diseases with which the
RTT-L syndrome genes we identified are also associated, it is intuitive that RTT-L patients
tend to have clinical features ranging from (most to least frequent) epilepsy, intellectual
disorders, regression, microcephaly, to hand stereotypies (Table 1). Our analysis of RTT and
RTT-L clinical phenotype clustering suggests that many different combinations of clinical
features could aid in the delineation of central phenotypes associated with RTT-L, as well as
guide diagnoses for genetic testing in future patients. Further genetic characterizations of
RTT-L patients are critical for future genotype–phenotype correlations and the refinement of
a set of core RTT-L clinical features. Finally, the characterization of the biological processes
and pathways implicated in RTT-L-syndrome-causing genes suggests common HDAC
and CHD4 pathways that could be a focus of future targeted therapies. HDAC is already
considered a potential target for Rett syndrome therapy [88]; thus, there is great potential
in systematically exploring the role of HDAC and CHD4 in developing novel therapies.
Altogether, the analysis of PPI networks of RTT-L-causing genes identifies novel genes of
high centrality that could be future candidate genes in RTT-L syndrome.
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RTT and RTT-L genes connecting protein partners in human-brain-specific PPIN. Table S4: Functional
Enrichment Analysis for RTT and RTT-L Genes. Figure S1: Phenotype clustering of RTT-L patients
from the study cohort. Figure S2: RTT-Gene-Associated Sub-Network—Classical and Atypical.

Author Contributions: Conceptualization, S.R. and V.N.; bibliography research, data collection, and
data curation, E.F., M.S., R.P., J.D., P.V., M.B., L.L., B.G., G.M. and M.S.-C.; methodology, E.F., A.P.,
M.J.H., V.N., N.J.S. and S.R.; C4RCD patient genetic data and findings, K.R., M.S., C.D.B., S.S., W.M.J.,
A.L.S., R.R., M.N., I.S., D.W.C., I.S.P., M.J.H., S.R. and V.N.; clinical details, N.B., K.R., M.S. and
V.N.; data analysis, E.F., A.P., N.J.S., V.N. and S.R.; writing—original draft preparation, E.F. and S.R.;
writing—review and editing, E.F., A.P., N.B., K.R., V.N., N.J.S. and S.R.; supervision, S.R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by private donors of TGen’s Center for Rare Childhood
Disorders (C4RCD) through the TGen Foundation.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Western Institutional Review Board ((WIRB) study number:
20120789).

Informed Consent Statement: Written informed consent for the publication of clinical details was
obtained from the legally authorized representative and the patient’s family, as approved by the
Western Institutional Review Board.

Data Availability Statement: No data are presented. The figures are original.

Acknowledgments: The authors thank the families for participating in this study and all the previous
members of the C4RCD research group not included in the author list.

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

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

[PubMed]
2. Neul, J.L.; Kaufmann, W.E.; Glaze, D.G.; Christodoulou, J.; Clarke, A.J.; Bahi-Buisson, N.; Leonard, H.; Bailey, M.E.S.; Schanen,

N.C.; Zappella, M.; et al. Rett syndrome: Revised diagnostic criteria and nomenclature. Ann. Neurol. 2010, 68, 944–950. [CrossRef]
[PubMed]

3. Chahrour, M.; Zoghbi, H.Y. The story of Rett syndrome: From clinic to neurobiology. Neuron 2007, 56, 422–437. [CrossRef]
[PubMed]

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

5. Bahi-Buisson, N.; Nectoux, J.; Rosas-Vargas, H.; Milh, M.; Boddaert, N.; Girard, B.; Cances, C.; Ville, D.; Afenjar, A.; Rio, M.; et al.
Key clinical features to identify girls with CDKL5 mutations. Brain 2008, 131, 2647–2661. [CrossRef]

6. Zappella, M. The Rett girls with preserved speech. Brain Dev. 1992, 14, 98–101. [CrossRef]
7. Renieri, A.; Mari, F.; Mencarelli, M.A.; Scala, E.; Ariani, F.; Longo, I.; Meloni, I.; Cevenini, G.; Pini, G.; Hayek, G.; et al. Diagnostic

criteria for the Zappella variant of Rett syndrome (the preserved speech variant). Brain Dev. 2009, 31, 208–216. [CrossRef]
8. Archer, H.L.; Evans, J.C.; Millar, D.S.; Thompson, P.W.; Kerr, A.M.; Leonard, H.; Christodoulou, J.; Ravine, D.; Lazarou, L.; Grove,

L.; et al. NTNG1 mutations are a rare cause of Rett syndrome. Am. J. Med. Genet. A 2006, 140, 691–694. [CrossRef]
9. Ariani, F.; Hayek, G.; Rondinella, D.; Artuso, R.; Mencarelli, M.A.; Spanhol-Rosseto, A.; Pollazzon, M.; Buoni, S.; Spiga, O.;

Ricciardi, S.; et al. FOXG1 is responsible for the congenital variant of Rett syndrome. Am. J. Hum. Genet. 2008, 83, 89–93.
[CrossRef]

