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STATEMENT

This thesis is aimed at improving molecular diagnostics for individuals with autism who come to
consultation with a request for a genetic workup. Therefore, the findings in this thesis should not
be extrapolated to the broader autism community. The work described in this thesis is not aimed
at diagnosing, curing, or eradicating autism, nor is it intended to contribute to such type of

research.






CHAPTER 1
GENERAL INTRODUCTION






1 General introduction

1.1 Autism diagnosis

1.1.1 The complicated history of autism diagnosis

In 1908, Eugen Bleuler coined the term “autism” to describe a detachment from reality in
individuals with schizophrenia [1]. The idea for using autism as a diagnostic concept was however
started by Leo Kanner in 1943 when he published the paper “Autistic Disturbances of Affective
Contact” [2]. He described children who displayed social isolation, abnormal language
development, sensory sensitivities and repetitive behaviors [2]. These observations were
groundbreaking because the children’s clinical presentation did not fit within known psychiatric
disorders at that time but rather constituted a novel clinical entity, which later became known as
“early infantile autism” [3]. In 1944, Hans Asperger reported on “autistic psychopathy” in children
who particularly had social difficulties and restrictive interests, but who did not have the
language problems described in Leo Kanner’s work [4]. Hans Asperger therefore also described

a novel autistic-like disorder, which was later used to define “Asperger's Syndrome” [5].

Although the work of Leo Kanner and Hans Asperger laid the groundwork for the development
of autism as a diagnostic concept, it took until 1980 before the first autistic-like disorders were
included in the Diagnostic and Statistical Manual of Mental Disorders (DSM), the widely used
manual to diagnose and classify mental disorders. The DSM-III established the concept of autism
under a new class of conditions called pervasive developmental disorders (PDDs), which
contained infantile autism, childhood-onset PDD and atypical PDD [6]. The diagnostic criteria of
these disorders focused primarily on problems with social skills, language, and behavior. To allow
for more flexible criteria that would be useful across ages and developmental levels, DSM-III-R
revised the concept of autism in 1987 and changed the PDD subclasses to autistic disorder and
PDD not otherwise specified (PDD-NOS) [6]. The criteria were also divided into three domains of
impairment: 1) impairments in reciprocal social interaction, 2) impairments in communication,
and 3) restricted interests, resistance to change and repetitive movements [6]. The next change
occurred in 1994 when the DSM-IV introduced three novel PDDs: Asperger's syndrome, Rett's
disorder and child disintegrative disorder [6]. The concept of autism now consisted of five PDDs
each of which was linked to a specific set of diagnostic criteria. However, the large heterogeneity
in the number and severity of autism symptoms both within and across these PDDs made it
difficult to distinguish them from each other [6], suggesting that these disorders represent a
continuum of the same disorder rather than separate disorders. An important shift in the
conceptualization of autism happened in 2013 when the DSM-V introduced the umbrella term

autism spectrum disorder (ASD) encompassing autistic disorder, PDD-NOS, Asperger's syndrome



and child disintegrative disorder [6]. This change ended the many attempts to categorize the
clinical heterogeneity of autism into subgroups. The DSM-V diagnostic criteria are discussed

below.

1.1.2 The diagnosis of ASD

ASD is a neurodevelopmental disorder (NDD) characterized by social and communication
deficits, as well as restricted interests and repetitive behaviors [7]. The diagnostic criteria for ASD
specified in the DSM-V are currently the most widely used worldwide. The core criteria are
divided in two symptom domains: A) persistent deficits in social communication and social
interaction, and B) restricted, repetitive patterns of behavior, interests, or activities (table 1.1).
To meet the diagnostic criteria for ASD according to the DSM-V, a person must have all three
symptoms in the domain of social communication and interaction (A1l through A3 in table 1.1)
plus at least two of the four symptoms in the domain of behavior (B1 through B4 in table 1.1) [7].
Additional criteria state that the symptoms must be present in the early developmental period,
cause clinically significant impairment in social, occupational, or other important areas of current
functioning, and should not be better explained by intellectual disability (ID) or global
developmental delay [7]. The current estimated prevalence of ASD in Europe and the United
States ranges between 0.38% and 1.85% of the population [8]. These estimates however vary

widely between and within countries [8].

1.1.3 The clinical heterogeneity of ASD

An important feature of ASD is its clinical heterogeneity. The “autism spectrum” refers to the
strong individual variations in the type and severity of ASD symptoms. The diagnosis of ASD can
manifest itself very differently depending where an individual is on the spectrum (see examples
table 1.1). Consequently, the DSM-V introduced three levels of ASD symptom severity that
indicate how much support a person with ASD needs in daily life in the areas of social
interaction/communication and behavior [7]. Co-morbidities are also commonly observed in
individuals with ASD and often contribute to the severity of ASD symptoms. ASD is frequently co-
diagnosed with ID [8], which complicates the assessment of ASD symptoms. Co-occurring mental
health diagnoses are also often reported such as attention-deficit/hyperactivity disorder (ADHD),
anxiety disorders, sleep-wake disorders, and depressive disorders [8-10]. In addition, ASD often
co-occurs with gastrointestinal disorders and with neurological disorders such as epilepsy and

migraine/headaches [8,11].



Table 1.1: DSM-V criteria for ASD. Table adapted from Hyman et al. [12].

Domains

Symptoms

Examples

A. Persistent
deficits in social
communication and
social interaction
across multiple
contexts, as
manifested by the
following, currently
or by history; must
have all 3
symptoms in this
domain

1. Deficits in social-
emotional reciprocity

Abnormal social approach and failure of
normal back-and-forth conversation;
reduced sharing of interests, emotions, or
affect; failure to initiate or respond to
social interactions

2. Deficits in nonverbal
communicative behaviors
used for social interaction

Poorly integrated verbal and nonverbal
communication; abnormalities in eye
contact and body language or deficits in
understanding and use of gestures; total
lack of facial expressions and nonverbal
communication

3. Deficits in developing,
maintaining, and
understanding
relationships

Difficulties adjusting behavior to suit
various social contexts; difficulties in
sharing imaginative play or in making
friends; absence of interest in peers

B. Restricted,
repetitive patterns
of behavior,
interests, or
activities, as
manifested by at
least 2 of the
following, currently
or by history; must
have 2 of the 4
symptoms

1. Stereotyped or
repetitive motor
movements, use of
objects, or speech

Simple motor stereotypies, lining up toys
or flipping objects, echolalia, idiosyncratic
phrases

2. Insistence on sameness,
inflexible adherence to
routines, or ritualized
patterns or verbal
nonverbal behavior

Extreme distress at small changes,
difficulties with transitions, rigid thinking
patterns, greeting rituals, need to take
same route or eat food every day

3. Highly restricted,
fixated interests that are
abnormal in intensity or
focus

Strong attachment to or preoccupation
with unusual objects, excessively
circumscribed or perseverative interest

4. Hyper- or
hyporeactivity to sensory
input or unusual interests
in sensory aspects of the
environment

Apparent indifference to
pain/temperature, adverse response to
specific sounds or textures, excessive
smelling or touching of objects, visual
fascination with lights or movement




1.2 The genetic architecture of ASD
1.2.1 Epidemiology and heritability of ASD

Epidemiological studies have demonstrated that ASD has a strong genetic basis. Twin studies
reported higher concordance rates in monozygotic twins as compared to dizygotic twins [13]. A
meta-analysis of twin studies estimated the heritability of ASD between 64% and 91%, indicating
that genetic factors explain a large proportion of the phenotypic variance of ASD [14]. In contrast,
shared environmental factors are expected to account for little of the phenotypic variance of ASD
[14]. Family-based population studies have reported increased rates of ASD in children of families
with a history of ASD [15-18]. The relative recurrence risk of ASD in a family-based population
study was 153.0 for monozygotic twins, 8.2 for dizygotic twins, 10.3 for full siblings, 3.3 for
maternal half siblings, 2.9 for paternal half siblings, and 2.0 for cousins [18]. This study shows
that, in families with a history of ASD, the risk for ASD in a child depends on the amount of genetic
information that is shared between the child and an affected family member [19]. Stronger
genetic relatedness between the child and the affected family member increases the risk of ASD

in the child, indicating that the etiology of ASD has a strong genetic component.

1.2.2 Genetic risk factors in ASD

With the strong technological advancements in genetics in the past decades, a lot of progress has
been made in understanding the genetic variation that underlies ASD risk. Like other complex
disorders, genetic variants with different minor allele frequencies (MAF) and phenotypic effect
sizes have been identified as ASD risk factors (figure 1.1). Common genetic variants (MAF > 5%)
with small effect sizes collectively explain a large proportion of the variance in ASD liability but
each contribute little to individual liability [20]. Genome-wide association studies (GWAS) of ASD
have not been very successful so far in identifying common genetic variants associated with ASD.
The largest GWAS to date included 18381 individuals with ASD and 27969 controls but found
only five significant loci associated with ASD [21]. Hence, the genomic regions harboring common
risk variants of ASD are not well characterized. Low-frequency variants (MAF 1-5%) with
intermediate effect sizes also contribute to the variance in ASD liability but it is not known to
what extent. Rare variants (MAF < 1%) with large effect sizes collectively explain only a modest
proportion of the variance in ASD liability but each contribute substantially to individual liability
[20]. Hundreds of genes and genomic regions have been linked to ASD through rare variant
association studies [22]. Therefore, our knowledge on genes involved in ASD risk originates

mainly from research on rare variants [23].
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Figure 1.1: Effect sizes and allele frequencies of genetic risk variants associated with ASD. Rare
variants with large effect sizes, low-frequency variants with intermediate effect sizes and common variants
with small effect sizes are expected to shape the genetic architecture of ASD. Most genetic risk variants that
have been associated with ASD so far are rare variants with large effect sizes. Concept adapted from
Manolio et al. [24].

1.2.3 Rare variant association studies in ASD

The greatest progress in understanding the genetic architecture of ASD has been made through
rare variant association studies. These studies typically study the burden of rare genetic variants
between individuals with ASD and controls, while taking into account the mode of inheritance of
the variants and the type of genetic variation. They typically distinguish between variants that
occurred de novo and variants that were inherited from a parent. Different types of rare genetic
variants have been identified as ASD risk factors including single nucleotide variants (SNVs),
small insertions or deletions (indels) and structural variants (SVs). SVs are defined as DNA
rearrangements of 50 bases or larger in size. The most studied type of SVs in genetic research on
ASD are copy number variants (CNVs), which include both deletions and duplications. CNVs can
contribute to ASD risk through various mechanisms such as gene dosage, gene disruption or

position effects [25]. Studies have reported a significant increase in rare CNVs, especially de novo



events affecting multiple genes, in individuals with ASD as compared to unaffected siblings and
controls [26-32]. SNVs and indels are defined as small genetic variants that affect respectively
one base or up to 49 bases of DNA. Most SNVs and indels that have been currently linked to ASD
are in the protein coding regions of the genome (i.e., the exome). These variants mainly contribute
to ASD risk by affecting protein function through loss-of-function, gain-of-function, and
dominant-negative effects. Studies have found a significant increase in rare SNVs and indels,
particularly likely gene-disruptive (LGD) and de novo variants, in individuals with ASD as
compared to unaffected siblings and controls [33-42]. LGD variants, also referred to as protein-
truncating variants, are predicted to shorten the coding sequence of genes, often resulting in loss

of protein function. They typically include nonsense, splice-site, and frameshift variants.

Altogether, rare variant association studies show that individuals with ASD harbor more rare de
novo variants than expected by chance. Although such de novo variants explain little of the
variance in ASD liability, they are major contributors to individual liability for ASD. Some studies
have also reported higher rates of rare de novo variants in individuals with ASD from simplex
families (i.e. families with only one affected individual) as compared to multiplex families (i.e.
families with multiple affected individuals) [26,32]. However, this probably depends on how the
recruitment of individuals with ASD was done since other studies did not observe differences in
the rates of de novo variants between individuals of simplex families and multiplex families
[28,29]. Nevertheless, many studies have established that rare de novo variants play an important
role in the etiology of autism in simplex families since they may be a clear explanation for the

sporadic presentation of ASD in these families [26,30-38].

1.2.4 Genetic causes of ASD

The search for genetic causes of ASD is complicated since various types of genetic variants with
different allele frequencies, effect sizes and modes of inheritance across hundreds of genomic
regions can contribute to individual liability for ASD. In addition, these genomic regions, when
mutated, do not only confer risk for ASD but also for ID and other NDDs [43]. The genetic risk
variants identified so far are also not sufficient to cause ASD on their own. Instead, a combination
of genetic risk variants, along with non-genetic factors, is needed to surpass a risk threshold that
results in ASD (figure 1.2) [19,20,23,44,45]. This makes it difficult to understand the precise

genetic cause of ASD in most individuals.

In clinical genetics, an etiological distinction is usually made between Mendelian causes and
multifactorial causes of ASD. Mendelian causes are driven by highly penetrant rare variants with

large effect sizes, usually occurring de novo, that confer high risk for ASD (figure 1.2A) [45]. Other



genetic variants in the genome (i.e. genetic background) will ultimately determine whether an
individual develops ASD by contributing to the genetic burden or by modulating the effects of
rare variants (figure 1.2A) [45]. The genetic background will therefore influence the penetrance
of the rare variants and contribute to the variable expressivity and severity in individuals with
Mendelian causes of ASD [45]. In contrast, multifactorial causes of ASD are driven by a
combination of many genetic variants with variable allele frequencies and effect sizes, as well as
by environmental factors (figure 1.2B-D) [45]. For example, a lowly penetrant rare risk variant
(figure 1.2B), a high burden of common risk variants (figure 1.2C) or environmental factors
(figure 1.2D) together with a substantial amount of other genetic variants and non-genetic
factors can result in multifactorial causes of ASD [45]. Most individuals with ASD have a
multifactorial cause, while a minority has a Mendelian cause. There is currently no clear answer
to which percentage of individuals with ASD have a Mendelian cause because genetic testing is

usually done in clinical populations rather than unselected populations.
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Figure 1.2: Schematic overview of the genetic causes of ASD. A combination of genetic risk variants,
along with non-genetic factors, is needed to surpass a risk threshold that results in ASD. Causes can be
divided in two categories: Mendelian and multifactorial. Mendelian causes of ASD are driven by highly
penetrant rare variants with large effect sizes that combine with other genetic variants to cause ASD (panel
A). Multifactorial causes of ASD are driven by a combination of many genetic variants with variable allele
frequencies and effect sizes, as well as by environmental factors. Multifactorial causes can occur in the
presence of a lowly penetrant rare risk variant (panel B), high burden of common risk variants (panel C) or
environmental factors (panel D) and a substantial amount of other genetic variants and non-genetic factors.
Concept adapted from Walsh et al. [45].



1.2.5 Biological mechanisms underlying ASD risk

Advances in genetics of ASD have led to a better understanding of the biological mechanisms
underlying ASD risk. ASD risk genes have been shown to be predominantly expressed during
prenatal brain development [39,46-53]. Furthermore, ASD risk genes have been found to be
prenatally expressed in most brain regions linked to ASD such as the cortex, cerebellum,
amygdala, hippocampus, and striatum [50,53]. This implicates that the cause of ASD usually
originates from the prenatal period and can involve different brain regions [54]. Aberrations of
various neurodevelopmental processes across different developmental stages have been linked
to ASD including abnormal cell proliferation, neurogenesis, cell migration, cell fate, neurite
outgrowth, synaptogenesis, synapse function and neural network formation/functioning (figure
1.3) [39,47-49,51-53]. Many ASD risk genes affect multiple of these processes and
developmental stages (figure 1.3) [53]. The pathogenesis of ASD can start as early as the first
trimester and continue into the postnatal period (figure 1.3) [53,54]. Thus, in most individuals,
ASD likely results from disruptions of several neurodevelopmental processes during multiple

developmental stages rather than from disruption of one process during one developmental stage
[53,54].
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Figure 1.3: Schematic overview of the neurodevelopmental processes and developmental stages
that are implicated in the pathogenesis of ASD. Figure adapted from Courchesne et al. [53].

1.3 Molecular diagnostics for ASD
1.3.1 Genetic testing for ASD

Current molecular diagnostics for ASD is aimed at finding highly penetrant rare variants that
drive Mendelian causes. The reason is that the effect sizes of these rare variants are large enough
to be clinically actionable. In contrast, variants contributing to multifactorial causes are currently
not clinically actionable. Below we provide an overview of the most used tests in molecular

diagnostics for the detection of rare variants and the diagnostic yield of these tests for individuals

with ASD:

10



G-banded karyotyping allows to detect large chromosomal abnormalities up to 3 megabases
(Mb) but abnormalities smaller than 10 Mb are often missed [55]. Rare large chromosomal
abnormalities are currently recognized as important risk factors for ASD. Typical examples
are sex chromosome aneuploidies (47,XXY; 47,XYY; 48,XXYY) [56]. Studies have reported
diagnostic yields in individuals with ASD from 2.23% up to 9.7% for G-banded karyotyping

but these numbers are likely overestimations due to ascertainment biases [57-61].

Fragile X testing allows to detect CGG repeat expansions in FMR1, which causes fragile X
syndrome [62]. Approximately 50% of males and 20% females with Fragile X syndrome have
ASD [62]. Studies have reported diagnostic yields in individuals with ASD from 0.04% up to
2.2% for Fragile X testing but these numbers are likely overestimations due to ascertainment
biases [57-61]. Fragile X testing is recommended in individuals with ASD if the clinical

features and the family history are suggestive for Fragile X syndrome [63].

