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Introduction

Next-generation sequencing (NGS) has revolutionized the
field of medical genomics. The ability to generate large
quantities of DNA sequence data in a high-throughput man-
ner at a fraction of the cost of Sanger sequencing has enabled
researchers to study more patients and greater genomic DNA
real estate than ever before. Not surprisingly, there has been a
concomitant and unprecedented success in novel gene dis-
covery for many Mendelian and sporadic disorders, including
intellectual disability (ID).

ID is characterized clinically by below-average abilities in
intellectual functioning, mental abilities, and adaptive behav-
ior that limit everyday life skills and learning, and presents
before the age of 18 years.! The presentation of ID is broad and
ranges from mild (IQ < 70) to profound (IQ < 30) and may
occur either in isolation (nonsyndromic) or in conjunction
with other clinical manifestations as part of a recognizable
syndrome. Cumulatively, ID occurs in 1 to 3% of the popula-
tion and has an important impact on health care systems.?

A genetic basis for ID is well established. Cytogenetic
alterations including aneuploidies, duplications, deletions,
translocations, and inversions visible on standard karyotype
account for approximately 5% of cases,> and smaller copy
number variants (CNVs) detected by array comparative ge-
nomic hybridization (CGH) explain a further 14% of cases.*
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Next-generation sequencing technologies have revolutionized gene discovery in pa-
tients with intellectual disability (ID) and led to an unprecedented expansion in the
number of genes implicated in this disorder. We discuss the strategies that have been
used to identify these novel genes for both syndromic and nonsyndromic ID and
highlight the phenotypic and genetic heterogeneity that underpin this condition.
Finally, we discuss the future of defining the genetic etiology of ID, including the role
of whole-genome sequencing, mosaicism, and the importance of diagnostic testing in

Among the monogenic causes, there are more than 100 genes
on the X chromosome and more than 50 autosomal recessive
genes in which mutations cause ID.>® More recently, and
primarily due to the widespread use of next-generation
sequencing, the importance of de novo mutations in the
pathogenesis of ID has become apparent.

In this review, we will touch on gene discovery for syn-
dromic forms of ID, but will focus primarily on the novel
causes of sporadic ID and particularly the role of de novo
mutations, as well as describe various study designs. We
discuss our increasing appreciation for both the phenotypic
and genetic heterogeneity of ID and explore future
approaches toward defining the molecular etiology of
unexplained ID.

Next-Generation Sequencing Approaches for
Gene Discovery

The power of next-generation sequencing lies not only in its
high-throughput, rapid and cost-effective nature but also in
its versatility. Researchers now have the ability to sequence
from one to thousands of genes in an individual, based
primarily on the enrichment process used to sequence the
target regions of interest (~Table 1). Currently, whole-exome
sequencing (WES) is the most widely employed, and several
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Table 1 Tools for next-generation sequencing
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Whole-exome sequencing: The capture and sequencing of all coding regions in the genome in an individual

in solution that are more versatile and less laborious

Targeted resequencing: Used to capture from one to many hundreds of genes, using various probe enrichment strategies.
Early on, microarrays with probes complimentary to target sequence were used, but have been since replaced by probes

Whole-genome sequencing: No enrichment process is used; the complete DNA sequence of an individual is sequenced.
The high resolution of this approach allows variants to be called across the entire genome, copy number variants >20 bp
can be detected, and structural variants such as insertions or inversions may also be identified

Somatic mosaicism: Requires the detection of a small number of cells that carry a mutation; all of the aforementioned
technologies can be used to detect mosaics, but are limited by the depth of sequencing. New approaches, such as
molecular inversion probes and molecular tagging events, allow the detection of these low-frequency variants®

strategies for gene discovery have been implemented
(=Fig. 1). These approaches can be broadly defined into
two categories: (1) the phenotype-first approach that groups
and investigates individuals based on a particular phenotype
and (2) the genotype-first approach that groups patients
based on the underlying genetic etiology. The phenotype-
first approach has been applied to many ID syndromes, while
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widely implemented for nonsyndromic forms of ID.
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Fig. 1 Next-generation sequencing approaches to gene discovery. (A) Autosomal dominant or sporadic “phenotype-first approaches” rely on the
identification of mutations (red star) in a common gene in patients with the same syndrome (green) that are absent in controls (blue) and

