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Abstract

The genetics of neurodevelopmental disorders (NDD) has made tremendous progress
during the last few decades with the identification of more than 1,500 genes associated
with conditions such as intellectual disability and autism. The functional roles of these
genes are currently studied to uncover the biological mechanisms influencing the clinical
outcome of the mutation carriers. To integrate the data, several databases and curated
gene lists have been generated. Here, we provide an overview of the main databases
focusing on the genetics of NDD, that are widely used by the medical and scientific
communities, and extract a list of high confidence NDD genes (HC-NDD). This gene set
can be used as a first filter for interpreting large scale omics dataset or for diagnostic
purposes. Overall HC-NDD genes (N= 1,586) are expressed at very early stages of fetal
brain development and enriched in several biological pathways such as chromosome
organization, cell cycle, metabolism and synaptic function. Among those HC-NDD genes,
204 (12,9%) are listed in the synaptic gene ontology SynGO are enriched in genes
expressed after birth in the cerebellum and the cortex of the human brain. Finally, we
point at several limitations regarding the relatively poor standardized information
available, especially on the carriers of the mutations. Progress on the phenotypic
characterization and genetic profiling of the carriers will be crucial to improve our

knowledge on the biological mechanisms and on risk and protective factors for NDD.



Introduction

The broad category of neurodevelopmental disorders (NDD) is characterized by impairment of
brain functions leading to behavioral and cognitive abnormalities that impact on the intellectual,
motor, language, and/or social abilities of the individuals (ICD-11 and DSM-5). NDD gather
an heterogenous group of mental health conditions that occur during early period of
development and include mainly intellectual disability (ID), learning disorders, motor
coordination disorders, speech and language disorders, attention deficit hyperactivity disorder
(ADHD) and autism spectrum disorder (ASD). Overall, the prevalence of NDD ranges from 9
to 18% (Shen et al., 2018; Zablotsky et al., 2019), with usually males being more frequently
affected than females.

Among NDD, ASD is characterized by social communication impairment and
restricted/repetitive behaviors and interests (Lai et al., 2014). ASD accounts for 1-2% of the
population worldwide (Baron-Cohen et al., 2009; Idring et al., 2012; Maenner et al., 2020;
Saemundsen et al., 2013), and affects 3 males for 1 female, with a sex ratio bias for males more
pronounced among individuals without ID. More than 70% of individuals with ASD display at
least one co-occurring NDD and/or epilepsy (Gillberg, 2010; Saito et al., 2020).

ID is characterized by both impaired intellectual and adaptive functioning. Measured
mostly with intellectual quotient tests using the Weschler scales, the cognitive abilities of
individuals with ID are by definition below 70. The diagnosis of ID is made only when the
patient also has deficits in two or more adaptive behaviors in their daily life. ID concerns 1-2%
of the population with a biased sex-ratio towards males, which is negatively correlated with the
cognitive impairment (Zablotsky et al., 2019, 2017).

Epilepsy is a group of neurological disorders that are characterized by two or more

unprovoked seizures separated by more than 24 hours. Worldwide prevalence of epilepsy



ranges from 0.4 to 1% and there is gender differences in specific epilepsy syndromes, but
overall the male / female ratio is very close to 1 (McHugh and Delanty, 2008). It is still unclear
if specific subtypes of epilepsy can be considered as NDD, but early-onset epilepsies often co-
occur with NDD. For example, the risk of epilepsy in ASD is increased seven-fold compared
to the general population (8.6 vs. 1.2 %) (Thomas et al., 2017).

The heritability of NDD and epilepsy is high (e.g. ASD: >0.8 (Sandin et al., 2017, 2014;
Taylor et al., 2020; Tick et al., 2016) ; Epilepsy: 0.25-0.7 (Kjeldsen et al., 2001; Miller et al.,
1998; Speed et al., 2014)). The genetic architecture of NDD can vary from one patient to
another. In some cases, one single de novo mutation can be causative whereas in other cases, a
complex interplay between rare and frequent genetic variants increases the risk of developing
a NDD (Bourgeron, 2015). Recent studies indicate that distinct categories of NDD share some
genetic risk factors with distinct phenotypic expression (Cross-Disorder Group of the
Psychiatric Genomics Consortium. Electronic address: plee0@mgh.harvard.edu and Cross-
Disorder Group of the Psychiatric Genomics Consortium, 2019; The Brainstorm Consortium et
al., 2018; Zarrei et al., 2019). The overlap at the genetic level was expected since patients
diagnosed with different NDD also share comorbid disorders (Hansen et al., 2018; Sokolova et
al., 2017). Altogether it is now accepted that NDD is a wide continuum of genetic and
phenotypic dimensions instead of restricted categories.