10. Lucariello, M.; Vidal, E.; Vidal, S.; Saez, M.; Roa, L.; Huertas, D.; Pineda, M.; Dalfó, E.; Dopazo, J.; Jurado, P.; et al. Whole exome
sequencing of Rett syndrome-like patients reveals the mutational diversity of the clinical phenotype. Hum. Genet. 2016, 135,
1343–1354. [CrossRef]

11. Llaci, L.; Ramsey, K.; Belnap, N.; Claasen, A.M.; Balak, C.D.; Szelinger, S.; Jepsen, W.M.; Siniard, A.L.; Richholt, R.; Izat, T.; et al.
Compound heterozygous mutations in SNAP29 is associated with Pelizaeus-Merzbacher-like disorder (PMLD). Hum. Genet.
2019, 138, 1409–1417. [CrossRef]

12. Pescucci, C.; Meloni, I.; Bruttini, M.; Ariani, F.; Longo, I.; Mari, F.; Canitano, R.; Hayek, G.; Zappella, M.; Renieri, A. Chromosome
2 deletion encompassing the MAP2 gene in a patient with autism and Rett-like features. Clin. Genet. 2003, 64, 497–501. [CrossRef]

https://www.mdpi.com/article/10.3390/cells12101437/s1
https://www.mdpi.com/article/10.3390/cells12101437/s1
https://www.ncbi.nlm.nih.gov/pubmed/5300597
https://doi.org/10.1002/ana.22124
https://www.ncbi.nlm.nih.gov/pubmed/21154482
https://doi.org/10.1016/j.neuron.2007.10.001
https://www.ncbi.nlm.nih.gov/pubmed/17988628
https://doi.org/10.1038/13810
https://www.ncbi.nlm.nih.gov/pubmed/10508514
https://doi.org/10.1093/brain/awn197
https://doi.org/10.1016/S0387-7604(12)80094-5
https://doi.org/10.1016/j.braindev.2008.04.007
https://doi.org/10.1002/ajmg.a.31133
https://doi.org/10.1016/j.ajhg.2008.05.015
https://doi.org/10.1007/s00439-016-1721-3
https://doi.org/10.1007/s00439-019-02077-7
https://doi.org/10.1046/j.1399-0004.2003.00176.x


Cells 2023, 12, 1437 13 of 16

13. Vidal, S.; Brandi, N.; Pacheco, P.; Gerotina, E.; Blasco, L.; Trotta, J.-R.; Derdak, S.; Del Mar O’Callaghan, M.; Garcia-Cazorla, À.;
Pineda, M.; et al. The utility of Next Generation Sequencing for molecular diagnostics in Rett syndrome. Sci. Rep. 2017, 7, 12288.
[CrossRef]

14. Colak, D.; Al-Dhalaan, H.; Nester, M.; Albakheet, A.; Al-Younes, B.; Al-Hassnan, Z.; Al-Dosari, M.; Chedrawi, A.; Al-Owain, M.;
Abudheim, N.; et al. Genomic and transcriptomic analyses distinguish classic Rett and Rett-like syndrome and reveals shared
altered pathways. Genomics 2011, 97, 19–28. [CrossRef]

15. Rajab, A.; Schuelke, M.; Gill, E.; Zwirner, A.; Seifert, F.; Morales Gonzalez, S.; Knierim, E. Recessive DEAF1 mutation associates
with autism, intellectual disability, basal ganglia dysfunction and epilepsy. J. Med. Genet. 2015, 52, 607–611. [CrossRef]

16. Kaur, S.; Van Bergen, N.J.; Gold, W.A.; Eggers, S.; Lunke, S.; White, S.M.; Ellaway, C.; Christodoulou, J. Whole exome sequencing
reveals a de novo missense variant in EEF1A2 in a Rett syndrome-like patient. Clin. Case Rep. 2019, 7, 2476–2482. [CrossRef]

17. Lopes, F.; Barbosa, M.; Ameur, A.; Soares, G.; de Sá, J.; Dias, A.I.; Oliveira, G.; Cabral, P.; Temudo, T.; Calado, E.; et al. Identification
of novel genetic causes of Rett syndrome-like phenotypes. J. Med. Genet. 2016, 53, 190–199. [CrossRef]

18. Vuillaume, M.-L.; Jeanne, M.; Xue, L.; Blesson, S.; Denommé-Pichon, A.-S.; Alirol, S.; Brulard, C.; Colin, E.; Isidor, B.; Gilbert-
Dussardier, B.; et al. A novel mutation in the transmembrane 6 domain of GABBR2 leads to a Rett-like phenotype. Ann. Neurol.
2018, 83, 437–439. [CrossRef]

19. Okamoto, N.; Miya, F.; Tsunoda, T.; Kato, M.; Saitoh, S.; Yamasaki, M.; Shimizu, A.; Torii, C.; Kanemura, Y.; Kosaki, K. Targeted
next-generation sequencing in the diagnosis of neurodevelopmental disorders. Clin. Genet. 2015, 88, 288–292. [CrossRef]

20. Cogliati, F.; Giorgini, V.; Masciadri, M.; Bonati, M.T.; Marchi, M.; Cracco, I.; Gentilini, D.; Peron, A.; Savini, M.N.; Spaccini, L.; et al.
Pathogenic Variants in STXBP1 and in Genes for GABAa Receptor Subunities Cause Atypical Rett/Rett-like Phenotypes. Int. J.
Mol. Sci. 2019, 20, 3621. [CrossRef]