unaffected family members (purple). (B) Similarly, autosomal recessive syndromic forms of ID are caused by either homozygous or compound
heterozygous mutations in the same gene in affected individuals. Parents are heterozygous for these mutations and the mutation may be present
in control populations at a very low frequency (MAF, minor allele frequency). (C) Genotype-first or unbiased approaches employ WES in trios to
identify de novo mutations in an affected individual. Novel ID genes are identified by recurrence, either by targeted or WES studies in individuals
with ID (green) or other neurodevelopmental disorders (red) or overlap with known copy number variations (CNVs). ID, intellectual disability;

WES, whole-genome sequencing.
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clinical syndrome (=Fig. 1A). Kabuki syndrome is a rare
autosomal dominant disorder characterized by dysmorphic
facial features, multiple congenital abnormalities, and mild-
moderate ID, and was one of the first syndromic forms of ID to
be solved using WES.” Ng and colleagues’ sequenced the
exomes of ten unrelated probands and identified truncating
mutations in seven of the ten probands in MLL2/KMT2D.
Follow-up Sanger DNA sequencing identified KMT2D muta-
tions in 2 of the remaining probands and in 26/43 additional
cases, showing that KMT2D is the major cause of Kabuki
syndrome.

Since then, several syndromic forms of sporadic or milder
autosomal dominant forms of ID have been identified. WES in
two boys with ID and strikingly similar facial dysmorphisms
revealed the same de novo missense mutation in PACS1.2 Four
additional patients with this same recurrent PACS1 de novo
mutation have since been identified among a large cohort of
patients with a variety of childhood developmental disorders,
though unfortunately the phenotype was not described.’

Autosomal recessive forms of ID are also amenable to WES
using the “common phenotypes approach,” where often
individuals with the same phenotype may be in a single
family (=Fig. 1B). Examples include the discovery of muta-
tions in UBE3B in blepharophimosis-ptosis-intellectual dis-
ability'® and WDR62 in polymicrogyria, microcephaly, and
ID,""12 as well as PIGV and PIGO in hyperphosphatasia mental
retardation syndrome.’>'*

Although effective for gene discovery, phenotype-first
approaches are limited by the recognition of multiple indi-
viduals with the same clinical features, which can be difficult
for rare disorders. Identification of similarly affected individ-
uals within a family is easier, but familial cases, too, are rare,
particularly for autosomal dominant conditions. Recessive
inheritance is more prevalent in populations where consan-
guinity is common, and many recessive genes have been
identified in these populations, though often only in a single
family."> Moreover, ID more often occurs in the absence of
clinical features that can prospectively be recognized as part
of a syndrome, necessitating an unbiased, genome-wide
approach to gene discovery.

Genotype-First Approaches

The genetic heterogeneity of sporadic, nonsyndromic ID,
along with the fact that the causative mutations are usually
de novo, has been the significant limiting factor for gene
discovery in the past. It is hypothesized that de novo muta-
tions in any one of hundreds of genes may be causative, but
until recently, the affordable high-throughput methods need-
ed to identify causative mutations were not available. The
trio-WES approach that entails simultaneous sequencing of
the proband and parents detects all coding de novo mutations
in an individual and has rapidly facilitated gene discovery.
This approach was first applied in ten patients with moder-
ate-severe ID, and de novo mutations in six individuals were
concluded to be likely pathogenic. Three were mutations in
known ID genes, while the remaining mutations were con-
cluded to be likely pathogenic based on gene function and
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evolutionary genic constraint.'® Subsequent studies in co-
horts of 41 to 100 patients identified pathogenic mutations in
16 to 32% in known ID genes, with the majority being de novo
mutations.'®1°

The trio approach to identify de novo mutations is very
efficient because, on average, each individual carries one to
two de novo sequence variants per exome. A major challenge
comes with determining which (if any) de novo change is
pathogenic, as many of the genes with de novo changes
identified in cohort-based WES studies are plausible candi-
dates for this disorder based on gene function and/or evolu-
tionary conservation. A successful approach to tackle this
challenge is to identify those genes that are recurrently
mutated in patients with the same or similar phenotype.
One way to do this is to combine results from different WES
studies to identify genes that are recurrently mutated across
cohorts (=Table 2). The list of genes in = Table 2 illustrates the
approaches that can be used to establish a candidate genes’
role in ID, which include targeted resequencing or WES in
cohorts of patients with ID and/or other neurodevelopmental
disorders, or identifying overlap with pathogenic CNVs
(~Fig. 1C).