Molecular diagnosis of NDD was empowered by the relatively recent high-throughput
genotyping/sequencing approaches. Using these technologies allows to replicate findings
initially obtained from medical case-reports and to detect new genes associated with NDD via
the identification of rare and penetrant mutations including structural variants (SV) such as
copy-number variants (CNV), tandem repeats, indels and point mutations. Zarrei and
colleagues reported a recent large data resource of CNVs across NDD. Causative CNVs were

identified in 10.5 % of subjects with NDD including 11.4% among individuals with ASD and



9.4% with ADHD (Zarrei et al., 2019). Interestingly, 4.4% out of the 10.5% of the individuals
with NDD were carriers of new relevant CNVs while the remaining individuals were carriers
of aneuploidies or known genomic disorder variants. The contribution of whole-exome
sequencing in the diagnostic of NDD has dramatically increased the yields of positive genetic
diagnosis for NDD. A recent meta-analysis of 30 articles estimated that the yield of WES
positive finding was 36% (95%Cl: 30-43%) overall for NDD, 31% (95%CI: 25-38%) for
isolated NDD, and 53% (95%CI: 41-64%) for the NDD plus associated conditions (such as
Rett-like features) (Srivastava et al., 2019). More precisely, a meta-analysis focused on 103
studies (epilepsy, N = 72; ASD, N = 14; ID, N = 21) across 32,331 individuals provided
estimates of diagnostic yield for ASD (17.1%; 95%CI: 11-25%), epilepsy (24%; 22-27%), and
ID (28.2%; 22-35%) (Stefanski et al., 2020). For some genes recurrently mutated in patients
with NDD, the link between the mutations, the mechanisms and the clinical profiles are better
understood, but for the large majority of the genes, little clinical information on the carriers of
mutations is available and more multidisciplinary collaborative work is warranted.

Several lists of NDD genes and databases have been designed to inform the scientific
and medical communities about gene- or variation-disease pairs and the biological functions of
these genes. They also help clinicians to provide the most accurate NDD diagnostic and genetic
counselling for patients and their parents (Savatt and Myers, 2021) (Table 1). This chapter
provides an overview of all the current databases, the genes associated with NDD as well as
their main biological functions. Notably, we show that high-confidence NDD genes (described
below) are expressed at very early stages of fetal brain development and are enriched in several
biological pathways such as chromosome organization, cell cycle, metabolism and synaptic

functions.



Curated databases for genetic studies on NDD

Genes associated with NDD were first identified through targeted studies, e.g. medical case
reports and region-based or candidate gene approaches, and more recently from large-scale
genome wide studies, including whole genome SNP genotyping array and whole
exome/genome sequencing. Some databases are dedicated specifically to autism research (e. g.
SFARI) or ID (e.g. SysID) but others cover the broad category of NDD (e.g. DBD) or more

generally genetic diseases (e. g. ClinVar, OMIM).

Gene database from the SFARI

To date, the largest database that focuses on ASD was developed by the Simons Foundation
Autism Research Initiative (SFARI). First launched in 2008, this database, called the SFARI
Gene, has been systematically updated alongside the published scientific literature and became
a reliable source of expertly curated information on ASD-associated genes. The database
provides a scoring system, based on the presence of de novo likely-gene-disrupting mutations,
replication studies, functional effects of the mutations and the inheritance patterns. Reported
genes are thus classified based on the confidence levels for ASD risk. There are currently four
ranking categories, including S - syndromic, 1 - high-confidence, 2 - strong candidate and 3 -
suggestive evidence (Abrahams et al., 2013).

A large-scale project named SPARK — for Simons Foundation Powering Autism
Research for Knowledge — aims to collect and analyze clinical and genetic data of up to 50,000
families with a member diagnosed with ASD. SPARK has developed a partnership with not
only researchers but also with certified clinical biologists, that allows SPARK to return genetic
findings to participants who consented to receive their results. The SPARK gene list, which
comprises genomic regions and genes in which de novo pathogenic variants have been

identified in at least three affected individuals and reported in at least two independent



publications, has been judged to be of sufficient scientific evidence for a clinical utility. This

SPARK gene list is updated every 6 months.