Chromosomal microarrays (CMA) allow for the detection of CNVs across the entire genome.
The overall resolution of the array strongly depends on the design of the array but usually
varies between tens to hundreds of kilobases (kb) [55,64]. In addition, the resolution can be
higher in certain regions of the genome, allowing for the detection of smaller CNVs in those
regions [55]. With the widespread application of CMA, rare recurring CNVs in specific loci
have been identified at greater frequency in individuals with ASD as compared to controls.
Typical examples are 1q21.1 deletions and duplications, 2p16.3 deletions, 7q11.23
duplications, 15q11.2-13.1 duplications, 16p11.2 deletions and duplications, and 22q11.2
deletions and duplications [30,31,64]. The diagnostic yield of CMA in individuals with ASD
across different studies ranges from 1.5% to 20.5% (median 8.1%) [65]. This strong variation
in yield is likely the result of different ascertainment methods and array designs across
studies. CMA platforms were recommended as first-tier genetic tests for ASD in the past

decade [55].

With the advent of next generation sequencing (NGS), it became possible to detect multiple
types of genetic variation (SNVs, indels and SVs) across the entire genome in an
unprecedentedly rapid manner. As a result, genetic variants in many individual genes were
identified as Mendelian causes of ASD. Examples include SNVs and indels in ADNP [66], CHD8
[67], KMTZ2E [68], MYT1L [69] and POGZ [70]. Consequently, NGS was quickly introduced in
molecular diagnostics for ASD. If the clinical presentation is suggestive for a specific
Mendelian cause, single-gene sequencing (e.g.,, MECP2, PTEN) can be performed. However,

with the large number of genes associated with ASD, other approaches are currently

11



preferred over single gene testing. Targeted sequencing of a panel of genes allows to detect
genetic variants in exons of genes of interest. However, there is no consensus about which
genes should be included in an ASD panel. A recent comparison of 18 commercial gene panels
for ASD revealed that the number of genes in these panels ranged from 27 to 2641 and the
diagnostic yields ranged from 0.22% to 10.02% [71]. Moreover, new genes are regularly
linked to ASD, making the panels rapidly outdated and requiring a new panel design. Another
NGS approach that circumvents this problem and that is increasingly being used for genetic
testing in individuals with ASD is whole exome sequencing (WES). WES allows to detect
genetic variants in the entire exome (i.e., all exons in the genome), which comprises
approximately 2% of the genome. Although CNV analysis is not typically done for WES,
genetic laboratories are increasingly doing CNV calling from WES data. Studies have reported
diagnostic yields for WES in individuals with ASD between 8% to 26% (median 15%) [65].
Since the application of WES results in a higher diagnostic yield as compared to CMA, WES is
now recommended as a first-tier genetic test for individuals with ASD [72,73]. The most
superior NGS approach is whole genome sequencing (WGS) since it detects genetic variants
across the entire genome and improves the calling of SVs [74]. For example, WGS can pick up
small CNVs affecting ASD risk genes that are typically missed by CMA or WES [75,76]. In
addition, WGS allows to detect ASD-associated risk variants in noncoding regions. Ruzzo et
al. identified recurrent deletions in the promoters of DLG2 and NR3(C2 as risk factors for ASD
using WGS [77]. Studies have also reported significant enrichment of rare de novo variants in
noncoding regions in individuals with ASD using WGS [75,78-80], but the clinical significance
of these variants remains poorly understood. WGS is currently not implemented in most
genetic laboratories due to high costs and difficult interpretation of noncoding variants [74].
Therefore, limited information is currently available about the diagnostic yield of WGS in
large cohorts of individuals with ASD. One study reported a diagnostic yield of 11.2% for WGS
in 2620 individuals with ASD [51].

1.3.2 Clinical indications for a genetic workup for ASD

Although Mendelian causes are only found in a minority of individuals with ASD, current

guidelines recommend genetic testing for all individuals with ASD [55,72]. There are however

several clinical parameters that increase the diagnostic yield of genetic testing in individuals with

ASD (i.e., clinical parameters that are associated with Mendelian causes of ASD). Studies have

reported higher diagnostic yields in individuals with ASD who have ID, dysmorphic features and

congenital anomalies [60,65,81,82]. Therefore, a clinical geneticist will first thoroughly evaluate

the individual with ASD before they order a genetic test. Information is gathered about the

developmental history, current behavioral problems, and other medical problems in the

12



individual with ASD [83]. This can be done by reviewing the medical records or by interacting
with the affected individual, the parents, or the caregivers. In addition, a multi-generation
pedigree is created in collaboration with the family to gain insight in neurodevelopmental,
behavior and/or psychiatric problems in other family members [83]. Information about the
family history can help to suspect familial or sporadic ASD. During the evaluation of the individual
with ASD, the clinical geneticist will also perform a clinical examination [83]. This includes the
measurement of an individual’s height, weight and head circumference to identify growth
problems, weight problems and/or the presence of microcephaly/macrocephaly [83].
Furthermore, a dysmorphology assessment is performed during the clinical examination to
detect minor physical anomalies (MPAs) in the individual with ASD [83]. These anomalies are
morphological deviations with little to no health consequences that are rare in the general
population (typically <2,5%) and are often called dysmorphic features in the field of clinical
genetics [84]. We refer to the Elements of Morphology for the full catalogue of dysmorphic
features that is used in clinical genetics [85]. The presence of MPAs is strongly determined by
genetic factors as shown by a study where a higher correlation in the type and amounts of MPAs
was found within monozygotic twins as compared to dizygotic twins [86]. Furthermore, the
presence of multiple MPAs is used to define dysmorphism and is of great value to clinical
geneticists because it is often an indication of disturbed development due to an underlying
Mendelian cause. Despite that several clinical parameters are suggestive for an underlying
Mendelian cause in individuals with ASD, consensus statements about clinical indications for a

genetic workup or a referral to a genetics center for ASD are currently missing.

1.3.3 Value of dysmorphology assessment in molecular diagnostics of ASD

Studies have consistently reported higher rates of MPAs in individuals with ASD as compared to
controls [87]. In 2000, Miles and Hillman investigated whether an elevated number of MPAs in
individuals with ASD can be used to predict an underlying Mendelian cause [88]. They found that
individuals with six or more MPAs were 10 times more likely to have a known genetic syndrome
[88]. In 2005, Miles et al. defined different subtypes of ASD with different outcomes and
recurrence risks based on clinical examination including a dysmorphology assessment [89]. The
term “complex autism” was used to describe individuals with ASD who have microcephaly or
significant dysmorphism (more than five MPAs), while the term “essential autism” was used for
individuals without microcephaly and without dysmorphism (less than three MPAs) [89].
Individuals with ASD without microcephaly who had between three and five MPAs were referred
to as having “equivocal autism”, which is a grey area between the complex and essential autism
subtypes [89]. Individuals in the complex group were found to have lower cognitive levels, worse

adaptive behavior, more seizures, more abnormal electroencephalograms, more abnormal brain
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magnetic resonance imaging (MRI) findings, more gastrointestinal problems, higher number of
medication intake and lower quality of life than individuals in the essential group [89,90]. In
contrast, individuals in the essential group were found to have higher sibling recurrence, more
relatives with autism and higher male to female ratio as compared to the complex group [89].
Studies have reported higher diagnostic yields in individuals with complex autism as compared
to individuals with essential autism [82,91,92], demonstrating the added value of a

dysmorphology assessment in molecular diagnostics of ASD.

A dysmorphology assessment is also needed to distinguish between syndromic and non-
syndromic ASD. “Syndromic ASD” refers to individuals with a clinically defined pattern of somatic
abnormalities (e.g. dysmorphism, congenital anomalies) and neurobehavioral problems
including ASD [93]. Most individuals with syndromic ASD have a known Mendelian cause [93]. In
contrast, “non-syndromic ASD” refers to individuals where ASD is the primary diagnosis [94]. The
etiology for ASD in individuals with non-syndromic ASD usually remains unknown and these
individuals are therefore often described as having “idiopathic ASD” [94]. The classification of
individuals with ASD into syndromic and non-syndromic groups allows to identify individuals
that are more likely to benefit from genetic testing, which again illustrates the importance of a

dysmorphology assessment in molecular diagnostics of ASD.

1.3.4 Benefits and drawbacks of genetic testing in ASD

The identification of genetic variants that contribute to the underlying etiology of ASD can have
several benefits for the individual with ASD and their families. First, genetic testing allows the
clinician to provide information about recurrence risks, which may help the parents and/or
individual with ASD in reproductive decision making [65]. The recurrence risk for a family
however strongly depends on the genetic variant identified. For example, a pathogenic de novo
variant usually poses little risk for ASD in the next child, while a pathogenic inherited variant
often poses relatively high risk and may explain neurodevelopmental problems in other family
members. Second, a genetic finding can provide information about the prognosis, allowing patient
tailored support and resources in some instances [65]. In case a Mendelian cause is found, it may
be possible to prevent, identify and/or treat medical problems [65]. Third, establishing a genetic
cause can have psychosocial benefits for the parents [65]. Genetic testing is often preceded by
years of medical evaluations in the child, which cause a lot of uncertainty and anxiety for the
parents [65]. Finding a genetic cause may bring an end to this uncertainty and has been shown to
reduce guilt in the parents of children with ASD [95]. Furthermore, when a Mendelian cause is
found, parents can connect with support groups that share experiences and information about

this specific cause [65].
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There are also several downsides to genetic testing. First, the genetic complexity of ASD makes
genetic counseling very challenging. Many variants contribute to ASD risk in an individual,
making the clinical significance of genetic variants difficult to assess. Therefore, genetic
counseling for ASD is usually hampered by limited and incomplete genetic information, which
often results in overinterpretation of the clinical significance. Second, a molecular diagnosis can
only be made in a minority of individuals with ASD (i.e., those with Mendelian causes). However,
there is a tendency to expect too much from genetic testing for ASD with the recent advances in
high-throughput genotyping methods. The lack of consensus statements about the indications for
a genetic workup or a referral to a genetics center means that the value of genetic testing for ASD
is often overinterpreted by clinicians and miscommunicated to individuals with ASD and their
families. Third, the return of genetic findings may have a negative psychological impact on the
individual with ASD and their families such as increase anxiety, feeling of guilt, worry and stress
[96,97]. For example, a Mendelian cause of ASD that was inherited from a parent may cause a
feeling of guilt in the parent [95]. Fourth, genetic findings may negatively impact family
relationships because it may reveal unwanted information about family members [96]. Fifth, the
presence of a genetic cause in an individual with ASD may lead to stigmatization and
discrimination by others [96,97]. For example, genetic information may be misused by future

partners, family members, employers, insurance companies and schools.

The benefits and drawbacks of genetic testing for ASD are typically discussed during pre-test
genetic counseling, which enables the patient and parents to make an informed decision. For
patients with suspected multifactorial ASD, it allows to temper expectations regarding genetic
testing. For patients with suspected Mendelian ASD, it allows to prepare the patient and their
families for possible consequences of genetic findings. However, pre-test genetic counseling is
time-consuming. To avoid that too much time is spent on counseling of patients with ASD who do
not benefit from genetic testing (i.e., patients with multifactorial ASD), guidelines on the

indications for a genetic workup or even a referral to a genetics center for ASD are needed.

1.4 The face predicts the brain

1.4.1 Shared development of brain and face

Evidence from both animal models and human disorders suggest that the brain and face develop
in close coordination. First, the development of the brain and face is tightly linked due to their
common origin [98]. During early development, cranial neural crest cells (CNCC) arise as the
neural tube (i.e. the primordium of the central nervous system) forms [99]. CNCC then migrate
from the neural tube to the cephalic region of the embryo where they will contribute to the

formation of the facial skeleton [100]. The cell fate of CNCC is strongly influenced by their location
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of origin along the anterior-posterior axis of the neural tube [98]. Second, physical interactions
exist between the brain and face during development since they develop close to each other [98].
The brain is believed to act as a structural platform for the face to grow on [98]. Therefore,
aberrant early brain growth rates may influence the positioning of the facial tissues [98]. Third,
the developing brain and face express various molecular signals that direct the development of
one another [98]. The location, timing, and duration of these molecular signals are crucial for
normal brain and face development. Finally, both brain and face are affected in several human
disorders [98]. Holoprosencephaly is a structural brain disorder that results from an inadequate
division of the developing forebrain into two hemispheres and usually affects both forebrain and
facial development. In addition, many NDDs co-occur with distinct facial features such as Down

syndrome and Williams syndrome.

1.4.2 Facial shape analysis in individuals with ASD

In 1964, Demyer coined the phrase “the face predicts the brain” to describe the correlation
between the severity of brain and facial anomalies in patients with holoprosencephaly [101].
Building on this observation, this phrase was later used to suggest that facial anomalies may
indicate aberrant brain development in individuals with ASD [102-104]. Although it is well
recognized that ASD is not associated with a distinct facial appearance, several studies have
identified facial features that distinguish individuals with ASD from controls (table 1.2) [102-
113]. However, the findings of these studies are often contradictory and cannot be replicated by
others (table 1.2) [105]. For example, inconsistent findings have been reported from studies
measuring intercanthal distance, interpupillary distance, philtrum height and nasal width (table
1.2) [105]. This inconsistency in findings is not surprising given that most studies use different
ascertainment methods and suffer from small sample sizes that only capture a small part of the
clinical and genetic heterogeneity of ASD (table 1.2). Furthermore, the use of different methods
to assess facial morphology may also have contributed to the lack of consistent findings across
studies (table 1.2) [105]. Some studies performed manual anthropometry using the Waldrop
Physical Anomaly Scale, which involves making qualitative observations and taking quantitative
measurements using a ruler and measuring tape [107,108,110,112,113]. Other studies used MRI
or three-dimensional (3D) stereophotogrammetry to retrieve objective facial measurements

[102-104,106,109,111].

In clinical genetics, an assessment of facial features by experienced dysmorphologists is currently
considered the gold standard. However, these assessments are time-consuming, subject to
examiner bias, and require a lot of training and experience [114]. In the past decade, objective

facial phenotyping methods using 3D surface images have become available [115]. Several of the
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studies summarized in table 1.2 have employed objective facial phenotyping methods to perform
an analysis of facial morphology in individuals with ASD. Aldridge et al. analyzed a cohort of
prepubertal boys with essential ASD using 3D images and identified a small subgroup of boys
with facial morphology that differed from the other boys with ASD and from the controls [103].
The facial morphology of this subgroup was characterized by decreased height of the facial
midline and increased mouth widths [103]. Hammond et al. calculated facial asymmetry in boys
with ASD of multiplex families using 3D images [102]. Increased facial asymmetry was found in
the ASD group compared to the control group, especially greater right-dominant depth-wise
asymmetry in the supraorbital and periorbital regions [102]. Boutrus et al. calculated horizontal-
, vertical- and depth-wise asymmetry in individuals with ASD using 3D facial images [104].
Greater depth-wise asymmetry was observed in individuals with ASD as compared to unaffected
siblings and controls, notably right-dominant depth-wise asymmetry around the eyes, nostrils,
and sides of the upper lip [104]. Tan et al. modelled facial masculinity in prepuberal children with
ASD using 3D facial images and found an increase in facial masculinity in both males and females

with ASD as compared to controls [106].

The current studies summarized in table 1.2 have focused primarily on identifying specific facial
features that distinguish individuals with ASD from controls. Given that such an exploratory
approach has resulted in inconsistent findings, knowledge about the underlying etiology of ASD
could help to explain the differences in facial morphology between individuals with ASD and
controls [105]. However, none of studies described in table 1.2 have linked facial features to
underlying genetic causes. Evidence from clinical genetics suggests that Mendelian causes for ASD
often co-occur with dysmorphic facial features. For example, individuals with pathogenic ADNP
variants often have a prominent forehead, high anterior hairline, wide and depressed nasal
bridge, and short nose with full, upturned nasal tip [66]; individuals with pathogenic CHD8
variants often have a pronounced supraorbital brow ridges, wide-set eyes with down-slanted
palpebral fissures, broad nose with full nasal tip, and pointed chin [67]; and individuals with
pathogenic KMTZ2E variants often have a high forehead, deep-set eyes, periorbital fullness,
prominent cheeks, and prominent nasolabial folds [68]. These findings illustrate the importance

of studying facial features in relation to underlying genetic causes in individuals with ASD.

