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INTRODUCTION
Rett syndrome (RTT; MIM 312750) is a neurodevelopmental 
disorder that mostly affects girls and is caused primarily by de 
novo mutations in the Methyl-CpG-binding Protein 2 (MECP2) 
gene on the X chromosome.1 The disorder, which affects approx-
imately 1 out of 10,000 live female births,2 is characterized by 
apparently normal early development in the first 6–18 months of 
life, followed by psychomotor regression involving loss of speech 
and hand use and development of gait problems and character-
istic repetitive hand stereotypies.3 RTT cases that satisfy all the 
revised diagnostic criteria of the disease are classified as typical 
RTT, and almost 97% of these patients carry de novo mutations 
in MECP2.3,4 Cases that satisfy some but not all of the diagnostic 
criteria are classified as atypical RTT, which are further divided 
based on overall severity or profile of symptoms. Up to 86% of 
atypical cases with mild symptoms, including the “preserved 
speech” variant of RTT, can be accounted for by mutations in 
MECP2.4,5 Some atypical cases with early onset of seizures before 
regression (“early seizure” variants) are due to de novo mutations 
in CDKL5, whereas those that regress earlier and have gross early 

abnormal development (“congenital” variants of RTT) are caused 
by mutations in FOXG1.6,7 However, mutations in the latter two 
genes account for a substantially smaller proportion of atypical 
RTT cases when compared to mutations in MECP2.

The primary RTT gene MECP2 codes for a methyl-CpG binding 
protein that binds to chromatin and both activates and represses 
gene transcription, as demonstrated by studies of gene expres-
sion changes in brains of knockout mice and of those overex-
pressing MECP2, in which reciprocal changes in expression were 
observed for many genes.8 Attempts have been made to show that 
MECP2, CDKL5, and FOXG1 share some common pathways.9 
For instance, MeCP2 can regulate the expression of CDKL5, 
whose protein product can, in turn, phosphorylate MeCP2. Some 
similarity has also been suggested between MECP2 and FOXG1 
based on their overlapping domains of expression in the brain.6 
Despite these observations, it remains unclear which specific 
biological functions or pathways may be affected in RTT. More 
recently, mutations in a few additional genes have been found in 
a few cases of RTT-like disorders. These genes include MEF2C,10 
WDR45 (ref. 11), and STXBP1 (refs. 12,13). Other genes that have 
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Purpose: Rett syndrome (RTT) is a neurodevelopmental disorder 
caused primarily by de novo mutations in MECP2 and sometimes in 
CDKL5 and FOXG1. However, some RTT patients lack mutations in 
these genes.

Methods: Twenty-two RTT patients without apparent MECP2, 
CDKL5, and FOXG1 mutations were subjected to both whole-exome 
sequencing and single-nucleotide polymorphism array–based copy-
number variant (CNV) analyses.

Results: Three patients had MECP2 mutations initially missed by 
clinical testing. Of the remaining 19, 17 (89.5%) had 29 other likely 
pathogenic intragenic mutations and/or CNVs (10 patients had 2 
or more). Interestingly, 13 patients had mutations in a gene/region 
previously reported in other neurodevelopmental disorders (NDDs), 

thereby providing a potential diagnostic yield of 68.4%. These muta-
tions were significantly enriched in chromatin regulators (corrected 
P = 0.0068) and moderately enriched in postsynaptic cell membrane 
molecules (corrected P = 0.076), implicating glutamate receptor sig-
naling.
Conclusion: The genetic etiology of RTT without MECP2, CDKL5, 
and FOXG1 mutations is heterogeneous, overlaps with other NDDs, 
and complicated by a high mutation burden. Dysregulation of chro-
matin structure and abnormal excitatory synaptic signaling may 
form two common pathological bases of RTT.
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been found to be mutated in a few RTT patients but have been 
associated primarily with non-RTT neurodevelopmental disabili-
ties are IQSEC2 (ref. 13), SCN8A,13 and SMC1A,14 suggesting that 
they might impact some shared biological pathways important to 
brain development and/or maintenance of proper brain function.

In this study we hypothesized that genes other than MECP2, 
CDKL5, and FOXG1 could contribute to RTT. We used genomic 
approaches to identify some of the genetic causes of both typical 
and atypical RTT patients who lack mutations in MECP2, CDKL5, 
and FOXG1, anticipating that at least some of the cases will be 
due to mutations in genes already implicated in other neurodevel-
opmental disorders involving epilepsy, intellectual disability, and 
autism spectrum disorder (ASD) owing to their phenotypic over-
lap with RTT. We carried out a combination of exome sequencing 
and high-density single-nucleotide polymorphism (SNP) array–
based copy-number variant (CNV) analyses of a total of 22 RTT 
patients lacking mutations in the above three genes.