The ClinVar database and its link with ClinGen project

Clinical Genome (ClinGen) is a US state-funded project that has recently taken a step forward
especially in the curation of gene-disease associations. ClinGen seeks to centralize published
genomic and phenotypic data related to NDD, among additional disorders, for both scientific
and clinical use. After the concertation of a Gene Curation Expert Panel, an annotation is given
for each gene of interest, ranging from definitive, strong to moderate or limited evidence in
support of its relationship with diseases. Genes falling within the definitive or strong categories
are finally determined as disease associated genes (Gene-Disease Validity).

ClinVar points at specific genetic variants previously detected in patients with human
diseases and provides interpretations of their significance to diseases. To date, more than
500,000 variants (including germline and somatic variants) are listed in ClinVar (Landrum et
al., 2020). Submitted variants and variant-condition pairs are aggregated in ClinVar, with
indications as to whether there is consensus or disagreement among submitters on variant
interpretations. For each submission, ClinVar provides a rating system from one to four stars,
that corresponds to the “review status” approved by the ClinGen steering committee. The
three/four stars rating is considered as high confidence and corresponds to review status for
which the variant-condition pair interpretation is from an “expert panel” or a “practice

guideline” assertion, respectively.

The SysID database
SysID, or Systems Biology Approaches to Intellectual Disability, is a database of genes

implicated in ID, collected from the literature and the Online Mendelian Inheritance in Man



(OMIM) database. The SysID gene catalogue is maintained by the Institute of Human Genetics
at Erlangen (Germany) for the diagnosis of isolated and syndromic ID, as well as multisystemic
disorders, within which ID is one of the main clinical features. The SysID database includes a
list of “primary” ID genes restricted to genes with high level of evidence (criteria are described
by Kochinke and colleagues)(Kochinke et al., 2016). This list is further classified into 9
categories according to the clinical phenotype (syndromic or non-syndromic ID), its severity
(from severe to moderated or very variable cognitive impairment), the penetrance (full or
incomplete) and the additional clinical features (with or without malformations of organs, brain
or limb). A second list of “candidate” ID genes is provided by the SysID database and gathers
genes that are not confirmed by a sufficient number of patients carrying these mutations and/or
by the robustness of the clinical information. Of interest, SysID database also provides

additional data such as gene ontologies, mutation inheritance and disease subtypes.

The DDG?2P database

Gene2Phenotype (G2P) is a database for many disorders including cancer, eye disorders, skin
illness and NDD. This database is available from the DatabasE of genomiC varlation and
Phenotype in Humans using Ensembl Resources (DECIPHER) website (Firth et al., 2009) and
was first established by a systematic review of the literature, diagnostic tests by clinical
laboratories in the UK and in the UniProt database (The UniProt Consortium, 2015). The
Developmental Disorder gene panel of G2P (DDG2P) has been regularly updated and enriched
using the results of the Deciphering Developmental Disorders (DDD) study. Genetic data of
more than 13,400 exomes of individuals with severe NDD were analyzed using bioinformatic
filtering and identified variants were reviewed by clinicians and molecular geneticists, all senior
experts in the field. Once validated, the genetic result was returned to the patient using the

regional genetic services, while the variant was submitted to the G2P database for further



queries. In addition to gene classification based on NDD risk, G2P also provides information
about the relevant phenotypes, tissue specificity, molecular mutation consequences and mode
of inheritance. Here, we selected genes relevant for NDD as those with organ specificity

restricted to the annotation’s “brain” or “cognition”.

The DBD database

The Developmental Brain Disorder (DBD) gene database focuses on six disorders, including
ID, ASD, ADHD, bipolar disorder, schizophrenia and epilepsy. A list of disease-causative
genes has been generated by manual curation and classified according to the number of reported
loss-of-function (LOF) mutations (>3, 2, or 1) and the mode of inheritance (de novo or
inherited). DBD also provides a list of high-confidence genes with autosomal recessive
inheritance (for more information, see Gonzalez-Mantilla and Colleagues (Gonzalez-Mantilla
et al., 2016)). We restricted the DBD database to the most convincing disease-causing genetic
variants, with missense variants, deletions encompassing more than one gene, and individuals
with multiple LOF variants being excluded, in order to increase the specificity of the genes in
the list. Interestingly, the DBD database highlights the phenotypic heterogeneity of
developmental brain disorders, in which similar variations in a gene might cause different

phenotypes (Myers et al., 2020).

The OMIM database

OMIM is the online version of Mendelian Inheritance in Man (MIM), a catalogue of mendelian
traits and disorders that was initiated by Professor V. A. McKusick in the 1960s. OMIM
provides information on phenotype and associated genotype of most of the reported mendelian
disorders. The database contains information on more than 7000 disorders including

approximately 700 related to NDD.



