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Abstract

Approximately 2% of the world population is affected by intellectual disability (ID). Huge efforts in sequencing and
analysis of individual human genomes have identified several genes and genetic/genomic variants associated with
ID. Despite all this knowledge, the relationship between genes, pathophysiology and molecular mechanisms of ID
remain highly complex. We summarize the genomic advances related to ID, provide examples on how to discern
correlative versus causative roles in genetic variation, understand the physiological consequences of identified
variants, and discuss future challenges.
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INTRODUCTION

Processes such as memory, attention, reasoning and executive function are collectively embedded in the
concept of cognition. While cognitive abilities in humans are variable and inheritable', identification of
the genetic determinants of human cognition has been limited. Candidate genes involved in the molecular
underpinnings of cognition can be identified through studies on cognitive disorders. The impairment of
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cognitive function is a core clinical feature of neurodevelopmental disorders (NDDs), which comprise
a group of developmental disorders leading to brain dysfunction. NDDs include global developmental
delay, intellectual disability (ID), schizophrenia, autism spectrum disorder, attention-deficit/hyperactivity
disorder, bipolar disorder, and epilepsy. Studies on NDDs have revealed that cognitive disorders are
complex, usually polygenic”, and phenotypically and genetically heterogeneous™. ID is characterized
by significant limitations in both intellectual functioning and in adaptive behavior including conceptual,
social, and practical adaptive skills"™.

ID originates during the developmental period and has an incidence of ~2% in the population'*’. Although
ID can be caused by environmental factors such as maternal alcohol abuse during pregnancy, infections,
birth complications and extreme malnutrition, genetic factors are now known to have an important
role in its etiology, accounting for the majority of cases. ID is the most common reason for referral
to genetic services and recent technological advances have allowed genetic diagnoses to be obtained
for a substantial portion of affected individuals. The combination of novel technologies and increased
biological understanding is rapidly increasing the diagnostic yield of genetic tests in ID. The introduction
of chromosome array analysis (comparative genomic hybridization, CGH) has allowed the genome-wide
detection of chromosomal aberrations, while exome sequencing (WES) and more recently whole genome
sequencing (WGS) have enabled testing of all genes simultaneously in a single test. Currently, WGS is
becoming the first-tier diagnostic test, which also allows for the detection of chromosomal aberrations'”.
These are impressive advancements that have important ramifications for both treatment and prognosis.
A specific diagnosis also provides both psychological and social benefits for the family"”, including
information about the risk of recurrence in future pregnancies and the options of prenatal diagnosis
and pre-implantation genetic testing. As of December 2019, on the Online Mendelian Inheritance in
Man website (OMIM, https://omim.org/), there are more than 1300 single genes associated with ID,
highlighting the complexities of brain development and the consequent, extreme genetic heterogeneity
of ID. These genes are all related to a variety of cellular functions and molecular processes. On top of the
functional diversity of ID associated genes, there is a myriad of genetic variants within the same gene loci
with different pathological consequences, ranging from benign (no identifiable phenotypic consequences)
to clearly pathogenic (associated with extreme phenotypic outcomes). Identification of new genes and
genetic variants related to ID and improved understanding of the biological functions associated with these
mutations are now critical.

GENOMIC ADVANCES RELATED TO ID

During the late twentieth century, twin studies showed that ID has a strong heritable component'".
However, only in the beginning of the new millennium, with the advent of Next Generation- or massive-
Sequencing technologies, has determination of the underlying genetic cause of ID, as well as many other
congenital diseases, become possible”. An accurate molecular diagnosis is essential for the optimization
of clinical management and the institution of appropriate surveillance and prevention programs'. De novo
mutations account for at least 30%, and possibly as much as 60%, of ID cases, with diagnostic efficiency in
clinical practice around 25%-30%"". This low diagnostic yield begets the question of what the causes of ID
are in the remaining 75% of patients. Genetic and phenotypic variability, and the non-specific nature of the
phenotype makes accurate genetic diagnosis in the majority of children with ID a very challenging task.
In cases where no obvious causes are found, the differential diagnosis can include hundreds of rare genetic
disorders, leading to hundreds of potentially involved genes, with both single nucleotide (SNVs) and
copy-number variants (CNVs) putatively contributing to disease development. In this context, different

molecular techniques for diagnosis coexist with each having particular pros and cons'*"”.