MATERIALS AND METHODS
Patient cohort and clinical diagnosis
Written informed consent was obtained from all parents for par-
ticipation in this study, which was approved by the Institutional 
Review Board of the Baylor College of Medicine. All partici-
pants were enrolled in the Rett Syndrome Natural History Study 
(U54HD061222, ClinicalTrials.gov NCT00299312), and enroll-
ment in this study required either a clinical diagnosis of RTT 
or a pathogenic mutation in MECP2. Diagnosis of either typical 
or atypical RTT was made by expert clinicians (J.L.N., D.G.G., 
W.E.K., S.A.S., A.K.P.) following the recently revised diagnostic 
criteria.3 The requirements for a diagnosis of typical RTT are evi-
dence of a period of regression followed by stabilization, loss of 
acquired hand skills, loss of acquired spoken language, gait abnor-
malities, and stereotyped hand movements. These are considered 
the main criteria for diagnosis, and the presence of these features 
in the study participants is described in detail in Supplementary 
Table S1 online. The diagnosis of atypical RTT requires the period 
of regression followed by stabilization and 2 of the 4 remaining 
main criteria in addition to 5 of 11 supportive criteria. These are 
also outlined in Supplementary Table S1 online. 

Genomic DNA was extracted from peripheral blood at 
Baylor Molecular Genetics Diagnostic Laboratory according 
to standard Clinical Laboratory Improvement Amendments–
approved methods. Clinical efforts to arrive at a molecular 
diagnosis included Sanger sequencing of coding regions of 
known genes (MECP2, CDKL5, FOXG1) and assessing struc-
tural variations through a combination of methods, including 
multiplex ligation-dependent probe amplification, Southern 
blotting, and bacterial artificial chromosome or oligonucleotide 
array comparative genomic hybridization.

SNP genotyping and CNV analysis
Genome-wide CNV analysis was performed by genotyp-
ing probands on the Illumina Omni 2.5m SNP array using 
standard procedures in the Laboratory for Translational 
Genomics at Baylor College of Medicine. Penn CNV  

(http://penncnv.openbioinformatics.org/en/latest/user-guide/
download/) was used to identify CNVs from arrays that had a call 
rate >99%, SD of log R ratio <0.3, and a GC wave factor between 
−0.04 and +0.04. All samples satisfied these criteria. Two samples 
(cases 102000 and 101329) resulted in more than 800 CNV calls 
each and were removed. CNVs from the remaining samples were 
filtered to retain those that were at least 30 kb long with 10 or 
more SNPs and a confidence score of at least 10 and that impacted 
at least one exon of at least one protein-coding gene.

Exome sequencing and variant identification
Genomic DNA of probands and parents was processed for 
paired-end whole-exome sequencing on an Illumina HiSeq 2000 
(Illumina, San Diego, CA) at the Baylor–Hopkins Center for 
Mendelian Genomics. Exome capture was achieved using either 
the Baylor College of Medicine–developed Human Genome 
Sequencing Center (HGSC) Core reagent or NimbleGen’s 
VCRome 2.1 reagent (Roche NimbleGen, Madison, WI).15 
More than 6 Gb of uniquely aligned sequence was produced 
per individual, with at least 85% of bases covered by ≥20× and 
overall average coverage of 87×. Alignments were made using 
a Burrows-Wheeler Aligner (BWA v0.5.9, https://github.com/
lh3/bwa) for the hg19 reference human genomes and duplicates 
flagged by Picard v1.98 (http://broadinstitute.github.io/picard/). 
Variants were identified by following the best practice work flow 
of the Genome Analysis Toolkit (GATK v2.5-2, https://github.
com/broadinstitute/gatk) and annotated using ANNOVAR 
(v2014Sept09, http://annovar.openbioinformatics.org/en/latest/
user-guide/download/).

