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Epilepsy

Group of neurological diseases
that are characterized by
episodes of shaking, which can
range in severity from brief,
nearly undetectable to long
and vigorous.

Autism spectrum disorder
(ASD). Collective term to
describe a wide range

of conditions that are
characterized by social deficits

and communication difficulties,

stereotyped or repetitive
behaviour and interests,
sensory issues and, in some
cases, cognitive delays.
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((@ APPLICATIONS OF NEXT-GENERATION SEQUENCING

Genetic studies in intellectual
disability and related disorders

Intellectual disability (ID), the world-wide prevalence
of which has been estimated at 1%/, is characterized by
substantial limitations in both intellectual function-
ing and adaptive behaviour, starting before the age of
18 years. Most individuals with ID are identified early
in childhood because of developmental delays, and ID
is a prominent feature of most developmental disorders.
However, a formal diagnosis of ID is made only when
IQ testing identifies an IQ score of less than 70. ID can
occur in isolation or in combination with congeni-
tal malformations or other neurological features such
as epilepsy, sensory impairment and autism spectrum
disorders (ASD), and its severity (mild, moderate, severe
and profound) is highly variable.

ID can be caused by exogenous factors such as
maternal alcohol abuse during pregnancy, infections,
birth complications and extreme malnutrition, but
genetics is known to have an important role in its aeti-
ology. The brain is an incredibly complex organ con-
sisting of a myriad of interconnected cell types. During
development and day-to-day functioning throughout
life, numerous proteins need to be functionally active in
the right amount at the right place and the correct time.
It is therefore not unexpected that a mutation, deletion
or rearrangement affecting any one of the genes encod-
ing these proteins can have severe consequences for
brain development or cognitive functioning. Indeed,
family and population studies of intelligence show a
high heritability, but no reliable literature exists on the
heritability of ID itself. ID has become the most fre-
quent reason for referral to paediatric genetic services.
Unfortunately, the clinical heterogeneity of ID is reflected
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Abstract | Genetic factors play a major part in intellectual disability (ID), but genetic
studies have been complicated for a long time by the extreme clinical and genetic
heterogeneity. Recently, progress has been made using different next-generation
sequencing approaches in combination with new functional readout systems. This
approach has provided novel insights into the biological pathways underlying ID,
improved the diagnostic process and offered new targets for therapy. In this Review, we
highlight the insights obtained from recent studies on the role of genetics in ID and its
impact on diagnosis, prognosis and therapy. We also discuss the future directions of
genetics research for ID and related neurodevelopmental disorders.

with extreme genetic heterogeneity, and a genetic diag-
nosis is still lacking in most cases. This is concerning,
as a genetic diagnosis can provide detailed information
on the subtype of ID, its prognosis, possible compli-
cations, treatment options as well as information on
the inheritance relevant for family planning. Genetic
research has focused on the use of unbiased genome-
wide approaches because of the genetic heterogeneity
of ID. These include genomic microarrays and, more
recently, next-generation sequencing (NGS) using exten-
sive gene panels, the exome or the whole genome. With
the introduction of NGS technologies, new ID genes
are now being identified in rapid succession. This com-
bination of novel technology and increased biological
understanding is rapidly increasing the diagnostic yield
of genetic tests in ID and improving the usefulness of
genetic test results for patients and families involved. In
addition, it is providing possibilities for carrier testing
and prenatal screening, as well as new targets for treat-
ment. In studying the genetics of ID, it is important
to note that ID, which by definition is an early-onset
disorder, has a significant impact on fitness. The exact
effect on fitness will depend on the severity of the ID
and the presence or absence of additional clinical fea-
tures. For this reason, severe ID is mostly sporadic,
whereas milder forms of ID can occur in families and
spread through the population. This difference in fit-
ness effects will impact the genetic architecture under-
lying these different forms of ID. Indeed, genomic
microarray studies have revealed a strong relationship
between the number of genes affected by rare copy
number variants (CNVs) and the severity of the ID’. In
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Clinical heterogeneity

The phenomenon by which the
same (genetic) disease can
have differences in clinical
manifestation.

Genetic heterogeneity

The phenomenon by which
mutations in different genes
can cause a similar phenotype.

Next-generation sequencing
(NGS). A collective term

to describe the modern
high-throughput sequencing
technologies in the
post-Sanger sequencing era.

Diagnostic yield

The percentage of patients
who receive a conclusive
molecular diagnosis for their
disease.

Copy number variants
(CNVs). Insertions or deletions
larger than 1,000 nucleotides
in size.

De novo mutations

Genetic alterations that are
present for the first time in one
family member as a result of a
mutation in the germ cell of
one of the parents, or in the
fertilized egg itself.

Down syndrome

The first recognized and most
common form of a human
aneuploidy syndrome,
consisting of trisomy of
chromosome 21 and
representing 6-8% of all
intellectual disability (ID) cases.
The syndrome is generally
associated with physical
growth delays, characteristic
facial features and mild to
moderate ID.

Fragile X syndrome

Genetic disorder characterized
by intellectual disability (ID),
elongated face, large

or protruding ears,
macroorchidism, stereotypic
movements and social anxiety.