Array based CGH was the first choice for diagnosing ID ten years ago, with a two-fold increase in
diagnostic yield compared with karyotype analysis"”. CGH allowed precise identification of CNV's as small
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as 20 kb long, including heterozygous deletions and duplications. However, a significant number of patients
remained undiagnosed and consequently, physicians moved on to target sequencing of disease associated
genes, or more recently WES. Target sequencing and WES allow identification of SNVs as well as small
indels (2-20 bp) providing a diagnostic yield of 25% for children with ID"". The main difference between
target and WES is the per sample cost, which tends to be lower for the target approach™”. However, due to
the aforementioned high phenotypic variability, sequencing only a limited number of genes can reduce the
overall diagnostic yield.

The reduction in sequencing costs in the last decades has enabled WGS to be added to the diagnostic
armamentarium. WGS has the potential to identify all forms of genetic variants, SN'Vs, indels, as well as
CNVs. Recent studies demonstrated the advantages of WGS over both CGH and WES for the identification
of novel mutations, with an overall diagnostic yield between 40%-60% for children with ID. The genetic
heterogeneity of ID"”**" makes WGS possibly the most cost-effective approach in terms of diagnostic
yield and sequencing costs. However, it is important to note that WGS has larger costs related to data
processing and storage, as well as analysis - which is much more challenging - compared to CGH or WES.
As an example, while WES provides about 100,000 SNVs, WGS yields over 3 million variants per sample,
of which only one (or a few) are likely to be relevant to the case. Moreover, WGS will require appropriate
counseling, including appropriate management of any incidental finding.

INTERPRETATION OF GENETIC VARIANTS IN ID PATIENTS

One of the main challenges in the molecular diagnosis of ID concerns the identification and, most
importantly, assignment of any found variant as responsible for the observed phenotype. This task, which
requires the annotation, interpretation and selection of variants for each case, is usually performed in
a multidisciplinary context, with the involvement of bioinformaticians, molecular geneticists and the
responsible physician, and is referred to as Clinical Genomics Interpretation. The complexity of the task is
related to the chosen technique. While sequencing of gene panels - already focused on ID associated genes
- delivers a few hundred variants, CGH results in thousands of CNVs, WES yields up to 100,000 variants,
and finally for WGS, over a million.

The first step of variant filtering (i.e., reduction of the number of potential candidates) involves focusing
on ID related genes. OMIM, an Online Catalog of Human Genes and Genetic Disorders, lists 1330
independent genes associated with the words “intellectual disability” - double the number of ID-related
genes listed in 2015 - with a variety of functions and modes of inheritance”". The latest update on 4
December 2019 of the SysID-database (https://sysid.cmbi.umcn.nl/) currently contains 1291 primary
ID genes, and 1140 candidate ID genes. This huge number and functional diversity of ID-related genes
contributes to the challenge of identifying new genes or genetic variants related to ID unequivocally.

Another important filtering criterion is related to genetic variation properties. Current state of the art
techniques classify variants according to the American College of Medical Genetics criteria", which
involves determination of several evidence criteria (or level), which then add up to a final score that
determines whether the variant is (likely) benign, (likely) pathogenic or of uncertain significance (i.e., a
variant of unknown significance or VoUS). Although there are more than 25 different criteria, they can
arguably be grouped into those related to: (1) predicted molecular effect; (2) observed frequency in healthy
individuals; (3) familial segregation; (4) genotype to phenotype relationships; and (5) previous reports.
Ideally, the combination of genomic techniques and use of appropriate filtering criteria should result in the
identification and report of a (likely) pathogenic variant. Yet, as will be explained below, this is particularly
difficult when dealing with ID related variants. Databases such as IDGenetics, (http://www.ccgenomics.cn/
IDGenetics/)™", a genetic database for ID that provides integrated genetic, genomic and biological data,
can facilitate the interpretation of ID related genetic variants.
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To be classified as (likely) pathogenic, a variant would usually have a strong molecular effect (i.e.,
nonsense, frameshift, affect splicing and/or missense with a known molecular phenotype), display very
low population frequency, verified to be de novo, display a known matching phenotype and have been
previously reported in ID or NDD case. However, since most ID variants are de novo, they are also novel,
and thus unlikely to have been reported and/or studied at the molecular level, particularly if they are
missense SN'Vs. For example, one of the most commonly mutated genes in patients with ID, ARIDI1B,
comprises only 1% of all ID cases. Moreover, since there are many associated genes and the phenotype
in ID patients is highly variable and overlapping, it is extremely difficult to decide between variants with
similar evidence criteria but located in different genes. For CNV, where genomic intervals deviate from the
normal diploid state, the molecular effect is easier to gauge since the whole gene (or a significant part of it)
is usually deleted or duplicated, conferring a gene dosage effect. CN'Vs are also more likely to be unique for
the patient but there are some hot spot CNVs, mainly the ones related to syndromic ID, such as the 7q11.23
deletion that is associated with Williams Beuren syndrome, the 17p11.2 deletion associated with Smith-
Magenis Syndrome, and the reciprocal duplication, associated with Potocki-Lupski Syndrome, among

others"”