17



's1ea ‘A ‘3uiSewr soueuosal onduSeWw TY D[eW ‘| Qusanonb souslijeiul Y] ‘ojewsy ‘J LIaplosip wnnoads wsnne ‘qSy :SuoneirdIqqy

‘dno.us Sy ut AnowwAse [eloe) pasea.ou| Answwreidojoydoatals Ag ‘umouzun (I¥T ‘W8S) ASV ZZ [¥01] (6102) snnnog
‘(souessip [eyjued-I193N0 pue
1yS1ay dij 1oddn 9ySiey asou ‘Yapim aseq-lefe Jad.1e[) dnoad Sy ul Aurnosew [eloej pasea.ou| Answurerdojoydoarals A ‘A7T-A¥ (4102 ‘“N¥S) ASY ¥£ [901] (£102) uel
‘dno.g joa3uoo sa dnoad
dSVy usamiaq spioj oryuedids pue wisLio[prodAy ‘wsLio[eiradAy jo Aouanba.y ul 9dULISHIP ON Answodoayjue [enuey Aog ‘LLy-K07 (I¥Z ‘W9Z) asv 0s [e11] (FT0Z) oqusInouey
‘dno.as @Sy ut uryd pasooas pue ‘mel.ramoj Jusutwo.d ‘wnnyd yusurwoad ‘dif 1eddn
ury) ‘dif 1amof [[nj ‘@sou pauanidn ‘@3pLiq [eseu Jusuiwo.ld ‘@sou ad.1e[ ‘ssau[nj [eyrqlorrad
‘sy9ayd [[nJ ‘moq prdno dij Jaddn ‘wnajyd 3.10Ys ‘IUI0}SO.IDIW ‘BIW03So.IdeW ‘B[[IXeuwa.ld
juautwo.d ‘saka 19s A[deap ‘peaya.toy Jusurwodd ‘9oej 9s.1e0d ‘wisLIo[d}IadAY jo Aouanbauy (a8¢
pasea.nu] ‘dnoad Sy ul ynow pue saka jo AnowiAse pue A19WWASE [BID€] Pasealou] Answodoayjue [enuey A6 ‘AgT-A¢ ‘IN98T) ASV %22 [z11] (1102) WLszQ
"dnous sy ut wstiop11adAy jo A>uanbaiy 10y N A1 'A9T-£L (49 ‘Wo€) asv 9¢ [t11] (1102) Sunayy
‘dno.ug gSy ut uoidaua Aref[ixew
pue wnnjiyd ay3 jo 1ySiay paonpay ‘dnoas Sy ul wisLio[piodAy pue agpliq [eseu pausniey)
Jo Aouanbauy 1oySiH ‘dnoad Sy ut 9oej Joddn pue ‘s31q.10 ‘Yanour Y3 Jo YIpIm pasea.ou] Answuwrerdojoydoatalg AoT ‘AZT1-48 (W¥9) ASY +9 [e01] (T1102) @8pLipY

‘dnoad

[onu0d pue dnoad Sy usamiaq dif Jaddn ury 1o sisord ‘wsLio[@lodAy ‘wsLio[elredAy ‘spjoj

srypuedids ‘eryreuSoaoru ‘S[LIISOU palIaAdUe ‘peaya.aoj Juauiwold Jo Aousanbay ur soustayIp
oN ‘dnous [o3uo0d pue dnoad Sy usamiaq yasus| wn.njiyd pue Yyapim [eseU Ul 90UaI3JJIp ON

Answodoayjue [enuey

£/ ‘umouun

(dZ ‘Wz2) asv vz

[o11] (8002) 1d11L,

‘dnoug Sy ur AnowwAse [eloej pue YIpim [esed pasea.ou] Answureadojoydoatalg A6 ‘A8T-A7 (WzL) asv zz [z01] (8002) puowwey
‘dno.sg [on3uod
pue dnous Sy a113us usamiaq wsLio[@yodAy pue wsrioal1adAy jo Aouanbauj 1o aouessip
Axeqidndaayur ut souatagjip oN ‘DI mo[ yam dnoud Sy ut wistioodAy jo Louanbauy 1oy YN A61 ‘ASH-A8 (umouxun) sy 0¥ [601] (9002) ueptey
*dno.g joa3uod pue dnoud Sy usamiaq spoj oryaueaida jo Aouanba.y 10 ‘@duelsip [elqejoseu
‘90UeISIp [BYIUED I93UI Ul 90UdIaJJIp oN "dno.ud Sy ut aouessip Arefjidndiajut ur uononpay Answodoayjue [enuey A11 ‘A5T-A9 (ATT ‘WOS) ASV 19 [801] (£66T) 1a1p0y
umousjun
‘dnoug qSy ur wistiofa1adAy jo Aouanbauy 1oysiH Answodoayjue [enuey ‘A5z-£y (I¥T ‘W09) ASV ¥ [£01] (££6T) 1931 M
o8e ueaw [EBN)
sSuipuy urep pPoYyIowW JUSIWISSISSY ‘98ueua a8y 9ZIS 3104 0D SV Apmis

S[0.13U0D 0} SV Y}HM S[ENPIAIPUI JO S9.1nJedJ [e1de] pateduiod jey) saIpnis jo Arewrwing :7'T d[qeL

18



CHAPTER 2
OBJECTIVES






2 OBJECTIVES

The very rapid evolution in genomics and high-throughput genotyping methods has greatly
improved our understanding of the genetic architecture of ASD. Hundreds of genes and loci have
been shown to be associated with ASD through rare variant association studies. However, the
clinical significance of rare variants in part of these genes remains unknown since many were
linked to ASD based on statistical analyses without further clinical validation. In addition, it is
expected that many genes involved in the etiology of ASD remain to be discovered. At the same
time, this genomic revolution has resulted in increased access to genetic testing for different
medical conditions including ASD. Genome-wide sequencing approaches are increasingly used to
make a causal molecular diagnosis in individuals with ASD. However, these approaches are
currently only useful for those with Mendelian causes and not for those with multifactorial causes.
Like for other NDDs, the clinician needs to decide on the usefulness of a genetic workup for each
individual with ASD based on the medical files, family history and the clinical examination. This
is not evident as Mendelian causes of ASD range from syndromic conditions associated with ID
and facial dysmorphism to conditions associated with borderline intellectual functioning or
normal cognition and subtle or no dysmorphic facial features. Guidelines on the indications for a

genetic workup or even a referral to a genetics center for ASD are currently missing.

The aim of this work is to contribute to improved molecular diagnostics in ASD. The objectives

are:

1) To contribute to knowledge on genotype-phenotype correlations in ASD

2) To bridge the gap between novel insights about the genetics of ASD and molecular
diagnostics in clinical practice

3) To study objective facial phenotyping as a tool to better recognize Mendelian causes of

ASD
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CHAPTER 3
NGS IN MOLECULAR DIAGNOSTICS OF ASD

Explanatory note

In this chapter, we study how advances in the genetics of ASD and in high-throughput genotyping
methods contribute to better molecular diagnostics in ASD. In part 3.1, we participated in the
international “Autism Spectrum/Intellectual Disability (ASID)” consortium [116], which uses
large-scale NGS approaches for the identification of novel NDD/ASD risk genes. The consortium
performed targeted sequencing of 270 NDD candidate genes in over ten thousand patients with
NDDs including 1894 ASD patients from Leuven. Our participation contributed to the rare variant
association studies by the consortium and allowed for the evaluation of the clinical significance
of rare variants in candidate genes in individual patients. In part 3.2, we participated in a
collaborative large-scale genome sequencing effort known as the “Centers for Common Disease
Genomics (CCDG)” initiative. In this initiative, WES/WGS is performed in over twenty-five
thousand patients with ASD including family-based WGS for 242 ASD patients from Leuven. At
the same time, we also performed in-house family-based WGS in 63 ASD patients from Leuven.
Analyses of WGS data allowed us to study the value of WGS in molecular diagnostics of ASD. A
major advantage of performing in-house WGS was our scientific autonomy, which allowed us to
search for patients with similar phenotypic and genotypic profiles through matchmaking
platforms. In part 3.3, we demonstrate how this autonomy led to the identification of KLHL20 as

a novel gene for a rare NDD.
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3 NGS in molecular diagnostics of ASD

3.1 Large-scale targeted sequencing to identify novel NDD risk genes

3.1.1 Abstract

With the decreasing costs of NGS, large-scale sequencing studies and subsequent rare variant
association analyses are increasingly used to find novel NDD risk genes. However, such
approaches require large datasets because they rest on finding multiple rare variants in the same
gene or locus in several unrelated patients. The ASID consortium consists of multiple groups of
researchers and clinicians around the world that aim to accelerate the identification of novel NDD
risk genes by sharing DNA samples, technology, genetic findings, and clinical data. As part of a
large-scale sequencing project, the ASID consortium performed targeted sequencing of 270
candidate genes in over ten thousand patients with NDDs. We contributed to this project by
providing 1894 DNA samples of ASD patients. Large-scale targeted sequencing, in combination
with rare variant association analyses, provided evidence for the association of 148 genes to
NDDs. Clinical validation of 67 variants in these genes in ASD patients from Leuven revealed 20
clinically significant variants and contributed to knowledge on genotype-phenotype correlations
for NCKAP1, SPEN and TCF12. This study demonstrates that large-scale sequencing with
subsequent rare variant association analysis is a strong approach to identify novel NDD risk

genes, but clinical validation is essential to extrapolate findings to clinical practice.

3.1.2 Introduction

In the past, one of the cornerstones of disease gene identification was phenotypic similarity
between individual patients [116]. However, this approach is limited to genetic disorders
characterized by typical craniofacial features or rare combinations of congenital anomalies or
symptoms. ASD is a complex NDD in which the underlying causes vary greatly between different
patients and are almost never identifiable based on phenotypic features. Although ID, dysmorphic
features and congenital anomalies are associated with Mendelian causes of ASD [60,65,81,82],
they cannot be used to delineate genetically homogeneous groups for the purpose of novel gene
identification in ASD because they are usually not specific to any cause and are very common in
other developmental disorders. With the advent of high-throughput genotyping methods,
researchers adopted a genotype-first approach in which genotyping precedes extensive
phenotyping [116]. In such an approach, patients with variants in the same gene or locus are
extensively phenotyped to find meaningful genotype-phenotype correlations [116]. However,
large datasets are necessary to find several unrelated patients with rare variants in the same gene

or locus.
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We participated in a large-scale sequencing project of an international consortium termed the
ASID network by contributing 1894 DNA samples of ASD patients for targeted sequencing. The
consortium sequenced 270 candidate genes in over ten thousand patients with NDDs and
subsequently performed mutation burden and de novo enrichment analyses to find statistical
associations between individual genes and NDDs [117,118]. In addition, clinical follow-up was
done by the consortium for a subset of genes to gain knowledge on genotype-phenotype
correlations [117,118]. For the Leuven cohort, we performed clinical validation of 67 variants in
36 NDD candidate genes to determine how the findings from large-scale sequencing studies can

be translated to the clinic.

3.1.3 Materials and methods

Targeted sequencing by the ASID consortium

DNA sample collection was organized and performed by the international consortium termed the
ASID network. The sequencing of candidate genes was part of two consortium studies to which
we contributed 1894 DNA samples of ASD patients from Leuven [117,118]. In a first study, the
coding and splicing regions of 208 NDD candidate genes in over 11730 patients with NDDs were
sequenced using single-molecule molecular inversion probes [118]. Candidate genes were
selected from previously published sequencing studies in patients with NDDs. The selection was
mainly based on the number of published de novo recurrences, overlap with a CNV morbidity map
[119], biological function and pathway analysis [47], or absence of de novo variants in exomes of
unaffected siblings [37,40,118]. In a follow-up study, the coding and splicing regions of 62 novel
NDD candidate genes were sequenced in 16294 patients with NDDs using single-molecule
molecular inversion probes [117]. These candidate genes were selected from published studies
on NDDs based on the number of de novo variants, evidence of ASD sex bias [120], association
with high-functioning ASD [118], or overlap with a CNV candidate [117]. In addition, 63 candidate
genes that were included in the first consortium study [118] were sequenced in 6211 newly
recruited patients with NDDs during the follow-up study [117]. These candidate genes were
reselected based on the number of de novo variants in published studies and the number of ultra-
rare variants identified in sequencing data from previous analyses [117,118]. By combining the
new targeted sequencing data with already published data of ASID samples, the final dataset of
the follow-up study contained sequencing data for 125 NDD candidate genes in over 16000
patients with NDDs [117]. In total, 270 NDD candidate genes were sequenced across both
consortium studies. Detailed information on ASID sample collection, single-molecule molecular
inversion sequencing and candidate gene selection is available in the consortium papers

[117,118].
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Mutation burden and de novo enrichment analyses

To identify NDD risk genes, mutation burden and de novo enrichment analyses were performed
in the candidate genes. The analyses focused on variants in the candidate genes that were private
(i.e. found in only one family in the study) [118] or ultra-rare (i.e. MAF < 0.01%) [117]. In addition,
the analyses were limited to high-impact variants including LGD variants (here defined as
nonsense, stop-loss, start-loss, frameshift, or splice-site variants) and missense variants with a
combined annotation dependent depletion score above 30 (MIS30) [117,118]. For the mutation
burden analysis, the number of LGD and/or MIS30 variants in NDD candidate genes was
compared between patients with NDDs and non-psychiatric controls from the Exome
Aggregation Consortium database [117,118]. For the de novo enrichment analysis, the number of
de novo LGD, missense and/or MIS30 variants in NDD candidate genes was calculated and
compared to the expected number of de novo variants estimated by statistical models [117,118].
The de novo enrichment analysis was mainly done on (published) trio exome sequencing data
since inheritance information was not available for most variants identified through single-
molecule molecular inversion probes sequencing [117,118]. Detailed information on the
mutation burden and de novo enrichment analyses can be found in the consortium papers

[117,118].

Leuven samples
In Leuven, 1894 DNA samples of ASD patients had been collected for targeted sequencing by the

ASID consortium. A multi-disciplinary diagnosis of autism was established by the Expert Center
for Autism (University Hospitals of Leuven, Leuven, Belgium) based on DSM-IV-TR criteria [121].
All ASD patients were examined by a clinical geneticist and none of the patients had a clinically
recognizable genetic syndrome (e.g., Fragile X syndrome, Tuberous Sclerosis). Although there
were no specific inclusion criteria besides the presence of ASD, the Leuven cohort was enriched
with ASD patients without ID. A genetic workup by CMA analysis was previously done in most
patients but did not reveal an underlying Mendelian cause. Sequencing of the coding and splicing
regions of 270 NDD candidate genes (208 candidate genes by Stessman et al. and 62 genes by
Wang et al.) was performed for the Leuven samples [117,118].

Clinical validation of variants in NDD candidate genes in the Leuven cohort

To gain insight in the clinical significance of the findings from the two large-scale sequencing
studies of the ASID consortium, a clinical validation was performed for a subset of the genetic
variants that were detected in the Leuven cohort. This validation was only done for variants in
genes that reached statistical significance in the mutation burden and de novo enrichment

analyses by the consortium or in genes that were previously associated with Mendelian ASD. For
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the clinical validation, we recalled the patient and their family members to the clinic, and we
performed segregation analysis of the variants. Patients and their families were invited for a
clinical consultation where data from the medical file such as ASD symptoms, cognitive ability,
language ability, motor ability, behavioral and psychiatric disorders were reconsidered. The
patients also underwent a clinical examination including an evaluation of MPAs. In addition, the
history of ASD, psychiatric disorders and developmental problems in other family members was
questioned. Segregation analysis of the genetic variants was performed for all available family
members using Sanger sequencing. We followed the standard protocol and used custom-made
primers for Sanger sequencing. The clinical significance of the variants was ultimately assessed
by evaluating 1) segregation data, 2) clinical presentation of the patient and family members in
relation to segregation data, 3) clinical presentation of the patient in relation to cases from
literature, 4) variant population frequency data, 5) variant pathogenicity scoring by other
laboratories, 6) variant location in relation to other pathogenic variants in the gene, 7) functional
studies of the variants, and/or 8) mechanism of disease of the gene if known. A variant was
deemed clinically significant when the variant was thought to be causal for ASD in the individual

patient.

3.1.4 Results

Summary of rare variant association analyses (see also consortium papers [117,118])

Mutation burden and de novo enrichment analyses were performed for 270 NDD candidate genes.
In 64 genes, a significant burden of LGD and/or MIS30 variants was found in patients with NDDs
as compared to controls. In 134 genes, an excess of de novo variants was observed for patients
with NDDs. Accounting for overlap in significant findings between the mutation burden analysis
and the de novo enrichment analysis, the consortium provided statistical evidence for the
association of 148 genes with NDDs. To show that some of these NDD risk genes were associated
with a distinct neurodevelopmental phenotype, clinical validation was done for patients with
genetic variants in a small subset of these genes. Clinical data of the patients and segregation
analysis of the variants allowed to identify or extend genotype-phenotype correlations for eleven
NDD risk genes (NAA15, KMT5B, ASH1L, CTCF, HNRNPU, KCNQ3, ZBTB18, TCF12, SPEN, LEO1,
NCKAP1). Clinical follow-up for NAA15, KMT5B, ASH1L, SPEN, LEO1 and NCKAP1 revealed novel
associations of these genes with neurodevelopmental phenotypes. For example, LGD variants in
NCKAP1 were found to cause a novel NDD that mainly consisted of ASD or autistic features,
language delay, motor delay, and ID or learning difficulties. Another example involved LGD
variants in SPEN, which were found to cause developmental delay or ID, ASD, muscular hypotonia,
tall stature, poor motor coordination and ocular abnormalities. Phenotypic assessment of

patients with variants in CTCF, HNRNPU, KCNQ3, ZBTB18 and TCF12 helped to refine the
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phenotypic spectrum of the NDDs that are associated with these genes. For example, TCF12
variants were found to cause ASD and ID, in addition to craniosynostosis, which was originally
associated with this gene. We contributed to the genotype-phenotype analyses for NCKAP1, SPEN
and TCF12 by providing segregation data and phenotypic data. These results show that large-
scale sequencing with subsequent rare variant association analysis is a strong approach to
identify novel NDD risk genes, and in combination with clinical validation can identify or expand

genotype-phenotype correlations.