Prader—Willi syndrome
Genetic condition that is
characterized by hypotonia,
feeding difficulties, poor
growth, delayed development
and behavioural problems. In
infancy, patients develop an
insatiable appetite that leads
to chronic hyperphagia

and obesity.

addition, dominantly acting rare de novo mutations have
recently been shown to be a major cause of severe ID
and associated developmental disorders*'°. By contrast,
more common and complex forms of inheritance are
expected to underlie the milder forms of ID. At present,
however, much less is known about the genetics under-
lying these mild forms of ID. The genetics of ID also
differs markedly in countries with a high frequency
of consanguinity, owing to a more prominent role for
recessive inheritance!! (see REF. 12 for a recent review).

In this Review, we highlight the insights obtained
from recent studies on the role of genetics in ID and
its impact on diagnosis, prognosis and therapy. We
mainly focus on the genetic aspects of ID and do not
extensively discuss the clinical aspects of ID (for cover-
age of this topic, see REF. 13). First, we provide a brief
historical overview of genomic approaches developed to
study ID. Next, we discuss results from recent genomic
studies, with a focus on both dominant de novo muta-
tions, as well recessive forms of inheritance. In addition,
we describe overlap with related disorders, such as ASD
and epilepsy, as well as ID gene networks and pathways
in which linked genes act in concert. Finally, we outline
the future of ID research and emerging approaches for
therapy.

A brief historical overview

Historically, genetic diagnosis of ID started under the
microscope with the identification of trisomy 21 as the
cause of Down syndrome'* and a marker chromosome X
for fragile X syndrome'®. Because of these discoveries and
the widespread introduction of cytogenetic banding
technologies, chromosomal abnormalities were soon
recognized as a common cause of ID, explaining up to
15% of cases'®", and Down syndrome was recognized as
the most frequent genetic form of ID. In 1991, expansion
of a CGG repeat in the fragile X mental retardation 1
(FMRI) gene was identified as the cause of fragile X
syndrome'®", with an estimated frequency of 1 in 5,000
males and accounting for ~0.5% of ID®. FMRI remains
the most mutated gene in ID and is routinely tested in
ID diagnostics.

Chromosome X became a main focus of research
in the 1990s and the beginning of this century because
of the observed unbalanced sex ratio of 1.3-1.4 to 1 for
male to females with ID and the possibility to carry
out linkage analysis in large families with only male
patients®’. Mutations causing monogenic forms of
X-linked ID have now been identified in more than 100
genes. None of these genes individually explains more
than 0.1% of ID, but collectively they explain up to 10%
of ID in males®.

Research on autosomal causes of ID was initially
hampered by the size of our genome, the limitations
of cytogenetic and sequencing technologies and the
absence of large families with autosomal forms of ID
(owing to the effect of ID on reproductive fitness).
Cytogenetic studies did reveal a number of recur-
rent autosomal microdeletions and duplications that
explain clinically distinct ID syndromes such as Prader—
Willi syndrome, Angelman syndrome, Williams syndrome,

Smith—Magenis syndrome, Miller-Dieker syndrome and
DiGeorge syndrome®. The introduction of genomic
microarrays allowed the genome-wide detection of
CNVs at finer resolution than was possible using the
light microscope?. Pioneering microarray studies in
ID showed that these CNVs occurred de novo in the
germline of ~10% of patients®®~**. Although these
CNVs occurred all over the genome, numerous recur-
rent de novo CNVs have now been identified in ID as
autosomal-dominant causes®. Detailed clinical and
genetic characterization of these patients has resulted
in the description of many new ID syndromes, pro-
vided insights into the genomic architecture under-
lying these genomic disorders and revealed many
causative dosage-sensitive genes located in these CNV
regions®*!. Because of their superior resolution and
diagnostic yield, genomic microarrays rapidly replaced
G-banded karyotyping as the first-tier test for ID2. In
spite of these successes, the number of autosomal-
dominant ID genes is still small relative to the number
of X-linked ID genes.

In the meantime, over 300 genes have been identi-
fied for autosomal-recessive forms of ID, mostly by
homozygosity mapping using single nucleotide polymor-
phism (SNP) microarrays and subsequent follow-up
of candidate genes by Sanger sequencing. This num-
ber may be slightly inflated, as more than 97% of these
genes have a role in recessive disorders that include ID
as one of their main features. In fact, very few recessively
inherited genes have been identified that only cause an
ID phenotype (known as isolated ID)'>%.

Overall, over 700 genes have now been identi-
fied across studies of X-linked, autosomal-dominant
and autosomal-recessive ID, which can be used for
the molecular diagnosis of both isolated ID and
ID-associated disorders (FIG. 1; see Supplementary
information S1 (table)).

From genes to genomes

NGS technologies have facilitated genetic research on
ID in the past 5 years. The power of NGS approaches
for disease gene identification was first shown in
unexplained rare syndromes. Exome sequencing of
four patients with Miller syndrome, a rare syndrome
presumed to be recessively inherited, allowed the iden-
tification of dihydroorotate dehydrogenase (quinone)
(DHODH) as the causative gene*. Exome sequenc-
ing also rapidly identified disease-causing genes for
autosomal-dominant sporadic syndromes associated
with ID such as Schinzel-Giedion syndrome*, Kabuki
syndrome*® and Bohring—Opitz syndrome®. These studies
showed that it is possible to prioritize disease-causing
single nucleotide variants that are present in the exomes
of a few patients with overlapping clinically defined
syndromes. This unbiased NGS approach has acceler-
ated disease gene identification for rare monogenic ID
syndromes that could not have been effectively studied
before the NGS era because of the inability to study all
coding mutations in individual patients®. As a next
step, exome sequencing was also applied to common,
non-syndromic forms of ID.
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Figure 1| Increase of genes linked to isolated ID and ID-associated

disorders. Graphical overview of the increase in gene discovery for isolated
intellectual disability (ID) and ID-associated disorders over time, specified by the

type of inheritance. Vertical dashed lines represent the introduction of genomic
microarrays (red) and next-generation sequencing (NGS)-based technologies (orange)
for the detection of new ID genes. From this figure it is clear that we have not reached
any saturation in ID disease gene identification, except perhaps for X-linked forms of
ID. Supplementary information S1 (table) lists all genes shown in this figure, along with

their respective ID phenotype.