In this context, it is very important that the whole family (or at least the mother/father/patient trio) is
analyzed, therefore providing direct evidence of family segregation and a straightforward filtering of the
variants observed in the proband, in order to yield a proper molecular diagnosis and make interpretation
of variants easier.

FUNCTIONAL UNDERSTANDING OF ID-RELATED GENETIC VARIANTS

Once a new genetic variant is identified, understanding its relationship with the biological molecular
mechanism is the next important step. Concomitant with the explosion of genomic information came
a revolution of tools that enabled the genetic modification of genomes. CRISPR/Cas and its associated
technologies are versatiles and make gene and genomic editing much easier than before. Model organisms
have been very helpful for studying the effect of a single genetic modification at the level of the organism.
Despite the tremendous complexity of ID in humans, it is possible to look for conservation and relevant
phenotypes to comprehend the ID-related pathophysiology in model organisms. Hence, now more than
ever, model organism studies have become instrumental for understanding the molecular mechanisms
underlying ID"**. This includes mice, which have historically been used to learn about disease biology and
to find potential therapeutic strategies, and fruit flies and zebrafish, which have been introduced as disease
models for ID as well.

Several extremely useful tools already exist to assess basic processes that inform on gene function, associate
a particular locus with ID, and enable dissection of both functional variant types and combinations of
variants (biallelic or multilocus) with ID. When a novel genetic variant is identified in a patient, it is very
important to define whether the variant is within a known coding region or elsewhere in the genome for
this is fundamental to determining future steps [Figure 1]. If the variant is located in a coding region,
the next big question is whether it is located within a gene already related to ID If it is a new candidate
gene, many different types of evidence can be used to identify functionally associated ID genes. This “guilt
by association” concept predicts that if two gene products work in the same pathway or process, then
mutations in these genes probably have overlapping phenotypic consequences””. For example, genes that
encode physically interacting proteins, which are co-regulated or co-evolving, are more likely to work
in a common process. In addition, studies on single gene mouse models of ID reveal that the effects of
these mutations converge onto similar or related etiological pathways, highlighting common pathological
nodes that can help in the understanding of new ID related genes”. The huge collection of mutant model
organisms and the literature can be reviewed to study ID related phenotypes, keeping in mind the mode
of inheritance demonstrated in humans when choosing the model to study. Towards this end, existing
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Figure 1. Schematic summary of the understanding of functional consequences of ID-related genetic variant. ID: intellectual disability

mutant mice collections such as the International Mouse Phenotyping Consortium (IMPC, http://www.
mousephenotype.org/), the Mouse Genome Informatics (MGI, http://www.informatics.jax.org/) online
database, and the European Mouse Mutant Cell Repository (EuMMCR, https://www.eummcr.org/), are all
very useful resources that have combined with easy to implement genetic modification tools”™ which are
instrumental for rapid understanding of the relationship between a gene and ID.

If the genetic variant is within a known ID-related gene, it is important to understand its functional
relationship with the phenotype. Towards this end, the construction of gene deletion collections in
yeasts™*" and Escherichia coli®”, the genome-wide RNA interference screens in worms”™” and flies™* and
the availability of mutants in zebrafish, in which partial to full rescue of a zebrafish phenotype by injecting
the human orthologous mRNA can be observed™, all allow quick functional screening. In addition,
induced pluripotent stem cells can be used to study rare genetic variants in the complex human genome, as

long as the clonal nature of cellular reprogramming and positive selection are well accounted for.