Resequencing in Intellectual Disability

Targeted resequencing is a rapid and cost-effective way to
screen many patients in validation studies. For instance, de
novo DEAF1 mutations were detected in two individuals using
WES.'®1? Subsequent targeted resequencing of more than
2,300 individuals with unexplained ID identified an addition-
al two patients with de novo mutations. All patients had
severe ID, profound speech impairment, and behavioral
problems, and knockout Deafl mice showed learning and
memory deficits as well as increased anxiety.”’ De novo
mutations in KAT6A were recently described in six patients
with ID.2" All mutations were detected as part of diagnostic
WES from multiple centers, highlighting the importance of
WES in diagnostic testing and the power of collaborative
studies to identify new genetic etiologies. All patients pre-
sented with subtle facial dysmorphisms, microcephaly and/or
craniosynostosis, cardiac defects, hypotonia, and poor feeding
that may constitute a novel syndrome. In both of these
studies, it is noteworthy that patients with pathogenic muta-
tions in the new ID gene shared many clinical features that
could be retrospectively classified as new syndromes. Future
studies will likely expand the repertoire of new ID syndromes
and facilitate molecular diagnosis.

Resequencing in Other Neurodevelopmental Disorders
Patients with ID frequently exhibit comorbid features includ-
ing epilepsy, autism spectrum disorders (ASDs), and brain
malformations. Perhaps not surprisingly this phenotypic
overlap is reflected in the shared genetic etiology of these
conditions and resequencing studies in these overlapping
conditions can be leveraged to validate candidate ID genes.
For instance, SCN2A mutations were first described in patients
with benign familial neonatal seizures,?” and later in more
severe forms of epilepsy including epileptic encephalopa-
thy.2>** More recently, WES studies in patients with ASD
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Table 2 Recurrently mutated genes in ID

NGS in Intellectual Disability Carvill, Mefford

Gene Vissers de Ligt Rauch Hamdan Total Additional NGS studies Overlap
et al'® et al et al'® et al'’ (n = 201) (mutations/cohort size) CNV
(n =10) (n = 100) (n = 50) (n = 41) (study)

CHD2 1 1 2 Targeted: EE Yes
(6/500)%° 15q26.1del
WES: ASD
(4/3,486)%°

COL4A3BP 1 1 2 WES: No
developmental
disorders
(3/1,133%°

DEAF1 1 1 2 Targeted: ID No
(2/2,300)%°

DYNCT1H1 1 1 2 WES and targeted No
Cortical
malformations
(9/178)>2

GATAD2B 1 1 2 Targeted: ID Yes
(1/80)°3 1g21.3del

KCNH1 1 1 2 WES: Temple-Baraitser No
syndrome (6/6)48

SCN2A 1 3 4 Targeted and WES No
ASD (6/2,508)%
EE (2/264)°* (5/500)%°
Developmental disorder
(7/1,133)°

SETBP1 1 1 2 Targeted Yes
ID/ DDJASD (9/4716)33 18q12.3

TRIO 2 2 WES: Developmental No
disorder (3/1,133%)°

Abbreviations: ASD, autism spectrum disorder; DD, developmental delay; EE, epileptic encephalopathy; ID, intellectual disability; NGS, next-

generation sequencing; WES, whole-exome sequencing.
287% of children in this cohort had ID/DD.

showed a significant enrichment of patients with de novo
mutations,?” and SCN2A has the highest recurrence rate of de
novo mutations in ID (=Table 1). SCN2A is hence associated
with a broad spectrum of phenotypes; at the mild end of the
spectrum, patients present with benign familial neonatal
seizures, outcome is good, and developmental delay is rare,
while at the other end of the spectrum patients may have
intractable seizures, profound ID, and ASD.

