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Genetic or genomic mutation is a major cause of intellectual disability (ID). However,
despite the generally anticipated strong genotype/phenotype correlation for ID, there are
huge obstacles to gene identification, except perhaps where very distinct syndromic features
are observed, because of the high degree of genetic heterogeneity and wide variability of
phenotype for different mutations or even with the same mutation within a single gene. A
recent review estimates in excess of 2500 genes for ID. Fortunately for researchers and
diagnosticians alike, the recent advent of massively parallel sequencing technologies, or
next-generation sequencing (NGS) has made an apparently impossible task tractable.
Here, we review the ongoing research endeavors to identify new disease genes, as well as
strategies and approaches at the clinical level.

About 1% of children worldwide are affected
by intellectual disability (ID) (Maulik et al.

2011), often also referred to as mental retarda-
tion, which can have a devastating impact on
many aspects of the lives of the affected individ-
uals, their families and communities, and is a
major challenge at the clinical level. The clinical
presentation and etiology of ID is complex with
a high degree of heterogeneity, leading to a poor

rate of molecular diagnosis resulting in below
satisfactory clinical management. ID is charac-
terized by an intelligence quotient (IQ) of 70 or
below, and deficits in two or more behaviors
related to adaptive functioning with diagnosis
by 18 years of age. ID is present in every social
class and culture (Leonard and Wen 2002);
however, despite its global occurrence, there
tends to be a higher prevalence of ID in regions
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of lower socioeconomic status (using the lack of
maternal education as an indicator) and in de-
veloping countries, and in particular for milder
cases (Drews et al. 1995; Roeleveld et al. 1997;
Durkin et al. 1998; Durkin 2002; Emerson
2007). It has been posited that the main reason
for this discrepancy is likely caused by environ-
mental factors, in particular, perinatal difficul-
ties, neonatal infections, postnatal brain infec-
tions, as well as childhood malnourishment
(Roeleveld et al. 1997; Durkin et al. 1998; Em-
erson 2007). The level of parental consanguinity
in specific populations is also considered likely
to play a role (Durkin et al. 1998). It is impor-
tant to note that consanguineous marriages are
known to lead to a marked increase in frequency
of recessive disorders (Bundey and Alam 1992;
Modell and Darr 2002).

Approximately 30% more males than fe-
males are diagnosed with ID (McLaren and Bry-
son 1987; American Psychiatric Association
2000). However, despite the higher prevalence
of males than females among milder cases of ID,
the ratio actually decreases with decrease in IQ
(McLaren and Bryson 1987; American Psychi-
atric Association 2000). Some studies suggest
that severe ID is more prevalent among females
(Katusic et al. 1996; Bradley et al. 2002); how-
ever, these studies, performed in specific com-
munities, may not necessarily be generalizable
to the rest of the world.

Although recent advances in sequencing
technology have accelerated the rate of gene
discovery for ID, even where family sizes are
small, the vast majority of ID genes remain un-
detected. ID is frequently divided into two
groups: nonsyndromic and syndromic ID. A
recent review listed 40 known genes for non-
syndromic autosomal recessive ID (NS-ARID),
but estimates that there may be in excess of 2500
autosomal ID genes in total, with the majority
being recessive (Musante and Ropers 2014).
Also, this review estimated that 13%–24% of
ID cases in Europe are likely attributed to au-
tosomal recessive causes (Musante and Ropers
2014).

With the advent of massively parallel DNA
sequencing, otherwise known as next-genera-
tion sequencing (NGS), the identification of

genes and mutations causing ID has taken a
massive leap forward. Additionally, the poten-
tial for using NGS in a clinical setting opens up
the possibilities of uncovering the genetic con-
tribution for a large percentage of ID individu-
als at first onset of symptoms, and hopefully
opening up avenues for early therapeutic inter-
ventions. There are more than double the num-
ber of published studies on NGS and ID than for
NGS and epilepsy, NGS and autism, or NGS
and other neuropsychiatric disorders (see Fig.
1), most likely reflecting a greater potential us-
age or uptake of NGS approaches for the iden-
tification of new genetic causes of ID. A break-
down of a sequencing strategy in ID is provided
in Figure 2.