Variants were filtered to select only those whose inheritance 
appeared to be consistent with dominant or recessive models 
of disease (de novo, homozygous, compound heterozygous). 
Because RTT results in a clinically obvious and severe pheno-
type, it is extremely unlikely to be caused by variants present in 
control populations or in populations with other nonneurode-
velopmental diseases, even at low frequencies. Thus, for de novo 
variants, we prioritized only those not found in the dbSNP138, 
1000 Genomes, ESP6500, and ExAC databases. For compound 
heterozygous variants, the frequency of each individual variant 
had to be less than 0.005 (with no homozygotes reported for 
either variant) so as to be consistent with a reasonable combined 
incidence of typical and atypical RTT cases not caused by muta-
tions in MECP2, CDKL5, and FOXG1 of approximately 0.000025, 
which is 25% of the total incidence of RTT of 1 out of 10,000. The 
total read-depth cutoff was set at 10; for heterozygous variants, at 
least two reads had to carry the variant. Additionally, the propor-
tion of reads with the heterozygous variant had to be 15–85%. 
Missense variants were prioritized based on their predicted del-
eteriousness as determined by 12 tools (SIFT, Polyphen2_HDIV, 
Polyphen2_HVAR, LRT, MutationTaster, MutationAssessor, 
FATHMM, RadialSVM, LR, and VEST3, and conservation 
scores from GERP++_RS and CADD, http://annovar.openbioin-
formatics.org/en/latest/user-guide/download/#-for-filter-based-
annotation). The following additional criteria were used to select 
likely pathogenic variants from RTT patients for whom DNA 
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samples of one or both parents were unavailable: occurrence in 
genes previously reported to have de novo mutations in epilep-
tic encephalopathies,16,17 ASD,18–22 intellectual disability,23 unex-
plained developmental delays,24,25 and observation of a nervous 
system phenotype in mice (phenotype code MP:0003631 from 
Mouse Genome Informatics (http://www.informatics.jax.org/
phenotypes.shtml).

Sanger validation of candidate variants from exome data
Standard polymerase chain reaction (PCR) was used to amplify 
products with 300–800 bp for Sanger sequencing. Briefly, 
20–30 ng of genomic DNA template and KAPA HiFi Hotstart 
DNA polymerase (KAPA Biosystems, Woburn, MA) were used 
for amplification in a 30-µl reaction per the manufacturer’s 
instructions. All forward and reverse primers were designed to 
have M13F-41 (GGTTTTCCCAGTCACGAC) and M13R-27 
(GGAAACAGCTATGACCATG) universal sequences at their 
5′ ends, respectively. PCR products were cleaned with a clean-
up kit (Qiagen, Valencia, CA, or Bioneer, Alameda, CA) and 
sequenced at SeqWright, LoneStar Sequencing (both Houston, 
TX), or Eton Bioscience (San Diego, CA).

RESULTS
Overview of genetic findings
Of the 22 patients examined, 11 had a clinical diagnosis of typ-
ical RTT and 11 had atypical RTT (Supplementary Table S1 
online), as defined by the consensus criteria, which are out-
lined in Supplementary Table S1.3 Notably, all patients showed 
regression followed by stabilization, specifically either a loss of 
hand skills or spoken language, gait abnormalities, and charac-
teristic repetitive hand stereotypies. Exomes of both unaffected 
parents of six typical and seven atypical RTT patients were also 
sequenced. All variants considered to be likely pathogenic are 
presented in Supplementary Table S4. This table also lists all 
de novo mutations identified from exome analysis, regardless 
of whether they were considered likely pathogenic. All CNVs 
and exome variants selected for Sanger validation per case are 
listed in Supplementary Table S2. The Sanger sequence of 
one mosaic de novo mutation is presented in Supplementary 
Figure S1. The intensity and B-allele frequency plots of CNVs 
are provided as Supplementary Figures S2–S10. 

Three patients were found to have causative MECP2 muta-
tions that were initially missed during clinical testing. One, 
a 5-bp frameshift deletion (p.E50fs) in the third exon of 
MECP2 not present in the unaffected mother, was eventu-
ally detected in the clinic upon resequencing. The second 
was a de novo 17-bp frameshift duplication c.41_57dup17 
(p.R20fs) initially undetected by clinical sequencing 
because this exon was not routinely sequenced. However, a 
revised sequencing report was able to detect this mutation. 
Our exome sequence data could not detect this mutation 
because of the high GC content of the first exon of MECP2, 
a molecular feature that can decrease capture efficiency in 
the hybridization-based capture step of exome sequencing. 
Considering this, we Sanger-sequenced the first exon of 

MECP2 in all the remaining patients and found one de novo 
mutation (M1V) in the initiation codon. This exact mutation 
has been reported in a typical RTT patient and is expected to 
abolish the normal translation of the MeCP2_e1 transcript, 
which is the more abundant isoform in the nervous system.26