CHD2, GRIN2B, SYNGAP1, SETD5, and TRIO are further
examples of genes that have been detected in large cohorts
of patients with ID, autism, and epilepsy.®2°~2° These three
features—epilepsy, autism, and ID—can co-occur in an
individual, and in other cases only one or two of the
features may be present. It is likely that the cohort to which
each individual is recruited is heavily influenced by the
clinicians, health care centers, and researchers with whom
these individuals and their families interact. In the future, it
will be important to perform careful and comprehensive
phenotyping in a genotype-first manner to determine the
true phenotypic range and to establish genotype-
phenotype correlations, which may have implications for
molecular diagnostic testing.

Overlap with Copy Number Variations
One of the classic approaches to gene discovery has been
refining the critical interval of overlapping microdeletions in
several individuals to identify a specific causative gene.
Known ID genes including MEF2C (5q14.3del)3° EHMTI
(Kleefstra syndrome 9q34.3de1),31 and MBD5 (2q23.1de1)32
were identified in this manner, and many of the more
recently discovered ID genes overlap with known micro-
deletions (=Table 2). Assuming loss-of-function mutations
and microdeletions cause disease by haploinsufficiency, WES
can now be used to rapidly facilitate single causative gene
identification within microdeletions. For instance, mapping
of the critical interval for 3p25.3 microdeletions indicated
SETD5 was the only overlapping deleted gene, while WES in
301 patients with ID identified two intragenic de novo SETD5
mutations. All six patients had similar phenotypes including
characteristic facial dysmorphism, regardless of the nature of
the mutation (deletion or point), suggesting SETD5 is the
causative gene for 3p25.3 microdeletions.?®

In a much larger study, CNV data from 29,000 patients with
developmental delay and approximately 20,000 healthy in-
dividuals combined with WES de novo mutation calls from
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approximately 1,900 patients with ASD, ID, congenital heart
defects, and schizophrenia were integrated to identify 26
candidate genes for ID. Targeted resequencing in 4,716 pa-
tients with ID/DD or ASD identified two novel ID genes,
SETBP1 (18q12.3del), and ZMYND11 (10p15.3del). As previ-
ously, patients with either microdeletions or intragenic
mutations showed characteristic features, suggesting
haploinsufficiency of these genes is sufficient to cause ID.>3

Interestingly, while SETBP1 loss-of-function mutations
cause ID, gain-of-function mutations cause Schinzel-Gie-
dion syndrome, a more severe phenotype characterized by
multiple congenital anomalies, severe ID, and death in
infancy.>* This observation illustrates the unsuitability of
microdeletion mapping to detect hypermorphs, where
gain-of-function mutations do not have the same effects
on protein function. It is conceivable that single causative
genes reside within microduplications and may act in a
similar gain-of-function manner. However, many gain-of-
function mutations have an activating effect on protein
function, and it is not known whether an increase in gene
dosage would act in this activating manner. This reciprocal
analysis, integrating putative gain-of-function mutations
from WES data with critical interval mapping in micro-
duplications, might yield novel ID genes that cause disease,
but would require large numbers of patients to be
informative.

Genetic Heterogeneity

Each of the recently identified genes for ID accounts for less
than 1% of cases, highlighting the extreme genetic hetero-
geneity of ID (=Table 2). As a result, large numbers of
patients are required to detect recurrently mutated genes.
This was exemplified in a recent WES study of more than
1,000 children with undiagnosed developmental disorders,
87% of who had ID/DD.° This study led to the identification
of 12 new genes, but none had mutations in more than four
patients. Intriguingly, in four of these genes—PCGF2, CO-
L4A3BP, PPP2R1A, and PPP2R5D, the exact same recurrent
missense mutation was identified. These mutations are
likely to act in a gain-of-function manner and highlight
the importance of not purely focusing on loss-of-function
mutations in neurodevelopmental disorders, which has
been the trend in recent large-scale WES studies. Overall,
these results suggest that there are many more genes to be
discovered for ID.