PRE-NGS HIGH-THROUGHPUT
SEQUENCING RESEARCH FOR GENE
IDENTIFICATION

Large-scale sequencing attempts for gene/mu-
tation screening for ID did not begin with NGS,
but, for the obvious reasons of cost and labor,
were limited in capacity and few and far be-
tween. A few examples are described here.

Hamdan et al. (2011) Sanger-sequenced 197
genes involved in glutamate neurotransmission
or associated with the glutamatergic synaptic
machinery in 95 sporadic cases of nonsyn-
dromic ID (NSID), finding an excess of de
novo deleterious mutations, including de novo
truncating mutations in SYNGAP1, STXBP1,
and SHANK3. Another large-scale Sanger se-
quencing project involved all coding genes (N
¼ 829) on the X chromosome in 208 families
with suspected X-linked ID (XLID), predomi-
nantly nonsyndromic (Tarpey et al. 2009). Nine
new genes implicated in XLID were reported,
including the gene encoding the presynaptic
protein CASK. Earlier, smaller-scale sequencing
efforts were also performed, for instance, the
screening of 47 X-chromosomal genes within
a 7.4-Mb region of Xp11 and selected based
on brain expression profile in 22 XLID families
(Jensen et al. 2007). This study reported four
new genes for XLID; however, a microarray hy-
bridization approach was used for mutation
screening rather than Sanger sequencing, but
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still not a massively parallel sequencing ap-
proach that would be considered as “next-gen-
eration.”

These studies provided a taste of what was to
come, but also with some warning as to the
issues that would be faced with massively paral-
lel sequencing. In the Tarpey et al. (2009) study,
truncating mutations were identified in 19
genes that turned out not to be disease-related,
either because they were present in the control
population or did not segregate with ID in the
families. Large numbers of missense changes
were also identified, and the caution in inter-
pretation for these has to be even greater. Cur-
rently, we have the advantage of large databases
of control exome or genome data with which to
compare variants in affected individuals, for ex-
ample, ExAC, NHLBI ESP, and 1000 Genomes.
Data from these can be used to exclude variants
if too common (or present as hemizgotes or
homozygotes for X and autosomes, respective-
ly) in the controls.

X CHROMOSOME–TARGETED
SEQUENCING STUDIES

The X chromosome was for a long time as-
sumed to be associated with ID, in part because
males are more frequently affected with ID than
females. It is estimated that XLID accounts for
10%–12% of ID in males, which explains why
the majority of research for many years focused
on the X chromosome, resulting in the identi-
fication of .100 ID genes on the X chromo-
some. There are still many likely X-linked cases
in which there is no molecular diagnosis. Hu
et al. (2015) performed a study on 405 families,
which had clear familial evidence of XLID.
These families were termed unresolved because
despite microarray-based copy number varia-
tion (CNV) analysis and Sanger sequencing of
a subset of XLID genes there was no definitive
cause of ID. Hu et al. (2015) then proceeded to
massively parallel sequence 745 X-chromosom-
al genes to determine whether there are other
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Figure 1. Number of publications in PubMed using the search terms “next-generation sequencing,” “autism
spectrum disorder” (ASD), “intellectual disability” (ID), “epileptic encephalopathy” (EE), “schizophrenia”
(SCZ), and “bipolar disorder” (BD) annually since 2009. For 2016, as PubMed was accessed on August 6,
2016 and thus represents an incomplete year, a factor of 2 was multiplied as an adjustment factor.
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genes present in these families that cause ID.
They found that 18% (74 of the 405 families)
carried variants in previously identified XLID
genes that were determined to be causative.
The study also identified seven novel ID genes
in 2% of their cohort such as CLCN4, CNKSR2,
FRMPD4, KLHL15, LAS1L, RLIM, and
USP27X. The CLCN4 gene had protein trun-
cating and missense variants in five families.
Electrophysiological studies in Xenopus laevis
showed that these mutations impaired the func-
tion of the protein and resulted in impaired
neuronal differentiation. The CNSKR and
FRMPD4 proteins were determined to interact
with PSD95, which acts as a major scaffolding
protein at the postsynaptic density. Their results
provided a molecular diagnosis for the families
involved; however, approximately half of XLID
cases remain unresolved. Another frontier will
be to look at the noncoding regions on the
X chromosome for regulatory variants, which

may cause disease. This study also shows that
even in a well-characterized chromosome that
has been long associated with ID, there are still
many loci/genes to be found related to ID, em-
phasizing the inherent genetic heterogeneity in
ID. X-chromosomal inheritance, however, does
not explain a large portion of the ID cases and,
thus, the autosomes need further study in ID
research.