21. Gerald, B.; Ramsey, K.; Belnap, N.; Szelinger, S.; Siniard, A.L.; Balak, C.; Russell, M.; Richholt, R.; De Both, M.; Claasen, A.M.; et al.
Neonatal epileptic encephalopathy caused by de novo GNAO1 mutation misdiagnosed as atypical Rett syndrome: Cautions in
interpretation of genomic test results. Semin. Pediatr. Neurol. 2018, 26, 28–32. [CrossRef] [PubMed]

22. Sajan, S.A.; Jhangiani, S.N.; Muzny, D.M.; Gibbs, R.A.; Lupski, J.R.; Glaze, D.G.; Kaufmann, W.E.; Skinner, S.A.; Annese, F.; Friez,
M.J.; et al. Enrichment of mutations in chromatin regulators in people with Rett syndrome lacking mutations in MECP2. Genet.
Med. 2017, 19, 13–19. [CrossRef] [PubMed]

23. Nava, C.; Dalle, C.; Rastetter, A.; Striano, P.; de Kovel, C.G.F.; Nabbout, R.; Cancès, C.; Ville, D.; Brilstra, E.H.; Gobbi, G.; et al. De
novo mutations in HCN1 cause early infantile epileptic encephalopathy. Nat. Genet. 2014, 46, 640–645. [CrossRef] [PubMed]

24. Saikusa, T.; Hara, M.; Iwama, K.; Yuge, K.; Ohba, C.; Okada, J.-I.; Hisano, T.; Yamashita, Y.; Okamoto, N.; Saitsu, H.; et al. De novo
HDAC8 mutation causes Rett-related disorder with distinctive facial features and multiple congenital anomalies. Brain Dev. 2018,
40, 406–409. [CrossRef]

25. Nakamura, H.; Uematsu, M.; Numata-Uematsu, Y.; Abe, Y.; Endo, W.; Kikuchi, A.; Takezawa, Y.; Funayama, R.; Shirota, M.;
Nakayama, K.; et al. Rett-like features and cortical visual impairment in a Japanese patient with HECW2 mutation. Brain Dev.
2018, 40, 410–414. [CrossRef]

26. Lopergolo, D.; Privitera, F.; Castello, G.; Lo Rizzo, C.; Mencarelli, M.A.; Pinto, A.M.; Ariani, F.; Currò, A.; Lamacchia, V.; Canitano,
R.; et al. IQSEC2 disorder: A new disease entity or a Rett spectrum continuum? Clin. Genet. 2021, 99, 462–474. [CrossRef]

27. Sáez, M.A.; Fernández-Rodríguez, J.; Moutinho, C.; Sanchez-Mut, J.V.; Gomez, A.; Vidal, E.; Petazzi, P.; Szczesna, K.; Lopez-Serra,
P.; Lucariello, M.; et al. Mutations in JMJD1C are involved in Rett syndrome and intellectual disability. Genet. Med. 2016, 18,
378–385. [CrossRef]

28. Kaur, S.; Van Bergen, N.J.; Ben-Zeev, B.; Leonardi, E.; Tan, T.Y.; Coman, D.; Kamien, B.; White, S.M.; St John, M.; Phelan, D.; et al.
Expanding the genetic landscape of Rett syndrome to include lysine acetyltransferase 6A (KAT6A). J. Genet. Genom. 2020, 47,
650–654. [CrossRef]

29. Srivastava, S.; Desai, S.; Cohen, J.; Smith-Hicks, C.; Barañano, K.; Fatemi, A.; Naidu, S. Monogenic disorders that mimic the
phenotype of Rett syndrome. Neurogenetics 2018, 19, 41–47. [CrossRef]

30. Mastrangelo, M.; Manti, F.; Giannini, M.T.; Guerrini, R.; Leuzzi, V. KCNQ2 encephalopathy manifesting with Rett-like features: A
follow-up into adulthood. Neurol. Genet. 2020, 6, e510. [CrossRef]

31. Kato, Z.; Morimoto, W.; Kimura, T.; Matsushima, A.; Kondo, N. Interstitial deletion of 18q: Comparative genomic hybridization
array analysis of 46, XX,del(18)(q21.2.q21.33). Birth Defects Res. Part A Clin. Mol. Teratol. 2010, 88, 132–135. [CrossRef]

32. Wang, J.; Zhang, Q.; Chen, Y.; Yu, S.; Wu, X.; Bao, X.; Wen, Y. Novel MEF2C point mutations in Chinese patients with Rett (-like)
syndrome or non-syndromic intellectual disability: Insights into genotype-phenotype correlation. BMC Med. Genet. 2018, 19, 191.
[CrossRef]

33. Craiu, D.; Dragostin, O.; Dica, A.; Hoffman-Zacharska, D.; Gos, M.; Bastian, A.E.; Gherghiceanu, M.; Rolfs, A.; Nahavandi,
N.; Craiu, M.; et al. Rett-like onset in late-infantile neuronal ceroid lipofuscinosis (CLN7) caused by compound heterozygous
mutation in the MFSD8 gene and review of the literature data on clinical onset signs. Eur. J. Paediatr. Neurol. 2015, 19, 78–86.
[CrossRef]

