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Abstract

Purpose—Rett Syndrome (RTT) is a neurodevelopmental disorder caused primarily by de novo
mutations (DNMs) in MECPZ and sometimes in COKL5and FOXGI. However, some RTT cases
lack mutations in these genes.

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

Results—Three cases had MECPZ mutations initially missed by clinical testing. Of the
remaining 19 cases, 17 (89.5%) had 29 other likely pathogenic intragenic mutations and/or CNVs
(10 cases had two or more). Interestingly, 13 cases had mutations in a gene/region previously
reported in other NDDs, thereby providing a potential diagnostic yield of 68.4%. These mutations
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were significantly enriched in chromatin regulators (corrected p = 0.0068) and moderately in
postsynaptic cell membrane molecules (corrected p = 0.076) implicating glutamate receptor
signaling.

Conclusion—The genetic etiology of RTT without MECPZ, CDKL5, and FOXG1 mutations is
heterogeneous, overlaps with other NDDs, and complex due to high mutation burden.
Dysregulation of chromatin structure and abnormal excitatory synaptic signaling may form two
common pathological bases of RTT.

Keywords
Rett syndrome; chromatin regulation; glutamate signaling; exome sequencing; CNV

Introduction

Rett Syndrome (RTT, MIM #312750) is a neurodevelopmental disorder that mostly affects
girls and is primarily caused by de novo mutations in the Methyl-CpG-binding Protein 2
(MECP2) gene on the X chromosome.! The disorder affects about 1 out of 10,000 live
female births? and 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 characteristic repetitive hand stereotypies.® RTT cases
that satisfy all the revised diagnostic criteria of the disease are classified as typical RTT and
almost 97% of these carry de novo mutations in MECP2.3* 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*° Some atypical cases with an early onset of seizures before
regression (“early seizure” variants) are due to de novo mutations in CDKL5, whereas those
that regress earlier and have a gross early abnormal development (“congenital” variants of
RTT) are caused by mutations in FOXG1.57 However, mutations in the latter two genes
account for a substantially smaller proportion of atypical RTT cases when compared to
mutations in MECPZ.

The primary RTT gene MECPZ codes for a methyl-CpG binding protein that binds to
chromatin and both activates and represses gene transcription, as demonstrated by studies of
gene expression changes in brains of knockout mice and of those over-expressing MECP2
where 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.? For
instance, MeCP2 can regulate the expression of CDKL5whose protein product can in turn
phosphorylate MeCP2. Some similarity has also been suggested between MECP2and
FOXG1 based on their overlapping domains of expression in the brain. Despite these
observations, it remains unclear as to which specific biological functions or pathways may
be affected in RTT. More recently, mutations in a few additional genes have been found in a
handful of cases of RTT-like disorders. These genes include MEF2C10 WDR4511
STXBP1.1213 Other genes found to be mutated in a few RTT cases, but which have
primarily been associated with non-RTT neurodevelopmental disabilities, are /QSEC213
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SCN8A13 and SMC1A Y 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 MECPZ, CDKL5, and FOXGI could
contribute to RTT. We used genomic approaches to identify some of the genetic causes of
both typical and atypical RTT cases that lack mutations in MECPZ, CDKL5, and FOXG,
anticipating that at least some of the causes will be due to mutations in genes already
implicated in other neurodevelopmental disorders involving epilepsy, intellectual disability,
and autism spectrum disorder (ASD) due to their phenotypic overlap with RTT. We carried
out a combination of exome sequencing and high density single nucleotide polymorphism
(SNP) array-based copy number variant (CNV) analyses on a total of 22 RTT cases lacking
mutations in the above three genes.

Materials and Methods

Patient Cohort and Clinical Diagnosis

Written, informed consent was obtained from all parents for participation in this study,
which was approved by the Institutional Review Board of the Baylor College of Medicine.
All of the participants were enrolled in the Rett Syndrome Natural History Study
(U54HD061222, clinicaltrials.gov NCT00299312), and enrollment in this study requires
either a clinical diagnosis of RTT or a pathogenic mutation in MECPZ. Diagnosis of either
typical or atypical RTT was made by expert clinicians (JLN, DGG, WEK, SAS, AKP)
following the recently revised diagnostic criteria3. The requirements for a diagnosis of
typical RTT is evidence of a period of regression followed by stabilization, loss of acquired
hand skills, loss of acquired spoken language, gait abnormalities, and stereotyped hand
movements. These are considered the “main criteria” for diagnosis and the presence of these
features in the participants in this study are presented in detail in Table S1. The diagnosis of
atypical RTT requires the period of regression followed by stabilization and two of the four
remaining main criteria, plus 5/11 supportive criteria. This is also outlined in Table S1.
Genomic DNA was extracted from peripheral blood at Baylor Molecular Genetics
Diagnostic Laboratory according to standard, CLIA approved methods. Clinical efforts to
arrive at a molecular diagnosis included Sanger-sequencing of coding regions of known
genes (MECPZ, CDKL5, FOXGI) and assessing structural variations through a combination
of methods including Multiplex Ligation-Dependent Probe Amplification (MLPA), Southern
blotting, and BAC or oligonucleotide array comparative genomic hybdridization.