TARGETED SEQUENCING STUDIES

XLID has been a major focus in ID research but
XLID only represents 10%–12% of patients
with ID (Ropers and Hamel 2005). It has be-
come apparent that autosomal forms of ID
are more common than previously appreci-
ated. Autosomal recessive intellectual disability
(ARID) has not been studied as extensively be-
cause Western countries tend to have smaller
families and fewer consanguineous marriages.
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Figure 2. Number of hits or publications per year in Google Scholar broken down into sequencing strategy, using
the search terms “intellectual disability” þ “whole-exome sequencing” (labeled WES), “intellectual disability”
þ “whole-genome sequencing” (labeled WGS), “intellectual disability” þ “targeted sequencing” (labeled “Tar-
geted sequencing”), “intellectual disability” þ “somatic mutations” (labeled “Somatic mutations”), and “in-
tellectual disability” þ “X-linked” þ “sequencing” (labeled “X-linked”).
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This has led to a gap in knowledge regarding the
role recessive variants play in ID.

Najmabadi et al. (2011) sought to identify
ARID genes by mapping 272 consanguineous
Iranian families and determining the single link-
age interval regions, to design acustom sequence
capture system for these regions. Subsequently,
136 consanguineous families were sequenced
using these custom-generated gene panels,
which covered the genes in the single interval
regions mapped in the consanguineous families.

The study identified 50 novel genes for
ARID as well as 26 families that harbor known
mostly syndromic forms of ARID. The study
also noted that only two of the novel genes
were found in more than one family, which
highlights the heterogeneity of ARID genes. As
with XLID, identification of multiple ID fami-
lies with mutations in a specific gene is impor-
tant for validation as an ARID gene, and many
of these genes are still awaiting supporting evi-
dence from additional families. The variants
detected for this cohort ranged from house-
keeping genes such as LARP7 (a negative tran-
scriptional regulator of polymerase II) to vari-
ants in genes with no obvious link with ID,
including ADK, which causes adenosine kinase
deficiency. Several variants detected in the Naj-
mabadi et al. (2011) study also had associations
with brain-specific functions including CAC-
NA1G (a T-type calcium channel protein) and
ZBTB40, which has a role in glia differentiation.

This targeted approach has proven useful in
identifying novel and rare variants associated
with ID, and implicating new ID genes. It also
has the benefit of reducing the cost of the mas-
sively parallel sequencing approach while in-
creasing the number of samples screened. This
approach, however, is biased to the targeted
capture regions, and relies on having consan-
guineous families, preferably large and with mi-
croarray data, and the good fortune to identify
clear autozygous (homozygous-by-descent)
regions. This bias may result in ID genes or
unexpected variants being overlooked in some
instances.

A recent study focused on targeted sequenc-
ing of 107 XLID genes in 50 patients with a
family history suggestive of XLID, and in 100

apparently sporadic ID cases (Tzschach et al.
2015). In 13 (26%) of the familial cases, likely
pathogenic mutations were identified. However,
only five pathogenic mutations were identified
in the 100 sporadic patients. Targeted sequenc-
ing approaches, however, are biased toward the
selected regions, whereas an unbiased approach
may be required for more exploratory studies
such as for the identification of new disease
genes.

WHOLE-EXOME SEQUENCING FOR GENE
IDENTIFICATION

Whole-exome sequencing (WES) targets only
the 2% of the genome that codes for proteins.
Most disease-causing variants identified thus
far occur within the protein-coding regions of
the genome, in which variants are more likely to
alter the protein’s structure, thus results in dys-
function. This approach is also popular owing
to the difficulty in interpreting noncoding var-
iants. WES has become an excellent research
and diagnostic tool that balances cost with dis-
ease-related information. Alongside pedigree
and familial data, WES of mother/father/pro-
band trios can be used to detect variants from
different modes of inheritance as well as spora-
dic de novo instances of disease mutations in
an unbiased fashion.