34. Williamson, S.L.; Ellaway, C.J.; Peters, G.B.; Pelka, G.J.; Tam, P.P.L.; Christodoulou, J. Deletion of protein tyrosine phosphatase,
non-receptor type 4 (PTPN4) in twins with a Rett syndrome-like phenotype. Eur. J. Hum. Genet. 2015, 23, 1171–1175. [CrossRef]

35. Lee, J.S.; Yoo, Y.; Lim, B.C.; Kim, K.J.; Choi, M.; Chae, J.H. SATB2-associated syndrome presenting with Rett-like phenotypes. Clin.
Genet. 2016, 89, 728–732. [CrossRef]

https://doi.org/10.1038/s41598-017-11620-3
https://doi.org/10.1016/j.ygeno.2010.09.004
https://doi.org/10.1136/jmedgenet-2015-103083
https://doi.org/10.1002/ccr3.2511
https://doi.org/10.1136/jmedgenet-2015-103568
https://doi.org/10.1002/ana.25155
https://doi.org/10.1111/cge.12492
https://doi.org/10.3390/ijms20153621
https://doi.org/10.1016/j.spen.2017.08.008
https://www.ncbi.nlm.nih.gov/pubmed/29961512
https://doi.org/10.1038/gim.2016.42
https://www.ncbi.nlm.nih.gov/pubmed/27171548
https://doi.org/10.1038/ng.2952
https://www.ncbi.nlm.nih.gov/pubmed/24747641
https://doi.org/10.1016/j.braindev.2017.12.013
https://doi.org/10.1016/j.braindev.2017.12.015
https://doi.org/10.1111/cge.13908
https://doi.org/10.1038/gim.2015.100
https://doi.org/10.1016/j.jgg.2020.09.003
https://doi.org/10.1007/s10048-017-0535-3
https://doi.org/10.1212/NXG.0000000000000510
https://doi.org/10.1002/bdra.20633
https://doi.org/10.1186/s12881-018-0699-1
https://doi.org/10.1016/j.ejpn.2014.07.008
https://doi.org/10.1038/ejhg.2014.249
https://doi.org/10.1111/cge.12698


Cells 2023, 12, 1437 14 of 16

36. Liang, J.-S.; Lin, L.-J.; Yang, M.-T.; Wang, J.-S.; Lu, J.-F. The therapeutic implication of a novel SCN2A mutation associated
early-onset epileptic encephalopathy with Rett-like features. Brain Dev. 2017, 39, 877–881. [CrossRef]

37. Allou, L.; Julia, S.; Amsallem, D.; El Chehadeh, S.; Lambert, L.; Thevenon, J.; Duffourd, Y.; Saunier, A.; Bouquet, P.; Pere, S.; et al.
Rett-like phenotypes: Expanding the genetic heterogeneity to the KCNA2 gene and first familial case of CDKL5-related disease.
Clin. Genet. 2017, 91, 431–440. [CrossRef]

38. Hara, M.; Ohba, C.; Yamashita, Y.; Saitsu, H.; Matsumoto, N.; Matsuishi, T. De novo SHANK3 mutation causes Rett syndrome-like
phenotype in a female patient. Am. J. Med. Genet. A 2015, 167, 1593–1596. [CrossRef]

39. Lee, J.S.; Yoo, Y.; Lim, B.C.; Kim, K.J.; Song, J.; Choi, M.; Chae, J.-H. GM3 synthase deficiency due to ST3GAL5 variants in two
Korean female siblings: Masquerading as Rett syndrome-like phenotype. Am. J. Med. Genet. A 2016, 170, 2200–2205. [CrossRef]

40. Vidal, S.; Brandi, N.; Pacheco, P.; Maynou, J.; Fernandez, G.; Xiol, C.; Pascual-Alonso, A.; Pineda, M.; Rett Working Group;
Armstrong, J. The most recurrent monogenic disorders that overlap with the phenotype of Rett syndrome. Eur. J. Paediatr. Neurol.
2019, 23, 609–620. [CrossRef]

41. Skjeldal, O.; Henriksen, M.W. Rett syndrome: A more Heterogeneous group than previously thought? Neurology 2020, 94(Suppl.
S15), 907. Available online: https://n.neurology.org/content/94/15_Supplement/907.abstract (accessed on 5 February 2023).

42. Zaghlula, M.; Glaze, D.G.; Enns, G.M.; Potocki, L.; Schwabe, A.L.; Suter, B. Current clinical evidence does not support a link
between TBL1XR1 and Rett syndrome: Description of one patient with Rett features and a novel mutation in TBL1XR1, and a
review of TBL1XR1 phenotypes. Am. J. Med. Genet. A 2018, 176, 1683–1687. [CrossRef] [PubMed]

43. Ohba, C.; Nabatame, S.; Iijima, Y.; Nishiyama, K.; Tsurusaki, Y.; Nakashima, M.; Miyake, N.; Tanaka, F.; Ozono, K.; Saitsu, H.; et al.
De novo WDR45 mutation in a patient showing clinically Rett syndrome with childhood iron deposition in brain. J. Hum. Genet.
2014, 59, 292–295. [CrossRef] [PubMed]