The genetic databases dedicated to epilepsy

Regarding epilepsy, a frequent comorbidity of patients with autism, few databases are available.
For this review, we used The Lafora Gene Mutation Database_(Ianzano et al., 2005), The
Epilepsy Genetic Association Database (epiGAD) (Tan and Berkovic, 2010), CarpeDB,
EpilepsyGene, GenEpi and MeGene (the two last are no longer maintained). Finally, we also
included the gene list used by the Mayo Clinic Laboratories in the context of genetic diagnostic

of epilepsy.
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Table 1: Databases reporting gene-disease pairs related to NDD

Gene list Phenotype Gene classification Nof genes HC-NDD Candidates NDD Website and where to found selection criteria
genes genes
SPARK  ASD SPARK 157 Yes No https://spark-
sf.s3.amazonaws.com/SPARK _gene_list.pdf
SFARI ASD Category S* - Syndromic 84 No Yes https://gene .sfari.org/about-gene-scoring/
Category 1 - High Confidence 194 Yes No
Category 2 - Strong Candidate 207 No Yes
Category 3 - Suggestive Evidence 507 No Yes
SysID ID Primary 1396 Yes No https://sysid.cmbi.umcn.nl/
Candidates 1218 No Yes
DDG2P DD confirmed (Brain or Cognition) 722 Yes No https://www.ebi.ac.uk/gene2phenotype/terminolog
y
confirmed (other organ specificity) 505 No Yes
probable 570 No Yes
possible 291 No Yes
both RD and IF 57 No Yes
child IF 10 No Yes
DBD ID, ASD, ADHD, Tier 1 152 Yes No https://dbd.geisingeradmi.org/
SCZ, BD, & Epilepsy
Tier 2 70 No Yes
Tier 3 108 No Yes
Tier 4 156 No Yes
AR 115 Yes No
HC-NDD NDD & Epilepsy 1586 https://genetrek.pasteur fr/

SPARK, Simons Foundation Powering Autism Reseach for Knowledge; SFARI, Simons Foundation Autism Research Initiative; SysID, Systems Biology Approaches to
Intellectual Disability; DDG2P, developmental disorder genotype to phenotype; DBD, developmental brain disorders; ASD, Autism Spectrum Disorder; ID, Intellectual
Disability; DD, Developmental Disorder; ADHD, Attention Deficit and Hyperactivity Disorder; SCZ, Schizophrenia; BD, Bipolar Disorder; RD, Relevant Disease; IF, incidental
finding; AR, genes with Autosomal Recessive inheritance. * Category S mentioned here is not overlapping with categories 1 to 3 of SFARI genes. High Confidence
NeuroDevelopmental Disorders (HC-NDD) genes or candidate-NDD genes are described in the main text, in the figure 1 and can be seen on https://genetrek .pasteur.fr/.
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Specificity and common features of the genetic database for NDD

In this section, we first selected genes based on their high-confidence for their association with
NDD (Supplementary Table 1; see also our website https://genetrek.pasteur.fr/). We then
extracted a list of candidate genes for NDD, which are not yet robustly associated with NDD,
but which include genes with (i) weak confidence from the NDD-related databases, (ii)
high/specific expression in the brain or (iii) under strong selective pressure. These two lists of
highly confident and candidate NDD genes can be used for filtering variants in exome/genome
of patients and for exploring genes from transcriptomics/proteomics experiments. To centralise

the gene set lists from all databases, we developed “GeneTrek” https://genetrek .pasteur.fr/, a

website that can be queried in order to assess how your gene or your list of genes of interest are
mapped across all databases. GeneTrek also provides links to other websites adding information
on gene expression, genetic variations and possible contacts with clinical geneticists and
researchers investigating the genes through the Human Disease Genes website series (HDG)

(Dingemans et al., 2021).

High-confidence NDD genes

Several genetic databases such as SFARI Gene, SPARK, SysID, DDG2P and DBD provide key
information to classify genes into categories that are useful for clinicians. Indeed, for diagnostic
purposes, only genes with clear evidence for association can be used. Here, for the high
confidence NDD gene list (HC-NDD genes), we selected all genes from the category 1 genes
from the SFARI, the SPARK, the primary ID gene list from SysID, the “confirmed” gene list
from the DDG2P (with “Brain” or “Cognition” as “organ specificity”), and the Tier 1 or
autosomal recessive (AR) inheritance list from the DBD, gathering a total of 1,586 genes

(Figure 1 & GeneTrek website).
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Figure 1. Selection of the high confidence and candidate NDD genes