Clinical validation of variants in NDD candidate genes in the Leuven cohort

Targeted sequencing of 270 NDD candidate genes in 1894 ASD patients from Leuven revealed
212 variants in 73 candidate genes. The variants comprised 18 nonsense variants, 41 frameshift
variants, 21 splice-site variants, 2 non-frameshift deletions and 130 missense variants. Out of the
73 candidate genes, 58 genes showed a significant mutational burden and/or de novo excess in
the rare variant association analyses of the consortium. The genes that were the most frequently
mutated in patients from Leuven were RELN and NRXN1, containing 18 and 14 variants
respectively. We determined the clinical significance for 67 variants in 36 genes that reached
statistical significance in the mutation burden analysis and/or de novo enrichment analysis
(supplementary table 3.1). Segregation analysis was performed for 62 /67 variants and resulted
in 17 de novo LGD variants, 1 de novo missense variant, 13 inherited LGD variants and 31 inherited
missense variants. Although all 67 variants were considered high-impact variants by the
consortium and were in NDD candidate genes that reached significance in the consortium
analyses, only 20 variants were retained as clinically significant (supplementary table 3.1).
Variants that were rated as clinically significant were usually de novo variants and LGD variants
(figure 3.1, supplementary table 3.1). In contrast, variants that could not be retained as
clinically significant were usually inherited variants and missense variants (figure 3.1,

supplementary table 3.1).
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Clinical validation of 67 variants in 36 candidate genes

e |

20 variants retained as 47 variants not retained
clinically significant as clinically signficiant
Mode of inheritance Mode of inheritance

B de novo Minherited ™ unknown B de novo MWinherited ™ unknown

Variant Type Variant Type

(nﬂ/
mLGD missense B LGD ©missense Mother

Figure 3.1: Overview of the results from the clinical validation of variants in NDD candidate genes
in the Leuven cohort.

Assessment of the cognitive phenotype of ASD patients with clinically significant variants
revealed that many presented with ID (12/20; 60%). However, several patients also displayed
low to average cognitive abilities including patient P30 with a de novo frameshift deletion in
KMTZ2E, P32 with a de novo frameshift deletion in KMT5B, P38 with a maternally inherited
frameshift deletion in NCKAP1, P40 with a de novo splice-site variant in NFIA, P44 with a de novo
nonsense variant in PHIP, P58 with de novo frameshift deletion in SETD2, P62 with a de novo
frameshift deletion in SPEN, and P64 with a de novo frameshift deletion in TCFI12
(supplementary table 3.1). Furthermore, we identified mild neurodevelopmental problems in
parents of two patients with an inherited clinically significant variant. For example, patient P12
had ASD, mild ID and hyperactive behavior and had a paternally inherited splice-site variant in

CHD8 (supplementary table 3.1). No formal testing for ASD was ever done in the father, but the
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grandparents provided a clear history of unusual and very shy behavior in the father as compared
to his siblings. The father attended regular school as a child and has no cognitive impairment.
Segregation analysis in the grandparents revealed that the CHD8 variant occurred de novo in the
father. These findings allowed us to retain the variant in P12 as clinically significant. The other
example involved a maternally inherited frameshift deletion in NCKAP1 in patient P38 who had
ASD and borderline intellectual functioning (supplementary table 3.1). Her mother had anxiety
from childhood and had several episodes of psychosis in adulthood. Segregation data of maternal
grandparents of patient P38 could not be obtained. Nevertheless, these examples illustrate that
extensive clinical information of patients and parents, and/or a multigenerational segregation
analysis is essential for the correct interpretation of inherited variants. Altogether, these results
show that clinically significant variants are usually found in ASD patients with ID but can also be

identified in patients or parents with milder neurodevelopmental phenotypes.

We also performed a clinical validation of two variants in NDD candidate genes that were
previously associated with Mendelian ASD but that did not reach statistical significance in the
mutation burden and de novo enrichment analyses. This included a missense variant in SMAD4 in
patient P61 and a nonsense variant in ARIDZ in patient P5 (supplementary table 3.1). Clinical
assessment revealed that both ASD patients presented with cognitive impairment and facial
dysmorphism. In addition, segregation analysis showed that the variants occurred de novo. This
allowed us to retain both variants as clinically significant. These results show that large-scale
sequencing studies are still underpowered to detect all meaningful associations between

candidate genes and NDDs.

3.1.5 Discussion

Large-scale targeted sequencing of 270 NDD candidate genes and subsequent rare variant
association analyses provided statistical evidence for the association of 148 candidate genes with
NDDs [117,118]. Follow-up clinical validation of 67 rare variants in these genes in the Leuven
cohort revealed that 20 could be retained as clinically significant. These findings illustrate a
discrepancy between promising insights from rare variant association analyses and the clinical
value for individual patients. A major cause for this discrepancy is that variants that could not be
retained as clinically significant were often not driving the significance signal in the rare variant
association analyses (e.g., clinical validation of missense variants in genes that reached statistical
significance due to a burden of LGD variants). However, the type of variant that was driving the
significance was largely unknown to us at the time of clinical validation and therefore could not
be taken into account. Another cause for the discrepancy is that rare variants driving the

significance signal in the rare variant association analyses are simply not always clinically
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significant. Nevertheless, this validation contributed to knowledge on novel genotype-phenotype
correlations for NCKAP1, SPEN and TCF12. This study demonstrates that large-scale sequencing
with subsequent rare variant association analysis is a strong approach to identify novel NDD risk

genes, but clinical validation is essential to extrapolate findings to clinical practice.

We observed that most ASD patients with clinically significant variants had ID (12/20; 60%).
Mendelian causes have indeed been frequently found in ASD patients with ID in the past [43].
However, we observed that some patients with clinically significant variants in NDD risk genes
had low-to-normal cognitive abilities. Such mild cognitive phenotypes had previously not
extensively been described for some genes including KMT5B [122], SETD2 [123] and KMTZE [68].
In recent years, an increasing number of Mendelian causes have been found in ASD patients
without ID such as in patients with variants in CHD8 [67] and NFIA [124]. Furthermore, we
observed mild neurodevelopmental phenotypes in two parents of ASD patients who carried
clinically significant inherited variants, which is in line with Guo et al. who previously found that
parents carrying rare LGD variants in ASD/NDD risk genes often display milder autism-related
neurodevelopmental phenotypes [125]. These findings demonstrate the variable expressivity

associated with many Mendelian causes of ASD, especially in terms of cognitive functioning.

In contrast to de novo variants which in general were easy to interpret because of sporadic ASD
and associated clinical features, establishing the clinical significance of inherited variants was
usually complicated because carrier parents were apparently unaffected, as they did not have
cognitive impairment, ASD, or other neuropsychiatric problems. However, we were able to
classify two inherited variants as clinically significant by collecting extensive clinical information
of patients and parents and/or by performing a multigenerational segregation analysis. This was
the case for a paternally inherited variant CHD8 variant in P12 (NM_001170629: ¢.2730+1G>A)
and a maternally inherited NCKAP1 variant in P38 (NM_013436: c.2274delG). Such an approach
was not possible for most inherited variants, so we cannot exclude that some of the inherited
variants that were not retained as clinically significant in the current study may in fact be
associated with a Mendelian cause of ASD. Nevertheless, our results demonstrate that extensive
phenotyping of patient and parents and/or a multigenerational segregation analysis is a valuable

approach to conclude on the significance of inherited variants.

LGD variants were more often retained as clinically significant than missense variants in our
study. In general, they were easier to interpret because loss-of-function was often a known
mechanism of disease for the candidate genes. In contrast, predicting the impact of a specific

missense variant on gene function remains very difficult and often relies on computational tools.
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In the absence of an accurate impact prediction, segregation data remains key to assessing the

clinical significance of missense variants.

We also confirmed the clinical significance of two variants in genes that were previously
associated with Mendelian ASD but that did not reach statistical significance in the rare variant
association analyses (ARID2 and SMAD4). This suggests that there were not enough patients with
clinically significant rare variants in these genes in the current cohort since the association of
these genes with Mendelian ASD indicates that they are ASD/NDD risk genes. Future studies will
have to further increase sample sizes to find all meaningful associations between candidate genes
and NDDs. International collaborations between genetic centers will be essential to accomplish

this since sufficient patients with clinically significant variants for each gene need to be identified.

In conclusion, large-scale targeted sequencing, in combination with rare variant association
analyses, is a strong approach to identify novel NDD risk genes. Clinical validation is however
essential to determine how these findings can be extrapolated to the clinic. Our study highlights
the challenges of molecular diagnostics in ASD as many variants in risk genes could not be
retained as clinically significant. An interesting insight in this study was that some patients with
clinically significant variants had low-to-normal cognitive abilities, even in genes for which this
had not been reported before. We also demonstrated the importance of extensive phenotyping of
patients and parents and/or multigenerational segregation analysis to correctly interpret the

clinical significance of inherited variants.

3.1.6 Supplementary information

Supplementary table 3.1: Overview of clinical validation of variants in ASD patients from
Leuven. Sixty-seven variants are in genes that reached statistical significance in the rare variant
association analyses by the consortium. Two variants are in genes that are associated with Mendelian
ASD but that did not reach statistical significance in the rare variant association analyses by the
consortium (ARID2 and SMAD4).

Patient Variant Gene Variant type Mode of Clinically

inheritance significant
P1 NM_001282532:c.1402_1403del ADNP frameshift de novo +
p.(E468Tfs*1) deletion
P2 NM_001282532:c.1287dupT ADNP frameshift de novo +
p.(A430Cfs*9) insertion
P3 NM_017519:c.G3266A ARID1B missense maternal
p.(R1089Q)
P4 NM_017519:c.G3838A ARID1B missense maternal
p.(E1280K)
P5 NM_001347839:c.C2377T ARID2 nonsense de novo +
p.(Q793X)
P6 NM_018489:c.5446dupA ASHIL frameshift de novo +
p-(11816Nfs*12) insertion
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P7 NM_018489:¢.C8459T ASHIL missense maternal
p-(52820L)
P8 NM_001042572:c.28_30del CHD2 non-frameshift paternal
p.(E11del) deletion
P9 NM_001271:c.G5033A CHD2 missense paternal
p.(R1678Q)
P10 NM_001271:c.G5033A CHD2 missense paternal
p.(R1678Q)
P11 NM_001170629:¢.G2099T CHD8 missense paternal
p-(R700L)
P12 NM_001170629:c.2730+1G>A CHD8 splice-site paternal
P13 NM_001170629:c.G5129T CHDS8 missense maternal
p.(G1710V)
P14 NM_177560:c.C508T CSNK2A1 nonsense de novo
p.(R170X)
P15 NM_006565:c.G848A CTCF missense de novo
p-(R283H)
P16 NM_001103148:c.C733T GIGYF2 nonsense maternal
p.(R245X)
P17 NM_001103148:c.C887T GIGYF2 missense unknown
p.(S296L)
P18 NM_000834:c.G1570A GRINZB missense unknown
p.(D524N)
P19 NM_000834:c.2862_2863del GRINZB nonsense de novo
p-(C954fs*0)
P20 NM_000834:¢c.1780+1G>A GRINZ2B splice-site de novo
P21 NM_004501:c.334dupG HNRNPU frameshift de novo
p-(A112Gfs*32) insertion
P22 NM_178229:c.C3640T IQGAP3 nonsense maternal
p.(Q1214X)
P23 NM_178229:c.G3496A IQGAP3 missense maternal
p.(E1166K)
P24 NM_178229:c.3831delC IQGAP3 frameshift paternal
p-(M1278Wfs*59) deletion
P25 NM_178229:c.C1474T IQGAP3 nonsense maternal
p.(R492X)
P26 NM_178229:c.2361delT IQGAP3 frameshift paternal
p.(F787Lfs*7) deletion
P27 NM_031303:c.G589A KATNAL2 missense maternal
p.(A197T)
P28 NM_001204824:c.G347A KCNQ3 missense paternal
p-(R116H)
P29 NM_001197104:c.2312dupC KMT2A frameshift de novo
p.(S774Vfs*11) insertion
P30 NM_018682:c.3524_3527del KMT2E frameshift de novo
p-(T1176Rfs*15) deletion
P31 NM_018682:c.G3376A KMT2E missense maternal
p.(E1126K)
P32 NM_001300909:c.87delA KMT5B frameshift de novo
p.(Q29Hfs*11) deletion
P33 NM_001300908:c.G1850A KMT5B missense unknown
p.(R617H)
P34 NM_006059:c.G2972A LAMC3 missense paternal
p-.(G991D)
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P35 NM_006059:c.C2242T LAMC3 nonsense maternal
p.(Q748X)
P36 NM_015335:c.A6610G MED13L missense maternal
p.(N2204D)

P37 NM_015335:c.2570-1G>A MED13L splice-site paternal
P38 NM_013436:c.2274delG NCKAP1 frameshift maternal
p-(1759Lfs*17) deletion
P39 NM_013436:c.G1603A NCKAP1 missense maternal

p-(E535K)
P40 NM_001145512:c.1081+1G>C NFIA splice-site de novo
P41 NM_001042424:c.G2125A NSD2 missense maternal
p-(E709K)
P42 NM_001252119:c.C2608T PASK nonsense maternal
p.(Q870X)
P43 NM_001033561:c.2236dupG PHF12 frameshift de novo
p.(D746Gfs*76) insertion
P44 NM_017934:c.A4276T PHIP nonsense de novo
p.(K1426X)
P45 NM_017934:c.C5227T PHIP nonsense unknown
p-(R1743X)
P46 NM_145796:c.G1960A POGZ missense maternal
p-(G654S)
P47 NM_005045:c.G2689A RELN missense unknown
p.(D897N)
P48 NM_005045:c.G3862A RELN missense maternal
p.(A1288T)
P49 NM_005045:c.G6632A RELN missense maternal
p.(R2211H)
P50 NM_005045:c.C1113A RELN missense paternal
p.(N371K)
P51 NM_005045:c.C194G RELN missense paternal
p.(P65R)
P52 NM_005045:c.C1913T RELN missense paternal
p-(P638L)
P53 NM_005045:c.G1328T RELN missense maternal
p.(G443V)
P54 NM_001040143:c.C2566T SCN2A nonsense de novo
p.(R856X)
P55 NM_001040143:c.G100A SCN2A missense paternal
p-(A34T)
P56 NM_001130110:c.C645A SETBP1 nonsense maternal
p.(C215X)
P57 NM_001349370:c.G5419T SETD2 missense maternal
p.(A1807S)
P58 NM_001349370:c.1407delA SETD2 frameshift de novo
p-(K469Nfs*1) deletion
P59 NM_001080517:c.G2645A SETD5 missense paternal
p-(R882Q)
P60 NM_001145357:c.G2896T SIN3A missense paternal
p.(V966L)
P61 NM_001347839:¢c.C2377T SMAD4 missense de novo
p.(Q793X)
P62 NM_015001:c.6959delA SPEN frameshift de novo
p.(V2321Wfs*31) deletion
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P63 NM_001322151:¢c.1189-2A>G TCF12 splice-site maternal
P64 NM_001306219:c.182delC TCF12 frameshift de novo
p.(H62Tfs*12) deletion
P65 NM_015088:c.C4310T TNRC6B missense paternal
p.(A1437V)
P66 NM_015088:c.C4468T TNRC6B missense paternal
p.(R1490C)
P67 NM_001284216:c.T3074C TRIP12 missense paternal
p.(V1025A)
P68 NM_001284214:c.C62T TRIP12 missense maternal
p.(A21V)
P69 NM_001199298:c.C1996T UIMC1 nonsense paternal
p.(Q666X)
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3.2 Family-based WGS for the genetic workup of ASD

3.2.1 Abstract

In the past decade, the genetic workup of ASD patients mainly consisted of CMA for the detection
of CNVs, sometimes followed by sequencing of a panel of ASD/NDD risk genes for the detection
of SNVs and indels. However, WGS is expected to eventually become the preferred test in the
genetic workup of ASD because it can detect SNVs, indels, CNVs and other types of genetic
variation across the genome. Here, we perform family-based WGS in 305 ASD patients in whom
there was no Mendelian cause found after genetic testing with CMA (n=305) and/or gene panel
sequencing (n=222). We retained 34 variants in known NDD risk genes as clinically significant, of
which 2 CNVs and 32 SNVs or indels. These variants were previously missed because no gene
panel sequencing was performed (n=15), because they were in genes that were only recently
associated with NDDs and thus not detected through gene panel sequencing (n=12), because they
were not retained as clinically significant before (n=3), because of poor coverage of CMA and gene
panels (n=2) or because they were in genes not included in the gene panels (n=2). Furthermore,
we found three clinically significant variants outside known NDD risk genes, one of which allowed
for the delineation of a novel NDD caused by de novo missense variants in KLHL20. We conclude
that, once a genetic workup is justified for an ASD patient, family-based WGS is a valuable first-
tier test. However, it will only reach its full potential once we better understand the clinical

significance of noncoding variants and SVs.

3.2.2 Introduction

With the advent of high-throughput genotyping methods, there has been considerable progress
in understanding the genetic architecture of ASD. Rare genetic variants in hundreds of ASD risk
genes and loci have been identified as important risk factors for ASD [22]. As a result, the demand
for genetic testing for ASD has significantly increased. Patients and their families can benefit from
genetic testing since it can help with family planning, inform on the prognosis, improve medical
management and promote psychosocial well-being of the parents [65]. However, genetic testing
is only useful for ASD patients with Mendelian causes. Such Mendelian causes have
predominantly been found in ASD patients with ID, dysmorphic features and/or congenital

anomalies [60,65,81,82].