Angelman syndrome
Complex genetic disorder that
primarily affects the nervous
system and is characterized
by delayed development,
intellectual disability, speech
impairment, epilepsy and
problems with movement

and balance. Patients typically
have a happy, excitable,
demeanour.

Williams syndrome

Genetic condition that is
characterized by mild to
moderate intellectual disability,
cardiovascular disease,
distinctive facial features

and a typical outgoing,
engaging personality.

Smith—Magenis syndrome
Developmental disorder that

is characterized by mild to
moderate intellectual disability,
delayed speech and language
skills, distinctive facial features,
sleep disturbances and
behavioural problems.

A de novo paradigm in ID. The genetic heteroge-
neity observed in common forms of ID reduces the
possibility to prioritize disease genes on the basis of
overlapping mutations in multiple patients. Potentially
pathogenic mutations should therefore be identified
in individual patients. Vissers et al.® approached this
for the first time by sequencing the exomes of ten
patients with unexplained severe ID as well as their
unaffected parents. This trio-based exome sequenc-
ing design allowed the identification of de novo domi-
nant mutations as a possible cause of sporadic forms
of ID. De novo mutations had been hypothesized to
represent a common cause of severe ID before these
exome sequencing studies, potentially explaining why
this severe early-onset disorder remains so frequent in
our population®. In line with this hypothesis, and as
described above, de novo CNV's were already known to
represent the most common cause of ID in the Western
world. In addition, Sanger sequencing of candidate ID
genes, although laborious when performed in large
numbers of cases, had been applied successfully to
reveal de novo mutations in newly described ID genes
such as synaptic RAS GTPase activating protein 1
(SYNGAPI)* and forkhead box P1 (FOXP1)*. In the
pilot exome sequencing study by Vissers et al.?, de novo
mutations predicted to be damaging were identified
in two known ID genes as well as in four candidate ID
genes, potentially providing a genetic cause in six out
of ten patients. Trio-based exome sequencing rapidly
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became a useful method for the unbiased identifica-
tion of de novo mutations in ID and other early-onset
neurodevelopmental disorders®?-%,

In 2012, two studies confirmed the importance of
de novo mutations in larger cohorts of 50 to 100 patients
with unexplained severe ID, and demonstrated the util-
ity of exome sequencing as a diagnostic test*”. These
studies indicated that de novo mutations with a pre-
dicted damaging effect on currently known ID genes
can explain 13-35% of cases with severe ID. A similar
result was recently obtained in a study of 41 patients
with moderate to severe ID, with a diagnostic yield of
~29% based only on de novo mutations in known ID
genes. Also in line with this, a much larger trio-based
exome sequencing study in 1,133 children with severe
undiagnosed developmental disorders (87% with ID
or developmental delay) reported a diagnostic yield of
18% for de novo mutations in known disease genes'.
Differences in the diagnostic yield between these stud-
ies can be explained by differences in patient selection,
in variant interpretation and in the quality of the exome
sequencing approach.

Recently, a follow-up study® was carried out using
whole-genome sequencing in 50 of the 100 patients
included in one of the exome sequencing studies
mentioned above*. Genome sequencing identified 84
de novo coding mutations in these patients. Of note,
65 of these coding mutations (77%) were missed in the
original exome sequencing study owing to poor cover-
age. Likewise, whole-genome sequencing detected many
de novo genomic structural variants missed by previous
microarray studies in these patients. These variants
included two de novo single exon deletions and one
intra-exonic deletion, both affecting known ID genes.
Based on this first whole-genome sequencing study in
severe ID?, the authors estimated that 60% of severe
ID can be explained by a de novo coding mutation in
a known ID gene (39% by de novo point mutations and
21% by de novo structural variants; see FIG. 2 for an over-
view of the recent increase in diagnostic yield for ID).
Even though whole-genome sequencing was used in
this study, no evidently pathogenic non-coding muta-
tions were identified, exemplifying that variant interpre-
tation outside of genes is still highly complex (see the
‘New research directions’ section below).

