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Abstract

Upon the discovery of numerous genes involved in the pathogenesis of neurodevelopmental disorders, several studies
showed that a significant proportion of these genes converge on common pathways and protein networks. Here, we used a
reversed approach, by screening the AnkyrinG protein-protein interaction network for genetic variation in a large cohort of
1009 cases with neurodevelopmental disorders. We identified a significant enrichment of de novo potentially disease-causing
variants in this network, confirming that this protein network plays an important role in the emergence of several

neurodevelopmental disorders.

Introduction

Neurodevelopmental disorders (NDDs) originate from a
disturbed development of the central nervous system, with
symptoms including deficits in personal, social, and cog-
nitive functioning, which becomes apparent during early
development [1]. According to the Diagnostic and Statis-
tical Manual of Mental Disorders, 5th edition (DSM-V), the
NDD group comprises Attention-Deficit Hyperactivity
Disorder (ADHD), Autism Spectrum Disorder (ASD),
Intellectual Disability (ID), communication disorders, spe-
cific learning disorders, and motor disorders [1]. Based on
common phenotypic features as well as overlapping genetic
factors underlying the diseases, additional disorders are
often classified as NDDs. These include epilepsy, but also
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psychiatric disorders such as schizophrenia and bipolar
disorder. NDDs are clinically heterogeneous, varying
widely in severity. Additionally complicating the clinical
presentation and prediction of the course of disease, is the
fact that NDDs are often comorbid. Of all patients with ID
for example, ~22% suffers from epilepsy, 17% has ASD
and almost 10% has ADHD, percentages that are sig-
nificantly higher than the population prevalences [2]. Fur-
thermore, there is an extreme heterogeneity in the genetic
causes of NDDs, with many different genes involved in the
pathogenesis of the same disorder, while each of the genes
explains only a very small proportion of patients. Strikingly,
upon the discovery of many novel disease genes and CNVs
in massive screening studies, it became apparent that certain
genetic aberrations can be associated with multiple
disorders, including ID, ASD, schizophrenia, and epilepsy
[3-11]. The identified causal genes were found to be enri-
ched for components of specific pathways, amongst which
chromatin remodelling and Wnt-signalling, but also for
neuron-specific networks responsible for synaptic function
and neuronal development [12—14]. These novel insights in
the genetics of NDDs prompted a novel pathophysiology
hypothesis, shifting from single variants as the cause of a
distinct disorder, to disturbance of a cellular pathway or an
entire network underlying a broader spectrum of disorders.

We hypothesised that the significant enrichment of
independently discovered genes in specific networks
implicates that the majority of genes, in addition to the
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Fig. 1 Schematic overview of
the ANK3 protein-protein
interaction network members.
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established NDD genes, in a given network are likely NDD
genes. As a proof of principle, we investigated the de novo
genetic variation in all of the individual genes from a
protein—protein interaction (PPI) network in an extensive
cohort of NDD patients. We selected the AnkG PPI network
as it can be delineated relatively easily and consists of a
limited amount of genes. AnkG proteins bind to the spectrin
cytoskeleton as well as to multiple membrane proteins,
including cell adhesion molecules and voltage-gated
sodium and potassium channels [15-18]. These membrane
proteins are thereby restricted to a defined spatial position,
which is essential for proper axon potential initiation and
propagation along the axon [19]. ANK3 encodes the AnkG
protein, of which the two largest isoforms are highly enri-
ched at the axon initial segment and the nodes of Ranvier of
myelinated neurons in the central nervous system [20]. The
protein in its various isoforms is necessary for axon main-
tenance and dendritic spine morphology [21, 22]. Variants
in ANK3 were implicated in several NDD phenotypes,
including ID, ASD, and behavioural problems, whereas
multiple SNPs in ANK3 have confirmed associations with
bipolar disorder, schizophrenia, and post-traumatic
stress disorder in several genome-wide association studies
[23-29]. At the time we initiated our study, several proteins
interacting with AnkG had already been associated with
variable NDD phenotypes.