De novo mutations have been found to be
more enriched in patients with ID than in con-
trol populations. In Western countries, where
environmental and familial causes of ID are
not obvious, de novo mutations may pose a
plausible genetic model in many cases. Because
of the lack of diagnostic, familial, and environ-
mental clues, de Ligt et al. (2012) focused pri-
marily on de novo mutations in their study. Af-
ter an assessment by clinical geneticists, 100
patients who lacked any diagnosis by CNVanal-
ysis were enrolled in this study. Both parents
and probands were sequenced and the data
was filtered based on mode of inheritance and
predicted pathogenicity of variants (based on
algorithms such as SIFT and PolyPhen, as well
as gene ontology). De novo mutations were
identified in 53% of the patients sequenced
and offered conclusive diagnosis for 13% of
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the patients sequenced. An additional 3% were
found to be X-linked, and de novo mutations
were found in 22 patients, with three being con-
firmed as having characteristic phenotypes
among the confirmation series of 765 ID pa-
tients. All screening was performed with high-
throughput sequencing, and variant prioritiza-
tion as outlined by de Ligt et al. (2012). Some
variants discovered in this study can lead to
treatments such as antiepileptic and avoidance
of sodium channel blockers for a patient with
SCNA2 de novo mutations or dietary consider-
ations for a patient with a PDHA1 mutation.
Clinical evaluation and counseling was offered
to families once the study was completed.

This study showcased the usefulness of un-
biased sequencing as a potential diagnostic tool
for ID and other complex heterogeneous disor-
ders. A robust, scalable, and integrated method
for identifying causal variants, managing the
data, and disseminating the results as a national
health care initiative is needed. The logistics of
this type of undertaking are daunting especially
when considering the scalable application of
ethics, counseling, and follow-up of patients
afflicted with ID.

The use of WES in clinical practice has
raised many questions concerning the appropri-
ate methods to sift through genomic data for
relevant pathogenic variants and the ethical de-
livery of results to patients and families in light
of incidental findings. The Deciphering Devel-
opmental Disorders (DDD) group is a collabo-
rative group in the United Kingdom that aims to
translate high-resolution genomic and pheno-
typic information into the National Health Ser-
vice (NHS) (Wright et al. 2015). In conjunction
with the UK NHS and the Irish Regional Genet-
ics Service, Wright et al. (2015) recruited �2000
families in the first year. Another 8000 families
were recruited within 3 years. This study made
use of the first 1133 family trios collected and
integrated recruitment, sample tracking, data
generation, analysis, variant filtration, and clin-
ical feedback to patients with the approval of the
UK Research Ethics Committee. A team of re-
search coordinators was essential in procuring
informed consent, and clinical geneticists en-
tered phenotypic data after detailed assess-

ments. After sample collection, whole-genome
microarrays were used for CNV detection and
whole-exome sequencing (WES) was performed
on both parents and the proband. Variants de-
tected in exome sequencing were disregarded if
they were common (minor allele frequency
.1%) and unlikely to disrupt protein function
(e.g., synonymous changes filtered out). The
pathogenic variants are then compared with
the Developmental Disorders Genotype to Phe-
notype (DDG2P) in-house database. This data-
base contains .1000 genes that are continually
being updated as patients are recruited and sci-
entific literature advances.

Clinical results are evaluated by a multidis-
ciplinary team including clinical geneticists and
genetic scientists in a weekly meeting. Results
are provided to families and then are deposited
on the DECIPHER database. In total, from
�80,000 genomic variants identified, 400 rare
variants were predicted to be causal protein-al-
tering variants. The use of trios reduced the
number of putative causal variants by 10-fold
and allowed a diagnostic yield of 27% by focus-
ing on segregating and de novo variants.

Despite these advances, the majority of
cases of ID remain with no identified genetic
cause. WES represents 2% of the genome, but
extending the unbiased approach of high-
throughput sequencing has proven informative.
With advances in whole-genome sequencing
(WGS), ID research may benefit from interro-
gating the noncoding regions of the genome.