44. Wang, J.; Zhang, Q.; Chen, Y.; Yu, S.; Wu, X.; Bao, X. Rett and Rett-like syndrome: Expanding the genetic spectrum to KIF1A and
GRIN1 gene. Mol. Genet. Genom. Med. 2019, 7, e968. [CrossRef]

45. Kotlyar, M.; Pastrello, C.; Malik, Z.; Jurisica, I. IID 2018 update: Context-specific physical protein-protein interactions in human,
model organisms and domesticated species. Nucleic Acids Res. 2019, 47, D581–D589. [CrossRef]

46. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]

47. Assenov, Y.; Ramírez, F.; Schelhorn, S.-E.; Lengauer, T.; Albrecht, M. Computing topological parameters of biological networks.
Bioinformatics 2008, 24, 282–284. [CrossRef]

48. Huang, T.; Chen, L.; Cai, Y.-D.; Chou, K.-C. Classification and analysis of regulatory pathways using graph property, biochemical
and physicochemical property, and functional property. PLoS ONE 2011, 6, e25297. [CrossRef]

49. Chin, C.-H.; Chen, S.-H.; Wu, H.-H.; Ho, C.-W.; Ko, M.-T.; Lin, C.-Y. cytoHubba: Identifying hub objects and sub-networks from
complex interactome. BMC Syst. Biol. 2014, 8 (Suppl. S4), S11. [CrossRef]

50. Raudvere, U.; Kolberg, L.; Kuzmin, I.; Arak, T.; Adler, P.; Peterson, H.; Vilo, J. g:Profiler: A web server for functional enrichment
analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 2019, 47, W191–W198. [CrossRef]

51. Reimand, J.; Isserlin, R.; Voisin, V.; Kucera, M.; Tannus-Lopes, C.; Rostamianfar, A.; Wadi, L.; Meyer, M.; Wong, J.; Xu, C.; et al.
Pathway enrichment analysis and visualization of omics data using g:Profiler, GSEA, Cytoscape and EnrichmentMap. Nat. Protoc.
2019, 14, 482–517. [CrossRef] [PubMed]

52. Zou, F.; McWalter, K.; Schmidt, L.; Decker, A.; Picker, J.D.; Lincoln, S.; Sweetser, D.A.; Briere, L.C.; Harini, C.; Members of the
Undiagnosed Diseases Network; et al. Expanding the phenotypic spectrum of GABRG2 variants: A recurrent GABRG2 missense
variant associated with a severe phenotype. J. Neurogenet. 2017, 31, 30–36. [CrossRef]

53. Lemke, J.R.; Geider, K.; Helbig, K.L.; Heyne, H.O.; Schütz, H.; Hentschel, J.; Courage, C.; Depienne, C.; Nava, C.; Heron, D.; et al.
Delineating the GRIN1 phenotypic spectrum: A distinct genetic NMDA receptor encephalopathy. Neurology 2016, 86, 2171–2178.
[CrossRef] [PubMed]

54. Santos-Gómez, A.; Miguez-Cabello, F.; Juliá-Palacios, N.; García-Navas, D.; Soto-Insuga, V.; García-Peñas, J.J.; Fuentes, P.; Ibáñez-
Micó, S.; Cuesta, L.; Cancho, R.; et al. Paradigmatic De Novo GRIN1 Variants Recapitulate Pathophysiological Mechanisms
Underlying GRIN1-Related Disorder Clinical Spectrum. Int. J. Mol. Sci. 2021, 22, 12656. [CrossRef] [PubMed]

55. Weckhuysen, S.; Ivanovic, V.; Hendrickx, R.; Van Coster, R.; Hjalgrim, H.; Møller, R.S.; Grønborg, S.; Schoonjans, A.-S.; Ceulemans,
B.; Heavin, S.B.; et al. Extending the KCNQ2 encephalopathy spectrum: Clinical and neuroimaging findings in 17 patients.
Neurology 2013, 81, 1697–1703. [CrossRef]

56. Marini, C.; Romoli, M.; Parrini, E.; Costa, C.; Mei, D.; Mari, F.; Parmeggiani, L.; Procopio, E.; Metitieri, T.; Cellini, E.; et al. Clinical
features and outcome of 6 new patients carrying de novo KCNB1 gene mutations. Neurol. Genet. 2017, 3, e206. [CrossRef]

57. Mangano, G.D.; Riva, A.; Fontana, A.; Salpietro, V.; Mangano, G.R.; Nobile, G.; Orsini, A.; Iacomino, M.; Battini, R.; Astrea, G.;
et al. De novo GRIN2A variants associated with epilepsy and autism and literature review. Epilepsy Behav. 2022, 129, 108604.
[CrossRef]

58. Sparber, P.; Filatova, A.; Anisimova, I.; Markova, T.; Voinova, V.; Chuhrova, A.; Tabakov, V.; Skoblov, M. Various haploinsufficiency
mechanisms in Pitt-Hopkins syndrome. Eur. J. Med. Genet. 2020, 63, 104088. [CrossRef]