Pathogenic CNVs are significantly enriched for genes involved in development™ and are particularly
increased in neurodevelopmental disorders. Molecular studies of pathogenic CNVs are thus very relevant
to ID research. However, pathogenic CNVs are usually very large and contain several physically linked
genes. Thus, understanding the cause of ID pathogenicity remains a major challenge although animal
models can be very useful towards this goal. Examples include the Smith-Magenis syndrome (SMS, OMIM
#182290), associated with a deletion within band p11.2 of chromosome 17, and Potocki-Lupski syndrome
(PTLS, OMIM #610883) related with reciprocal duplication. Both syndromes include ID among their
clinical presentation. Modeling this pathogenic CNV in mice was possible due to the confirmation of a
syntenic genomic region in mice"” followed by the creation of the desired rearrangement by chromosomal
engineering”**”. Phenotypic characterization of the resulting mice'”, identification of the responsible gene
within the genetic interval**”, and analysis of the contribution of the genomic structural change per-se
to the ultimate phenotype'” were all possible with the genetically modified animals. With advancement
in technology, efficient and rapid generation of large genomic variants in mice can be achieved in less
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time than before. For example, the CRISpr MEdiated REarrangement (CRISMERE) strategy. deletions,

d[44,45]

duplications, and inversions of genomic regions as large as 24.4 Mb can be obtaine , making such

studies easier than before.

If the identified genetic variant falls within a non-coding region, the challenge to understand its functional
consequence is even greater. Accurate classification of regulatory regions can be of immense help in
predicting the biological effects of noncoding genetic variants associated with particular traits and diseases.
However, determining whether a given genetic variant affects the function of a regulatory element is still
nontrivial. One example is seen with the transcription factor-encoding gene ARX in which protein-coding
mutations cause various forms of ID and epilepsy. In contrast, variations in ARX surrounding non-coding
sequences are correlated with milder forms of non-syndromic ID and autism. Using zebrafish transgenesis,
long-range regulatory domains and brain region-specific enhancers were identified that explained the

neuronal phenotypes related to the associated neuropsychiatric disease'*”

FROM GENES TO BIOLOGICAL PATHWAYS

With all these efforts, the biological processes involved in ID are starting to unravel. Genes related to ID
are involved in a variety of biological functions and clusters in processes such as metabolism, transporters,
nervous system development, RNA metabolism, and transcription*”. Examples of these functional nodes
are discussed next.

The RAS-MAPK (mitogen-activating protein kinase) and the PI3K-AKT-mTOR pathways were first
associated with cancer, but are known to be critical for synaptic plasticity and behavior*”. The RAS-MAPK
signaling cascade is a metabolic pathway that regulates growth factors and embryological development and
is now associated with syndromic ID such as Noonan (OMIM #163950) and Costello syndromes (OMIM
#218040)""". ThePI3K-AKT-mTOR signaling cascade contributes by mediating various cellular processes
including cell proliferation and growth, and nutrient uptake. Dysregulation of this node has been identified
as a cause of several neurodevelopmental diseases, including megaloencephaly, microcephaly, autism
spectrum disorder, ID, schizophrenia and epilepsy[”’sol.

The RHO-GTPase signaling cascade is associated with a variety of cellular functions including the
morphogenesis of dendritic spines. Mutations in both regulators and effectors of the RHO GTPases (i.e.,
GDI, PAK3, ARHGEFs) have been found to underlie various forms of non-syndromic ID"". Mutations in
one of the downstream effectors, the calcium/calmodulin-dependent protein kinase type II (CaMKII), have
been reported in patients with ID*”. Moreover, mutations in the cytosolic protein SYNGAP1 (SYNaptic
GTPase activating protein) result in a neurodevelopmental disorder termed Mental retardation-type 5
(MRDs5, OMIM #612621) with a phenotype consisting of ID, motor impairments, and epilepsy. SYNGAP1
plays critical roles in synaptic development, structure, function, and plasticity and is one of the targets of
phosphorylation by CaMKII"™". This example serves to illustrate the power of identifying pathways towards
understanding ID biology.

Pathway convergence**” could stem from the fact that the repertoire of cells affected by ID is limited
and therefore, the pathways into which ID-associated variants congregate is a reflection of the specialized
function of brain cells. However, the accurate identification of such converging pathways has the potential
to help understand brain dysfunction and pathology.