WHOLE-GENOME SEQUENCING FOR GENE
IDENTIFICATION

WGS is the most comprehensive diagnostic test
to date because it sequences the entire genome
of an organism. Gilissen et al. (2014) recently
sequenced 50 patients with severe ID and their
parents, who have already undergone a compre-
hensive diagnostic workup including targeted
sequencing, genomic microarray, and WES
with no molecular diagnosis yet established.

Gilissen et al. (2014) chose to focus on de
novo CNVs and single-nucleotide variants
(SNVs) because of their known importance in
ID, and discovered on average 84 de novo CNVs
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and 82 de novo SNVs per genome. This accords
well with previous studies. The investigators
found that there was a significant enrichment
for loss-of-function (LoF) mutations, and mu-
tations in known ID genes. WGS also allowed
for the detection of structural variants and in-
dels that may be outside the exons of ID genes.
This was illustrated in a patient with a partial
duplication of TENM3 within the known ID
gene IQSEC2. This duplication led to a gene
fusion product that disrupted the function of
IQSEC2, and was confirmed with RNA studies.
Interestingly, three of the 10 de novo SNVs were
identified in a mosaic state in patients. WGS, as
long as depth of coverage is sufficient, allows for
the detection of mosaic variations as seen in a
fraction of the reads from sequencing.

This study conclusively diagnosed 21 out of
the 50 patients, resulting in a diagnostic yield of
42%. Gilissen et al. (2014) attempted to system-
atically characterize variants by selecting high
confidence variants located in promoter, in-
trons, and untranslated regions, such as those
described by the ENCODE project (ENCODE
Project Consortium 2012), and validated 43
variants by Sanger sequencing. The ENCODE
project provided a rich set of resources for tran-
scription factor-binding sites and chromatin
state segments in nine different human cell types.
However, data mining using these resources still
yielded no pathogenic information about the
noncoding variants identified in this study. Sci-
entific understanding of noncoding regulatory
variation is still in its infancy, and rigorous func-
tional work will be needed to understand the
role of noncoding genetic variation in disease.

There has been recent success in under-
standing regulatory variation in the human ge-
nome through computational techniques such
as deep neural network learning algorithms
and experimental functional work. Huang
et al. (2012) used targeted massively paralleled
sequencing to identify a noncoding, regulatory
variant in the known ID gene HCFC1. Because
no coding mutations had been identified
despite the solid XLID mapping evidence, the
investigators hypothesized that the variant may
reside outside of the coding region on the X
chromosome. After extensive functional work,

it was determined that this variant disrupted the
YY1 transcription factor-binding site. These in-
vestigators also experimentally validated their
claims to show that this variant reduced neurite
growth and increased astrocyte production.
Two further families with ID were also found
to harbor this mutation.

WGS is the most exhaustive and complete
diagnostic test available but it is hampered by
the high cost of sequencing and difficulties in
data analysis, management, and storage. The
real strengths of WGS are the sequencing of the
noncoding regulatory regions of the genome,
also the much greater ability to identify CNVs
in comparison to WES data. WGS is still a cut-
ting-edge technology and techniques to analyze
WGS data are continually being developed, but
careful validation is required for clinical diag-
nostic implementation.

COPY NUMBER VARIATION DETECTION
THROUGH NGS FOR GENE
IDENTIFICATION

One of the major areas of development in NGS
analysis is the detection of CNV. CNVanalysis is
still an active area of research in NGS variant
analysis and has long been important in ID re-
search.

Iqbal et al. (2012) encountered a case involv-
ing a patient with what they believed was a novel
form of NSID from a consanguineous family in
Pakistan. The family had microarray single nu-
cleotide polymorphism (SNP) genotyping per-
formed and there was a homozygous �100-kb
deletion on 2q37.1 found that did not segregate
with the rest of the family. After homozygosity
mapping, four autozygous regions were identi-
fied, but no obvious candidate genes within
these regions. A targeted panel, designed for
these homozygous regions was developed and
the entire family was sequenced. There was a
five-exon deletion in the TPO gene present,
which did segregate with the family. Reanalysis
of the SNP microarray data (Affymetrix 250K)
revealed that there was only a single SNP within
this deletion region, and thus beyond the limits
of CNV-detection algorithms. This deletion
could potentially have been identified using

Next-Generation Sequencing and Intellectual Disability
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higher-density SNP arrays, but in this instance
targeted exonic NGS provided the resolution
required for detection. Subsequent validation
was confirmed with qPCR. Iqbal et al. (2012)
proved that the unbiased approach of NGS can
be used to detect causal CNV variants for ID.