Next-generation recessive disease gene identification.
Although recessive inheritance may not be a major
cause of ID in outbred populations, it is perceived as
a key cause in inbred populations'>. In 2011, targeted
NGS was used systematically for the first time after
homozygosity mapping, and revealed homozygous
regions in 136 consanguineous families with autosomal-
recessive ID". This study identified recessively inherited
mutations in 23 known ID genes and 50 new candidate
ID genes. Five of these genes were mutated in more than
one family (three known ID genes and two candidate
ID genes, each mutated in two families). In total, prob-
able causative homozygous mutations were identified
in 78 of the 136 families, potentially explaining 57%
of ID cases.
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Figure 2 | Diagnostic yield for ID over time. Graphical overview of the diagnostic
yield for moderate to severe intellectual disability (ID) (excluding Down syndrome,
which represents 6-8% of all ID) over time. Solid line indicates the mean of published
studies, and the shaded background indicates the lower and upper boundaries

of reported diagnostic yields. In the 1970s, conventional karyotyping became a
routine diagnostic test and provided a conclusive diagnosis in 3-6.5% of ID cases. The
diagnostic yield increased by 6-10% after the introduction of both Sanger sequencing
and targeted fluorescence in situ hybridization (FISH) in the 1990s'?°. At the beginning
of this century, genomic microarrays were introduced, increasing the diagnostic yield
by another 15-23%**2. The introduction of whole-exome sequencing in 2010 and
onwards added a diagnostic yield of 24-33%*7'°, and a first pilot study using
whole-genome sequencing added a further 26% in 2014 (REF. 5), accumulating to an
overall diagnostic yield of 55-70% for moderate to severe ID. Interestingly, a higher
diagnostic yield has been observed for moderate to severe ID (IQ score <50) compared
with mild ID (IQ score 50-70)!?%'22, As an example, subtelomeric aberrations explain
0.5% of mild ID and 7.4% of moderate to severe ID. Since the introduction of genomic
microarray technology, the diagnostic yield per category of ID is less well documented.
This is also the case for differences in diagnostic yield between males and females.

Miller—Dieker syndrome
Genetic condition that is
characterized by a pattern of
abnormal brain development
known as lissencephaly, which
leads to severe intellectual
disability, developmental delay,
seizures, spasticity, hypotonia
and feeding difficulties.

DiGeorge syndrome
Genetic disorder that is
characterized by a heart
defect, learning difficulties
and cleft palate, among other
symptoms.

G-banded karyotyping
Visualization of the
chromosome count present in
the nucleus of a eukaryotic cell
after Giemsa staining, followed
by trypsin digestion, using a
light microscope. The staining
results in a recognizable
pattern of light (euchromatic)
and dark (heterochromatic)
stained bands.

In recent years, exome sequencing has also become
the standard technology to identify recessive causes of
ID. This has resulted in the description of numerous
recessive ID genes such as DDHD domain containing 2
(DDHD2), methyltransferase like 23 (METTL23), cal-
pain 10 (CAPN10), serine/threonine/tyrosine interact-
ing-like 1 (STYXLI) and solute carrier family 6 (neutral
amino acid transporter) member 17 (SLC6A17)°'-.

From candidate to validated ID genes. The focus on
dominant de novo or recessively inherited mutations
that are present in exome and genome sequencing data
allows one to effectively prioritize disease-causing muta-
tions and to identify new candidate ID genes. However,
proving pathogenicity of these mutations and establish-
ing that a candidate ID gene is an ID-causing gene when
mutated is still complicated, even in this post-NGS era
(see REF. 54 for guidelines on investigating the causality
of rare mutations in disease, and REFS 55,56 for reviews
on the interpretation of de novo mutations).
Replication — the observation of multiple unrelated
but phenotypically similar patients with mutations that
are predicted to be damaging in the same gene — is

still a key requirement in this process. The combina-
tion of CNV morbidity maps with lists of candidate ID
genes that are affected by point mutations can be par-
ticularly powerful in this respect because both have an
important role in ID¥. In addition, an association with
disease has to be statistically established by compar-
ing the frequency of these types of mutations in cases
and controls, especially as it is now well established
that mutation rates vary substantially between genes.
Alternatively, for de novo mutations, one can use esti-
mated gene-specific mutation rates to demonstrate an
enrichment of gene mutations within a patient cohort*.
Of note, a recent study re-assessed published X-linked
ID-causing mutations in 106 genes by analysing the fre-
quency of truncating variants of these genes in controls
using the US National Heart, Lung and Blood Institute
(NHLBI) large-scale sequencing database. The authors
questioned whether the mutations in ten of these genes
cause X-linked ID, as truncating mutations are also pre-
sent in controls. For 15 additional genes, further studies
were required to conclusively implicate them as causes
of X-linked ID*,

The replication and association of new candidate
ID genes identified through exome or whole-genome
sequencing can be achieved by targeted re-sequencing
using high-throughput NGS approaches in thousands of
cases and controls®”*. Within the context of the Autism
Spectrum/Intellectual Disability network (ASID), more
than 15,000 patients and control samples have been col-
lected for replication studies®. Importantly, detailed
clinical follow-up studies and analysis of parental sam-
ples are required for all patients with recurrently mutated
genes to establish genotype-phenotype correlations
and the mode of inheritance. This reverse phenotyping
approach, in which genetic data are used to drive new
phenotypic definitions, has already revealed a number
of new ID genes and allows the analysis of the role of
these genes in other neurodevelopmental disorders®"®.