ID ASSOCIATED WITH EPIGENETIC MISREGULATION

A critical feature of the human brain that underlies cognition and the development of intellectual abilities is
the capacity of the nervous system to reorganize its connections functionally and structurally in response to
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intra- and extra cellular (environmental) clues. This experience-dependent neural plasticity is particularly
high during development™”. Therefore, it is not surprising that in addition to genetic factors, the
environment has particular influence during gestation or the early postnatal period and both contribute to
the development of ID. Examples of such environmental factors contributing to ID include cerebrovascular
incidents associated with premature birth or perinatal asphyxia, prenatal exposure to neurodevelopmental
toxins or bacterial and viral infections, maternal conditions such as diabetes, phenylketonuria and immune
system alterations, malnutrition (of both mother and child) and specific deficiencies such as that of iodine.
Some of these ID-contributing environmental factors affect normal neurodevelopment directly by inducing
genetic mutations, enhancing cell death, inhibiting differentiation processes and blocking the activity of key
developmental proteins. However, the effects of the vast majority of environmental factors involve gene-
environment interactions that drive long-lasting neural and behavioral changes. Currently, these effects are
strongly linked with epigenetic changes elicited by environmental factors. For example, emerging evidence
suggests that environmental perturbations can alter DNA methylation patterns in the developing brain",
leading to the currently prevailing theory that changes in the brain methylome likely contribute to the
pathogenesis of ID.

Aberrant DNA methylation (induced by environmental factors, stochastically arisen or resulting from an
underlying change in DNA sequence) that leads to dysregulated genome function, affecting genes relevant
for neurodevelopment and brain plasticity can potentially cause ID. These genomic (epi) variations are
missed by conventional sequencing approaches and can potentially underlie a considerable fraction of
genetically undiagnosed ID cases. Recently, array-based methylation profiling of a large cohort of patients
with neurodevelopmental disorders identified rare epigenetic changes in ~20% of patients'®’. These changes
were absent in thousands of controls, repeatedly identified in unrelated patients and located in promoters
of known NDD genes, suggesting that abnormal methylation contributes to the phenotype of the patients.
Further support for this hypothesis came from findings that epivariations in gene promoters were often
associated with changes in gene expression, some of which were so extreme as to mimic the loss of function
coding mutations. Thus, the search for epivariations should be considered as a complementary, molecular

diagnostic tool in patients with genetically unexplained ID'",

Consistent with epigenetic mechanisms underlying the development of the brain and cognitive phenotypes,
amongst the hundreds of genes already identified as contributing to ID, a large number of them encode
for epigenetic regulators® . Neurodevelopmental disorders exhibiting ID such as Rett syndrome
(OMIM #312750 ), ATR-X (OMIM #301040), Kleefstra syndrome (OMIM #610253), Fragile X (OMIM
#300624), X-linked syndromic ID (XLID) Claes-Jensen type (OMIM #300534) and Rubinstein-Taybi
syndrome (OMIM #180849) are caused by mutations in chromatin-remodeling proteins (ATRX in ATR-X),
transcriptional regulators (MeCP2 in Rett syndrome and CREBBP/CBP in Rubinstein-Taybi syndrome) and
histone modifiers (EHMT1 in Kleefstra syndrome and KDM5C in XLID). Further, mutations in the DNA
methyltransferase gene DNMT3A and HIST1H1E, encoding histone H1.4 were shown to cause ID'***”.

In summary, generating genotype-phenotype correlations for ID is incredibly complex. This is due in
part to the confounding effect of phenotypic and etiologic heterogeneity, along with the rare and variable
penetrant nature of the underlying risk variants identified so far'. One consequence of this complexity
is the application of artificial intelligence (AI) for precision medicine in neurodevelopmental disorders,
including ID, autism spectrum disorder and epilepsy, which is still far from accurate. Larger sample
sizes and broader (in terms of technologies) studies are expected to allow identification of the relative
contributions of each gene/loci to different, but overlapping and highly correlated phenotypes related to
ID, such as intelligence quotient (IQ), educational attainment, schizophrenia and depression among others.
Finally, increasing data availability will also allow for the development of phenotype specific polygenic risk
scores (PRS)"*.
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CONCLUSION

Regardless of the progress made so far, the overall picture is still highly complex and there are plenty of
future challenges to be addressed for ID. Is ID a single entity amenable to the application of standard
genetic analysis methodologies? Are genetic variants and environmental influences responsible for ID also
involved in the normal distribution of IQ? Which of the identified variants are responsible for the final
phenotype? What are the contributions of single genes versus that of the genomic makeup? Are the variant
effects constitutive, or do they appear only in response to specific environmental challenges? How do we
understand the epigenetic contribution to ID? And what are the biological nodes that are promising for
therapeutic options? With the amount of genetic information already available, it is clear that the level of
complexity in ID is immense and there is an entire genome to investigate and understand. Stratification
and careful consideration of ID grouping is also a must. We expect future research strategies to involve
the development of animal models and/or in vitro molecular functional studies which will provide
reliable, accessible and cost-effective platforms to perform functional tests of novel variants, and accelerate
discovery of the biological functions underlying genetic forms of ID and enhance the translation to clinical
care.
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