CNV analysis is routinely performed with
CGH microarrays in diagnostic laboratories be-
cause of its low cost, robustness, and reliability.
The major drawback of this approach is that
CGH microarrays can only detect unbalanced
structural variants. “Apparently balanced chro-
mosomal rearrangements” (ABCRs) occur in
1.54% of live births and contribute to 6% of
abnormal phenotypes including multiple con-
genital abnormalities and ID (MCA/ID). Pre-
vious methods such as break point cloning
using FISH and BAC, Southern Blot, inverse
PCR, and long-range PCR are time-consuming,
labor-intensive, and may not provide the de-
sired resolution required for clinical diagnos-
tics. Because of the above reasons, this area re-
mains under-investigated.

Schluth-Bolard et al. (2013) used WGS to
characterize ABCR in four patients where CGH
arrays had provided no diagnosis. NGS identi-
fied ABCR in three of the four patients includ-
ing all breakpoints, inversions, and balanced
translocations. In three of the four patients, dis-
ruption of genes (SHANK2, TCF4, PPFIA1,
RAB19, and KCNQ1) was the probable cause
of MCA/ID. The method was also validated
with FISH and PCR followed by Sanger
sequencing. The investigators concluded that
WGS is a reliable method for breakpoint
mapping, but capture methods may have lower
coverage around ABCR because they often oc-
cur near repetitive sequences, which are difficult
to map back to the reference sequence.

Recently, many software programs have
been developed to accurately detect CNVs and
other structural variations such as CONIFER
(Krumm et al. 2012; O’Roak et al. 2012) and
XHMM (Fromer et al. 2012; Poultney et al.
2013; Fromer and Purcell 2014). It is an active
area of research and large cohort studies need to
be performed to determine the clinical rele-
vance of NGS structural variation identification
for ID.

NGS STRATEGIES FOR CLINICAL
DIAGNOSTICS

Because of a higher diagnostic yield and reduc-
tion in costs, NGS is increasingly being deployed
in clinical laboratories for the diagnosis of ge-
netic syndromes and cancer (Yang et al. 2013;
Omoyinmi et al. 2014). For individuals with ID,
chromosomal microarray analysis (CMA) is rec-
ommended as the first-line diagnostic test as
it offers much higher diagnostic yield (15%–
20%) compared with G-banded karyotype
analysis (3%) (Miller et al. 2010). However,
the genetic etiology of 80% to 85% of patients
still remains unknown. For these cases, NGS-
based testing (targeted multigene panels, WES
or WGS) has a great potential to achieve diag-
nosis. A recent study has shown a diagnostic
yield of �28% in patients affected with devel-
opmental delay using clinical WES (Lee et al.
2014). In another study, using clinical WES,
molecular diagnosis was archived in �25% cas-
es with neurological phenotypes (Yang et al.
2014). Using the NGS-based, targeted gene
panel approach, Tan et al. has identified the dis-
ease-causing variants in 21% of the ID cases
(Tan et al. 2015). These studies show the clinical
use of NGS-based tests. Although targeted gene
panels and WES are the commonly used NGS
tests in clinical laboratories, WGS offers addi-
tional benefits as it has the potential to uncover
all forms of genetic variation in one test (Pang
et al. 2014) and, consequently, it potentially of-
fers a higher diagnostic yield. In a recent study of
patients with severe ID, a diagnostic yield of 42%
was observed, which is a significant improve-
ment over diagnostic yield obtained by micro-
array, gene panels, or WES (Gilissen et al. 2014).

These observations indicate that NGS will
undoubtedly have a remarkable impact for pa-
tients with ID and other genetic disorders.
However, the widespread adoption of NGS
technologies in diagnostic settings is hindered
by several factors such as cost, processing time,
clinical interpretation, and storage of an enor-
mous amount of data. The American College of
Medical Genetics and Genomics has issued the
professional standards and guidelines for im-
plementation of NGS in clinical laboratories
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(Rehm et al. 2013). In the light of these guide-
lines, Patwardhan et al. (2015) have evaluated
the performance of the commercially available
exome-capture methods and sequencing tech-
nologies. Insufficient reads coverage was ob-
served across several disease-associated genes
using each of the conventional exome capture
and whole-genome platforms. These findings
highlight the need for further improvements
in the exome capture methods, sequencing
technologies, and computational algorithms to
improve the accuracy and sensitivity of NGS
testing.