Results
Defining the AnkyrinG network

Although the interactions of AnkG with multiple proteins
were reported, a comprehensive PPI network had not been
described. We therefore performed an extensive literature
search and identified a total of 17 proteins that either
directly interact with AnkG, are part of a protein complex
that interacts with AnkG or directly influence the binding
affinity of particular proteins with AnkG (Fig. 1, supple-
mentary table 1). Direct interactors include cell adhesion

extracellular

molecules, cytoskeleton-component P4-spectrin, and spe-
cific sodium and potassium channel components. The other
proteins forming the sodium and potassium channels are
indirect interactors of AnkG by means of their inclusion in
the channel complexes. The genes encoding the compo-
nents of Casein kinase 2 (CK2) were included in the
study as CK2-mediated phosphorylation of sodium chan-
nels determines the binding affinity of the channel and
AnkG [30].

Coding de novo variants in the AnkG network are
significantly enriched in patients with
neurodevelopmental disorders

Using the molecular inversion probe (MIP) enrichment
strategy [8], targeted sequencing of the 18 genes in the
ANK3 PPI network (Fig. 1, Supplementary Table 1) was
performed for 1009 patient-parent trios, enabling filtering
for de novo variants. A total of 14 NextSeq 500 high output
runs were used, with an average yield of 75.9 Gbp (+12.2
(SD)) and an average percentage of reads above Q30 of
93.2%. The total panel size was 66,662 bp, of which 992 bp
were badly covered (regions of more than 10 subsequent
bases with an average coverage below 5X in more than 20%
of the samples). The average coverage over all samples was
794x. Upon data quality filtering, 911 complete trios
remained with a total of 131 nonsynonymous de novo
variants. Of these, we selected the 58 variants with a CADD
(v1.3) Phred-scaled pathogenicity score larger than 20 for
Sanger sequencing validation [31]. Upon this validation
experiment, a total number of 14 confirmed de novo single
nucleotide variants were identified in different ANK3 PPI
network members. One variant affects a canonical splice
site, nine are missense variants and four variants introduce a
premature stopcodon (Table 1).

The total mutation rate for all 18 genes was calculated by
summing the gene-specific mutation rates of all the indivi-
dual genes [32] and used to assess statistical significance
of identifying 14 de novo (functional) variants in this
gene set in a cohort of 911 individuals. A significant
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overrepresentation of de novo coding variants in the ANK3
PPI was observed in our cohort (p =1.529¢e—10, Exact
Poisson test). In addition, the enrichment for functional
variants for each of the individual genes was determined,
showing a significant enrichment of variants in four genes;
CSNK2A1, KCNQ2, SCN2A, and SCNSA (Supplementary
Table 2).

Discussion

We investigated whether the genes encoding proteins in the
AnkG interactome are enriched for variants that are pre-
dicted to affect protein function in a cohort of neurodeve-
lopmental disorder patients, mainly presenting with ID and/
or ASD. When the gene panel was selected at the start of the
study, protein interaction databases such as string-db, pro-
duced a limited and incomplete PPI for AnkG [33].
Therefore, we decided to perform an extensive literature
study to identify the relevant members of this PPI. How-
ever, the amount of literature reports on protein interaction
studies rises continuously, and the current string-db based
AnkG PPI (Supplementary Fig. 1) is very similar to the
AnkG interactome we identified through literature. Hence,
we believe that extending a string-db generated interactome
based on a detailed review of recent literature is a manda-
tory step to apply our protein-interaction based screening
strategy.