Complementary to finding the recurrence of specific
mutated genes in patients, and the absence in controls,
the true nature of candidate ID genes and of their muta-
tions must be established by carrying out functional
studies, either in vitro using patient-derived cells, or
in vivo using animal models. Mice have historically been
used as model organisms for ID to learn about disease
biology and to find potential therapeutic strategies for
specific diseases, for instance for fragile X syndrome®.
More recently, fruit flies and zebrafish have been intro-
duced as disease models for ID, largely because of their
reduced costs and short generation times®*%. Despite the
evolutionary distances, 73% of human ID genes have
been reported to have an unambiguous counterpart
in fruit flies®, and zebrafish have 70% overall genetic
identity to humans®. The fruit fly offers the opportunity
to study behaviour using various paradigms including
olfactory learning and courtship conditioning, spatial
learning and habituation assays. In addition, the use
of fruit flies allows the study of brain organization and
architecture during neuronal development (reviewed
in REF. 67). Also in zebrafish, a large variety of assays is
available to monitor development (reviewed in REF. 64).
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Homozygosity mapping
A method to map human
recessive disease traits with
DNA of inbred children.

Schinzel-Giedion syndrome
A rare genetic disorder of
congenital hydronephrosis,
skeletal dysplasia and severe
developmental retardation.

Kabuki syndrome

A rare genetic condition that
is characterized by distinctive
facial features, skeletal
anomalies and intellectual
disability.

Although model animals are essential in ID research,
it would be ideal to study the function of normal and
mutated ID genes in humans. This is complicated by the
fact that the affected tissue, the brain, cannot be easily
accessed. The possibility to make patient-derived induced
pluripotent stem cells (iPSCs) will undoubtedly acceler-
ate functional studies for ID%. Together with the recent
introduction of CRISPR-Cas9 gene editing technology,
it has now become possible to model disease-specific
mutations, rather than overall gene knockdown, in both
model organisms and human cells®. This will allow a
much more accurate characterization of the conse-
quences of mutations on brain phenotypes, even if these
mutations are observed in a single patient and/or family.

Towards a comprehensive set of ID genes. As mentioned
above, ~700 genes have been convincingly linked to
either isolated, non-syndromic forms of ID, or to a dis-
order that includes ID as one of its major features (FIC. 1;

Box 1| Therapy for intellectual disability

For many years, the prevailing view has been that intellectual disability (ID) cannot be
cured because the affected biological processes, including neurogenesis, are difficult

to target and the cellular damage cannot be undone or reversed. Much of the treatment
has therefore focused on environmental optimization, including individualized
education plans, as well as minimizing complicating co-morbidities (for example, visual,
sleep or pain co-morbidities)'*2. For specific syndromes associated with ID (see REF. 112

for a review), some therapeutic strategies are known. For instance, for a few metabolic
disorders, enzyme replacement therapy is used, which can drastically change
prognosis, and is sometimes accompanied by unexpected intellectual sparing (for
example, for Pompe disease).

However, recent studies involving specific types of ID, including for instance those
resulting from genes involved in histone modification, suggest that ID might actually
be amenable to therapeutic intervention. For example, Kabuki syndrome is caused by
de novo mutations in lysine (K)-specific methyltransferase 2D (KMT2D) or lysine
(K)-specific demethylase 6A (KDM6A)***3, and probably results from an imbalance in
open and closed chromatin states. Recently, it has been shown that memory deficits
in the mouse model can be prevented, or even reversed, through systemic delivery of
drugs that directly influence the histone modification events that favour chromatin
opening'. The authors of the study speculate that other genetic disorders involving
the histone modification machinery might also be amenable to therapeutic
intervention with histone deacetylase (HDAC) inhibitors*.

In keeping with this concept, it has long been hypothesized that neurodevelopmental
disorders caused by genes in the same network may be targeted by a central node in
the system, and it has been argued that the GABAergic system — which is disrupted
in fragile X syndrome, Rett syndrome, methyl CpG binding protein 2 (MECP2)
duplication syndrome and Dravet syndrome — is a key candidate to target for
therapeutic intervention''®. Indeed, mouse studies on MECP2 duplication syndrome
have shown that chronic treatment with low doses of GABA, receptor antagonists
ameliorates specific behavioural phenotypes, including motor coordination, episodic
memory impairments and synaptic plasticity deficits'".

Inspired by these studies in model organisms, clinical trials interfering with the
GABAergic system have been set up (reviewed in REF. 116). Interestingly, early
intervention combined with targeted treatment in young children with fragile X
syndrome has been shown to improve behaviour and cognition, suggesting that
targeted pharmacological treatments have great potential**®. In general, the road
ahead for treatment of ID will mostly have to focus on the identification of the
commonly disturbed pathways and networks, as ID is too heterogeneous for
treatment at the individual gene level. With the advent of stem cell replacement,
future research will also reveal to what extent cellular replacement for ID and other
neurodevelopmental disorders resulting from reduced numbers of specific neurons

may prove rational*’.
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see Supplementary information S1 (table)). On the basis
of whether the plots in FIG. 1 are reaching a plateau, it
seems that most X-linked ID genes have been identified
by now, whereas many (if not most) autosomal ID genes
still await discovery. It is difficult to reliably predict how
many ID genes are still to be discovered and when all
ID genes will be identified (see for example REF. 70 for
an estimation of the number of autism genes), but the
number is likely to exceed 1,000 in the coming decade.
One could expect that most of the frequently mutated
genes should have been identified by now, but even this
may not be the case. As an illustration, two recently dis-
covered ID genes, AT-rich interactive domain 1B (SWI1-
like) (ARID1B) and DEAD (Asp-Glu-Ala-Asp) box
helicase 3, X-linked (DDX3X) may each explain more
than 1% of ID patients”".