Finally, ethical concerns need also be con-
sidered for the application of NGS to ID in both
clinical and research settings, in particular, the
possibility of incidental findings as had been
discussed in many articles (e.g., see Knoppers
et al. 2014; Howard et al. 2015). For gene-panel
approaches, issues of incidental findings are ob-
viously much less of a concern. Also, for trio-
based NGS efforts aimed strictly at identifying
de novo mutations, the concerns would possibly
also be lower.

SUMMARY

To maximize the usage of NGS for ID, it is of the
utmost importance to make variant data avail-
able for WES/WGS of ID cases, as well as for
sufficient numbers of controls of all ethnicities.
Without cooperation and corroboration across
studies, evidence for the accumulation of vari-
ants that may be necessary to implicate genes as
being associated with disease may be missed,
and potentially etiological variants may remain
as variants of unknown significance. The iden-
tification of compound heterozygous muta-
tions is particularly problematic, as analytic
pipelines are not currently set up to determine
whether genes containing variants are likely to
be recessive or dominant; also without haplo-
type information (unless haploid DNA NGS is
performed, haplotype is determined indepen-
dently by genotyping or from sequencing par-
ents, or if the two variants occur within the
same read) it is impossible to know whether
two mutations in the same gene occur on the
same (cis) or different (trans) alleles. To help

address this, first, we need greater effort in iden-
tifying autosomal recessive ID genes using con-
sanguineous families, and, second, we need
WGS/WES data from ID cohorts to be made
available to researchers to enable cross-referenc-
ing between family studies and studies of unre-
lated individuals. A number of efforts are un-
derway to share NGS data for ID. For instance,
data from DECIPHER and UK10K studies of ID
patients are available to some degree. Match-
maker Exchange (matchmakerexchange.org)
provides a mechanism for matching studies
that have identified potential etiological vari-
ants in the same gene. In addition, groups using
consanguineous families to identify autosomal
recessive ID genes have come together to share
data under the umbrella of the Consortium
for Autosomal Recessive ID (CARID), hosted
by Rami Abou Jamra at Erlangen University,
Germany.