From the exome data of the remaining 19 patients, we 
selected 78 variants for Sanger-based confirmation, of which 13 
(16.7%) were loss-of-function (nonsense, splice, and frameshift 
insertions or deletions), 4 were in-frame insertions or deletions, 
1 was a stop-loss mutation, and 60 were missense mutations. 
From these, a total of 15 de novo mutations were confirmed 
in 11 trios, giving a rate of 1.36 such mutations per trio. One 
de novo mutation was apparently mosaic. Three (25%) de novo 
mutations were loss-of-function. One de novo deletion CNV 
was also identified. At least one likely pathogenic mutation was 
found in 17 of the 19 patients (89.5%), with 13 having muta-
tions previously associated with other neurodevelopmental 
disorders, thereby providing a potential molecular diagnostic 
yield of 68.4%. This suggests that severe neurodevelopmental 
disorders are more likely than not caused by genetic defects due 
to new mutations.

An increased mutation burden potentially contributes to 
RTT phenotype
Ten of 19 patients (52.6%) had more than one likely patho-
genic mutation identified from exome sequence data, CNV 
analysis, or both. This is a high proportion of cases with mul-
tiple likely causal variants, suggesting that a high burden of 
mutation may contribute to the final disease phenotype in 
these cases. Even though not all individual de novo muta-
tions were considered to contribute to disease, we noted 
that 4 of the 11 patients whose mutations were part of com-
plete trios carried two or more such mutations from exome 
sequence data. We therefore determined the overall rate of 
such protein-altering de novo mutations in RTT patients 
and compared it with the same rate reported in controls.27 
Because 15 confirmed de novo mutations were identified out 
of a total of 695,695,712 high-quality bases sequenced at a 
depth of at least 10×, the rate was 1.36 de novo mutations 
per trio, or 2.16 × 10−8 per base per generation. Although this 
rate is higher, it is not statistically significantly different from 
the reported27 control rate of 1.47 × 10−8 (binomial P = 0.15), 
which probably reflects the small sample size of 11 trios. 
However, when the two patients with confirmed de novo 
mutations in MECP2 (one of whom also had five additional 
de novo mutations, all of which are listed in Supplementary 
Table S4 online) were included, the observed rate of such 
mutations was 1.70 per trio (22 de novo mutations in 13 trios 
with 829,661,092 high-quality bases sequenced at a depth of 
at least 10×) or 2.57 × 10−8 per base per generation, which is 
significantly higher than the reported rate in controls (bino-
mial P = 0.009). Hence, a high burden of de novo mutations 
may be a feature of RTT in general, which, when combined 
with CNVs, results in an increased overall mutation burden 
that contributes to RTT.
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Enrichment of chromatin regulators and glutamate 
receptor signaling molecules in genes with likely 
pathogenic mutations
We asked whether the genes with likely pathogenic muta-
tions in our patients were significantly enriched for those 
that code for proteins with common biological functions. We 
compiled a list of 46 genes (Table 1) comprising those with 
likely pathogenic intragenic mutations identified from exome 
sequencing as well as select genes impacted by CNVs in our 
patients with intragenic de novo mutations that had been 
reported in at least one patient in large-scale exome sequenc-
ing studies of ASD, intellectual disability, epilepsy, and other 
developmental disorders. Using the DAVID functional annota-
tion tool (https://david.ncifcrf.gov/), we found that there was 
highly significant enrichment of the term “chromatin regula-
tor” (uncorrected P = 0.00011; Benjamini-Hochberg corrected  
P = 0.0068) of the Protein Information Resource database. 
The six genes within this term were ACTL6B, BRD1, CHD4, 
HDAC1, SMARCB1, and TRRAP. There was also a moderate 
enrichment of the term “postsynaptic cell membrane” (uncor-
rected P = 0.002; Benjamini-Hochberg corrected P = 0.076). 
The four genes within this term were GABRB2, GRIN2A, 
GRIN2B, and SHANK3, with the last three being members of 
the glutamate receptor signaling pathway. 