Biology underlying ID and related disorders
Biological processes affected in ID. The proteins encoded
by ID genes can be hypothesized to play a part in one
or more shared pathways or functional modules, either
through direct interactions or as part of more com-
plex interaction networks. Knowledge of the affected
pathways and modules may form important targets
for therapy development’”* (BOX 1). Commonly used
approaches to identify such genetic networks use enrich-
ment analysis based on gene ontology terms. This has
revealed overt cellular processes including neurogenesis,
neuronal migration, synaptic function and regulation
of transcription and translation™. However, translating
these biological processes into common genetic net-
works is more challenging as there is often a way to link
genes and proteins to one another, which can lead to
presumptuous conclusions of networks involved. Such
incorrect assumptions are mostly due to three reasons:
the function of most known genes is not fully under-
stood; the grouping of affected genes is often arbitrary;
and the concepts of pathways and networks are based on
biochemistry, which may not be appropriately capturing
the complex scenarios of the true biological system”.

Despite these limitations, biological processes
involved in ID are starting to emerge. For a long time,
cellular signalling pathways have been known to have
an important role in the aetiology of ID. As an example,
the RAS-MAPK (mitogen-activating protein kinase)
pathway is associated with a particular set of intellectual
disabilities, the so-called rasopathies. These encompass
well-known ID syndromes, such as Noonan syndrome
and Costello syndrome. Mutations in this pathway
impede the correct functioning of the MAPK signal-
ling cascade, a metabolic pathway that regulates growth
factors and embryological development™.

Another emerging cellular signalling cascade is the RHO
GTPase pathway, which consists of guanine-nucleotide
binding proteins that act as ‘molecular switches in a wide
variety of cellular functions, including the morphogen-
esis of dendritic spines, which are crucial for learning and
memory. In total, over 20 GTPases are known, of which
the effectors RACI, cell division cycle 42 (CDC42) and
RHOA have established roles in spine formation and syn-
apse plasticity. Mutations in both regulators and effectors
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Bohring—Opitz syndrome
A rare genetic disorder that
is characterized by facial
anomalies, multiple
malformations, failure

to thrive and severe
intellectual disabilities.

Single nucleotide variants
(SNVs). Differences in the
nucleotide composition at
single positions in the genome.

Neurodevelopmental
disorders

Term generally used to
collectively describe disorders
affecting neurodevelopment,
including autism spectrum
disorder, epilepsy,
schizophrenia and

intellectual disability.

Structural variants
Genomic regions of at least
1 kb in size that alter the
normal chromosomal
composition, such as
inversions, translocations
or copy number variants.

Induced pluripotent
stem cells

(iPSCs). Adult cells that have
been reprogrammed to
stem cells and can thus be
differentiated into different
cell types.

Kleefstra syndrome
Genetic condition
characterized by the core
phenotype of developmental
delay, intellectual disability,
speech impairment,
(childhood) hypotonia and
distinct facial features,
including synophrys,
hypertelorism, midface
hypoplasia, anteverted nares,
prognathism, rolled out
(everted) lips and macroglossia.

Coffin—=Siris syndrome

A rare genetic disorder that
causes developmental delays
and absence of the fifth
finger and toe nails.

Degron consensus sequence
Specific sequence of amino
acids in a protein that directs
the starting place of
degradation.

Somatic mutations
Mutations that are present in a
proportion of cells of the body
except sperm and egg cells.

of the RHO GTPases have been found to underlie various
forms of non-syndromic ID”. In addition, mutations in
the downstream effectors of the RHO GTPases, includ-
ing phosphatases and calcium/calmodulin-dependent
protein kinase type II (CaMKII) subunits, have been
reported in patients with ID*”.

Transcription regulation and chromatin remodel-
ling are deregulated by mutations in euchromatic his-
tone-lysine N-methyltransferase 1 (EHMT1I), leading
to Kleefstra syndrome”, and by mutations in the SW1/
SNF chromatin remodelling complex, as observed in
Coffin—Siris syndrome””. The involvement of these biologi-
cal processes in ID also hints towards an overlap with
carcinogenesis, and the timing of the de novo muta-
tion in these pathways seems to determine the clini-
cal outcome. For example, de novo germline mutation
p.Argl075* in ARID1B leads to Coffin-Siris syndrome,
whereas the same mutation occurring later in life can
lead to cancer”*. Similarly, de novo germline muta-
tions in the degron consensus sequence of SET binding
protein 1 (SETBPI), which lead to Schinzel-Giedion
syndrome®, are also observed as somatic mutations in
myeloid cancers ®.

Overlap with other neurodevelopmental disorders. Many
studies have suggested shared molecular pathways for
ID and other neurodevelopmental disorders®"*. This has
been inspired by the high co-morbidity that is commonly
observed between ID and other cognitive impairments,
such as autism, schizophrenia and epilepsy”.

Recent large-scale patient-parent trio sequencing
studies have provided statistical evidence for an enrich-
ment of de novo mutations in a small number of genes
across different neurodevelopmental phenotypes®.
Loss-of-function (LoF) de novo mutations identified in all
of these studies show a pattern of significant overlap of
the underlying genes (FIG. 3). In particular, ID and ASD
show a large overlap: 17% of all genes with de novo LoF
mutations observed in ID are also reported in ASD.
Such an overlap in genes for ID and ASD has also been
noted in other studies”. However, about 70% of indi-
viduals with autism also present with ID%. It is therefore
unclear at present whether this molecular overlap points
to shared biological pathways between two distinct neu-
rodevelopmental disorders or whether it is explained by
patients presenting with both phenotypes. Of interest in
this respect, male patients with ASD harbouring de novo
LoF mutations were found to have a lower non-verbal
1Q than ASD males without de novo LoF mutations®.