SNP Genotyping and Copy Number Variation (CNV) Analysis

Genome-wide copy number variation (CNV) analysis was performed by genotyping
probands on the Illumina Omni 2.5m single nucleotide polymorphism (SNP) array using
standard procedures in the Laboratory for Translational Genomics at Baylor College of
Medicine. PennCNV was used to identify CNVs from arrays that had >99% call rate,
standard deviation of log R ratio <0.3, and GC wave factor between -0.04 and +0.04. All
samples satisfied these criteria. Two samples (cases 102000 and 101329) each resulted in
over 800 CNV calls and were removed. CNVs from remaining samples were filtered to
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retain those that were at least 30-kilobases in length with 10 or more SNPs and a confidence
score of at least 10 and which 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 Illumina HiSeq 2000 at the Baylor-Hopkins Center for Mendelian Genomics.
Exome capture was achieved either by the Baylor College of Medicine-developed Human
Genome Sequencing Center (HGSC) Core reagent or Nimblegen's VCRome 2.1 reagent.1>
Over 6Gb of uniquely aligned sequence was produced per individual with at least 85% of
bases covered by >=20x and overall average coverage of 87x. Alignments were made using
Burrows-Wheeler Aligner (BWA v0.5.9) to the hg19 reference human genomes and
duplicates flagged by Picard v1.98. Variants were identified by following the best practice
work-flow of the Genome Analysis Toolkit (GATK v2.5-2) and annotated using ANNOVAR
(v2014Sept09).

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).
Since RTT results in a clinically obvious and severe phenotype, it is extremely unlikely to be
caused by variants present in control populations or in populations with other non-
neurodevelopmental diseases even at low frequencies. Thus, for de novo variants, we
prioritized only those that were not found in 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 both variants) so as to
be consistent with a reasonable combined incidence of typical and atypical RTT cases not
caused by mutations in MECPZ, CDKL 5, and FOXG1 of about 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, and
for heterozygous variants at least 2 reads had to carry the variant. Additionally, the
proportion of reads with the heterozygous variant had to be between 15-85%. Missense
variants were prioritized based on their predicted deleteriousness as determined by 12 tools
(SIFT, Polyphen2_HDIV, Polyphen2_HVAR, LRT, MutationTaster, MutationAssessor,
FATHMM, RadialSVM, LR, VEST3, and conservation scores from GERP++_RS and
CADD). These additional criteria were used to select likely pathogenic variants from RTT
cases for whom DNA samples of one or both parents were unavailable: occurrence in genes
previously reported to have de novo mutations in epileptic encephalopathies, 1617 Autism
Spectrum Disorders (ASD),18-22 intellectual disability (1D),23 and unexplained
developmental delays;242° and an observation of a nervous system phenotype in mouse
(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 between 300-800
base pairs for Sanger sequencing. Briefly, between 20-30ng of genomic DNA template and
KAPA HiFi Hotstart DNA polymerase (KAPA Biosystems, Woburn MA) were used for
amplification in a 30ul reaction as per the manufacturer's instructions. All forward and
reverse primers were respectively designed to have M13F-41
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(GGTTTTCCCAGTCACGAC) and M13R-27 (GGAAACAGCTATGACCATG) universal
sequences at their 5-prime ends. PCR products were cleaned with a clean-up kit (Qiagen,
Valencia CA or Bioneer Inc, Alameda CA) and sequenced at at SeqWright, LoneStar
Sequencing (both Houston TX) or Eton Bioscience (San Diego CA).