The high confidence NDD (HC-NDD) genes were extracted from the following databases: SPARK/SFARI
category 1, SysID primary, G2P DD confirmed and BrainlCognition, and, DBD Tierl and AR categories. The
candidate genes are those from the SPARK/SFARI category 2, 3 and S, the SysID candidates, the DBD Tier 2 to
4, the G2P DD others than categories “confirmed” or “BrainlCognition”. To complete the candidate NDD gene
list, genes under strong genetic constraints (pLI > 0.9 or LOEUF < 0.35), genes showing strong or specific
expression (above one standard deviation) in fetal and/or adult human brain and/or genes encoding synaptic
proteins from the Synaptic Gene Ontologies, or, genes related to epilepsy were added. The selection of genes was
focused on protein coding gene only. ASD, Autism Spectrum Disorder; NDD, NeuroDevelopmental Disorder;
DD, Developmental Disorder; SPARK, Simons Foundation Powering Autism Research for Knowledge; SFARI,
Simons Foundation Autism Research Initiative; SysID, Systems Biology Approaches to Intellectual Disability;
DDG2P, Development Disorders Gene2Phenotype; DBD, Developmental Brain Disorder; pLI, probability of loss
of function intolerance; LOEUF, upper bound of the oe confidence interval with oe standing for observed /
expected number of loss-of-function variants.
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Candidate NDD genes

This list of 6,478 genes represents candidate risk genes for NDD (Figure 1), but with currently
less confidence in their causality. The list can be used as a second filter to detect potential new
genes for NDD or to reinforce the association of previously reported genes. It includes the genes
in the categories “2”, “3” and “syndromic” from the SFARI, the candidates ID genes from the
SysID, those from the “confirmed” with organ specificity other than Brain or Cognition,
“probable”, “possible”, “relevant disease” and “incidental finding” DDG2P categories, and,
those from the Tier 2 to Tier 4 of the DBD list. We also included the genes related to epilepsy
(Dunn et al., 2020; International League Against Epilepsy Consortium on Complex Epilepsies,
2018; Pfisterer et al., 2020; Wang et al., 2017) that were not listed as high confident genes in
DDG2P and SysID. In addition, we included in the NDD candidate gene list, the genes
displaying high or specific expression (above one standard deviation) in fetal and/or adult
human brain and genes encoding synaptic proteins from the Synaptic Gene Ontologies
(SYNGO) consortium (Koopmans et al., 2019). Finally, we included genes under strong
selective pressure using two metrics that were developed from exome and genome sequencing
of the Genome aggregation Database (gnomAD) to estimate intolerance to loss of function
mutations: the probability of being loss-of-function intolerant score (pLI>0.9)(Lek et al.,2016)
or/and the observed/expected (oe) number of loss-of-function variants in that genes (LOEUF
or upper bound of the oe confidence interval < 0.35) (Karczewski et al., 2020). The probability
of loss-of-function intolerance (pLI) measures the probability for each gene to be tolerant to
loss-of-function mutations, e.g. stop gains, splice variants or frameshifts, based on the
observation of such mutations in control populations and weighted by the gene GC content and
sequencing coverage (Lek et al., 2016). A cut-off of pLI>0.9 is classically used to define genes
that are intolerant to such mutations. Similarly to the pLI, the loss-of-function

observed/expected upper fraction (LOEUF) describes the intolerance of each gene to loss-of-
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function mutations, based on the observed and expected numbers of such mutations in control
populations, indicating strong selection against loss-of-function mutations in each gene (cut-

off of LOEUF<0.35) (Karczewski et al., 2020).

Overlap between the databases

As illustrated in Figure 1 and table 2, a limited number of HC-NDD genes (n=59; 3.7%) are
shared by the SPARK/SFARI, SysID, DDG2P and DBD gene lists, highlighting shared genetic
pathways among NDD phenotypes, but also different selection criteria depending on the
database (Gonzalez-Mantilla et al., 2016; Myers et al., 2020). This further points out the
importance of considering a broad spectrum of genes for patients with NDD instead of a too
restricted list of genes (Myers et al., 2020). A number of genes could be more related to a given
disorder. For example, 41 genes seem to be more associated to ASD than with other conditions,
such as SHANK2, NRXN2/3 and NLGN2. However, their involvement in other NDDs cannot
be excluded and requires further investigations. Within the large list of 6,478 candidate NDD
genes, 24 (see Figure 1 and Table 2) pass all selection criteria — candidate genes in the NDD
database, expressed in the brain and highly intolerant to loss of function mutations — making
them strong candidate for being robustly associated with NDD in the future. There is finally a
third category that includes 11,768 protein-coding genes in the human genome that are neither
in the high-confidence nor candidate NDD gene lists. It is worth mentioning that the lack of
scientific evidence supporting the role of such genes in NDD phenotypes is not definitive. Gene

curation is still in progress.
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Table 2: Overlapping HC-NDD or Candidate-NDD genes across databases