59. Castellotti, B.; Canafoglia, L.; Freri, E.; Tappatà, M.; Messina, G.; Magri, S.; DiFrancesco, J.C.; Fanella, M.; Di Bonaventura,
C.; Morano, A.; et al. Progressive myoclonus epilepsies due to SEMA6B mutations. new variants and appraisal of published
phenotypes. Epilepsia Open 2023. [CrossRef]

https://doi.org/10.1016/j.braindev.2017.06.003
https://doi.org/10.1111/cge.12784
https://doi.org/10.1002/ajmg.a.36775
https://doi.org/10.1002/ajmg.a.37773
https://doi.org/10.1016/j.ejpn.2019.04.006
https://n.neurology.org/content/94/15_Supplement/907.abstract
https://doi.org/10.1002/ajmg.a.38689
https://www.ncbi.nlm.nih.gov/pubmed/29777588
https://doi.org/10.1038/jhg.2014.18
https://www.ncbi.nlm.nih.gov/pubmed/24621584
https://doi.org/10.1002/mgg3.968
https://doi.org/10.1093/nar/gky1037
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/bioinformatics/btm554
https://doi.org/10.1371/journal.pone.0025297
https://doi.org/10.1186/1752-0509-8-S4-S11
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1038/s41596-018-0103-9
https://www.ncbi.nlm.nih.gov/pubmed/30664679
https://doi.org/10.1080/01677063.2017.1315417
https://doi.org/10.1212/WNL.0000000000002740
https://www.ncbi.nlm.nih.gov/pubmed/27164704
https://doi.org/10.3390/ijms222312656
https://www.ncbi.nlm.nih.gov/pubmed/34884460
https://doi.org/10.1212/01.wnl.0000435296.72400.a1
https://doi.org/10.1212/NXG.0000000000000206
https://doi.org/10.1016/j.yebeh.2022.108604
https://doi.org/10.1016/j.ejmg.2020.104088
https://doi.org/10.1002/epi4.12697


Cells 2023, 12, 1437 15 of 16

60. Lee, I.-C.; Chang, T.-M.; Liang, J.-S.; Li, S.-Y. KCNQ2 mutations in childhood nonlesional epilepsy: Variable phenotypes and a
novel mutation in a case series. Mol. Genet. Genom. Med. 2019, 7, e00816. [CrossRef]

61. Bar, C.; Kuchenbuch, M.; Barcia, G.; Schneider, A.; Jennesson, M.; Le Guyader, G.; Lesca, G.; Mignot, C.; Montomoli, M.; Parrini,
E.; et al. Developmental and epilepsy spectrum of KCNB1 encephalopathy with long-term outcome. Epilepsia 2020, 61, 2461–2473.
[CrossRef]

62. Kang, J.-Q.; Macdonald, R.L. Molecular pathogenic basis for GABRG2 mutations associated with a spectrum of epilepsy
syndromes, from generalized absence epilepsy to dravet syndrome. JAMA Neurol. 2016, 73, 1009–1016. [CrossRef]

63. Strehlow, V.; Heyne, H.O.; Vlaskamp, D.R.M.; Marwick, K.F.M.; Rudolf, G.; de Bellescize, J.; Biskup, S.; Brilstra, E.H.; Brouwer,
O.F.; Callenbach, P.M.C.; et al. GRIN2A-related disorders: Genotype and functional consequence predict phenotype. Brain 2019,
142, 80–92. [CrossRef]

64. Myers, S.J.; Yuan, H.; Kang, J.-Q.; Tan, F.C.K.; Traynelis, S.F.; Low, C.-M. Distinct roles of GRIN2A and GRIN2B variants in
neurological conditions. F1000Research 2019, 8, 1940. [CrossRef]

65. De Fusco, M.; Marconi, R.; Silvestri, L.; Atorino, L.; Rampoldi, L.; Morgante, L.; Ballabio, A.; Aridon, P.; Casari, G. Haploinsuffi-
ciency of ATP1A2 encoding the Na+/K+ pump alpha2 subunit associated with familial hemiplegic migraine type 2. Nat. Genet.
2003, 33, 192–196. [CrossRef]

66. Jurkat-Rott, K.; Freilinger, T.; Dreier, J.P.; Herzog, J.; Göbel, H.; Petzold, G.C.; Montagna, P.; Gasser, T.; Lehmann-Horn, F.;
Dichgans, M. Variability of familial hemiplegic migraine with novel A1A2 Na+/K+-ATPase variants. Neurology 2004, 62,
1857–1861. [CrossRef]

67. Vetro, A.; Nielsen, H.N.; Holm, R.; Hevner, R.F.; Parrini, E.; Powis, Z.; Møller, R.S.; Bellan, C.; Simonati, A.; Lesca, G.; et al.
ATP1A2- and ATP1A3-associated early profound epileptic encephalopathy and polymicrogyria. Brain 2021, 144, 1435–1450.
[CrossRef]

68. Mastrangelo, M. Novel Genes of Early-Onset Epileptic Encephalopathies: From Genotype to Phenotypes. Pediatr. Neurol. 2015,
53, 119–129. [CrossRef]

69. Allen, N.M.; Conroy, J.; Shahwan, A.; Lynch, B.; Correa, R.G.; Pena, S.D.J.; McCreary, D.; Magalhães, T.R.; Ennis, S.; Lynch, S.A.;
et al. Unexplained early onset epileptic encephalopathy: Exome screening and phenotype expansion. Epilepsia 2016, 57, e12–e17.
[CrossRef]