CMA analysis for the detection of causal CNVs was recommended as a first-tier genetic test for
ASD in the past decade [55]. Additional targeted sequencing of a panel of genes adds the
possibility of detecting SNVs and indels in exons of genes of interest. However, there is currently
no consensus on which genes should be included in these gene panels and panels are quickly

outdated with the continued progress in Mendelian gene discovery [71]. As a result, WES is now
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recommended as a first-tier genetic test for ASD since it can identify SNVs, indels and CNVs
affecting exonic regions of any gene [72,73]. WGS is expected to eventually become the preferred
test in the genetic workup of ASD because it can detect SNVs, indels, CNVs and other types of
genetic variation across the genome. However, WGS is currently not implemented in most genetic
laboratories due to high costs over WES and the limited clinical value of genetic variants in

noncoding regions [74].

We explore the Mendelian causes that can be found by means of family-based WGS in 305 ASD
patients in whom there was no Mendelian cause found after testing with CMA (n=305) and/or
gene panels (n=222). The objectives of this study were 1) to evaluate the value of WGS in
molecular diagnostics of ASD, 2) to investigate the cognitive phenotype and family characteristics
of patients in whom a Mendelian cause can be found, and 3) to determine whether Mendelian

causes can be found outside known NDD risk genes.

3.2.3 Materials and methods

Patient recruitment

The total cohort comprised 305 ASD patients from 239 families: 170 ASD patients from 118
families were recruited as part of a prospective study from the Leuven Autism Research
consortium in 2008-2009, and 135 ASD patients from 121 families were recruited through the
genetics outpatient department where they were seen for a clinical genetic workup and genetic
counseling for ASD. All patients had been examined by a clinical geneticist and none of the
patients had a clinically recognizable genetic syndrome (e.g., Fragile X syndrome, Tuberous
Sclerosis). ASD patients were only included if a multi-disciplinary diagnosis of autism was
established based on DSM-IV-TR criteria or DSM-V criteria [7,121]. This multi-disciplinary
diagnosis was conducted in the Center for Developmental Disorders or in the Expert Center for
Autism (University Hospitals of Leuven, Leuven, Belgium). CMA analysis was previously
performed for all patients using the [llumina Omni2.5-v8 single nucleotide polymorphism (SNP)
array (n=175 patients) [126] or using the Oxford Gene Technology oligonucleotide array (n=130
patients). In addition, targeted sequencing was previously done for 222 patients using a panel
containing 270 NDD candidate genes [117,118] (n=218 patients) or using a clinical exome panel
containing more than 6000 disease-associated genes (n=4 patients). Patients for whom a highly
penetrant rare risk variant (i.e,, Mendelian cause) had previously been found using CMA or gene
panel testing were not included in the study. Patients for whom a lowly penetrant rare risk CNV
had previously been found using CMA testing were included in the study (n=35 patients)
(supplementary table 3.2).
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Genome sequencing
Family-based WGS was performed for all 239 families. Sequencing with an average depth of 30X

was done on an [llumina platform using an [llumina PCR-free library preparation kit according to
the manufacturer’s instructions. Sequencing was conducted at the New York Genome Center in
the United States as part of the CCDG initiative (n=179 families) or at the Genomics Core Leuven
in Belgium (n=60 families). Alignment and variant calling were performed according to the
pipelines of the centers where the sequencing data were generated. In short, raw reads were
aligned to the GRCh38 reference genome using Burrows-Wheeler Aligner-MEM [127], SNVs and
indels were detected using the Genome Analysis Toolkit HaplotypeCaller [128] and CNVs were
called using Canvas [129] or SeqCBS [130].

Variant prioritization of SNVs and indels

Variant prioritization of SNVs and indels was done using a custom-developed pipeline consisting
of variant annotation, filtering, and interpretation. First, the variants were annotated with
ANNOVAR [131]. Second, variants were filtered based on: (1) quality metrics, (2) mode of
inheritance, (3) variant population frequency and (4) variant genomic location. For variant
quality filtering, heterozygous variants with a b-allele frequency above 0.85 or below 0.15 and
multi-allelic variants were removed in the variant files of the patients. The following inheritance
patterns were analyzed: de novo dominant, inherited dominant and X-linked recessive (in males).
Variant population frequencies were obtained from the Genome Aggregation Database (gnomAD)
[132] and only ultra-rare variants (MAF < 0.01%) were kept. In addition, only variants in exonic
regions or splice-sites were retained for further analysis. Finally, variants were interpreted
according to international guidelines [133] including assessment of population data,
computational data, functional data, segregation data, phenotypic data and/or pathogenicity

classifications by others.

Variant prioritization of CNVs

Variant prioritization of CNVs was also done using a custom-developed pipeline consisting of
variant annotation, filtering, and interpretation. First, CNVs were annotated with AnnotSV [134].
Second, CNVs were filtered based on: (1) overlap of the CNV with uniquely mappable regions, (2)
mode of inheritance, (3) variant population frequency and (4) variant genomic location. For
variant quality filtering, only CNVs that overlap more than 50% with uniquely mappable regions
were retained for further analysis [135]. The following inheritance patterns were analyzed: de
novo dominant, inherited dominant and X-linked recessive (in males). Variant population
frequencies were obtained from four different databases (Database of Genomic Variants, 1000

genomes, gnomAD, Ira Hall’'s Genome Database) [132,136-138] if more than 70% length of the
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CNV of interest overlapped with a CNV in the database. CNVs with MAF < 2% were retained for
further analysis. Moreover, only CNVs affecting exonic regions were kept. Finally, variants were
interpreted according to international guidelines [139] including assessment of the CNV size,

genomic content of the CNV and overlap with CNVs from external databases.

3.2.4 Results

Molecular genetic findings in known NDD risk genes

In the total cohort of 305 ASD patients, 34 variants in known NDD risk genes were retained as
clinically significant after family-based WGS (supplementary table 3.3). These variants were
rarely located in the same genes or genomic loci (figure 3.2, panel A). Thirty-two variants were
SNVs or indels and two variants were CNVs (figure 3.2, panel B). Clinically significant variants
included 10 nonsense variants, 8 frameshift variants, 2 splice-site variants, 12 missense variants,
1 deletion and 1 duplication. Thirty variants occurred de novo, three variants were maternally

inherited, and one variant was paternally inherited (figure 3.2, panel C).
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Figure 3.2: Molecular genetic findings in known NDD risk genes following WGS. (A) Number of
clinically significant variants detected for each gene or locus. (B) Variant type of clinically significant
variants. (C) Mode of inheritance of clinically significant variants.
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In the total cohort of 305 ASD patients in whom there was no Mendelian cause found after CMA
analysis for the detection of CNVs, only in two patients a clinically significant CNV was detected
by means of family-based WGS. This included a 485kb deletion at chromosome 19p13.3 that was
missed by CMA in patient P1 and a 40kb intragenic duplication of NSD1 that was not retained as
causal before in patient P22 (supplementary table 3.3). In the group of 222 ASD patients in
whom there was no Mendelian cause found after gene panel sequencing for the detection of SNVs
and indels, 17 clinically significant SNVs or indels were found after family-based WGS. Twelve of
these variants were not picked up through gene panel testing because they were in genes that
were associated with NDDs in recent years (AP1G1, CAMK2A, CNOT1, FBX011, GRIA4, MED13,
MYTI1L, PRR12, TET3, YY1). The other five variants were in well-known NDD risk genes (CHDS,
CNKSR2, KCNB1, MAP2K1, SHANK3). Those five variants were missed because 1) the genes were
not included in the gene panel (KCNB1, MAP2K1), 2) the variants were not retained as causal
before (CHD8, CNKSRZ2), or 3) the variant was missed by gene panel sequencing due to poor
coverage (SHANK3).

In the cohort of 35 patients in whom a lowly penetrant rare risk CNV was previously found during
CMA analyses, we found a clinically significant variant in four patients who carried a lowly
penetrant proximal 15q11.2 deletion (BP1-BP2). This included a de novo missense in CAMKZ2A in
patient P7, a maternally inherited missense variant in GRIA4 in patient P16, a maternally
inherited intragenic duplication in NSD1 in patient P22, and a de novo frameshift deletion in
PRR12 in patient P25 (supplementary table 3.3). These results show that the presence of alowly
penetrant rare risk CNV (such as a proximal 15q11.2 deletion) does not exclude the presence of

a highly penetrant rare risk variant.

Assessment of the cognitive phenotype and family characteristics of ASD patients with clinically
significant variants revealed that many presented with ID (22/33; 67%) and were part of simplex
families (31/33; 94%). However, we also detected clinically significant variants in several
patients with low-to-average cognitive abilities including patient P3 with a paternally inherited
nonsense variant in ANKRD11, patient P8 with a de novo missense variant in CHD8, patient P10
with a de novo frameshift deletion in CNKSRZ2, patient P11 with a de novo frameshift deletion in
CNOT1, patient P12 with a de novo nonsense variant in CNOT1, patient P13 with a de novo
missense variant in FBX011, patient P16 with a maternally inherited missense variant in GRIA4,
patient P20 with a de novo missense variant in MED13, patient P22 with a maternally inherited
intragenic duplication in NSD1, patient P31 with a de novo missense variant in TET3, and patient
P32 with a de novo missense variant in TUBB (supplementary table 3.3). Moreover, a clinically

significant variant was found in two multiplex families. One example included a de novo nonsense
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variant in AP1G1 in patient P6 who has mild ID and ASD, and who has a brother with ASD and
normal cognition (supplementary table 3.3). The other example involved a paternally inherited
nonsense variant in ANKRD11 in patient P3 who has ASD, borderline intellectual functioning and
ADHD, and who has a brother with ASD and an average cognitive ability (supplementary table
3.3). Other risk factors must contribute to ASD in these families since the clinically significant
variants did not segregate with the ASD phenotype. The findings in the family of patient P3 also
revealed milder neurodevelopmental problems in the father in comparison to patient P3. In
essence, the father of patient P3 was able to function quite well but was the only one with learning
difficulties in a family of five children. Segregation analysis for the ANKRD11 nonsense variant in
the paternal grandparents of patient P3 had not been performed. Mild learning difficulties were
also seen in the mother of patient P16 with a maternally inherited missense variant in GRIA4 and
in the mother of patient P22 with a maternally inherited intragenic duplication affecting NSD1
(supplementary table 3.3). Altogether, these results show that clinically significant variants are
mainly found in ASD patients with ID and a sporadic presentation but can also be identified in

patients or parents with milder neurodevelopmental phenotypes and even in multiplex families.

Molecular genetic findings outside known NDD risk genes

We also found three clinically significant variants outside known NDD risk genes. We detected a
de novo missense variant in KLHLZ20 in patient P34 whose clinical presentation is mainly
characterized by ID, epilepsy, ASD and ADHD (supplementary table 3.4). Through matchmaking
platforms, other patients with the same KLHL20 variant and similar phenotypic features were
identified. This allowed us to retain the KLHL20 variant as clinically significant and to implicate
KLHLZ20 in a novel NDD. Furthermore, we found a maternally inherited missense variant in
SCN11A in patient P35 who has ASD and familial episodic pain syndrome (supplementary table
3.4). This variant was retained as clinically significant because it segregated with the rare
episodic pain disorder in the family. Missense variants in SCN11A are known to cause sensory and
autonomic neuropathy and episodic pain syndrome [140]. However, there was no evidence for
this variant to explain the occurrence of ASD in the proband (patient P35). Moreover, we found
one incidental finding that involved a paternally inherited frameshift deletion in BRCAZ in
patients P36-P39 (supplementary table 3.4). Pathogenic variants in BRCAZ increase the risk for
several cancers including breast cancer, ovarian cancer and prostate cancer [141]. The BRCAZ
variant was detected because it had already been reported 20 times as pathogenic by other

laboratories in the ClinVar database.
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3.2.5 Discussion

Here, we report on the molecular genetic findings following family-based WGS in 305 ASD
patients in whom there was no Mendelian cause found after testing with CMA (n=305) or gene
panels (n=222). WGS analyses revealed 34 clinically significant variants in known NDD risk genes,
of which 2 CNVs and 32 SNVs or indels. Most of these variants were previously missed because
no gene panel sequencing was performed (n=15). WGS offers the advantage that both SNVs,
indels and CNVs can be detected in one single test. Moreover, some variants were not picked up
by gene panels because they were in genes that were only recently associated with NDDs (n=12).
These variants would have been detected by WGS but could not have been retained as clinically
significant at the time gene panel sequencing was done. However, WGS data can be reanalyzed at
later timepoints to interpret the clinical significance of variants in recently discovered NDD risk
genes. Such a reanalysis has been shown to improve diagnostic yield of WES/WGS by resolving
previously unsolved cases [142], and will likely be an important part of future molecular
diagnostics. Only in a few cases the variants were missed because they were not retained as
clinically significant before (n=3). Furthermore, some variants in well-known NDD risk were not
picked up because they were not included in the gene panels (n=2) or because of poor coverage
of CMA and gene panels (n=2). WGS allows for a uniform coverage across the genome, so variants
in all NDD risk genes can be detected and will less likely be missed because of poor coverage. In
addition, WGS can detect clinically significant variants outside known NDD risk genes. This allows
for the discovery of novel ASD/NDD risk genes. For example, we found a de novo missense variant
in KLHL20 in one patient, which allowed us to search for additional patients with KLHL20 variants
and to find the cause of a novel NDD. Furthermore, WGS also allows for the detection of multiple
rare variants affecting different genes or loci in one single patient. For example, we found that
four patients in whom a proximal 15q11.2 deletion was previously found through CMA analysis
had an additional SNV or indel in a well-known NDD risk gene. Altogether, we conclude that WGS

has several advantages in molecular diagnostics of ASD compared to CMA and/or gene panels.

Examination of the cognitive phenotype and family characteristics revealed that most ASD
patients with clinically significant variants in NDD risk genes had ID and a sporadic presentation.
This is not unexpected because patients with Mendelian causes for ASD have indeed been more
frequently found in patients with ID and in simplex families (i.e. families with one affected
individual) [37,43,78]. We observed mild cognitive and neurodevelopmental phenotypes in some
patients and in carrier parents, which is in line with the variable expressivity of rare variants
implicated in Mendelian causes of ASD [125]. In addition, we found a clinically significant variant
in two multiplex families (i.e., families with multiple affected individuals). However, the de novo

nonsense variant in AP1G1 in patient P6 and the paternally inherited nonsense variant in
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ANKRD11 in patient P3 did not segregate with ASD in the family. Yuen et al. also reported that
rare variants in NDD risk genes in multiplex families usually do not segregate with ASD [76],
which suggests that other factors contribute to ASD risk in these families. However, these variants
could potentially explain the more severe neurodevelopmental phenotypes in affected children
who are carrier of the clinically significant variant as compared to their affected siblings who are
not carrier. Similarly, two studies previously reported that patients with multiple hits in

ASD/NDD risk genes show more severe neurodevelopmental phenotypes [125,143].

We limited ourselves to the interpretation of rare variants affecting exonic regions. The main
reason being that the interpretation of rare variants outside exonic regions (i.e., in noncoding
regions) is nearly impossible without any functional data. As the exome represents less than 2%
of the genome, rare genetic variation in most of WGS data in the current cohort of ASD patients
thus remain unexplored. Over the past years, RNA sequencing has been increasingly applied in
molecular diagnostics as a complementary functional assay to WES and WGS [144]. RNA
sequencing is a high-throughput transcriptome-wide assay that enables the quantification of
transcript levels and isoforms, and thereby allows for the identification of aberrant gene
expression, aberrant splicing of genes, and allelic-specific expression of variants [144]. The use
of RNA sequencing has been shown to greatly improve the diagnostic yield of WES/WGS for
Mendelian disorders by facilitating the interpretation of variants in both exonic and noncoding
regions [144-146]. Combining RNA sequencing data with existing WGS data of ASD patients will
allow for improved interpretation of rare variants in both exonic and noncoding regions and will

likely reveal additional clinically significant variants in the cohort.

The WGS analyses did also not include the detection and interpretation of SVs besides CNVs.
There is currently no SV calling algorithm that can accurately detect the complete range of SVs
from short-read WGS data [147]. This is the result of the large variability in subtype and size of
SVs, and the proximity of SVs to repetitive regions [147]. In addition, SV calling algorithms apply
different approaches, which each have their own strengths and limitations [147]. One strategy for
more accurate detection of SVs in short-read sequencing data involves combining multiple SV
calling algorithms [147]. Such a strategy was not implemented at the genomic centers where the
WGS data were sequenced, but its application on the WGS data of the ASD patients could
potentially reveal clinically significant SVs. However, multiplatform strategies (i.e. combining
strengths of multiple genomic platforms) will likely be necessary to detect the complete range of
SVs [147]. Integrating short-read sequencing data of ASD patients with long-read sequencing data
or optical genome mapping may be needed to detect all SVs and to find all clinically significant

SVs.
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Taken together, family-based WGS revealed several clinically significant variants in ASD patients
for whom no Mendelian cause was found after CMA and/or gene panel testing. We found that
WGS offers several advantages as compared to CMA and gene panels such as a re-analysis of data,
more uniform coverage, the detection of variants outside known NDD risk genes and detection of
multiple types of genetic variants in a single patient with one analysis. We conclude that once a
genetic workup is justified in a patient with ASD, family-based WGS is a valuable first-tier test.