Overview of Genetic Findings

Of the 22 cases examined, 11 had a clinical diagnosis of typical and 11 of atypical RTT
(Table S1), as defined by the consensus criteria which is outlined in Table S13. Notably, all
cases showed regression followed by stabilization, specifically lost either hand skills or
spoken language, had gait abnormalities, and developed characteristic repetitive hand
stereotypies. Exomes of both unaffected parents of 6 typical and 7 atypical RTT cases were
also sequenced. All variants considered to be likely pathogenic are in Table 1. This table also
lists all de novo mutations identified from exome analysis, regardless of whether they were
considered likely pathogenic or not. All CNVs and exome variants that were selected for
Sanger-validation per case are listed in Table S2. Sanger sequence of one mosaic de novo
mutation is presented in Fig. S1. The intensity and B-allele frequency plots of CNVs are
provided as Figs. S2-S10. Three cases were found to have causative MECPZ mutations that
were initially missed during clinical testing. One was a 5 base-pair (bp) frameshift deletion
(p.E50fs) in the third exon of MECPZnot present in the unaffected mother and which was
eventually detected in the clinic upon resequencing. The second was a de novo 17bp
frameshift duplication ¢.41 57dupl7 (p.R20fs) initially undetected by clinical sequencing as
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 due to the high
GC content of the first exon of MECPZ, a molecular feature that can decrease capture
efficiency in the hybridization-based capture step of exome sequencing. In light of this, we
sequenced by Sanger the first exon of MECPZin all the remainder of our cases and found
one de novo mutation (M1V) in the initiation codon in case. 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 cases 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, one was a stoploss 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 cases (89.5%) with 13 having mutations previously associated with other NDDs,
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.
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An Increased Mutation Burden Potentially Contributes to RTT Phenotype

Ten of 19 cases (52.6%) had more than one likely pathogenic mutation identified either from
exome sequence data, CNV analysis, or both. This is a high proportion of cases with
multiple likely causal variants, and suggests that a high burden of mutation may contribute
to the final disease phenotype in these cases. Even though not all individual de novo
mutations were considered to contribute to disease, we note that 4 out of the 11 cases that
were part of complete 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
cases and compared it with the same rate reported in controls.2” As there were 15 confirmed
de novo mutations identified out of a total of 695,695,712 high quality bases sequenced at a
depth of at least 10x, the rate was 1.36 DNMs per trio, or 2.16x108 per base per generation.
While this rate is higher, it is statistically not significantly different from the reported?”
control rate of 1.47x108 (binomial p = 0.15), which likely reflects the small sample size of
11 trios. However, when the two cases with confirmed de novo mutations in MECPZ (one of
whom also had five additional de novo mutations all of which are listed in Table 1) were
included, then 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 10x), or
2.57x10°8 per base per generation, which is significantly higher than the reported rate in
controls (binomial 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.

Enrichment of Chromatin Regulators and Glutamate Receptor Signaling Molecules in
Genes with Likely Pathogenic Mutations

We asked whether the genes with likely pathogenic mutations in our patients were
significantly enriched for those that code for proteins with common biological functions. We
compiled a list of 46 genes (Table 2) comprising those with likely pathogenic intragenic
mutations identified from exome sequencing as well as select genes impacted by CNVs in
our patients in which intragenic de novo mutations had been reported in at least one patient
in large-scale exome sequencing studies of ASD, intellectual disability, epilepsy, and other
developmental disorders. Using the DAVID functional annotation tool (https://
david.ncifcrf.gov/) we found that there was a highly significant enrichment of the term
“chromatin regulator” (uncorrected p = 0.00011; Benjamini-Hochberg corrected p = 0.0068)
of the Protein Information Resource (PIR) database. The six genes within this term were
ACTL6B, BRD1, CHD4, HDACI1, SMARCBI1, TRRAP. There was also a moderate
enrichment of the term “postsynaptic cell membrane” (uncorrected p = 0.002; Benjamini-
Hochberg corrected p = 0.076). The four genes within this term were GABRBZ, GRINZA,
GRINZB, and SHANKS3, the latter three being members of the glutamate receptor signaling
pathway. We next asked whether the protein products of genes listed in Table 2, when
analyzed together with the known RTT genes MECP2, CDKL5, and FOXG1, physically
interact with each other, co-localize, or participate in the same step of a given pathway.
Using GeneMania (http://www.GeneMANIA.org/) there were 23 out of the 46 genes (50%)
that interacted with each other (or with other genes reported to have mutations in NDDs
and/or with genes showing an expression change in MECPZ2 mutant model system) either
directly or indirectly through at least one of these three ways (Figure 1). To determine
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whether 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 from several studies did not yield significant results (Table
S3 and Figure $11).18:20.27.41 Fynctional annotation using DAVID showed an enrichment of
a broad term “phosphoprotein” comprising of 41 genes and a corrected p=0.0093 which was
not considered a highly specific enrichment. These analyses support the contention that
many genes mutated in our RTT patients share some common 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 MeCP2 binding to chromatin to form
loops that bring distal regions into close proximity for the proper transcription of specific
genes.® Because RTT is commonly considered to be part of ASD, it is not surprising that
other studies have also uncovered mutations in chromatin regulators in ASD.28 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, but yet distinct, disorders.