Mutations in some genes give rise to a wide variety
of neurodevelopmental phenotypes. For example, muta-
tions in sodium channel, voltage gated, type II a-subunit
(SCN2A) have been identified in individuals with ID,
ASD, epilepsy and ataxia”®®¥. In particular, genes
involved in epigenetic regulation and chromatin remod-
elling, such as chromodomain helicase DNA bind-
ing protein 8 (CHDS), methyl CpG binding protein 2
(MECP2), autism susceptibility candidate 2 (AUTS2) and
trafficking protein particle complex 9 (TRAPPCY), have
been shown to have a role in a wide range of neurode-
velopmental phenotypes®. The different manifestations

of neurological phenotypes for mutations within the
same gene are attributed to stochastic processes dur-
ing development, the difference in genetic background
between patients and the effects of different mutations.
As an example, deletions in the gene hyperpolarization
activated cyclic nucleotide gated potassium channel 1
(HCNT1) cause a phenotype of combined ID and ASD,
without epilepsy, whereas specific gain-of-function
mutations in HCNI cause an isolated epilepsy pheno-
type without ID and/or ASD®. By contrast, mutations
in other genes involved in potassium channel function-
ing have been identified exclusively in epilepsy-related
phenotypes, sometimes with additional ID and/or
ASD phenotypes®. This suggests that some basic
molecular pathways are shared between all neurodevel-
opmental disorders in which defective genes will always
give rise to multiple neurodevelopmental phenotypes,
whereas others are more exclusively linked to a particular
neurological disorder.

New research directions

In many ways genetic studies in ID are only just start-
ing, with most research having focused so far on ger-
mline highly penetrant monogenic causes of ID. This
research has been successful in explaining most severe
forms of ID, but leaves a large proportion unexplained,
especially for the milder forms of ID that lack addi-
tional malformations or neurological features. Genetic
studies are now being expanded in at least three differ-
ent but complementary directions that are described
below: studying somatic causes of ID; studying digenic
and oligogenic inheritance forms of ID; and studying
non-coding causes of ID.

Somatic causes of ID. Somatic mutations, which accu-
mulate in our cells during development and throughout
life, can result in disease if they affect sufficient numbers
of cells that develop and function differently because of
these mutations (for a review, see REF. 91). For ID, it
could well be that somatic mutations in neuronal cells
(or their precursors) contribute to disease, but the ques-
tion is how to identify these and study their impact on
ID. Two of the main obstacles in studying somatic muta-
tions are tissue sampling and the sensitivity of genomics
technologies. Studies using peripheral blood DNA have
recently shown that a considerable proportion of point
mutations and CNVs occur post-zygotically in either the
child or the parents®®. These studies also indicate that
highly sensitive genomics approaches are required to dif-
ferentiate germline from somatic mutations and point
to the importance of this distinction for estimating the
recurrence risk in families. Related to this, a number of
overgrowth and cortical malformation syndromes have
recently been found to be caused by somatic mutations
that are sometimes, but not always, detectable in DNA
derived from blood®**.

These studies show the importance of analysing brain
samples or even individual neurons to truly understand
the role of somatic mutations in brain disorders such as
ID. Single-cell sequencing, although still far from per-
fect because of amplification biases, has indicated that
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somatic CN'Vs are present in most human neurons®>%.
Some of these CNV's seem to have been generated dur-
ing neurogenesis and are detected in multiple neurons,
strengthening the hypothesis that somatic mutations in
neurogenesis may contribute to disorders such as ID.

Schizophrenia

Psychotic disorder marked by
severely impaired thinking,
emotions and behaviour,
including the inability to filter
sensory stimuli and enhanced
perceptions of sounds and

colours, Increasing inheritance complexity in ID. Genotype—phe-

notype correlation studies in ID indicate that phenotypes
are only rarely explained completely by a mutation in a
single gene. Even in patients with the exact same de novo
germline mutation, such as recently identified in the
phosphofurin acidic cluster sorting protein 1 (PACSI)
gene, clinical differences can be observed that are related

Loss-of-function

(LoF). A mutation expected to
result in reduced or abolished
protein function.