However, it will only reach its full potential once we better understand the clinical significance of

noncoding variants and SVs.

3.2.6 Supplementary information

Supplementary table 3.2: Lowly penetrant rare risk CNVs previously found using CMA analyses.
34 patients in the cohort carried one risk CNV and one patient carried two risk CNVs.
Frequency Variant Mode of Affected gene(s)
in the inheritance
cohort
7 2pl6.3 de novo (4); NRXN1
deletion maternal (3)
2 7q11.23 maternal (1); | CASTOR2;RCC1L;GTF2IRD2B;SPDYE14;SPDYE13;SPDYE15;TRIM73;
duplication paternal (1) POM121C;SPDYE5;HIP1;CCL26,CCL24;RHBDD2;POR; TMEM120A;ST
YXL1;MDHZ2;SRRM3;HSPB1;YWHAG,;SSC4D;ZP3;DTX2; UPK3B
1 7q36.2 maternal (1) DPP6
deletion
1 9q22.1-2 de novo (1) DAPK1,;CTSL;SPATA31E1;SPATA31C1;CDK20;,SPATA31C2;SPIN1;NX
deletion NL2;S1PR3;SHC3;CKS2,;SECISBP2;SEMA4D;GADD45G
2 14q31.1 maternal (2) NRXN3
deletion
16 15q11.2 paternal (9); NIPA1;NIPA2;CYFIP1;,TUBGCP5
deletion maternal (7)
(BP1-BP2)
1 15q13.2-13.3 de novo (1) GOLGA8Q;GOLGASH;ARHGAP11B;FAN1;MTMR10;TRPM1;KLF13,0T
deletion UD7A;CHRNA7
2 16p11.2 maternal (2) | NPIPB7;EIF3C;NPIPB9;ATXN2L;, TUFM;SH2B1;,ATP2A1;,RABEP2;CD1
duplication 9;NFATC2IP;SPNS1;,LAT
(BP2-BP3)
1 16p11.2 de novo (1) SPN;QPRT;C160rf54;Z2G16;KIF22;MAZ;PRRT2;PAGR1;MVP;CDIPT;SE
deletion Z6L2;ASPHD1;KCTD13; TMEMZ219;, TAOKZ;HIRIP3;INOSOE;DOC2A;(C1
(BP4-BP5) 60rf92;, TLCD3B;ALDOA;PPP4C;TBX6;YPEL3;GDPD3;MAPK3;CORO1A
2 16p11.2 de novo (1); SPN;QPRT;C160rf54;Z2G16;KIF22;MAZ;PRRT2;PAGR1;MVP;CDIPT;SE
duplication paternal (1) | Z6L2;ASPHD1;KCTD13;TMEMZ219;TAOK2;HIRIP3;INOSOE;DOC2A;C1
(BP4-BP5) 60rf92;, TLCD3B;ALDOA;PPP4C;TBX6;YPEL3;GDPD3;MAPK3;CORO1A
1 22ql11.2 de novo (1) FAM246C;DGCR2;ESS2;TSSK2,GSC2;SLC25A1;CLTCL1;HIRA;MRPL40
duplication ;C220rf39;UFD1;UFD1;CDC45;CLDN5;SEPTINS5;SEPT5;GP1BB; TBX1;
GNB1L;RTL10;,TXNRD2;COMT;ARVCF;,TANGO2;DGCR8; TRMT2A;RAN
BP1;ZDHHC8;CCDC188;RTN4R;DGCR6L;ZNF74;SCARF2;KLHL22; ME
D15;PI4KA;SERPIND1;SNAP29;CRKL;AIFM3;LZTR1, THAP7;P2RX6;S
LC7A4;LRRC74B
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Supplementary table 3.3: Overview of molecular genetic findings in known NDD risk genes

Patient Variant Gene Variant Mode of
type inheritance
P1 chr19:1175899-1660700 (hg38) / deletion de novo
P2 NM_001199642:c.T1121C p.(I374T) ADCY5 missense de novo
P3 NM_001256183:c.C2716T p.(R906X) ANKRD11 nonsense paternal
P4 NM_001256183:c.6968_6975del p.(A2323Gfs*206) ANKRD11 frameshift de novo
P5 NM_001256183:c.A1343C p.(Q448P) ANKRD11 missense de novo
P5 NM_001256183:c.A1343C p.(Q448P) ANKRD11 nonsense de novo
P6 NM_001030007:c.C610T p.(R204X) AP1G1 nonsense de novo
P7 NM_001369025:c.C775T p.(R259C) CAMK2A missense de novo
P8 NM_001170629:c.A3962C p.(E1321A) CHD8 missense de novo
P9 NM_001170629:c.3563dupG p.(Q1189Tfs*5) CHD8 frameshift de novo
P10 NM_001168647:c.255delA p.(T87Pfs*6) CNKSR2 frameshift de novo
P11 NM_001265612:c.3805_3809del p.(D1269Kfs*7) CNOT1 frameshift de novo
P12 NM_001265612:c.C76T p.(R26X) CNOT1 nonsense de novo
P13 NM_001190274:c.G1231A p.(V411]) FBX011 missense de novo
P14 NM_001244813:c.1021_1024del p.(D341Nfs*32) FOXP1 frameshift de novo
P15 NM_020699:c.C1432T p.(R478X) GATADZB nonsense de novo
P16 NM_000829:c.G2090C p.(R697P) GRIA4 missense maternal
P17 NM_006766:c.3116_3117del p.(S1039%) KAT6A nonsense de novo
P18 NM_004975:c.G1237A p.(V413I) KCNB1 missense de novo
P19 NM_002755:c.C371T p.(P124L) MAP2K1 missense de novo
P20 NM_005121:¢.G3839T p.(R1280L) MED13 missense de novo
P21 NM_001303052:¢c.G391T p.(E131X) MYTIL nonsense de novo
P22 chr5:177167878-177208287 NSD1 intragenic maternal
duplication

P23 NM_001128166:c.431-2A>G PAK3 splice-site de novo
P24 NM_017934:¢.100delG p.(V34Cfs*2) PHIP frameshift de novo
P25 NM_020719:c.671delC p.(P226Lfs*89) PRR12 frameshift de novo
P26 NM_020719:c.C4926G p.(Y1642X) PRR12 nonsense de novo
P27 NM_004586:¢c.C986T p.(T329M) RPS6KA3 missense maternal
P28 NM_001040142:c.3521-2A>G SCN2A splice-site de novo
P29 NM_033517:c.C1069T p.(R357X) SHANK3 nonsense de novo
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P30 NM_033517:¢.2649delC p.(S884Rfs*58) SHANK3 frameshift de novo
P31 NM_001366022:c.G2453A p.(R818Q) TET3 missense de novo
P32 NM_178014:¢c.229C>T p.(R77C) TUBB missense de novo
P33 NM_003403:c.T1149G p.(Y383X) YY1 nonsense de novo

Supplementary table 3.4: Overview of molecular genetic findings outside known NDD risk

genes
Patient(s) Variant (hg38) Gene Variant Mode of
type inheritance
P34 NM_014458:c.G1069A p.(G357R) KLHL20 missense de novo
P35 NM_014139:c.C49T p.(R17C) SCN11A missense maternal
P36, P37, NM_000059.4:¢.5213_5216del BRCA2 frameshift paternal
P38, P39 p-(Thr1738llefsTer2)
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3.3 KLHL20 is a novel gene implicated in ID, epilepsy and ASD

3.3.1 Abstract

KLHL20 is part of a CUL3-RING E3 ubiquitin ligase involved in protein ubiquitination. KLHL20
functions as the substrate adaptor that recognizes substrates and mediates the transfer of
ubiquitin to the substrates. Although KLHL20 regulates neurite outgrowth and synaptic
development in animal models, a role in human neurodevelopment has not yet been described.
We report on a NDD caused by de novo missense variants in KLHL20. Patients were ascertained
by investigators through Matchmaker Exchange. We studied 14 patients with de novo missense
variants in KLHL20, delineating a genetic syndrome with patients having mild to severe ID, febrile
seizures or epilepsy, ASD, hyperactivity and subtle dysmorphic facial features. We observed a
recurrent de novo missense variantin 11 patients (NM_014458.4:c.1069G>A p.(Gly357Arg)). The
recurrent missense and the three other missense variants all clustered in the Kelch-type -
propeller domain of the KLHL20 protein, which shapes the substrate binding surface. Our
findings implicate KLHL20 in a NDD characterized by ID, febrile seizures or epilepsy, ASD and
hyperactivity.

3.3.2 Introduction

Protein ubiquitination is a post-translational modification that is important for proper protein
function and degradation. In the ubiquitination cascade, E3 ubiquitin ligases confer substrate
specificity by promoting the transfer of ubiquitin to specific substrates. Increasing evidence
shows that E3 ubiquitin ligases play a prominent role during neurodevelopment [148,149]. One
of the E3 ubiquitin ligases that has been linked to neurodevelopment in animal models is the
KLHL20-associated E3 ubiquitin ligase, a multi-subunit CUL3-RING E3 ubiquitin ligase that
includes KLHL20, CUL3 and RBX1. In this complex, KLHL20 functions as the substrate adaptor
that recognizes substrates and mediates the transfer of ubiquitin to these substrates [150]. By
promoting ubiquitin-dependent degradation of the ARHGEF11 substrate, KLHL20 stimulates
neurite outgrowth and arborization in hippocampal and cortical rat neurons [151]. Furthermore,
the Drosophila melanogaster homologue of human KLHL20, known as Dbo, regulates synaptic
development and function through negatively controlling Pak [152]. KLHL20 also mediates the
ubiquitin-dependent degradation of DAPK1, a well-known regulator of neuronal cell death that
has been implicated in epilepsy [153]. DAPK1 overexpression was previously reported in the
brain of patients with temporal lobe epilepsy, and pharmacological inhibition of DAPK1 activity
in epilepsy mouse models showed strong antiepileptic effects [154-156]. Although KLHL20 has
been shown to play a role during neurodevelopment in animal models and is indirectly linked to

epilepsy, its role in human neurodevelopment remains unknown. Our study describes a causal
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link between genetic variants in KLHLZ0 and a neurodevelopmental syndrome that is

characterized by ID, febrile seizures or epilepsy, ASD and hyperactivity.

3.3.3 Materials and methods

Patients

We evaluated 11 patients with a recurrent de novo missense variant (P1-11) and three patients
with unique de novo missense variants (P12-14) in KLHL20 (GenBank: NM_014458.4).
Investigators from different centers were connected through Matchmaker Exchange

(GeneMatcher, MyGene2) [157].

Genetic and clinical data analysis

Exome sequencing or genome sequencing was performed for 12/14 patients according to the
protocols and platforms of each center. P4 was diagnosed by means of targeted Sanger
sequencing of the recurrent KLHL20 missense variant based on clinical assessment and
phenotypic resemblance with patient P3. The KLHL20 variant in P13 was identified by a targeted
research candidate gene panel. In general, the identification of KLHL20 variants in the sequencing
data was performed by filtering for: (1) de novo variants, (2) variants with an ultra-rare allele
frequency in the population (not present in gnomAD) and/or (3) variants located in exonic
regions or splice sites. The KLHL20 variants were validated in patients P1, P2, P3, P4, P5, P6, P7,
P9, P10, P13 and P14 by targeted Sanger sequencing. The following intelligence quotient (1Q)
cutoffs were used to define ID: profound ID (1Q<20), severe ID (I1Q: 20-34), moderate ID (IQ: 35-
49), mild ID (IQ: 50-69).

Protein structure analysis of KLHL20 missense variants

The effect of the variants on the binding between the KLHL20 protein and the DAPK1 protein was
computed using FoldX (FoldX consortium) [158]. First, the co-crystal structure of the KLHL20
Kelch domain and the DAPK1 peptide (PDB: 6GY5) was refined using the repair function in FoldX.
Next, a structural model for all four KLHL20 variants was generated using the BuildModel
function. We then analyzed how each KLHL20 variant affects the binding of the KLHL20 protein
to the DAPK1 substrate by calculating the interaction energy between both molecules using the
AnalyseComplex function. The difference in interaction energy between the altered KLHL20-
DAPK1 and wild type KLHL20-DAPK1 (called AAG, in kcal/mol) was then calculated. Variants
could have a stabilizing effect (AAG < -0.5 kcal/mol), neutral effect (-0.5 kcal/mol = AAG = 0.5
kcal/mol), destabilizing effect (AAG > 0.5 kcal/mol), or highly destabilizing effect (AAG > 2
kcal/mol) on the interaction between the KLHL20 protein and the DAPK1 protein.
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3.3.4 Results

The clinical features of 11 patients (P1-P11) with the recurrent de novo KLHL2(0 missense variant
c.1069G>A p.(Gly357Arg) are summarized in table 3.1 and table 3.2. In addition, the clinical
features of three patients (P12-14) with unique de novo KLHL20 missense variants are included:
P12 with ¢.1214G>A p.(Ser405Asn), P13 with c.1262A>G p.(GIn421Arg) and P14 with c.1777G>T
p-(Gly593Trp). Detailed information for all genetic examinations performed in the patients is
provided in supplement S1. Clinical descriptions and relevant genetic findings are reported in

supplement S2. Clinical images are shown in figures 3.3 and 3.4.

P1 P3 P4 P12 P14

Figure 3.3: Facial photographs of patients. Facial features of patients P1-8 with the recurrent de novo
KLHL20 missense variant NM_014458.4:c.1069G>A p.(Gly357Arg), P12 with a unique de novo KLHL20
missense variant NM_014458.4:c.1214G>A p.(Ser405Asn), and P14 with a unique de novo KLHL20
missense variant NM_014458.4:c.1777G>T p.(Gly593Trp). Dysmorphic facial features including
hypertelorism, micrognathia, bulbous nasal tip, full lower lip and low-set and large ears are present in some
patients. Age of the patients (in years): P1, 12; P2, 22; P3, 25; P4, 18; P5, 8; P7, 6; P8, 8; P12, 22; P14, 23.
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Figure 3.4: Photographs demonstrating skeletal abnormalities in patients. External skeletal features
associated with the recurrent de novo KLHL20 missense variant NM_014458.4:¢.1069G>A p.(Gly357Arg) in
patients P1-5 and the unique de novo KLHL20 missense variant NM_014458.4:¢.1214G>A p.(Ser405Asn) in
patient P12: (A) tapered fingers, (B) dystonic posture, (C) narrow thorax and pectus excavatum, (D)
kyphosis and lumbar lordosis.
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Table 3.1. General and physical features of patients with KLHL20 missense variants.

P1-P11 P1 P2 P3 P4 P5 P6 P7
GENERAL
Genetic Variant | 11/11 c.1069G>A | c.1069G>A | c.1069G>A | c.1069G>A | c.1069G>A | c.1069G>A | c.1069G>A
(NM_014458.4) | recurrent
Variant Type 11/11 missense missense missense missense missense missense missense
missense
Inheritance 10/10 de novo de novo de novo de novo de novo de novo de novo
de novo
Sex 8M, 3F M M M M F M F
Age 12y 22y 25y 18y 8y 3y 6y
Birth Weight 11/11 3.995 kg 3.630 kg 3.555 kg 4200 kg 3.799 kg 3.095 kg 2.815kg
normal
Birth Length 9/9 52 cm 53 cm 51 cm 50 cm NR 51 cm 48 cm
normal
Birth OFC 9/9 34 cm 37.5 cm 38 cm 36 cm NR 36 cm 34 cm
normal
Gestational age | 10/10 38 40 38/5 38 41/5 40 38
(weeks/days) term
delivery
BIOMETRY
Stature 2/11 Tall | Short* Tall Normal Tall Normal Normal Normal
(<2SD) (>2SD) (>2SD)
OFC 2/11 MIC | Normal MIC Normal Normal Normal Normal Normal
(<2SD)
CRANIOFACIAL PHENOTYPE
Hypertelorism 5/11 + - + + + - -
Micrognathia 3/11 + + - - + - -
Bulbous nasal 3/11 + - - - - - -
tip
Full lower lip 5/11 + - + + - - -
Large ears 4/10 + + + + NR - -
Other Facial Inner Upslanting | Inner - - Inner -
Anomalies Epicanthic | Palpebral Epicanthic Epicanthic
Folds Fissures Folds Folds
Skull Deformity | 2/11 - BC - - - BC -
Strabismus 3/11 + - + - - - -
ORTHOPEDIC AND SKELETAL ANOMALIES
Kyphosis 3/11 - + + + - - -
Scoliosis 1/11 - - + - - - -
Pectus 2/10 - + - + - - -
Excavatum
Distal Joint 3/11 + - + + - - -
Laxity
OTHER
Vascular 2/11 - - + - - - +
Anomalies
Cardiac 1/11 - - - - - - -
Anomalies
GERD 2/11 + - - - + - -
Chronic 9/11 + + + + + - -
Constipation
Drooling 5/11 + + - + - + -

BC, brachycephaly; F, female; GERD, gastroesophageal reflux disease; M, male; m, months; MAC, macrocephaly; MIC,
microcephaly; NR, not reported; OFC, occipitofrontal circumference; SD, standard deviations; y, years. *Patient P1 carries a SHOX
deletion, which can explain his short stature.
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Table 3.1. Continued

P8 P9 P10 P11 P12 P13 P14
GENERAL
Genetic Variant | c.1069G>A c.1069G>A c.1069G>A c.1069G>A c.1214G>A c.1262A>G c1777G>T
(NM_014458.4)
Variant Type missense missense missense missense missense missense missense
Inheritance de novo de novo de novo unknown de novo de novo de novo
Sex M F M M M M F
Age 8y 27y 8y 35y 22y 12y 23y
Birth Weight 3.730 kg 2.630 kg 2.900 kg 3062 kg 3.720 kg 3.950 kg 3.100 kg
Birth Length 55.5 cm 46 cm NR 48 cm 50 cm Normal 49 cm
Birth OFC 35 cm 32 cm 34.5 cm NR 36.5 cm Normal 35 cm
Gestational age | 37/5 38 NR 42 39 42 At Term
(weeks/days)
BIOMETRY
Stature Normal Normal Normal Normal Normal Normal Normal
OFC MIC Normal Normal Normal MIC Normal MIC
(<2SD) (<2SD) (<2SD)
CRANIOFACIAL PHENOTYPE
Hypertelorism - - - + - - +
Micrognathia - - - - + - +
Bulbous nasal + - + - - - +
tip
Full lower lip + - + - - - +
Large ears - - - - - - +
Other Facial Midface - Inner - Thin Upper Broad Nasal | Small
Anomalies Hypoplasia Epicanthic Lip, Narrow Tip Forehead,
Folds Eye Lids Broad Nasal
Tip
Skull Deformity | - - - - NR NR NR
Strabismus - + - - - + NR
ORTHOPEDIC AND SKELETAL ANOMALIES
Kyphosis - - - - + - +
Scoliosis - - - - - - +
Pectus - - NR - NR + NR
Excavatum
Distal Joint - - - - + - -
Laxity
OTHER
Vascular - - - - - - NR
Anomalies
Cardiac - + - - - - -
Anomalies
GERD - - - - - + -
Chronic + + + + - + +
Constipation
Drooling + - - - + + +

BC, brachycephaly; F, female; GERD, gastroesophageal reflux disease; M, male; m, months; MAC, macrocephaly; MIC,

microcephaly; NR, not reported; OFC, occipitofrontal circumference; SD, standard deviations; y, years.
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Table 3.2. Neurological and behavioral features of patients with KLHL20 missense variants.