Dysregulation of neuronal excitation is one factor that leads to RTT as many patients have
seizures. Interestingly, previous 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
over-express MECPZ display a higher response.2? Additionally, ablating Mecp2 function in
cortical excitatory neurons but not inhibitory forebrain neurons leads to spontaneous
seizures in mice.30 The glutamate signaling pathway is also dysregulated in other
neurodevelopmental disorders related to RTT such as ASD3! 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.31 Our
exome and CNV data did not reveal likely pathogenic variants in many genes from the
GABA signaling pathway potentially due to the small size of our patient cohort.

Because of the presence of some shared clinical features between RTT and other
neurodevelopmental disorders such as ASD, Pitt-Hopkins Syndrome, and CdLS, it is not
surprising that most of our cases had likely pathogenic variants in genes and CNVs that had
previously been reported in patients with other disorders. However, what was surprising was
that 10 out of the 19 cases (52.6%) carried two or more likely pathogenic mutations
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including a combination of intragenic variants and CNVSs, suggesting the importance of
increased mutation burden in causing disease. Even though 4 out of the 11 RTT probands
that 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 additional
trios who had de novo MECP2Z 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 that also harbor causal MECP2 mutations and carry out 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 was shown to contribute towards variable
expressivity by possibly destabilizing different pathways and protein networks which could
in turn modulate the phenotype.32 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 phenotypes in individual patients who otherwise
meet the overall diagnostic criteria of particular disorder.

Our study shows that the genetic etiology of RTT cases without mutations in MECPZ,
CDKL 5, and FOXG1 is heterogeneous as we did not find any recurrent pathogenic variants.
While our cohort of RTT patients is the largest of its kind reported to date subjected to both
exome sequencing and CNV analysis, recurrence will undoubtedly be observed as larger
cohorts are analyzed. A particular focus on genes involved in chromatin remodeling and
glutamate signaling in additional patients could help identify recurrence and/or novel RTT
genes as these pathways were over-represented by the genes found mutated in our cohort.
We also note the usefulness of many large scale exome sequencing studies of ASD,
intellectual disability, epileptic 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 supporting the
involvement of many of these genes in neurological disease as these smaller cohorts may
also find 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 phenotypic differences may not
necessarily exclude the gene in question as being causal because there could be additional
variants elsewhere modifying the phenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
An interaction network of genes with likely pathogenic mutations contributing to RTT in our

cases. Black circles are input genes and gray circles are genes highly related to the input
genes chosen by the network-building algorithm to maximize connectivity. The network was
generated by using an input list of 46 genes with likely pathogenic mutations listed in Table
2 as well as the 3 known RTT genes MECP2, CDKL5, and FOXG1. Of the 46 genes, 23
were found to interact amongst each other either directly or indirectly through at least one of
three ways: physical interactions (orange lines), co-localization 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 (7BLIXRI1, MTMRZ, AKR1C4) or
whose expression has been reported to be significantly altered in a MECPZ mutant model
system (DABI, ITGAZ, LAMADY), or both (GL/S2, LAMC3, SMARCEI). Network
weighting was assigned based on query genes so as to maximize connectivity among input
genes, and at most 20 related genes and 10 related attributes were allowed to be incorporated
in the network.

Genet Med. Author manuscript; available in PMC 2016 November 14.



Page 12

Sajan et al.

‘aseqerep YANITD 8yl ut d1usboyred-uou-sjqeqoud,, se paisi| {/¥0°0
10 Aouanbaly uoirejndod 01302 158YBIY ‘€8TOSTTSI Al ANSP "SSauyeap