We identified variants in six out of 18 genes in the
AnkyrinG interactome in our cohort consisting of 911 trios
with probands referred for ID and/or ASD. Four patients
harbored a de novo genetic variation in SCN2A and three
carried a variant in SCNSA (Table 1). The splice site and the
three nonsense variants in these genes are generally
accepted to affect protein function, whereas the three mis-
sense variants have CADD-Phred scores of 26.5, 29, and
34, respectively, suggesting at least a likely association of
the variants with the phenotypes. In addition, we identified
variants in CSNK2A1, KCNQ?2, and SCNIA (two cases for
each gene) as well as in SCNIB (Table 1). While the
association of CSNK2A! with NDDs was undocumented
when we started this study, variants in CSNK2AI are now
known as the cause of Okur-Chung syndrome. This syn-
drome is characterized by developmental delay, ID with
poor speech, behavioral problems, and additional features
[34, 35]. Strikingly, we identified the exact same p.
(Lys198Arg) de novo variant in CSNK2A[ in a patient with
developmental delay and hypotonia in our cohort as
described in a patient with developmental delay, ID, and
hypotonia by Okur et al. [34]. This variant is located in the
activation segment of the protein and affects a basic amino
acid that is involved in the recognition of acidic amino acids
surrounding the phosphorylation site in the substrate of the

casein kinase 2 enzyme, of which CSNK2AI is a subunit
[36]. The exact same variant has now been identified in at
least seven individuals (including the individual presented
here) and may thus be considered as a hotspot mutation for
Okur-Chung syndrome [34, 35, 37, 38]. In SCNIB, we
identified a de novo p.(Arg96GIn) variant. Variants in
SCNIB have so far only been associated with generalized
epilepsy with febrile seizures plus and epileptic encepha-
lopathy [39]. To our knowledge, only one de novo missense
variant in SCNIB has been reported in cases with devel-
opmental delay or ID [40]. We identified a p.(Arg96Gln)
missense variant, predicted to be likely disease-causing
based on a CADD-Phred score of 26.3, in a patient with
developmental delay, sleeping problems, and a severe
psychiatric disorder. Our results thus strengthen the evi-
dence for a broader NDD phenotype related to variants in
SCNIB. Many of the epilepsy-related variants in SCNIB
and the missense variant identified here are located in the
extracellular immunoglobulin-like domain, which is
required for its function as a modulator of the Na, a subunit
[41-43]. Moreover, the Na, Pl subunit (encoded by
SCNIB) contains an AnkG interaction site in the intracel-
lular domain and has Ankyrin-recruiting activity [44]. This
might implicate that variants in the $1 subunit are likely to
result in NDD phenotypes, as disturbance of this particular
subunit may result in a destabilization of the entire AnkG
network. Finally, variants akin to the variants we identified
in SCNIA and KCNQ?2 have been reported as likely cau-
sative in patients with various NDDs in recent years
[35, 45, 46].

To date, 12 out of the 18 ANK3 PPI genes have been
implicated in neurodevelopmental disorders. Our study
likely lacks the power to detect variants in the remaining six
ANK3 PPI network members due to our cohort size and the
low frequency of disease-associated variants in individual
genes. Alternatively, these genes may be less vulnerable for
variation and may only cause a phenotype when affected by
biallelic or even bigenic variants [47]. In this study, we
focused on de novo (heterozygous) variants in accordance
with the de novo paradigm in neurodevelopmental disorders
[48]. However, in follow-up studies it would be interesting
to explore this dataset beyond autosomal dominant effects
and investigate other inheritance patterns.

Second, we considered only those variants with a Phred-
scaled CADD score of 20 and higher. Lowering this
threshold might allow the identification of modifier or
digenic effects [47]. However, the high false discovery rate
(FDR) of our assay, requiring independent validation of
detected variants, resulted in a prohibitive amount of var-
iants for lower thresholds. Therefore, we highly recommend
to take measures to reduce the FDR in MIPs based rese-
quencing assays. First, applying double tiling and single-
molecule MIP (smMIP) design offer advanced filtering
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options that largely alleviate the errors introduced by PCR
and capture bias [49]. Second, we observed that cohort-
based genotyping using GATK hampers the resolution of
some of the quality metrics, including QualityByDepth
(Supplementary Fig. 2). Nevertheless, as all variants
reported here were independently verified, we can argue
that the actual mutational burden on the network is even
higher than reported here.