P1-P11 P1 P2 P3 P4 P5 P6 P7
Age 12y 22y 25y 18y 8y 3y 6y
NEUROLOGICAL PROBLEMS
ID 11/11 Severe Moderate Mild Moderate Severe DD Severe
Age of Walking 18m 24m 16m 15m 12m (Lost 22m 15m
Motor
Skills)
Speech 11/11 Few Single | Speech Speech Speech Nonverbal Speech Nonverbal
Problems Words Delay Delay Delay Delay
Developmental | 3/10 - - - - + + -
regression
Seizures (age 11/11 +(36m to + (6m to + (6m to +(24mto +(36m - +(6m - +
of onset and 5y) 17y) 2y) 10y) unknown) ongoing) (unknown
offset) to 6y)
Seizure Types TC (fever) Unknown TC (fever) TC (fever) GTC M, At, TC (fever)
(initial type) GTC, Ab
(triggers)
Epilepsy FS DEE FS FS-> DEE GE FS->
Syndrome epilepsy epilepsy
type type
unknown unknown

EEG Sy: N 4y, 8y: 15y: MFD 7y:N 3y:N; 3.8y: | 2.5y,2.7y, | Unknown

slow, MFD, slow, FD; 3y, 3.8y:

slow, GSW; 6y, 9y: GSW, MFD

9y: slow, slow, MFD

MFD; 17y:

slow; 20 y:

slow, MFD,

GSW
Truncal 5/11 + - + + + + -
Hypotonia
Dystonia or 4/11 - Dystonic - - Dystonia/ - -
Spasticity Hand Status

Posture Dystonicus
Stereotypic 8/10 + + + + Unknown + -
Movements
Abnormal 4/9 - + + - + + -
brain MRI
findings
BEHAVIORAL PROBLEMS
ASD or autistic | 9/11 ASD ASD Autistic Autistic - ASD Autistic
features features features features
Hyperactivity 8/10 + + + + + + -
Aggression 7/11 + + - + - + +

Age: m, months; y, years. Seizure types: Ab, absence seizure; At, atonic seizure; FIAS, focal impaired awareness seizure; FBTC,
focal to bilateral tonic-clonic seizure; GTC, generalized tonic-clonic seizure; M, myoclonic seizure; NCS, nonconvulsive status
epilepticus; SE, status epilepticus; T, tonic seizure; TC, tonic-clonic seizure. Epilepsy syndromes: DEE, developmental and
epileptic encephalopathy; FS, febrile seizures; GE, generalized epilepsy. EEG: GSW, generalized spike and wave; FD, focal
discharges; MFD, multifocal discharges; N, normal; PSW, polyspike and wave. Other: ASD, autism spectrum disorder; DD,
developmental delay; ID, intellectual disability; MRI, magnetic resonance imaging; N/A, not applicable.
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Table 3.2. Continued

P8 P9 P10 P11 P12 P13 P14
Age 8y 27y 8y 35y 22y 12y 23y
NEUROLOGICAL PROBLEMS
ID Severe- Moderate- Severe Mild Moderate Severe Severe-
Profound Severe Profound
Age of Walking | 36m 18m 48m 15m 24m 14m 7y (Lost
Motor Skills)
Speech Nonverbal Nonverbal Nonverbal Speech Speech Speech Nonverbal
Problems Delay Delay Delay
Developmental | + - Unknown - - - +
regression
Seizures (age +(16m - +(18m - +(6m - +(6m - None +(12m - + (15days -
of onset and ongoing) ongoing) unknown) unknown) ongoing) ongoing)
offset)
Seizure Types FIAS, TC, FIAS, T, TC, GTC TC N/A GTC (+/- FBTC, GTC, T
(initial type) M, SE SE fever), At, T, with perioral
(triggers) (fever) M, myoclonia, SE
Multifocal, (fever)
NCS
Epilepsy DEE DEE Unknown Unknown N/A DEE DEE
Syndrome
EEG EEG since 2y, 5y: FD, 8y: FD Unknown N/A 2.1y:N; 2.7y, | Multiple from
4y: slow, GSW; 13y: 3y: slow, 6m: slow,
MFD, GSW slow MFD; 4.5y: MFD
slow, GSW,
PSW; 6y:
slow, MFD,
GSW; 11y:
slow, GSW,
MFD; 13y:
FD
Truncal - - - - Unknown + Unknown
Hypotonia
Dystonia or Unstable Dystonic - - Unknown - Unstable
Spasticity Gait at Posture/ Gait/
Young Internal Spasticity of
Age/ Later | Rotation of Limbs
Spasticity Hips/
of Limbs Dystonic
Gait
Stereotypic Hand + + - + - +
Movements Movements
Abnormal - - Unknown Unknown Unknown - -
brain MRI
findings
BEHAVIORAL PROBLEMS
ASD or autistic | Autistic Autistic Autistic - Autistic Autistic Autistic
features features features features features features features
Hyperactivity + - Unknown + + - Unknown
Aggression + - + - + - Unknown

Age: m, months; y, years. Seizure types: Ab, absence seizure; At, atonic seizure; FIAS, focal impaired awareness seizure; FBTC,

focal to bilateral tonic-clonic seizure; GTC, generalized tonic-clonic seizure; M, myoclonic seizure; NCS, nonconvulsive status
epilepticus; SE, status epilepticus; T, tonic seizure; TC, tonic-clonic seizure. Epilepsy syndromes: DEE, developmental and
epileptic encephalopathy; FS, febrile seizures; GE, generalized epilepsy. EEG: GSW, generalized spike and wave; FD, focal
discharges; MFD, multifocal discharges; N, normal; PSW, polyspike and wave. Other: ASD, autism spectrum disorder; DD,
developmental delay; ID, intellectual disability; MRI, magnetic resonance imaging; N/A, not applicable.
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Clinical synopsis of patients with the recurrent KLHL20 variant (c.1069G>A, p.(Gly357Arg))

All children were born at term without problems in the neonatal period and normal growth
parameters. The clinical presentation of all 11 patients with the recurrent variant was
characterized by early global developmental delay and seizures (table 3.2). There was limited
epilepsy phenotype information available for most of these children; however, two had only
febrile seizures, two had febrile seizures that progressed to an unclear epilepsy type, one had a
generalized epilepsy, four had a developmental and epileptic encephalopathy, and for two, the
type of epilepsy was unclear. Seizure onset ranged from 6 to 36 months (mean 16 months).
Seizures stopped in 5 of the 8 patients with available data (range 2 to 17 years) and there was
drug-resistance in 6 of the 9 patients with available data. Developmental delay was usually
present in the first year of life with evolution to ID. The cognitive abilities of the patients ranged
from mild to severe-profound ID. All patients had delayed speech and five were nonverbal.
Developmental regression with the onset of seizures was reported for patients P5 and P8. For
patient P6 a period of regression limited to language skills was reported. Detailed neurocognitive
and behavioral data for patient P1 and P2 are available in supplement S3. For the other patients,
available data on instruments and corresponding scores are presented in the individual patient

descriptions in supplement S2.

Neurological examination was abnormal in most patients with truncal hypotonia in five patients,
dystonia in three patients, and spasticity of the lower limbs in one patient. Patient P5 had early
loss of her motor skills with progression to status dystonicus, patient P8 had an unstable gait ata
young age that evolved to spasticity of the lower limbs, and patient P9 had dystonic gait with
dystonic internal rotation of the hips. Behavioral problems were present in all patients: ASD or
autistic features (9/11 patients), hyperactivity (8/10 patients), and aggression (7/11 patients).
Drooling (5/11 patients) and chronic constipation (9/11 patients) were also common. Mild
craniofacial features were present with hypertelorism (5/11 patients), micrognathia (3/11
patients), bulbous nasal tip (3/11 patients), full lower lip (5/11 patients), large ears (4/10
patients), and brachycephaly (2/11 patients). Other clinical features were strabismus (3/11
patients), distal joint laxity (3/11 patients), pectus excavatum (2/10 patients), scoliosis (1/11
patients), kyphosis (3/11 patients), vascular anomalies (2/11 patients) and mild non-specific
changes in brain MRI (4/9 patients). Biometric parameters were normal in most patients except

for the presence of tall stature (2/11 patients) and microcephaly (2/11 patients).

The three patients with unique de novo KLHL20 variants had similar clinical presentations with

moderate to severe ID (3/3 patients), speech delay (3/3 patients with 1/3 nonverbal), autistic
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features (3/3 patients), and drug-resistant developmental and epileptic encephalopathy (2/3
patients).

Variant interpretation of the identified KLHL20 missense variants

All four missense variants (p.(Gly357Arg), p.(Ser405Asn), p.(Gln421Arg), p.(Gly593Trp)) are

absent in population variation databases, cluster in the Kelch-type B-propeller domain of the
KLHL20 protein, affect well-conserved amino acids and are predicted to be damaging, with the
exception of p.(Gln421Arg), by most computational algorithms in Varsome [159]. Causality of the
p-(Gly357Arg) variant was evident from the recurrent de novo aspect in multiple patients with
sporadic mild to severe ID and other neurodevelopmental problems. Similarly, the de novo
occurrence and the large overlap in clinical presentation with patients with the recurrent KLHL20
variant suggests causality for the p.(Ser405Asn), p.(GlIn421Arg) and p.(Gly593Trp) missense

variants.

Protein structure analysis of KLHL20 missense variants

All four missense variants are in the Kelch-type -propeller domain of the KLHL20 protein, which
consists of six Kelch repeats (labeled I to VI in figure 3.5A and B) [160]. Each Kelch repeat is
composed of four anti-parallel 3 strands (labeled A to D in figure 3.5C) and connecting loops
(labeled AB, BC, CD, DA in figure 3.5C) [160]. Within these Kelch repeats, the variants are either
in the largely buried C-terminal part of DA loops (p.(Gly357Arg), p.(Ser405Asn) and
p-(Gly593Trp)) or in the long BC loops (p.(Gln421Arg)), which are known to shape the substrate
binding surface of the KLHL20 ubiquitin ligase (figure 3.5B and C). Since all variants are in the
substrate binding surface, we determined the effect of the variants on the interaction with DAPK1,
a substrate that was upregulated in the brain of patients with temporal lobe epilepsy in previous
studies [154-156]. Both the p.(Gly357Arg) and p.(Gly593Trp) variant were predicted to be
destabilizing (AAG=2.49 kcal/mol and AAG=15.77 kcal/mol respectively) to the interaction
between the KLHL20 protein and the DAPK1 protein. The p.(Ser405Asn) and p.(Gln421Arg)
variants were found to disrupt electrostatic interactions and hydrogen bonding with the DAPK1
protein respectively but were not predicted to be destabilizing (AAG=0.09 kcal/mol and
AAG=0.10 kcal/mol respectively) to the binding of KLHL20 with DAPK1.
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Figure 3.5: KLHL20 protein structure. (A) Representation of linear protein structure of KLHL20 with its
protein domains. Three protein domains have been described for the KLHL20 protein: BTB, BACK and
Kelch-type B propeller domain. The Kelch-type (3 propeller domain consists of six Kelch repeats (labeled I
to VI) in which the variants are located. (B) Overview of the 3D structure of Kelch-type 3 propeller domain
of the KLHL20 protein (PDB: 6GY5). Residues corresponding to the identified variants are highlighted. The
structure of Kelch repeat V is shown by the dashed lines as an example. (C) Representation of the general
composition of a Kelch repeat. Each repeat consists of four antiparallel B strands (arrows labeled A-D) and
connecting loops (labeled AB, BC, CD and DA). The arrows correspond to the arrows of individual Kelch
repeats in panel B. The position of the variants in the Kelch repeats is shown.

3.3.5 Discussion

We report 11 patients with a neurodevelopmental syndrome caused by a recurrent de novo
missense variant in KLHL20 (c.1069G>A p.(Gly357Arg)). The core features of this disorder were
mild to severe ID (with half of the patients being nonverbal), febrile seizures or epilepsy, ASD and
hyperactivity. Additional features in a subset of patients include spasticity or dystonia,
strabismus, distal joint laxity, pectus excavatum, scoliosis, kyphosis and vascular anomalies.
Recurring craniofacial features included hypertelorism, micrognathia, bulbous nasal tip, full
lower lip, low-set and large ears, and brachycephaly. Furthermore, several features that are
common in NDDs were frequently observed such as truncal hypotonia, drooling and constipation.
Biometry at birth was normal but microcephaly was observed in two patients at later ages. It is
unclear yet whether tall stature, which is present in two patients, may be a feature of this
syndrome. Mild non-specific changes in brain MRI were found in four patients. Of interest, the
clinical observations in patient P3 with scoliosis, kyphosis, distal joint laxity, cerebral artery
tortuosity and aortic root dilatation may represent a phenotypic overlap with connective tissue
disorders. In addition to the recurrent missense variant, we also report three patients with unique
missense variants in KLHL20 who have similar phenotypic features to the patients with the

recurrent variant. The core features including mild to severe ID and autistic features were present
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in all three patients. A developmental and epileptic encephalopathy was present in two out of
three patients. The large phenotypic similarity with patients with the recurrent KLHL20 variant,
the de novo occurrence, the absence in population variation databases, and the clustering in the

same protein domain also strongly support causality for these unique KLHL20 missense variants.

KLHLZ20 shows no clear intolerance to loss-of-function variants (probability of loss-of-function
intolerance=0.01; observed/expected ratio=0.3) but shows some intolerance to missense
variants (z-score=3.61; observed/expected ratio=0.47) according to constraint metrics from the
gnomAD browser [132]. The spatial clustering of the four identified missense variants in the
Kelch-type B propeller domain of the KLHL20 protein suggests that the pathophysiological

mechanism is likely a gain-of-function or dominant-negative effect [161].

The Kelch-type 3 propeller domain of the KLHL20 protein is crucial for the substrate recognition
and interaction function of the KLHL20-associated E3 ubiquitin ligase [160]. We found that the
variants are in the largely buried C-terminal part of DA loops or in the long BC loops of the Kelch
repeats, which shape the substrate binding surface of the KLHL20 ubiquitin ligase [160]. We
therefore hypothesize that KLHL20 variants interfere with the recognition and interaction of
substrates by the KLHL20-associated ligase in some specific manner. Consistent with this
hypothesis, the amino acids that are altered in our patients were previously identified as
interacting residues between the KLHL20 ubiquitin ligase and the DAPK1 substrate [160]. DAPK1
is a well-known regulator of neuronal cell death that has previously been linked to epilepsy [153-
156]. FoldX predictions showed that the variants p.(Gly357Arg) and p.(Gly593Trp), but not
p-(Ser405Asn) and p.(GIn421Arg), are detrimental to the binding of KLHL20 with DAPK1.
Another interesting substrate of the KLHL20-associated ubiquitin ligase is ARHGEF11 due to its
role in neural morphogenesis. It was previously found that the KLHL20-associated ubiquitin
ligase stimulates neurite outgrowth and arborization by promoting ubiquitin-dependent
degradation of ARHGEF11, an activator of the RhoA signaling pathway [151]. Furthermore,
KLHL20 itself may be a substrate of the KLHL20-associated ubiquitin ligase. It was previously
reported that protein abundance of dbo (Drosophila melanogaster homologue of human KLHL20)
is regulated through auto-ubiquitination [162]. The KLHL20 variants could therefore interfere
with the auto-ubiquitination of KLHL20 and its subsequent degradation. Follow-up studies are

necessary to elucidate the pathophysiological mechanism underlying this syndrome.
In conclusion, we define a NDD that is characterized by mild to severe ID, febrile seizures or

epilepsy, ASD and hyperactivity caused by de novo missense variants in KLHL20. Associated

clinical features are spasticity or dystonia, strabismus, distal joint laxity, pectus excavatum,
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scoliosis, kyphosis, vascular anomalies, brachycephaly and mild dysmorphic facial features.
Identification of additional affected individuals will further define the molecular and phenotypic

spectrum of this disorder.