pue ‘eixele ‘Asda|ida yum (0822T9# WIIN) BWOIPUAS JNVSTS BAISS808Y olwseldoiho ewsren  (666'0)a (zo'0)a (OTL24d) LTT8DD aSUaSSIA OIINOX
'9000°0 40
Aouanbaly uoirejndod j013u02 158YBIY (08596521 TSI Al ANSP "SSauyeap
pue ‘eixere ‘Asda|ide yum (08LZT9# NI SWOIPUAS JINVSIS dAISSe08Y olwseldoiho [eusared (ma (oL (4vsexd) OT90TV D asuassI OIrNDX 1-925.0T
- P10} u119A9 [eUIWIB)-N onoudp  (118°0)d eu (N20ZA'd) W6T9DD 3SUaSSIN Gl
‘(g€ "J81) Wwawdojanap WaIsAs SnoAJaU Jewlou oy palinbay urewop ase|A180eap auolsiH onoudp (866'0)a (g0'0)a (Noza'd) w80zo2 3SUBSSIIA TOVaH
(8T 424) 9SO QSV UE UI PUNOS UONEINW 3SUBSSIW 0/0U 5P 3UQ - onousdp  (eL6'0)a  (¥2'0)L (A¥TOTA'd) YOr0€D™D 3SUaSSIN «T0T4FOHYY
“(¥T "yo4) Jopaosip NI-L1Y
Y3IM 3sed e Ul paliodal suoieInw UonouNn-Jo-sso (065004 WIIA)
Z 9dA) awoipuAs abue ap eI[aUI0D 8SNEI SUOIEINW BLel)-UI/aSUaSSIA urewop |109-paj109 pig onou ap eu  (S6°0)L X12.0°d) 1191200 9SUASUON VIOWS 1-9/600T
'(1S 84nb14) 313 92UBIB)3I JO %40 UBY) 3JOW OU 33]|e JueLIeA Jo 1ybiay
Mead Jabues pue eyep awoxa Ul 011l peas 80UaI8)a1-03-JUBLIBA 9T YIM
oresow juatedde ue si siy] "(Gz "484) aired aQ auo pue (/T “Ja1) 33 auo
Ul punoy SINNQ (6662194 INI) G-AydonsAp Jenosnw ssnyisig-Alsw3 teadal uLoads YT onousdp (12009 (T€0)L (v2z81L°d) 96.v5v2 asuasSIN «(oresow) ZINAS
.Qco_ucmzm\mc:mm J0J0WLI0SUds pasredw Jo
adAlouayd [eo160]0n3U © 8ABY 801 IN0XO0UY dJews) :(erep yuedsureld)
Zd23V Se $8IndNnIs ulelq uewiny awes ayl 40 Auew ui passaidx3 - onou ap ma (ooa (TzTmd) 121599 ETESSAY VISIWVS 1-28700T
‘uolrenndeul-x sadeass 20350/
90UIS 109)J9 aAIleBaU JuRUIWOP © dARY Aew uoneIN “(ET “JoJ) ajewsay _ _
3U0 U1 payiodas Japaostp II-L1Y {(0£560€# NI Safew ut aITX [109-p3]10D onou ap eu eu (13p6z 8z'd) 19pS8 €82 13p awely-u| 203501 1-98280T
"(0GLZTEH INIIN) BWI0IpUAS oY auluoIylsw uoneniu| onou ap eu eu (ATIND) 9TV aSUaSSIA 2do3In 1-€/0T0T
(surewop yans QT
10 z 1se| 8y Ajuo sidnisip) urewop
- Jabuyy owiz 8dA1-zHZO YI0T onou ap eu  (TZ0)L (xgesyd) 1€0910 9SU3SUON LZINVOSZ
- snulwiLgl-) Wolj sanpisal 9¢ onou gp 'eu eu :mu._umwlmmwdv _mUvaNINwwN.o |9p awelj-u| VX
- onou ap (0)a (ML (HTETY d) VZ6EDD asuBsSIN SONNZI
- urewop uonoeIaIul ZAONV4 onousdp  (e61°0)  (8°0)L (4060°d) 9692v2 3SUaSSIN 2908
- Jeadas AM YT onou ap (60)d  (200)L (aez3°d) 1691292 aSUaSSIAI *ZdMd
"(0GL2TEH INIIN) BWoIpUAs 1oy - onou ap eu eu (s)ozy'd) LTdnpLS THD dnp Yiysawelq 2do3In 1-00090T
"(0GLZTEH INIIN) BWI0IPUAS N8y - [eulalew 10N eu eu (s3053°d) [8pzST 8YTD 18p Wysawel 2doan 1-G€600T
SAND
Jo sebueyo pueqolfd
uolrew Jojul uolreinw Jo AIQH (uwe104d AND
Y10 pue s PP IoSIp UMOU uoiBe Jjurewoq souelllBYU| 2dd 14I1s pue) YN@o adAy uorren loaweo alssed
‘adAjouayd 1 1H ay1 spsemol Bunngriuod syueleA oluaboyred Aja)1| 18410 pur 040U ap |[e J0 1SI7
T 8lqel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Genet Med. Author manuscript; available in PMC 2016 November 14.



Page 13

Sajan et al.

"(8¢ "Ja1) sanijewloude [euabuod Jaylo pue sainzids

anN

eu

9YEET0GC-98852LEC ¢

AND uopealjdng

(aN6Z'T) €2'TThbZZ

"918y palsi| anpisal awes syl Ul (H90KH) uoneINw asuassiw
JuaIayIp e pey ased | 1Y [edldAre uy (€T ‘2T 'sjod) L1 [ed1dAre
pue [ea1df {(F9TZT9# ININ) v-Ayredofeydaoua andajidas ajnuejur Apreg