We next asked whether the protein products of genes listed 
in Table 1, when analyzed together with the known RTT genes 
MECP2, CDKL5, and FOXG1, physically interact with one 
another, colocalize, or participate in the same step of a given 
pathway. GeneMania (http://www.GeneMANIA.org/) identi-
fied 23 of the 46 genes (50%) that interacted with one another 
(or with other genes reported to have mutations in neurode-
velopmental disorders and/or with genes showing an expres-
sion change in MECP2 mutant model system) either directly 
or indirectly in at least one of these three ways (Figure 1). To 
ascertain that the enrichment discovered from these cases is not 
spurious, a similar analysis using 65 genes with de novo loss-
of-function and missense mutations predicted to be deleterious 
observed in control individuals in several studies did not yield 
significant results (Supplementary Table S3 and Figure S11 
online).18,20,27,28 Functional annotation using DAVID showed 
an enrichment of “phosphoprotein,” comprising 41 genes and 
a corrected P = 0.0093, which was not considered a highly spe-
cific enrichment. These analyses support the contention that 
many genes mutated in our RTT patients share some features 
with the other known RTT genes, further implicating them as 
having a role in this disease.

DISCUSSION
It is well known that MeCP2, the product of the primary 
RTT gene, has the capacity to alter chromatin structure. 
Notable lines of evidence include abnormal organization of 
heterochromatin during neural differentiation of a Mecp2-
deficient mouse embryonic stem cell line, the inability of 
MeCP2 containing many RTT-causing missense mutations 
to cause heterochromatin to cluster, and the requirement of 

Table 1  Forty-six genes with de novo and likely 
pathogenic mutations contributing to RTT identified 
from either exome sequencing or CNV analysis used for 
enrichment testing of biological functions
Gene Source
ACTL6B Exome

AUTS2 CNV

BRAF Exome

BRD1 CNV

CELSR1 CNV

CHD4 Exome

CHL1 CNV

CNTN6 CNV

FAM151A Exome

FAT3 Exome

GABRB2 Exome

GRIN2A Exome

GRIN2B Exome

HDAC1 Exome

HERC2 CNV

IMPDH2 Exome

IQGAP3 Exome

IQSEC2 Exome

KCNJ10 Exome

LAMB2 Exome

LRRC40 Exome

NAGA CNV

NCOR2 Exome

NDNL2 CNV

OTUD7A CNV

PLXNB2 CNV

PPP6R2 CNV

SBF1 CNV

SCO2 CNV

SCUBE1 CNV

SHANK3 CNV

SLC2A1 CNV

SLC39A13 Exome

SLC6A1 CNV

SMARCB1 CNV

SMC1A Exome

SPECC1L CNV

STXBP1 Exome

TCF20 CNV

TCF4 Exome

TRPM1 CNV

TRRAP Exome

TUBGCP6 CNV

WDR45 Exome

WNT7B CNV

ZNF536 Exome

Genes from CNVs were selected if they had intragenic de novo mutations reported 
previously by large-scale exome sequencing studies of ASD, intellectual disability, 
epilepsy, or developmental delays (see text for appropriate references). All 46 
genes served as input to determine enriched terms using the DAVID functional 
annotation tool as well as to generate the interaction network in Figure 1, except 
that in the latter case three RTT genes were also included (MECP2, CDKL5, and 
FOXG1).

CNV, copy-number variant; RTT, Rett syndrome.
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MeCP2 binding to chromatin to form loops that bring distal 
regions into close proximity for the proper transcription of 
specific genes.8 Because RTT is commonly considered part of 
ASD, it is not surprising that other studies have also uncov-
ered mutations in chromatin regulators in ASD.29 Given 
that we observed a significant enrichment of mutations in 
genes coding for chromatin regulators despite our small 
sample size compared to those of ASD studies, it is possible 
that dysregulation of normal chromatin architecture plays a 
more important role in the etiology of RTT, which is more 
severe than ASD. Nevertheless, our results demonstrate the 
presence of a shared biological function that is disrupted 
more often in both RTT and ASD and raises the possibility 
of further research into discovering overlapping treatment 
options for these two related, yet distinct, disorders.

Dysregulation of neuronal excitation is one factor that leads 
to RTT because many patients have seizures. Interestingly, pre-
vious studies utilizing Mecp2 mutant mice have implicated both 
the glutamate and GABA signaling pathways. For instance, 

MeCP2-deficient hippocampal glutamatergic neurons exhibit a 
significant reduction in synaptic response, whereas those that 
overexpress MECP2 display a higher response.30 Additionally, 
ablating Mecp2 function in cortical excitatory neurons but not 
inhibitory forebrain neurons leads to spontaneous seizures in 
mice.31 The glutamate signaling pathway is also dysregulated 
in other neurodevelopmental disorders related to RTT, such as 
ASD32 and intellectual disability.23 In light of this, our results 
reinforce the role of abnormal glutamatergic signaling in RTT 
and, given its importance in other disorders, warrant further 
research to explore the possibility of treatment options that 
modulate this neuronal pathway as is being done for ASD.32 
Our exome and CNV data did not reveal likely pathogenic vari-
ants in many genes from the GABA signaling pathway, possibly 
because of the small size of our patient cohort.