The identification of hundreds of genes that can cause
NDDs when mutated, in particular for ID, ASD, and epi-
lepsy, has allowed the identification of significantly enri-
ched molecular pathways and protein networks involved in
the pathogenesis of these disorders [8-10, 13, 35, 50]. We
here provide evidence that the reverse may also be true, e.g,
that interaction partners of genes disturbed in NDD patients,
may cause similar phenotypes when mutated. We opted to
investigate this hypothesis by selecting the ANK3 gene,
which has been linked to several NDD phenotypes
[19, 28, 29]. Based on literature, we selected a total of 17
proteins that directly interact with AnkG, are part of ion
channel complexes of which at least one component directly
interacts with AnkG or determine the binding affinity
between AnkG and an interactor. We subsequently screened
an NDD cohort of over 1000 ID trios for variants in the
ANK3 PPI network and identified potential disease-causing
de novo variants in 14 patients, including one splice site
variant, nine missense and four nonsense variants. Based on
the gene-specific mutation rates, this number of variants is
significantly higher than may be expected to occur by
chance in the AnkyrinG interactome. The studied PPI
contains proteins that depend on the binding to each other
and the integrity of the complex as a whole to fulfill their
biological function. We expect similar variant enrichments
for other protein complexes that meet these conditions, such
as the BAF complex. This is an ATP-dependent chromatin
remodeling complex of which multiple-member proteins
have been linked to ID and/or ASD [51, 52]. The protein
interaction approach demonstrated here may be less effi-
cient starting from more promiscuous proteins such as
FMRP. This protein product of the fragile X syndrome gene
FMRI interacts with many biochemical and cellular path-
ways [53, 54]. On the RNA level only at least 842 robust
FMRP target mRNAs interactions have been identified [55].
Although these targets have been shown to be enriched
amongst genes disrupted in ID and autism [56], an enrich-
ment for neurodevelopmental disorder genes for FMRP
interactors on all levels has not been reported.

Conclusion

Here, we studied the AnkG PPI network to determine the role
of genetic variation in this network in the emergence of

SPRINGER NATURE

NDDs, possibly beyond known associated morbidities. Our
results confirmed that multiple components of the AnkG PPI
network can cause NDDs when mutated, by the discovery of
a significant overrepresentation of potentially disease-causing
variants in the network. We hypothesized that the significant
enrichment of independently discovered genes in specific
networks, implicates the remaining genes in these networks as
likely candidate genes for (as yet undiagnosed) NDDs. As our
results clearly support, this reversed or ‘guilty-by-association’
strategy may aid in compiling evidence for novel (very) rare
genetic causes of NDDs.

Materials and methods
Samples

DNA samples were collected at the department of Medical
Genetics of the University of Antwerp in Belgium (530
trios) and the Human Genetics department of the Radbou-
dumc in Nijmegen, the Netherlands (479 trios). Included
patients were diagnosed with intellectual disability and/or
autism spectrum disorder, with or without other comorbid-
ities. Clinical characteristics of the cohort are summarized
in Supplementary Table 3. Previous genetic screenings
included microarrays for CNV detection and in some cases
Fragile-X syndrome testing or targeted single-gene
sequencing based on phenotypic features, all with nega-
tive results. DNA of both parents had to be available to
enable trio sequencing and subsequent de novo filtering.
This study has been approved by the Committee for Med-
ical Ethics UZA/UAntwerp.

Definition of the AnkG PPI network

To define the AnkG PPI network, a literature search using
Pubmed was performed using the terms ‘ANK3’, ‘AnkG’,
and ‘AnkyrinG’. In addition, more in depth and specific
searches were performed based on results and references in
the articles identified in the initial search. The target genes
in the ANK3 PPI network were selected based on a search
for interaction partners of AnkG and proteins that directly
influence the interactions between AnkG and other proteins.
Genes were included if functional evidence for interaction
was presented in at least one article, or when interaction was
strongly suspected based on literature. All relevant inter-
action partners published until August 2015 were included
in the design of the targeted sequencing panel.