[euJareW 10N

(ma

(0a

(090vyd) 1972100

asuasSIN

IdaxX1s

9-1e-9¥T00T

(L€ '$31) AA Ieqo|b pue Asdajida ‘sainieay ASY ‘Al

|euialed

eu

eu

¢¢8SSCT-0r.69¢2:€1Ud

AND uopealdng

(ang6'0) €9zde

‘(aseqerep adAlouayd soljewlou| sWoUs) asNOIA) Uoneziiogle
onupuap Jadoud pue Anonseld andeuAs redwesoddiy fewlouge

aney SIN0XJ0UY| asnow pue xajdwod Burjapowal uirewolyd (4vg) 1010e}
parerdosse-Thug ay} Jo 1ungns J1419ads-uoanau e 104 Sapod auab siy}
{SNUIWISI-D [eWJou 8y} puoAaq Sanpisal BJIxa /T 1Ses| Je sppe uoneniy
"(Gz "4a1) 8sed @SV Ue Ul paniodal uoneInw asuassiw 010U ap Y/

swased snobAzoualay ylog

eu

eu

(Qzzyx:d) LIep6LeT 2

ssojdois snobAzowoH

g971L0V

uoiBai you-auiuibiy

onou ap

(666°0)a

(L00)L

(N692a'd) ¥50£292

9SUSSSIIN

«d4VS

9-18-929¢TT

"pajeInw usym | Buipnjoul

SAAN 9SNed Y21ym JO awos ul suoleinw ‘sutajosd Bulpuig-d19

Jlews Auew Joy paiinbai are Yyaiym sapnosjonuoqLl pue -Axosp auiuenh
10 SUOITRIIUSOUOD JBINJ|SD [ewWloU 3y} Bulurelurew ui paajoaul st ZHAdIAI
*(gz "394) 9sed SV Ue Ul paliodas uoneINwW asuassIW 010U ap Y

urewop
onAJeren ay} Jo anpisal 1seT

onou ap

(z66°0)a

(T0)L

(D08 d) weerTO™0

asuasSIN

cHAdwI

'(9€ "J81) BWOIPUAS
SN0OBUBINJ0IJRJOIPIED YIIM S[eNPIAIPUL OM] Ul 040U dp Paiinddo uoleinw
10eX3 SIY | "S3W0IPUAS (L02ET9# INIIN) € 8dA1 QO3 Pue ‘(902ET#
INIIN) £ 8dAy ueuooN ‘(0STSTT# INIIN) SNOBUBINO0IJRIOIPIED JURUILIO]

urewop aseury|

onou ap

(ma

(0)a

(38€9ad) O¥16TLD

9SUasSIN

=l

9-1e-€¢¢10T

*101da231 8y} az1|1qeIsap Aew
uoneiniA “(6€TIT9# NIIN) Lg-Ayredoreydaous onda|ids ajnueyur Alieg

ulewop suelquuawsuel) 1sT

onou ap

eu

(19pg95 €95°d) 19pS69T £89TD

19p swely-uj

HZNIHO

9-18-96900T

‘Buiouanbas awoxa 0} Paaalgns Jou sem ased sIyL ‘SN HS Buipnjoul
sauab 9ET S10BYY "(2€2909# INIIN) BWOIPUAS PILIBAIIN-UB[BYd

onou ap Ayt Al

eu

¥88¥8T1S-¥SY.8¢Ch-¢ciyd

AND uoisRa

(qawe's) eceTb-z'€TbzZ

¥G/ve0T

"0 UOX® Ul SI 313y palsl| ased | 1Y
8} Ul UoIEINW Y} PUB T UOX8 Ul SI uoleINW QSY au} sealsym ‘(G Jal)
/-2 SUOX® Ul PaJalsn|d aJe SUOIIBINW SWOIPUAS Uosiald *(8T "Ja1) ased
asy ue ui pauiodal sem (sauab uiwel Jayio pue) auab siyl ul uoneInw
3suUasSIW 010U 3p © ‘(6706094 IIIA) SWOIPUAS UOSIBIH BAISSIDY

Urewop ax1|-493 utuiwe| yig

19818
pue Jayiow ui yuasaid 10N

(666°0)a

(0a

(s6.80°d) wsE9Z1 0

asuasSIN

canvi

1-00020T

(8T "yo4) 9seO QSV LB
ul yeadal yda14-auIoNa] YIGT 8y} Ul pariodal uoeINW aSuassIW 010U ap Y

uoibai yeadal yor-auIdNa| Y1L

[eusarew 10N

(ma

(0)a

(s0gzNd) 96890

3SUBSSIA|

20141

*(9T "84) 33 40 U0 pue (GZ "yo1)
aq pautejdxaun Jo sased oM} Ul pajodal SUoITeINW 3suUassIW 0AOU 8Q

urewop Buipuig uLuadLad

[eusarew 10N

(ma

(0)a

(0569TY'd) 1£8050°0

9SUasSIN

rdHo

¥-/1200T

"(zs aunBi4) syuased pue puegoud ul abe1an0d SWOXd
Burredwod Aqonou ap aq 03 paulwialap T¥90 7S Jauodsuel) vavo ayl
Buipnjour saush 9 s198V “(7€ "Ja4) Asdajida o1UOJ20AW YIIM Pale1oossy