Autosomal Recessive Forms of Intellectual Disability
Nonsyndromic autosomal recessive ID is primarily limited to
consanguineous populations. In Western populations, where
consanguinity is uncommon, families with multiple affected
siblings are rare, reaching only 6% in one well-characterized
population.>® Autosomal recessive inheritance was explored
in four large ID WES studies (=Table 1), but recessive muta-
tions in known ID genes were detected only in a single patient
who inherited a rare LRP2 variant, and had a second de novo
LRP2 mutation.'® This apparent lack of recessive inheritance
suggests that this form of inheritance is rare in sporadic ID in
nonconsanguineous populations.
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The Future: Tackling Undiagnosed
Intellectual Disability

In a well-studied cohort of patients with severe ID, patho-
genic CNVs account for approximately 12% of cases and WES
identified the causative genic mutation in a further 27% of
individuals.>® Despite these extensive studies, the etiology of
the majority of patients with severe ID (61% in this cohort)
remains unexplained. It is likely that an appreciable propor-
tion of unexplained ID cases are due to de novo mutations in
coding regions of genes that rarely cause ID. Many of these
cases will retrospectively be solved once additional mutations
in a gene are identified in other patients. In other cases, the
mutation may have been missed by WES, and alternative
approaches may be required to identify these alterations.

Whole-Genome Sequencing
WGS is a completely unbiased approach to genetic diagnosis,
and has the power to identify mutations almost anywhere in
the genome, including noncoding DNA. In a recent study,
WGS was performed in 50 undiagnosed individuals in whom
both array CGH and WES failed to identify a pathogenic cause.
Overall a positive molecular diagnosis was identified in 21/50
individuals. Of these, 14 were protein-coding mutations in
known ID genes—13 de novo and 1 compound heterozygous
inheritance—that were not previously detected by WES.
Moreover, seven CNVs or structural variants were identified
that were not identified by microarray due to size limitations
of array CGH.3°

These results illustrate the power and utility of WGS in
molecular diagnosis for ID over any existing NGS technology.
Unlike WES, there is no enrichment step in the preparation of
the DNA sequencing library. This prevents sequence bias for
regions that are difficult to “capture” and/or amplify (espe-
cially GCrich regions) and more uniform coverage across the
genome. The identification of numerous coding mutations
that were not previously detected by WES exemplifies this
advantage, though it would have been interesting to know
explicitly why these variants went undetected by WES, that
is, whether there was no coverage, or if variants were not
called in the analysis. WGS also offers the most high-resolu-
tion map of structural variation in the genome; using the
uniform depth of coverage data, changes in copy number for
regions >20 bp can be detected, and the “mate pair” data can
be used to detect structural variants to a single base-pair
resolution. For instance, a partial duplication of TENM3 was
detected by CNV analysis by WGS, and further investigation of
the discordant mate pairs revealed that this TENM3 sequence
was inserted in the known ID gene, IQSEC2. This insertion
could be mapped to a single base—pair resolution and RNA
studies confirmed the formation of an IQSEC2-TENM3 fusion
gene that is likely the cause of ID in this individual 3

The widespread implementation of WGS is, at the mo-
ment, limited by cost. However, as sequencing costs continue
to decline, the use of this technology in research, and even-
tually clinically, will become more extensive. While the
advantages of WGS are apparent, the ability to scrutinize
the genome at such high resolution will present its own
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unique set of challenges. Per genome, 18 to 82 de novo
variants have been reported36’37 and sorting pathogenic
from benign will be a challenging task. Our interpretation
of variants in coding regions has become increasingly effec-
tive. On the contrary, the noncoding regions have been
virtually ignored and even the studies that performed WGS
in ID and ASD cohorts reported only on the coding regions of
the genome.3%-38:39 projects such as the Encyclopedia of DNA
Elements (ENCODE) and the Roadmap Epigenomics aim to
detect all gene regulatory elements of the genome in various
cell and tissue types.***! These comprehensive maps of the
genome, coupled with further studies of how these elements
function, will be important in the future to understand the
role of noncoding DNA regions in ID.