List of genes

GO enrichment

Overlapping in HC-NDD genes
(n=59)

Names

ADNP, ADSL, AHDCI,
ANKRDI1, ARIDIB, AUTS2,
BCLIIA, CASK, CDKLS,
CHAMPI, CHD?2, CHD?7,
CREBBP, CTCF, CTNNBI,

DDX3X, DNMT3A, DYRKIA,
EBF3, EHMTI, EP300, FOXGI,

Positive regulation of
transcription from RNA
polymerase II promoter
Negative regulation of
transcription from RNA
polymerase II promoter
Positive regulation of

FOXPI,  GRIN2B, HIVEP2, transcription, DNA-templated
HNRNPU, IOSEC2, KANSLI, - DNA methy]ati()n

KMT24A, KMTSB, MAGEL2, - Transcription, DNA-
MECP2, NIPBL, NSD1, PCDH19, templated

PHIP, POGZ, PTCHDI, PTEN,
RAII, SCNIA, SCN2A, SETBPI,
SETDS5, SLC6AI, SLC9A6, SON,

SRCAP, STXBPIl, SYNGAPI,

TBCK, TBRI, TCF20, TCF4,

TSC2, UBE3A, UPF3B, VPSI13B,

WAC
Overlapping in Candidate-NDD ADGRL2, @ AKAP6,  ARNT2, - Protein homo-
genes (n=24) ATP5FIA, CACNG2, CSNKIE, oligomerization

DIP2C, DNAJC6, FASN,

GABRBI, GLRA2, GNAQ,

KCNA4, KCND3, KCNV1, LGII,
PDEIOA, PLXNAI, RBFOXI,
RHEB, TENM2, UBRS5, XPOI,
ZNF423

Epilepsy-associated genes are underlined; GO: Gene Ontology

The biological pathways associated with the HC-NDD genes

Chromosomal location and mode of inheritance of HC-NDD genes

HC- NDD genes are distributed over all chromosomes (Figure 2). There are 1,452 genes located
on the autosomes, 129 on the X chromosome, and five on the mitochondrial genome (ATP6,
COX1, COX2, COX3 and NDS5). There is no enrichment of HC-NDD genes on one specific
autosome, but a significant enrichment on the X chromosome (8.2% for HC-NDD genes vs
3.9% for the non HC-NDD genes ; Pearson’s Chi-squared = 63.539, df = 1, p-value = 1.572e¢-
15). A majority of the HC-NDD genes (N=968; 61%) display a recessive mode of inheritance,
while 590 show a dominant mode of inheritance and 28 a complex (e.g. mitochondrial and

imprinting) or uncertain mode of inheritance.
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Figure 2. Distribution of the high confidence NDD genes on the human chromosomes



The 1,586 HC-NDD genes are indicated on the human chromosomes. The pattern of inheritance associated to HC-
NDD genes is specified in color (red: dominant, blue: recessive & green: complex). Only the symbols of the
SPARK genes are indicated above the chromosomes.

Selective constraints on HC-NDD genes in humans and during evolution

Genes associated with NDD are on average under strong selective pressure during evolution
(Dumas et al., 2019) and intolerant to loss of function mutations in human population
(Kosmicki et al., 2017). However, there are some interesting exceptions of HC-NDD genes
showing strong signs of positive selective pressure. Examples of HC-NDD genes with protein
divergence during primate evolution are AHII, AHSG, BRCAI, CNTNAP4, CSPP1, FANI,
FAM149B1, GLBI, NHS, TCTNI. Some of them genes are associated with microcephaly,
questioning the potential role of human-specific variants within these genes in the expansion of
the human brain size (Dumas et al., 2021). In humans, 68% of the HC-NDD genes with a
dominant inheritance model (403/590) are strongly intolerant to loss of function mutations

considering pLI or LOEUF metrics.