70. Mielnik, C.A.; Binko, M.A.; Chen, Y.; Funk, A.J.; Johansson, E.M.; Intson, K.; Sivananthan, N.; Islam, R.; Milenkovic, M.; Horsfall,
W.; et al. Consequences of NMDA receptor deficiency can be rescued in the adult brain. Mol. Psychiatry 2021, 26, 2929–2942.
[CrossRef]

71. Martel, G.; Uchida, S.; Hevi, C.; Chévere-Torres, I.; Fuentes, I.; Park, Y.J.; Hafeez, H.; Yamagata, H.; Watanabe, Y.; Shumyatsky,
G.P. Genetic Demonstration of a Role for Stathmin in Adult Hippocampal Neurogenesis, Spinogenesis, and NMDA Receptor-
Dependent Memory. J. Neurosci. 2016, 36, 1185–1202. [CrossRef] [PubMed]

72. Poltavskaya, E.G.; Fedorenko, O.Y.; Kornetova, E.G.; Loonen, A.J.M.; Kornetov, A.N.; Bokhan, N.A.; Ivanova, S.A. Study of early
onset schizophrenia: Associations of GRIN2A and GRIN2B polymorphisms. Life 2021, 11, 997. [CrossRef] [PubMed]

73. Espinosa, J.S.; Wheeler, D.G.; Tsien, R.W.; Luo, L. Uncoupling dendrite growth and patterning: Single-cell knockout analysis of
NMDA receptor 2B. Neuron 2009, 62, 205–217. [CrossRef] [PubMed]

74. Li, Y.; Tang, W.; Kang, L.; Kong, S.; Dong, Z.; Zhao, D.; Liu, R.; Yu, S. Functional correlation of ATP1A2 mutations with phenotypic
spectrum: From pure hemiplegic migraine to its variant forms. J. Headache Pain 2021, 22, 92. [CrossRef]

75. de Carvalho Aguiar, P.; Sweadner, K.J.; Penniston, J.T.; Zaremba, J.; Liu, L.; Caton, M.; Linazasoro, G.; Borg, M.; Tijssen,
M.A.J.; Bressman, S.B.; et al. Mutations in the Na+/K+ -ATPase alpha3 gene ATP1A3 are associated with rapid-onset dystonia
parkinsonism. Neuron 2004, 43, 169–175. [CrossRef]

76. Moseley, A.E.; Lieske, S.P.; Wetzel, R.K.; James, P.F.; He, S.; Shelly, D.A.; Paul, R.J.; Boivin, G.P.; Witte, D.P.; Ramirez, J.M.; et al.
The Na,K-ATPase alpha 2 isoform is expressed in neurons, and its absence disrupts neuronal activity in newborn mice. J. Biol.
Chem. 2003, 278, 5317–5324. [CrossRef]

77. Matagne, V.; Wondolowski, J.; Frerking, M.; Shahidullah, M.; Delamere, N.A.; Sandau, U.S.; Budden, S.; Ojeda, S.R. Correcting
deregulated Fxyd1 expression rescues deficits in neuronal arborization and potassium homeostasis in MeCP2 deficient male mice.
Brain Res. 2018, 1697, 45–52. [CrossRef]

78. Deng, V.; Matagne, V.; Banine, F.; Frerking, M.; Ohliger, P.; Budden, S.; Pevsner, J.; Dissen, G.A.; Sherman, L.S.; Ojeda, S.R. FXYD1
is an MeCP2 target gene overexpressed in the brains of Rett syndrome patients and Mecp2-null mice. Hum. Mol. Genet. 2007, 16,
640–650. [CrossRef]

79. Hallengren, J.J.; Vaden, R.J. Sodium-potassium ATPase emerges as a player in hippocampal phenotypes of Angelman syndrome
mice. J. Neurophysiol. 2014, 112, 5–8. [CrossRef]

80. Zweier, C.; Peippo, M.M.; Hoyer, J.; Sousa, S.; Bottani, A.; Clayton-Smith, J.; Reardon, W.; Saraiva, J.; Cabral, A.; Gohring, I.; et al.
Haploinsufficiency of TCF4 causes syndromal mental retardation with intermittent hyperventilation (Pitt-Hopkins syndrome).
Am. J. Hum. Genet. 2007, 80, 994–1001. [CrossRef]