REVIEWS

to urogenital anomalies, cerebellum malformation, scoli-
osis and heart defects”. This phenotypic variation is not
unexpected given that each individual inherits another 6
billion nucleotides in addition to this one mutation.
Variation in these nucleotides may affect the expressivity
of disease as well as disease penetrance. Variable pen-
etrance and expressivity has been noted for numerous
well-defined CNVs associated with ID>!%!°!, Systematic
analysis of CN'V data from thousands of genomic micro-
arrays of patients with developmental delay has revealed
substantial phenotypic variation among patients with
identical rare CNVs!'®. This has prompted scientists
to look for, and identify, additional rare CNVs in these
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Figure 3 | Genic overlap for neurodevelopmental disorders. We
collected de novo mutations of published patient—parent trio-based
sequencing studies in neurodevelopmental disorders. All de novo
mutations were re-annotated using our custom pipeline and grouped by
phenotype: autism spectrum disorder (ASD; 2,683 patients)*’**¢, epileptic
encephalopathy (EE; 264 patients)*, intellectual disability (ID; 1,284
patients)*>"1% and schizophrenia (SCZ; 1,063 patients)**48117 Tg assess
the significance for overlap for de novo loss-of-function (LoF) mutations
between these four neurodevelopmental disorders, we carried out 10,000
simulations with the total number of identified de novo mutations in these
studies, making use of the gene-specific mutation rates from a previous
study®® a | The number of genes with overlapping de novo LoF mutations in
two, three, and all four of the disorders, from 10,000 simulations, indicated
as boxplots. Diamond symbols indicate the actual number of genes with
de novo mutations across the neurodevelopmental disorders. There were
significantly more genes with actual de novo LoF mutation for two and
three disorders than expected by chance from the simulation studies
(P<0.0001 and P=0.0084 respectively), whereas no genes with de novo LoF
mutations in all four disorders were identified. b | Venn diagram denoting
the overlap for the actual number of genes with de novo LoF mutations
shared between each of the disorders. The genes for which overlap in
de novo LoF mutations between neurodevelopmental disorders has been
identified are listed. Importantly, this does not imply that all of these
mutations are relevant for these neurodevelopmental disorders. This is
because some of these genes, such as TTN (titin), have a high mutation rate
and therefore de novo LoF mutations are also observed in unaffected
individuals. ADNP, activity-dependent neuroprotector homeobox; AHDC1,
AT hook, DNA-binding motif, containing 1; ANKRD11, ankyrin repeat

domain 11; ARID1B, AT-rich interactive domain 1B (SWI1-like); AUTS2,
autism susceptibility candidate 2; BAZ2B, bromodomain adjacent to zinc
finger domain, 2B; CAMK2A, calcium/calmodulin-dependent protein
kinase IlI-a; CDAN1, codanin 1; CDC42BPB, CDC42 binding protein kinase
beta (DMPK-like); CHD, chromodomain helicase DNA binding protein;
CNOT3, CCR4-NOT transcription complex, subunit 3; CRYBG3,
By-crystallin domain-containing 3; CTNNBI1, catenin (cadherin-associated
protein), 1, 88kDa; CUL3, cullin 3; DDX3X, DEAD (Asp-Glu-Ala-Asp) box
helicase 3, X-linked; DYRK1A, dual-specificity Tyr-phosphorylation
regulated kinase 1A; FOXP1, forkhead box P1; HIVEP3, HIV type | enhancer
binding protein 3; IQSEC2, IQ motif and Sec7 domain 2; KMT2A, lysine
(K)-specific methyltransferase 2A; LRP2, low-density lipoprotein
receptor-related protein 2; MED13L, mediator complex subunit 13-like;
MOV10, Mov10 RISC complex RNA helicase; NIN, ninein (GSK3B
interacting protein); POGZ, pogo transposable element with ZNF domain;
PPM1D, protein phosphatase, Mg2+/Mn2+ dependent, 1D; NBEA,
neurobeachin; PHF7, PHD finger protein 7; RAI1, retinoic acid induced 1;
SCN2A; sodium channel, voltage gated, type Il a-subunit; SETBP1, SET
binding protein 1; SMARCC2, SWI/SNF related, matrix associated, actin
dependent regulator of chromatin, subfamily ¢, member 2; ST3GAL6, ST3
B-galactoside a-2,3-sialyltransferase 6; STXBP1, syntaxin binding protein 1;
SYNGAP1, synaptic RAS GTPase activating protein 1; TBR1, T-box brain
gene 1; TCF7L2, transcription factor 7-like 2 (T-cell specific, HMG-box);
TNRC18, trinucleotide repeat containing 18; TRIP12, thyroid hormone
receptor interactor 12; WAC, WW domain containing adaptor with
coiled-coil; WDR45, WD repeat domain 45; YTHDC1, YTH domain
containing 1; ZMYND11, zinc finger, MYND-type containing 11; ZNF292,
zinc finger protein 292.
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Digenic and oligogenic
inheritance

A form of disease inheritance
in which mutations in two
(digenic) or more (oligogenic)
unlinked genes must be
present in a single individual to
cause disease, whereas each
mutation individually is
insufficient to cause a
phenotype.

Expressivity

The severity of the disease in
individuals who have both the
risk variant and the disease.

Penetrance

The proportion of patients with
a specific phenotype among all
carriers of a specific genotype.

Incidental findings

Medically relevant genetic
variants unrelated to the
clinical indication for which

the genetic test was requested.
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by members of the Encyclopedia of DNA Elements
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gene-specific enhancer, insulator and repressor ele-
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specific transcription factor 1A (PTF1A), a gene known
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Concluding remarks
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sequencing is likely to become the first-tier diagnostic
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ing a child’s right to an open future'*’. It will take many
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somatic and complex genetic causes of ID is only just
beginning.

However, even with incomplete information on
ID-causing mutations it seems that de novo mutations
are the main cause of severe ID. As a consequence, car-
rier screening to prevent transmission of inherited muta-
tions to the offspring will not be a broadly useful strategy
to prevent ID, at least not in outbred populations. Of
note, most de novo mutations occur on the paternal
allele and their number increases with paternal age!!'.
Preventive strategies should therefore be focused on
promoting early child bearing and/or freezing of sperm
for future pregnancies. Finally, it is promising to see that
therapeutic options are becoming a reality for a small
subset of patients with genetic forms of ID. This dem-
onstrates the importance of these genetic studies, now
and in the future.
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