Given the clinical features shared by RTT with other neu-
rodevelopmental disorders, such as ASD, Pitt-Hopkins syn-
drome, and Cornelia de Lange Syndrome, it is not surprising 
that most of our patients had likely pathogenic variants 

Figure 1  An interaction network of genes with likely pathogenic mutations contributing to RTT in our patients. Black circles represent input 
genes; gray circles represent genes highly related to the input genes chosen by the network-building algorithm to maximize connectivity. The network was 
generated using an input list of 46 genes with likely pathogenic mutations listed in Table 1 as well as the 3 known RTT genes: MECP2, CDKL5, and FOXG1. 
Of the 46 genes, 23 were found to interact among one another, either directly or indirectly through at least one of three ways: physical interactions (orange 
lines), colocalization of protein products (light blue lines), and participating in the same step of a given pathway (light green lines). Asterisks indicate genes 
related to input genes that have been reported to either carry de novo mutations in at least one patient with other NDDs (TBL1XR1, MTMR2, AKR1C4) or 
whose expression has been reported to be significantly altered in a MECP2 mutant model system (DAB1, ITGA2, LAMA5), or both (GLIS2, LAMC3, SMARCE1). 
Network weighting was assigned based on query genes to maximize connectivity among input genes, and, at most, 20 related genes and 10 related attributes 
were allowed to be incorporated in the network. NDD, neurodevelopmental disorder.
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in genes and CNVs that had previously been reported in 
patients with other disorders. However, what was surprising 
was that 10 of the 19 patients (52.6%) carried two or more 
likely pathogenic mutations, including a combination of 
intragenic variants and CNVs, suggesting the importance of 
increased mutation burden in causing disease. Even though 
4 of the 11 RTT probands who were part of complete trios 
who lacked mutations in the three known RTT genes carried 
at least two de novo mutations, the overall burden of such 
mutations was not significantly different from the reported 
rate in control trios. Interestingly, including just two addi-
tional trios who had de novo MECP2 mutations revealed 
that this rate was significantly higher. Thus, it is possible that 
there is an increased burden of de novo intragenic mutations 
in RTT in general, and it will be interesting to assess these, 
as well as CNVs, in a larger cohort of patients, particularly 
those who also harbor causal MECP2 mutations, and per-
form detailed genotype–phenotype correlations. 

Similar increases in mutation burden have been observed 
in other neurologic disorders such as Charcot–Marie–Tooth 
disease, a peripheral neuropathy in which a high burden of 
rare variants has been shown to contribute to variable expres-
sivity, possibly by destabilizing different pathways and protein 
networks that could in turn modulate the phenotype.33 This 
underscores the importance of using both exome sequencing 
and CNV analyses to identify a specific combination of likely 
causal variants that could help explain the variability of phe-
notypes in individual patients who otherwise meet the overall 
diagnostic criteria of a particular disorder.

Our study shows that the genetic etiology of RTT patients 
without mutations in MECP2, CDKL5, and FOXG1 is hetero-
geneous because we did not find any recurrent pathogenic 
variants. Although our cohort of RTT patients is, to date, 
the largest reported one of its kind subjected to both exome 
sequencing and CNV analysis, recurrence will undoubt-
edly be observed as larger cohorts are analyzed. A particu-
lar focus on genes involved in chromatin remodeling and 
glutamate signaling in additional patients could help iden-
tify recurrence and/or novel RTT genes because these path-
ways were overrepresented by the genes found mutated in 
our cohort. We also note the usefulness of many large-scale 
exome sequencing studies of ASD, intellectual disability, epi-
leptic encephalopathy, and unexplained development delay, 
as these have revealed de novo mutations in many genes in 
single patients. Smaller-scale studies with more phenotypic 
information can potentially bolster the evidence support-
ing the involvement of many of these genes in neurologi-
cal disease because studies of these smaller cohorts may also 
identify single patients with deleterious de novo mutations 
in those same genes. The challenge will be to compare in 
detail the clinical phenotypes of the respective patients from 
disparate studies and cohorts, keeping in mind that any phe-
notypic differences may not necessarily exclude the gene in 
question as being causal because there could be additional 
variants elsewhere that modify the phenotype.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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