onou ap

eu

eu

06¥909TT-T¥6EC60T-EIYD

AND uonslRd

(ang90) £gzde

*a1q1ssod si
1199 awes ay} ulyym ayehaifife ul suoreINw oMm] sy} Aq paLuioy S|auuURyd
0 U0139UN}-J0-5S0] [eled e ‘SIaWowoy SWIo [duUeyd SIY} asnedaq

uolrew Joyul
JBY10 pUe S ;B JOSIP UMOU M

uojyeinw Jo
uolifs Jjurewoq

souel YU |

AIQH
¢dd

1dIs

SAND

1o sabueyo
(uweouad
pue) YNQo

adAy uoirein |y

puegoIAd
AND
10989

aissed

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Genet Med. Author manuscript; available in PMC 2016 November 14.



Page 14

Sajan et al.

JwiyArewwinsouayd-TNOEINT _>_\HZOm:\/_m__>_EumEmcwo\mabocmsg\mgoéo_o_gmmz.ﬁc.u:EE\\HEENN

f10 uedsurelqmmm Je ajgejreae uresg uewnH Buidojanaq ays Jo seply ”cmam:_em_m

616y

uoISIan aauanbas aouaiayal projdey awouah uewiny ay} Woiy aJe Safeulpiood |1y "0TS-2S sanbi4 ul ale aiay paisi] SAND 40} Aouanbaiy a[a|je-g pue solrel-4hoT 40 S101d "ZS d|gel ul are swylidoble [euonippe Aq suonaipaid ‘aiay umoys ate (AIQH g¢dd) zuaydAjod pue 14IS

Aq Ajuo ssausnoliala|ap 40 suonaipaid a]IyAA “suoouny [ea160joiq 4O SISA[eue JusIYd1IUS Ul PAPNJUL JOU 1M UdIym pue djusBoyred ag 03 AjaxI] 10U suolzeINw 81edIpul sYSLBISY ‘sajdwes NG [ejuaJed Jo 39e| 0} anp awos 10} (QN) PaUILLIBIBP 10U 8dUBILIaYUI JO PO JBPIOSIP
|ewuawdojanspolnau ‘aan ‘Aejap eiuawdolanap ‘aq ‘Ayredojeydasous ondsyids ‘33 deplosig wnnoads wsnNy ‘ASy ‘ANjIgesip [enoa||aiul paxull-X ‘al1X ‘11d yosads pansasald |eaidAre ‘sd-1e (] |4 ainzias Ajres [eaidAre ‘zsa-1e ‘] |1 ¥ [enuabuod [eaidAe ‘0-1e (] 1Y [ed1dAl )

ZS.LNV 40 Suoxe ¥
1se] ay1 Burrearjdnp AjrenJed Buipnjour sauab xis s10aye AND Jejnoied