Spatio-temporal expression of the HC-NDD genes in the human brain

To further characterize the HC-NDD genes, we performed a Specific Expression Analysis
(SEA) on the human Brainspan collection (Dougherty et al., 2010). This provides a parallel
analysis of transcripts enriched in particular human brain regions, and/or developmental
periods. HC-NDD gene list was divided into two non-overlapping set of genes i) HC-NDD
genes not listed in SynGO (N= 1,382 genes) and ii) HC-NDD genes listed in SynGO (N=204
genes). As illustrated in the figure 3, the HC-NDD genes not listed in SynGO are enriched in
the very early fetal period (amygdala, cortex, hippocampus, striatum). In contrast, the HC-NDD
genes with synaptic functions and listed in SynGO are more expressed after birth in the

cerebellum and the cortex. Example of the SPARK genes for ASD expressed in specific regions
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are TBR1 and SOX5 in early fetal cortex, FOXPI in the early mid fetal striatum, SCN2A and

STX 1B in the cerebellum and KCNBI and SCNSA in the cortex after birth.

HC-NDD genes HC-NDD genes

no(tn:zysnz();o Amygdalcaerebellumconelilppocamplé?riatumThalamus "Eniyz'l‘)f)o Arnygda(liaerebelIumconel)—(hppocampléfriatumThalamus

Early fetal @ (o) Early fetal @
Early mid-fetal Early mid-fetal (o)
Late mid-fetal Late mid-fetal
Late fetal Late fetal
Early infancy Early infancy Q
Late infancy Late infancy
Early childhood (& Early childhood (&
Mig-late childhood Mid-late childhood
Adolescence Adolescence o
Young adulthood Young adulthood '

0.1 0.075 0.05 0.025 0

p-value i I I I _

Figure 3. Specific Expression Analysis (SEA) across brain regions and development of the
high confidence NDD genes.

For each brain regions and/or development stage, transcripts that are specifically expressed or enriched were shown
using Bullseye plots. The enrichment was identified by Fisher’s exact test with Benjamini-Hochberg (BH)
correction and the BH corrected p-values are illustrated on the bottom of the figure. The p-value for Specificity
Index (pSI) is a probability threshold used to measure the specificity of the expression of genes in different
regions or cell types (Dougherty et al., 2010). High pSI values (pSI>0.01) allow to measure the enrichment
among larger sets of expressed genes while lower pSI values (pSI<0.01) allow to measure enrichment in
smaller sets of genes specifically expressed in some regions or cell types. Varying stringencies for enrichment
in pSI thresholds are represented by the size of the hexagons going from least specific lists (outer hexagons with
p-value threshold = 0.05) to most specific (center with p-value threshold = 0.0001). The regions most enriched in
HC-NDD genes not listed in SynGO (left panel, for a pSI < 0.05 and after BH correction) are early fetal amygdala
(g= 0.015), early mid fetal amygdala (q=8.070e-07), early fetal cortex (q=3.369e-04), early mid fetal cortex
(g=3.369¢-04), early fetal hippocampus (q= 0.027), early mid fetal hippocampus (g= 0.045), early fetal striatum
(g=3.538e-06) and early mid fetal striatum (q= 0.027). The regions most enriched in HC-NDD genes listed in
SynGO (right panel, for a pSI < 0.05 and after BH correction) are adolescence amygdala (q= 0.029), early
childhood cerebellum (g= 0.009), middle late childhood cerebellum (q= 8.699¢-05), adolescence cerebellum (q=
5.843e-06), young adulthood cerebellum (q= 0.017), early mid fetal cortex (qg= 0.011), neonatal early infancy
cortex (g= 0.003), middle late childhood cortex (q= 0.022), adolescence cortex (qg= 5.817e-10), young adulthood
cortex (q= 1.786e-16) and neonatal early infancy thalamus (q= 8.699¢-05). Early fetal: before 12 pcw ; Early mid
fetal 13-18 pcw. q = Benjamini-Hochberg corrected p value.

Biological functions of the high confidence NDD genes

To investigate main biological functions of the HC-NDD genes, we performed a gene
ontology enrichment analysis and mapped a set of enriched biological processes onto the high-
confidence protein-protein interaction network connecting the proteins encoded by HC-NDD

genes (Figure 4). The functional enrichment points at groups of proteins involved in different
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biological processes such as cell cycle (adjusted p = 7.6x10~), mitochondrion organization
(adjusted p = 1.5x10~), chromosome organization (adjusted p = 2.5x10), transport (adjusted p
= 1.2x10+), transmembrane transport (adjusted p = 1.5x10+) and nervous system development
(adjusted p =2.8x10+). As indicated in figure 4B, genes listed in the “Nervous system/synapse”
are associated with ASD, ID or both. Interestingly, there are more than 20 genes listed as part
of the NLGN-NRXN pathway previously associated with ASD. Within this pathway, there are
the genes coding for cell adhesion molecules (e.g. NLGN, NRXN), glutamate pre- and post-

synaptic receptors (GRIN2A, GRIN2D, GRIA4), and scaffolding proteins at glutamatergic

synapse (SHANK).
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Figure 4. Protein-protein interaction network and functional annotation of HC-NDD genes.