MIPs enrichment and sequencing

Enrichment of target sequences was done using the Mole-
cular Inversion Probe (MIPs) technology, as described by
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O’Roak et al. [8]. In short, single tiled MIPs were designed
using the MIPgen design pipeline [57]. Probes were syn-
thesized by IDT (Leuven, Belgium) using standard desalt-
ing conditions. Upon balanced pooling, the probes were 5’
phosphorylated using T4 PNK (New England Biolabs,
Ipswich, MA, USA). Targeted sequence capture was per-
formed using Hemo Klentaq (New England Biolabs) and
Ampligase DNA Ligase (Epicentre, Madison, WI, USA).
Subsequent Exo-treatment was performed using EXO I and
EXO III (New England Biolabs). PCR amplification was
performed using iProof High Fidelity DNA Polymerase
(Bio-Rad, Hercules CA, USA). Sequencing was done on an
Ilumina NextSeq 500 system (Illumina, San Diego, CA,
USA), using NextSeq 500 v2 High Output kits (Illumina).
Raw data have been deposited in the European Genome-
Phenome Archive (EGA) under the study identifier
“EGAS00001004326.

Data analysis pipeline

Data processing was performed using an in-house devel-
oped pipeline (Radboudumc Nijmegen). Data files were
demultiplexed and reads were aligned to the reference
genome (version GRCh37/hg19) using BWA-MEM [58].
Subsequently, trimming of the ligation and extension arm
sequences was performed based on genomic location
referred to in the design file. Variant calling was done using
GATK UnifiedGenotyper with default settings except for
disabled downsampling [59]. A cohort approach performing
multi-sample genotyping per sequencing run was applied
[60]. Annotation of the variants was done using the
Nijmegen research annotation pipeline.

De novo analysis

All variants called in patients were assessed for inheritance
using the in-house developed trio analysis tool (Radbou-
dumc Nijmegen). Variants in the patients were annotated as
maternally or paternally inherited or de novo, producing a
file containing all potentially de novo variants within the
project. Variants in this file were filtered for a quality by
depth >300, total coverage of the index call >50 and an
alternative allele percentage between 20 and 80%. Trios for
which at least one of the samples failed the quality para-
meters were excluded from analysis. Only non-synonymous
variants in exonic regions and variants affecting canonical
splice sites were considered based on in house annotation
methods.

Sanger sequencing

Independent confirmation of variants detected in the MIPs
screen was performed using Sanger sequencing. Primers

were designed using Primer3Plus [61]. PCR was performed
with the GoTaq G2 Polymerase kit (Promega Benelux,
Leiden, the Netherlands) according to the guidelines of the
manufacturer. PCR cleanup was performed using alkaline
phosphatase (Roche, Basel, Switzerland) and exonuclease |
(Bioké, Leiden, the Netherlands). Sanger sequencing reac-
tions were done using the ABI PRISM BigDye Terminator
Cycle Sequencing Ready Reaction Kit with readout on an
ABI3130XL sequencer (Applied Biosystems, Foster City,
CA, USA). CLC DNA Workbench 5.0.2 (CLC bio, Aarhus,
Denmark) was used for data analysis.

Statistical enrichment of de novo mutations

Gene-specific mutation rates (GSMR) of all the individual
genes of the ANK3 PPI were retrieved from the dataset of
Samocha et al. [32]. Total mutation rate for all 18 genes was
calculated by summing the individual GSMRs. Statistical
significance of identifying 14 de novo (functional) muta-
tions in these 18 genes in a cohort of 911 individuals (1822
alleles) was assessed using the Exact Poisson test in R. In
addition, enrichment for functional mutations in each of
the individual genes was assessed with Exact Poisson tests.
P-values were corrected with Bonferroni correction for the
total number of 18 genes.
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