Possible overlap of genetic etiology between
ID and other neuropsychiatric disorders also
needs to be considered. This is particularly rel-
evant for autism spectrum disorders (ASDs), as
estimates of comorbidity are high. �28% of ID
individuals may meet criteria for ASD (Bryson
et al. 2008). Estimates of ASD individuals with
some degree of ID are frequently in the range of
40%–70% (71% [Chakrabarti and Fombonne
2001], 63% [Bertrand et al. 2001], 40% [Baird
et al. 2006], and 50% [Charman et al. 2011]).
Many genes have already been shown to cause
both ID and/or ASD, including PTCHD1,
SHANK3, NLGN4, NRXN1, CNTNAP2,
UBE3A, NF1, TSC1, TSC2, FMR1, MECP2,
and others. There is also increasing evidence
that this may be true for other disorders such
as schizophrenia and bipolar disorder. For
example, McCarthy et al. (2014) reported a
de novo missense mutation, Arg190Cys, in
MECP2. This mutation, while outside the meth-
yl CpG–binding domain, is located within the
so-called intervening domain but at a highly
conserved residue within an AT-hook motif.
This motif is a cationic peptide with affinity
for AT-rich DNA. Although AT-hooks have
weak affinity individually, the cooperative ac-
tion of multiple AT-hooks can achieve high
DNA-binding affinity (Geierstanger et al.
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1994). Arg190Cys disrupts one of the canonical
motif residues, replacing a positively charged
amino acid with a neutral polar residue. Thus,
this de novo mutation in a known ID gene is
almost certainly disrupting the protein func-
tion, and reaffirms the link between this ID
gene and psychosis previously reported for
Ala140Val (Cohen et al. 2002) and many others.
McCarthy et al. (2014) also reported de novo
mutations in schizophrenia patients in other
ID genes such as TRAPPC9 and HUWE1. Ad-
ditionally, Heidari et al. (2015) reporting the use
of WES to identify missense mutations in the
histamine N-methyltransferase gene HNMTas a
cause of nonsyndromic autosomal recessive ID,
also made the point that rare heterozygous loss
CNVs or LoF mutations disrupting HNMT have
also been reported for bipolar disorder (Zhang
et al. 2009), autism spectrum disorder (DECI-
PHER), and for schizophrenia (Genebook). The
issue of pleiotropy across ID and neuropsychi-
atric disorders was raised in a recent publication
by Li et al. (2015). In this research article, trio
sequence data was analyzed across ID, ASD,
schizophrenia (SCZ) and epileptic encephalop-
athy (EE) cohorts and genes harboring de novo
mutations were compared. Significant numbers
of genes harboring de novo mutations were
shared between ASD and SCZ, also between
ASD and ID, between ID and EE, but more sur-
prisingly between ID and SCZ (e.g., genes such
as POGZ, MYH9, LRP1, STAG1, SYNGAP1,
GRIN2A, [the aforementioned] MECP2, and
TANC2). Interestingly, de novo mutations in
the EE gene SCN2A (OMIM 182390) were pres-
ent in all four cohorts. The investigators discuss
the possible overlap in genetic architecture and
biological pathways, despite the apparent dis-
tinct pathogenesis for these disorders. In anoth-
er review article, LoF mutations shared across
different neurodevelopmental or neuropsychi-
atric disorders are discussed (Vissers et al.
2015). In addition to LoF mutations in many
genes shared between ASD and ID, the review
lists LoF mutations in AUTS2 in both ID and
SCZ, and in POGZ, SCN2A, and SYNGAP1 in
ID, SCZ, and ASD.

The vast majority of individuals with ID
currently receive no molecular diagnosis—a

shortcoming that significantly impacts health
and life span. Research suggests that individuals
with ID die on average 15 years younger than
people without ID (Glover and Ayub 2010).
There is also a strongly negative correlation of
survival with severity of ID (Bittles et al. 2002).
Knowing which genes carry mutations that
cause ID can have huge benefits for diagnosis
in clinics, can lead to better understanding
of each patient’s health issues, more appropriate
care and treatment, improved overall health and
life span, and appropriate counseling and plan-
ning for families. As a stark example of this, the
average life span for individuals with the most
recognized and most common known form of
ID (1/650–1000 births), Down syndrome, has
increased from 12 to 60 years over the last two
generations (reviewed in Bittles et al. 2002,
2007). For many other genetic forms of ID,
there is insufficient data on life expectancy to
determine the improvement since the discovery
of the specific genetic cause; however, it has
been estimated that the mean age of death for
ID in general has increased from 19 years in the
1930s to 66 years in the 1990s (reviewed in Cop-
pus 2013). A significant proportion of this in-
crease is likely attributed to improved health
management resulting from knowledge of the
underlying genetic etiology. Increases in the rate
of gene and mutation identification for ID
through NGS should add significantly to this
improvement. Also, along with gene identifica-
tion, we hope to achieve a better understanding
of the pathophysiology, which would, one
would hope, ultimately lead to treatments and
cures. Finally, to quote J.B.S. Haldane’s preface
to The Biology of Mental Defect by Penrose
(1949), “We cannot do so much about mental
defect as had been hoped in the recent past. Nor
could we do as much about flying four hundred
years ago as Leonardo da Vinci had hoped. But
there is no reason to hope that one problem is
more insoluble than the other. . . . We do not
know what data will be required. But among
them is certainly a knowledge of a great deal
of normal human genetics.” Penrose himself
wished to see each ID individual “as an integral
part of the human race in its struggle for evo-
lution and survival, unwittingly yielding up
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information of the greatest value in the progres-
sive understanding of the biological structure of
the whole group” (from Berg 1998). Given our
21st century access to NGS, transgenic animal
models, gene-editing technology, stem-cell
technology, improved (and personalized) drug
design strategies, etc., surely we can and should
be able to do so much more than Penrose had
ever dared to wish for.
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