SIYL “(FE8STO# IIIN) 9Z-UOIIEPILIa) [eIUBL JURUILIOP |BOSOINY - an eu eu €T.696T.L-698ESTOL:LIYD AND uonealjdng (aQNT8'T) 22 TTbL
"(0LGS¥z# INIIN) uolrepelal
[BIUSL INOUIM 1O Uyl pue JapJosIp yosads yum Asdajids [eaod Je|n|joenx3 anN (ma eu (Lzoev'd) vr0690 asuassIIN VZNIY9  sd-le-GTzezT
‘Burddixs uoxa aseyd
JO 1IN0 0} 8NP LIYSaWEIY € Ul 3NS3] 0} PaloIpaid SI pue UOXa SAIINIIISUOD B
s108y4e uoneINW SIY L “(FS60T# INIIN) 8WoIpuAs sunidoH-1id ueuiwoq onou 8p eu eu -<9T-€260 so1lds #9401  7S9-1e-GyBYYT
apIS JeN||90BAXa WO} uBIquaW
'sAelle dNS uo padAjouab 1ou sem ased siyl (0 "Ja4) Aljigesip 1189 ay1 Burigus anpisal
|en10a]ja1ul pue Asdajida yiim asea e ul payiodal uoleINW 010U 9p Y 1S41J) UTRWIOP aueIquIdWISUeRl) pIE oAou ap Ta (0)a (Avoev'd) 1116070 ASUBSSIA 2949y ZS9-1e-ZE€BEET
"(101d1unN) ZHOON 03 Spulq Jey} urewiop e sey
S1 ZdDBIAl ‘a1monJis unewolyd Bunejnpow Ag si0idadal Jeajonu swos Jo SUONOBIBIUI UIRWOIYD
uonduosuely sassaidal Yarym Jossaidal-09 103dadal Jesjonu e 1oy SapoD Ul PAAJOAUI Urewop Z1NVS anN (T)a (0)a (12%9s°d) 10¥6TD asUaSSIAl ZHOON
(8T "424) SuonEINW BSUBSSILL 0A0U 9P YIM paliodal sased ASY oML - anN (ma (to0a (0€6STA'd) 98LL1V0 ESIESS £dv901
*(aseqerep adAlouayd solrewIo U] SWOUSD) aSNOIA) S3IINaU aJow
9ABY 221W JUBINW S[[90 SULIDBLIE [UNSJ JO S3}IpUap 0} pazifedo (zz urewiop
‘8T 'sjal) SUOHEINW /10U 8P BSUBSSILL UM paliodal sased ASY 8aiyL Buipuig-winiofed exil-493 yiy an (ma woo)a (d9gTrd'd) 02562192 asuassIN &lve
“(e1ep pUedsurelg)
utelq uewny Buidojansp ayp Jo suoibal |je 1sowe ul passaldx3 "(0GEZT9#
IIN) eisejdsApoliayaojApuods ax1j-awoIpuAs sojueq-sia|y3 aAISSaday urewiop auelquiawisuell yig anN ma (0)a (AL82v'd) 109800 3SUBSSIN SIV6EDTS 2-1e-/¥000T
“(TT 484) seinyeay I-L 1Y
pue (Y6800€# INIIAI) UOIEINWNDE UOJI UTelq UM uoleIauaBapoInaN Teadas M Wy [eularew JON Ma eu (4Ly19°d) 06E7OD asuassIN Sr4aM
(LT 421) 33 pue ‘(G "Jo1) AQ pautejdxaun
‘(8T "J8J) @SV Ul pauodal suoleINW asuassiw oAou gp a|dnniA urewop bBuipuig-ggd Jeussrew 10N (£66°0)d 'u (302229°'d) ¥60899°2 asuassIAl dV&YL 2-1e-//%20T
(6€ '421) ASY pue ‘sAejap 10jow ‘saInz1ds ‘s)dLAp dANUBOD - an eu eu 8808ET8-EL0V6Y9:XIUD AND uoneodng (any9'T) TE22dX
SAND
1o sabueyo pueqoifo
uoljew Joyul uoljeinw jo AIQH (upioud AND
JOYI0 pue s BpJosIp UMOU uoife Jjurewioq ouelBYU| 2dd 1418 pue) YNG9 adAy uoireIn N loaueo alssed

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Genet Med. Author manuscript; available in PMC 2016 November 14.


http://www.brainspan.org
http://mmrrc.mousebiology.org/phenotype/Genentech/MEM730N1/MEM730N1-phenoSummary.html

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sajan et al.

Table 2

Page 15

List of 46 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
AUTSZ CNV
BRAF Exome
BRD1 CNV
CELSR1 CNV
CHD4 Exome
CHL1 CNV
CNTN6 CNV
FAM15IA  Exome
FAT3 Exome
GABRBZ2 Exome
GRINZA Exome
GRINZB Exome
HDACI Exome
HERC2 CNV
IMPDH2 Exome
1QGAP3 Exome
1QSEC2 Exome
KCNJ10 Exome
LAMBZ2 Exome
LRRC40 Exome
NAGA CNV
NCOR2 Exome
NDNL2 CNV
OTUD7A CNV
PLXNB2 CNV
PPP6R2 CNV
SBF1 CNV
scoz CNV
SCUBE1 CNV
SHANKS3 CNV
SLC2A1 CNV
SLC39A13 Exome
SLC6A1 CNV
SMARCB1 CNV
SMCIA Exome
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Gene Source
SPECCIL CNV
STXBP1 Exome
TCF20 CNV
TCF4 Exome
TRPM1 CNV
TRRAP Exome
TUBGCP6 CNV
WDR45 Exome
WNT7B CNV
ZNF536 Exome
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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 four RTT
genes were also included (MECPZ, CDKL5, and FOXGI).

Genet Med. Author manuscript; available in PMC 2016 November 14.



	Abstract
	Introduction
	Materials and Methods
	Patient Cohort and Clinical Diagnosis
	SNP Genotyping and Copy Number Variation (CNV) Analysis
	Exome Sequencing and Variant Identification
	Sanger Validation of Candidate Variants from Exome Data

	Results
	Overview of Genetic Findings
	An Increased Mutation Burden Potentially Contributes to RTT Phenotype
	Enrichment of Chromatin Regulators and Glutamate Receptor Signaling Molecules in Genes with Likely Pathogenic Mutations

	Discussion
	References
	Figure 1
	Table 1
	Table 2