(A) Pairs of proteins consist of physical interactions (experimental or database) from STRING with the highest
confidence score (score > 0.9). Edge color represents interactions involving proteins that are part of selected
enriched gene ontology terms. We merged the gene ontology terms into 5 large groups “Cell cycle”,
“Mitochondrion”, “Chromosome/chromatin”, “Nervous system/synapse” and “Transport”. (B) Network of
interacting proteins annotated in the “Nervous system/synapse” group in (A). Node colors represent the association
of the genes with ASD, ID or both, node border color the association with epilepsy, and node size the number of
interactions of each gene. Genes with a SFARI score of 1 and genes from the SPARK gene list were considered
as ASD-associated, genes from the SysID database with primary evidence were considered as ID-associated, and
genes from any epilepsy-related gene list were considered as epilepsy-associated.
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Finally, we investigated further the roles of the HC-NDD genes at the synapse. We use
the ontology terms provided by the SynGO consortium (Koopmans et al., 2019) (Figure 5,
supplementary Table 2 and Table 3). Among the HC-NDD genes, 204 (12,9%) are mapped to
SynGO annotated genes. Overall, the exploration of over-represented synaptic gene ontologies
reveals 18 cellular component terms and 20 biological processes significantly enriched at 1%
false discovery rate. Interestingly, there is an enrichment in both pre- (N=99) and post-synaptic
(N=109) components. The synaptic processes that are enriched in the HC-NDD genes include
ligand- and voltage-gated ion channel activity involved in regulation of pre-synaptic membrane
potential as well as synaptic vesicle cycle and exocytosis and regulation of neurotransmitter
receptor localization and levels to postsynaptic specialization membranes. Altogether, these
cellular components and functional maps stress further the role of HC-NDD proteins in both
pre-and postsynaptic glutamatergic synapse. A more precise map linking biological
mechanisms to symptoms would require to have more information on the clinical trajectory of

individuals with NDD.

A B

-log10 Q-value
too few genes
M not significant

Cellular Component Biological Process

Figure 5. Synaptic location and function of the high confidence NDD genes.

SynGO sunburst plots show nested cellular components (A) and biological processes (B) of the synapse that are
statistically enriched in HC-NDD genes. The circle in the center represents the root node, with the hierarchy
moving outward from the center. A segment of the inner circle bears a hierarchical relationship to those segments
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of the outer circle which lie within the angular sweep of the parent segment. More details can be found on the
SynGO website : https://syngoportal.org/. A total of 204 HC-NDD genes were mapped to SynGO annotated genes,
of which (A) 174 encoded proteins annotated in different cellular components and (B) 160 encoded proteins
annotated in different biological processes (a gene may have multiple annotations). A total of 18 cellular
component terms and 20 biological process terms are significantly enriched at 1% FDR (testing terms with at least
three matching input genes). Enrichment analyses were performed using 1-sided Fisher exact tests (“with greater
than” for the alternative hypothesis) and the False Discovery Rate (FDR) method was applied for multiple testing
correction.

Perspectives

This overview of the different databases highlights the cumulative evidence of a strong genetic
contribution to NDD. Regarding the achievements, it is now estimated that more than 1,500
genes are robustly associated with NDD. The use of whole exome/genome sequencing leads to
a genetic diagnosis in more than a third of the patients and a recent modelling suggests that
more than 1,000 genes associated with developmental disorders have not yet been described,
many of which are likely to be less penetrant than the currently known genes (Kaplanis et al.,
2020). Recent progresses have also been made to develop automated pipelines for filtering
pathogenic variants among the large numbers of variants identified through exome/genome
sequencing (Wright et al., 2020).

Regarding the limitations, for the majority of the genes/variants, we have few
information about family history and on the impact of the mutations on the clinical trajectory
and outcome of the carriers. Such fine-grained information are sometimes available in medical
case-reports, but rarely in a way that the information is standardized and in machine readable
format, hindering comprehensive genotype-phenotype analyses based on large-scale cohorts.
Another limitation is that most of the studies are focused on patients despite that deleterious
mutations are sometimes observed in unaffected relatives and in the general population.
Initiatives investigating the general population such as UK-Biobank are therefore crucial in
order to detect mutation carriers who are Resilients and who could inform us on possible

protective factors pointing at new treatments.
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