81. Rosenfeld, J.A.; Leppig, K.; Ballif, B.C.; Thiese, H.; Erdie-Lalena, C.; Bawle, E.; Sastry, S.; Spence, J.E.; Bandholz, A.; Surti, U.; et al.
Genotype-phenotype analysis of TCF4 mutations causing Pitt-Hopkins syndrome shows increased seizure activity with missense
mutations. Genet. Med. 2009, 11, 797–805. [CrossRef] [PubMed]

https://doi.org/10.1002/mgg3.816
https://doi.org/10.1111/epi.16679
https://doi.org/10.1001/jamaneurol.2016.0449
https://doi.org/10.1093/brain/awy304
https://doi.org/10.12688/f1000research.18949.1
https://doi.org/10.1038/ng1081
https://doi.org/10.1212/01.WNL.0000127310.11526.FD
https://doi.org/10.1093/brain/awab052
https://doi.org/10.1016/j.pediatrneurol.2015.04.001
https://doi.org/10.1111/epi.13250
https://doi.org/10.1038/s41380-020-00859-4
https://doi.org/10.1523/JNEUROSCI.4541-14.2016
https://www.ncbi.nlm.nih.gov/pubmed/26818507
https://doi.org/10.3390/life11100997
https://www.ncbi.nlm.nih.gov/pubmed/34685369
https://doi.org/10.1016/j.neuron.2009.03.006
https://www.ncbi.nlm.nih.gov/pubmed/19409266
https://doi.org/10.1186/s10194-021-01309-4
https://doi.org/10.1016/j.neuron.2004.06.028
https://doi.org/10.1074/jbc.M211315200
https://doi.org/10.1016/j.brainres.2018.06.013
https://doi.org/10.1093/hmg/ddm007
https://doi.org/10.1152/jn.00760.2013
https://doi.org/10.1086/515583
https://doi.org/10.1097/GIM.0b013e3181bd38a9
https://www.ncbi.nlm.nih.gov/pubmed/19938247


Cells 2023, 12, 1437 16 of 16

82. Sirp, A.; Roots, K.; Nurm, K.; Tuvikene, J.; Sepp, M.; Timmusk, T. Functional consequences of TCF4 missense substitutions
associated with Pitt-Hopkins syndrome, mild intellectual disability, and schizophrenia. J. Biol. Chem. 2021, 297, 101381. [CrossRef]
[PubMed]

83. Oyarzabal, A.; Xiol, C.; Castells, A.A.; Grau, C.; O’Callaghan, M.; Fernández, G.; Alcántara, S.; Pineda, M.; Armstrong, J.;
Altafaj, X.; et al. Comprehensive Analysis of GABAA-A1R Developmental Alterations in Rett Syndrome: Setting the Focus for
Therapeutic Targets in the Time Frame of the Disease. Int. J. Mol. Sci. 2020, 21, 518. [CrossRef] [PubMed]

84. Ure, K.; Lu, H.; Wang, W.; Ito-Ishida, A.; Wu, Z.; He, L.-J.; Sztainberg, Y.; Chen, W.; Tang, J.; Zoghbi, H.Y. Restoration of Mecp2
expression in GABAergic neurons is sufficient to rescue multiple disease features in a mouse model of Rett syndrome. eLife 2016,
5, e14198. [CrossRef]

85. Ehrhart, F.; Coort, S.L.M.; Cirillo, E.; Smeets, E.; Evelo, C.T.; Curfs, L.M.G. Rett syndrome - biological pathways leading from
MECP2 to disorder phenotypes. Orphanet J. Rare Dis. 2016, 11, 158. [CrossRef]

86. Lin, P.; Nicholls, L.; Assareh, H.; Fang, Z.; Amos, T.G.; Edwards, R.J.; Assareh, A.A.; Voineagu, I. Transcriptome analysis of human
brain tissue identifies reduced expression of complement complex C1Q Genes in Rett syndrome. BMC Genom. 2016, 17, 427.
[CrossRef]

87. Pacheco, N.L.; Heaven, M.R.; Holt, L.M.; Crossman, D.K.; Boggio, K.J.; Shaffer, S.A.; Flint, D.L.; Olsen, M.L. RNA sequencing and
proteomics approaches reveal novel deficits in the cortex of Mecp2-deficient mice, a model for Rett syndrome. Mol. Autism 2017,
8, 56. [CrossRef]

88. Novak, T.R.; Lin, S.; Kaushal, M.; Sperry, F.; Vigneault, E.; Gardner, S.; Loomba, K.; Shcherbina, V.; Keshari, A.; Dinis, A.; et al.
Target-agnostic discovery of Rett Syndrome therapeutics by coupling computational network analysis and CRISPR-enabled
in vivo disease modeling. bioRxiv 2022, arXiv:2022.03.20.485056. [CrossRef]

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

https://doi.org/10.1016/j.jbc.2021.101381
https://www.ncbi.nlm.nih.gov/pubmed/34748727
https://doi.org/10.3390/ijms21020518
https://www.ncbi.nlm.nih.gov/pubmed/31947619
https://doi.org/10.7554/eLife.14198
https://doi.org/10.1186/s13023-016-0545-5
https://doi.org/10.1186/s12864-016-2746-7
https://doi.org/10.1186/s13229-017-0174-4
https://doi.org/10.1101/2022.03.20.485056

	Introduction 
	Materials and Methods 
	Patient Samples 
	Sequencing 
	RTT-L Gene Literature Search 
	Physical Protein–Protein Interaction Networks (PPINs) for RTT- and RTT-L-Implicated Genes Network Analysis 
	Functional Enrichments Analysis 

	Results 
	Clinical and Molecular Characterization of Pathogenic Variants 
	Curation of Gene Lists 
	Phenotype Clustering of RTT-L Patients 
	Protein–Protein Interaction Networks (PPINs) across RTT and RTT-L Genes 
	Functional Enrichment 

	Discussion 
	References