Mosaicism

Somatic mosaicism arises when a mutation occurs during
prenatal development of the human embryo, resulting in only
a subset of cells carrying the mutation. Somatic mutations are
a well-known cause of cancer*? and several sporadic over-
growth syndromes.*>#* Somatic mosaic mutations have also
been described in neurodevelopmental disorders, primarily
in patients with specific brain malformations.*>=4”

The extent to which somatic mosaicism may play a role in
nonlesional ID is not known. There are certainly instances of
somatic mosaicism in syndromic ID; Cornelia de Lange syn-
drome is a characteristic ID syndrome caused by mutations in
one of five genes, with the majority in NIPBL. In 10 of 13
patients without a detectable genetic cause, mosaic muta-
tions were identified in the buccal cells of individuals that
could not be detected in lymphocytes, suggesting that 23% of
cases are caused by somatic mutation.*® Moreover, in the
aforementioned WGS ID study, three putatively pathogenic
changes were likely to be mosaic with a range of 20 to 22%.3°
Traditionally, DNA sequencing studies are performed on DNA
isolated from the lymphocytes of blood; the aforementioned
studies suggest that studies in a different tissue such as skin or
buccal swabs may be appropriate in undiagnosed cases.
Large-scale studies in undiagnosed patients will be important
to determine whether somatic mutations play a significant
role in the etiology of ID.

The timing of somatic mosaicism may also pose inter-
esting implications for genotype-phenotype correlations
for certain genes. For instance, Temple-Baraitser syndrome
is a developmental disorder characterized by ID, epilepsy,
and several other characteristic features that is caused by
de novo mutations in KCNH1. However, intriguingly two
mothers were mosaic carriers (10 and 27%) of pathogenic
variants, both had mild epilepsy but were otherwise nor-
mal.*® Thus, a somatic mutation may cause only a partial
phenotype depending on the proportion and location of
cells that carry the mutant allele. Moreover, two KCNH1
mutations were identified in ID patient cohorts; in one case
some of the features of Temple-Baraitser were present,
while the other patient seems to lack some of the classic
features, despite the patients carrying the same muta-
tion.'”"'® Whether the phenotypic heterogeneity seen in
this condition, and indeed many other diagnosed cases of
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ID, is due to genetic background, mosaicism, and/or envi-
ronmental variations will be an intriguing line of investi-
gation in the future.

Next-Generation Sequencing in Diagnostics

Clinical diagnostic testing using NGS is offered by many
companies for patients with ID in the form of multigene
panels or WES. Multigene panels offer targeted sequencing
for mutations in genes known to cause ID. Some panels focus
on X-linked ID genes, while others provide sequencing for
autosomal causes. The number of genes in each panel varies
from dozens to several hundred depending on the specific
test. WES is also clinically available and can be considered for
patients with ID. Some have argued that early testing by WES
will save money and time by ending the “diagnostic odyssey”
earlier than if multiple serial tests are performed. In a recent
study of children with neurodevelopmental disorders, 34 of
85 (40%) children received a molecular diagnosis via WES
(n = 33) or WGS (n = 1); for acutely ill children, the diagnos-
tic rate was a remarkable, 73% by WES (11/15). The cost of
prior negative tests was $19,100 per family, and it was
estimated that the diagnosis could have been made 6 to
7 years earlier if WES or WGS had been performed at the
onset of symptoms.”® While additional studies are needed to
confirm these findings, given the genetic heterogeneity of ID,
it is clear that gene panels or WES in patients with ID will be
the most efficient path to an early diagnosis.

Concluding Remarks

In the past 5 years, we have seen unprecedented success in
defining the genetic etiology of ID by NGS and hundreds of
new genes have been discovered. However, the majority of
cases of ID remain unexplained, and many more genes are
still likely to be identified. It has been estimated that WES in
1,000 children has only 5 to 10% power to detect a hap-
loinsufficient developmental disorder-associated gene, and
the likelihood of identifying gain-of-function recurrently
mutated gene is even less.® This exemplifies the need, and
indeed the power, of combining data from many different
sources, including WES, targeted resequencing, and array
CGH, in both a research and diagnostic setting, and neces-
sitates the standardization and development of large data-
bases to store this data in a collaborative manner. Only by
the pooling of the wealth of genomic data will novel ID
genes be discovered in a rapid and effective manner in the
future. Moreover, many patients will have causative muta-
tions undetectable by traditional WES; the role of mosai-
cism, structural variants and CNVs detected only with WGS,
noncoding variations, and inherited variants will be impor-
tant and exciting focuses for future research. Finally, at the
moment, novel gene discovery is outpacing our under-
standing of the biological mechanisms that go awry when
these genes are mutated. Developing high-throughput and
strategic approaches to study pathogenic mechanisms will
be important in the coming years, and will ultimately
facilitate the development of novel therapeutic options.
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