3.3.6 Supplementary information

Supplement S1: Overview genetic testing

P1: CMA analysis revealed a maternally inherited 2 Mb deletion at Xp22.33 ([hg19]: chrX:1491-

2182681) including SHOX. FMR1 screening was normal. Trio genome sequencing was then
performed on a NovaSeq 6000 sequencing system (Illumina) with an average depth of coverage
of 30X. Variants were called using the Genome Analysis Toolkit and analyzed using a custom-
developed analysis tool. A rare de novo missense variant in KLHL20 (NM_014458.4:c.1069G>A)

was detected and confirmed by Sanger sequencing.

P2: CMA analysis did not reveal any pathogenic variants. FMR1 screening was normal. Trio exome
sequencing was then performed using the xGen Exome Research Panel v1.0 (Integrated DNA
Technologies) on an [llumina platform with an average depth of coverage of 125x. Variants were
analyzed using a custom-developed analysis tool. A rare de novo missense variant in KLHL20
(NM_014458.4:c.1069G>A) was detected and confirmed by Sanger sequencing. Additionally, a
rare maternally inherited missense variant was identified in ATP1A2 (NM_000702.4:c.1148G>A)

that was previously reported as pathogenic.

P3: Initial genetic screening revealed a normal male karyotype and normal FMRI gene. CMA
analysis did not reveal any pathogenic variants. Trio exome sequencing was then performed with
SeqCap EZ MedExome Kit (Roche) on a NextSeq 500 sequencing system (Illumina) with an
average depth of coverage of 85X. A rare de novo missense variant was found in KLHL20
(NM_014458.4:c.1069G>A). Sanger sequencing of the KLHLZ20 variant in patient and parental

samples confirmed that the variant occured de novo.

P4: Initial genetic screening revealed a normal male karyotype and normal FMR1 gene. Targeted
Sanger sequencing was then performed for the recurrent KLHL20 variant
(NM_014458.4:c.1069G>A) based on clinical assessment and phenotypic resemblance with
patient P3. Sanger sequencing showed that the recurrent KLHL20 variant was present. Sanger

sequencing of the KLHL20 variant in parental samples showed that the variant occured de novo.

P5: CMA analysis did not reveal any pathogenic variants. Trio exome sequencing was then

performed using the xGen Exome Research Panel v1.0 Kit (Integrated DNA Technologies) on an
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[llumina platform with an average depth of coverage of 100x. Variants were analyzed using a
custom-developed analysis tool. A rare de novo missense variant in KLHL20 was detected
(NM_014458.4:c.1069G>A) and confirmed by Sanger sequencing. No pathogenic variants were

found after mitochondrial genome sequencing.

P6: Initial genetic screening showed a normal FMR1 gene. CMA analysis did not reveal any
pathogenic variants. Trio exome sequencing was done using the xGen Exome Research Panel v2
Kit (Integrated DNA Technologies) on a NovaSeq 6500 sequencing system (Illumina). Variants
were analyzed using the Genoox data analysis platform (Genoox). A rare de novo missense variant

in KLHL20 was detected (NM_014458.4:c.1069G>A) and confirmed by Sanger sequencing.

P7: CMA analysis did not reveal any pathogenic variants. Trio exome sequencing revealed a rare
de novo missense variant in KLHL20 (NM_014458.4:c.1069G>A). This variant was confirmed by

Sanger sequencing.

P8: CMA analysis did not reveal any pathogenic variants. FMR1 screening was normal. Trio exome
sequencing was then performed using SeqCap EZ MedExome Kit (Roche) on a NextSeq 500
sequencing system (Illumina) with an average depth of coverage of 71X. Variants were called
using Genome Analysis Toolkit and analyzed using SnpEff. A rare de novo missense variant in

KLHL20 (NM_014458.4:c.1069G>A) was detected.

P9: Conventional karyotype revealed a normal female result. Trio exome sequencing was
performed and revealed a rare de novo variant in KLHL20 (NM_014458.4:c.1069G>A). This

variant was confirmed by Sanger sequencing.

P10: Initial genetic screening revealed a normal male karyotype and normal FMR1 gene. CMA
analysis did not reveal any pathogenic variants. Trio exome sequencing was then performed
using the xGen capture kit (Integrated DNA Technologies) on a HiSeq 2500 platform (Illumina).
Variants were analyzed using the Genoox data analysis platform (Genoox). A rare de novo
missense variant in KLHL20 was detected (NM_014458.4:c.1069G>A) and confirmed by Sanger

sequencing.
P11: Initial genetic screening revealed a normal male karyotype and normal FMR1 gene. CMA

analysis did not reveal any pathogenic variants. Singleton exome sequencing was performed

using the Agilent SureSelectXT Clinical Research Exome kit on a NovaSeqTM 6000 System. A rare
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missense variant in KLHLZ20 was detected (NM_014458.4:c.1069G>A). Additionally, a rare
nonsense variant in TNRC18 was detected (NM_001080495.2:¢.1756C>T).

P12: Initial genetic screening revealed a normal male karyotype and normal FMR1 gene. CMA
analysis did not reveal any pathogenic variants. Trio exome sequencing was then done using
SeqCap EZ MedExome Kit (Roche) and performed on a NextSeq 500 sequencing system
(Illumina). Variants were called using Genome Analysis Toolkit and analyzed using SnpEff. A rare

de novo missense variant in KLHL20 (NM_014458.4:c.1214G>A) was detected.

P13: CMA analysis did not reveal any pathogenic variants. Analysis of singleton exome sequencing
did not reveal any plausible variants in known epilepsy genes. Targeted capture and sequencing
of a panel of candidate epilepsy genes including KLHL20 was performed and identified a rare
variant in KLHL20 (NM_014458.4:c.1262A>G). Sanger sequence analysis of parents confirmed

that the variant occurred de novo.

P14: Trio exome sequencing was performed using the SureSelectXT Clinical Research Exome kit
(Agilent) and sequenced on a HiSeq platform (Illumina). A rare de novo missense variant in

KLHL20 (NM_014458.4:c.1777G>T) was detected and confirmed by Sanger sequencing.

Supplement S2: Individual patient descriptions

P1 is a 12-year-old boy of European ancestry who presented at the age of three years with
psychomotor and language delay, hyperactive behavior, and epilepsy. He has short stature
explained by a maternally inherited deletion of SHOX ([hg19]: chrX:1491-2182681). He has
tapered fingers with distal joint hyperlaxity. He has hypertelorism and exotropia, inner epicanthic
folds, micrognathia and open bite. He has excessive hypersalivation, chronic constipation, and
idiopathic vomiting. His overall current level of functioning meets the DSM-5 criteria for severe
ID, both in terms of intelligence (based on the Snijders-Oomen Nonverbal Intelligence Test) and
adaptive functioning (based on the Vineland-Z) [163,164]. He has pronounced speech
impairment and only uses a few simple words. At the behavioral level, he meets DSM-5 criteria
for ADHD and ASD, the latter was confirmed with the Autism Diagnostic Observation Schedule
and the ASD screening algorithm of the Developmental Behavior Checklist [165,166]. His current
behavior is mainly characterized by an atypical social approach, limited social reciprocity,
stereotyped/repetitive motor movements, and hypersensitivities (e.g., to auditory stimuli, food
selectivity). Furthermore, relatively high levels of externalizing psychopathology, such as

hyperactivity, screaming, and aggressive/destructive behavior (e.g. temper tantrums, hitting
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others, destroying materials), are reported by parents and the teacher on the Developmental

Behavior Checklist [167].

P2 isa22-year-old male of mixed Japanese/Mexican origin. He has Lennox-Gastaut syndrome and
mild spasticity and dystonia. He has tall stature (height 185 cm, height father 168 cm, height
mother 164 cm). He also has microcephaly, prominent kyphosis, pectus excavatum, inverted
nipples, brachycephaly, slightly upslanting palpebral fissures and micrognathia. He has chronic
constipation. Brain MRI revealed mild asymmetry of the hippocampi and cerebellar hemispheres.
Based on an evaluation at the age of 20 using the Wechsler Adult Intelligence Scale and the
Adaptive Behavior Assessment System, his current level of functioning meets criteria for
moderate ID [168,169]. Results of the Social Responsiveness Scale were consistent with his
previous ASD diagnosis [170]. Based on the Achenbach System of Empirically Based Assessment
questionnaires, he also showed behavior consistent with a diagnosis of ADHD [171]. During
childhood, several additional problems were reported, with mainly eating and sleeping
difficulties. His fine motor skills are below his chronological age expectancy level based on the
Beery-Buktenica Developmental Test of Visual-Motor Integration [172]. Besides the de novo
KLHLZ0 variant, a maternally inherited variantin ATP1A2 ([NM_000702.4]: c.1148G>A, p.R383H)
was found, which was previously reported to cause familial hemiplegic migraine [173]. This was

consistent with the occurrence of severe migraine with and without aura in the mother.

P3 is a 25-year-old Spanish male who presented at the age of 6 months with febrile seizures. He
has psychomotor and language delay, kyphosis, scoliosis, and tapered fingers with distal joint
laxity. He has hypertelorism, inner epicanthic folds and exotropia. During infancy, he had chronic
constipation. Brain MRI was normal at the age of two, but vertebral arterial tortuosity and
hypoplasia of the inferior vermis was observed at age 18. Further investigations revealed aortic
root dilatation. He has anxiety and has been diagnosed with mild ID and hyperactivity. He

attended regular school with an adapted program.

P4 is an 18-year-old Spanish male that that presented with at the age of 24 months with febrile
seizures. He had mild developmental delay. On physical examination he has tall stature (height
190 cm, height father 180 cm, height mother 170 cm), pectus excavatum, kyphosis, and distal
joint laxity. He has excessive hypersalivation. He has aggressive behavior, hyperactivity, and

temper tantrums. No standardized neurobehavioral test data are available.

P5 is an 8-year-old girl of mixed Eastern European/Filipino origin. She had globally delayed

milestones before seizure onset and had a period of psychomotor regression at the onset of the
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seizures at around the age of three years. She has drug-resistant epilepsy, failure to thrive, global
developmental delay and regression with hypotonia and dystonia. She could speak words but lost
her speech and motor skills and now has severe cognitive dysfunction. She sits with support and
cannot stand or walk alone. Currently at age eight, she lacks all fine motor skills. She has
hypertelorism and micrognathia. She has gastroesophageal reflux disease and constipation. She
was reported to be hyperactive at age 4 years during clinic visits. Brain MRI revealed white matter
volume loss, mild dilatation of the right trigone and thinning of the posterior part of the corpus

callosum.

P6 is a 3-year-old Sephardic/Ashkenazi Jewish boy who presented at the age of six months with
myoclonic seizures. This was followed by atonic and generalized tonic-clonic seizures at the age
of 18 months which were drug resistant by three years. He has global developmental delay with
pronounced language delay and a period of mild regression of language. His development had
been assessed at the age of 3 years (score <50 Bayley III mental scale and Adaptive Behavior
Assessment System II). In the same assessment period, he had been diagnosed with ASD (Autism
Diagnostic Observation Scale 2 module 1 and DSM-V). He has inner epicanthic folds and
brachycephaly. He has hyperactivity, aggressive and destructive behavior with temper tantrumes,

hitting and destroying materials. Brain MRI showed a mild enlargement of the Sylvian fissures.

P7 is a 6-year-old girl with global developmental delay and absence of speech, behavioral
disturbances and recurrent episodes of febrile tonic-clonic seizures. She has a Vein of Galen

aneurysmal malformation.

P8 is an 8-year-old boy with early delayed psychomotor milestones, microcephaly, severe to
profound ID and epilepsy. Developmental regression at seizure onset was reported with
improvement after the start of anti-seizure medication. He had an unstable gait when he was
young and developed spasticity of the limbs afterwards. He has midface hypoplasia. His behavior

is characterized by autistic features, hyperactivity, and hand stereotypies.

P9 is a 27-year-old Anglo-Australian female with delayed psychomotor development noted at 16
months. She is nonverbal and has moderate-severe ID. Her developmental age score was 24
months at 5,5 years (Psycho-Educational-Profile-Revised). She has a developmental and epileptic
encephalopathy with predominant tonic and tonic-clonic seizures. Her seizures began at 18
months and febrile seizures were not noted. Seizures were predominantly nocturnal and tended
to cluster. She had pulmonary stenosis, small muscular ventricular septal defect and small

anomalous right pulmonary vein draining into low superior vena cava. She has dystonic posture
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with internal rotation of the hips and dystonic gait. She has strabismus. She demonstrates
stereotypic movements with figure-eight head movements. Chronic constipation and sleep

disturbance were important comorbidities.

P10 is an 8-year-old Arab boy that presented at the age of six months with seizures and
developmental delay. He has been diagnosed with severe ID, is nonverbal and has chronic
constipation. His current behavior is mainly characterized by autistic features,

stereotyped/repetitive hand movements and aggressive/destructive behavior.

P11 is a 35-year-old male who was referred to the genetic clinic for a history of ID. He was able
to graduate high school with a certificate and currently lives independently. He has obesity,

irritable bowel syndrome, and pre-diabetes. He has widely spaced eyes.

P12 is a 22-year-old adult male patient with moderate ID, behavioral difficulties and
hyperactivity. He has narrow eyelids, a thin upper lip, low set ears and microcephaly. He has
tapered fingers. His behavior is characterized by agitation, stereotypies, and hyperactivity. He
was born with a normal head circumference developing at centile 25-50 until the age of 11. After
11, his head circumference did not further increase, resulting in microcephaly in adulthood

(occipitofrontal circumference 53 cm at age 20).

P13 is a 12-year-old boy with a developmental and epileptic encephalopathy. He was noted to
have delayed visual maturation at 2 months of age and was diagnosed with congenital exotropia,
hypospadias, and undescended testis. He had five simple febrile seizures between the ages of 12
and 26 months before he presented with an explosive onset of afebrile generalized tonic-clonic
and myoclonic seizures. He subsequently developed tonic and atonic seizures at 2 years and 9
months, multifocal seizures at 2 years and 11 months, and episodes of non-convulsive status
epilepticus at 7 years. His development was felt to be within normal limits until 2 years at which
stage it plateaued and he now has severe ID (based on an evaluation of his adaptive functioning
at the age of 12 using the Vineland Adaptive Behavior Scales - third edition) with mild autistic
features [174]. He can now speak in simple sentences. He developed a mild tremor and ataxia at
3 years and is now ambulant. Initial EEG was normal but at 26 months they showed diffuse
slowing and multifocal spikes. By 4.5 years there was generalized spike and polyspike wave in
addition to multifocal discharges which became almost continuous in sleep at 6 years. EEG at 12
years of age shows occipital discharges. MRIs at 6 months, 1.5 and 5 years (3T) were normal. He
has had multiple hospital admissions and is drug-resistant. He continues to have tonic seizures

and episodes of non-convulsive status epilepticus. He has some autonomic abnormalities with
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altered temperature regulation and extreme flushing particularly with exercise and before sleep.

He has mild pectus excavatum, mild bilateral fifth finger clinodactyly and a broad nasal tip.

P14 is a 23-year-old female who presented with neonatal convulsions at day 15. Later she
developed seizures with fever, generalized tonic-clonic seizures, and tonic seizures with
sometimes perioral myoclonias. She also has head-drop attacks. She has severe to profound ID.
She had a normal head circumference at birth however since the age of 6 months a head
circumference -2.5 standard deviations has been documented until adulthood. She had gross
motor delay with unstable gait at the age of seven years and loss of walking after regression at
the age of 12. She developed spasticity. She has tetraparesis. Her behavior is characterized by

autistic features and stereotypies that are triggered by sound.

68



Supplement S3: Neurocognitive and behavioral data for P1 and P2

Summary of psychiatric diagnoses and corresponding test results for P1 and P2

P1 P2
Intellectual Documented diagnosis Severe intellectual disability (5y) Moderate intellectual disability
disability (age) (10y)

Intelligence test
(test(age):result)e

e SON-R 2,5-7 (10y):
developmental I1Q = 30 (M = 100,
SD=15)

o WAIS-1V (22y): Full Scale I1Q = 42
(standard score with M = 100, SD
=15)

Adaptive behavior scale
(test(age):result)e

o Vineland-Z (9y): developmental
age = 1;4 years

e ABAS-3 (22y): General Adaptive
Composite = 50 (standard score
with M =100, SD = 15)

Autism spectrum

Diagnosis (age)

Autism spectrum disorder (3y)

Pervasive developmental disorder

screaming)

o Aggressive/destructive
behavior (e.g., temper
tantrums, hitting/biting others,
destroying materials)

disorder not otherwise specified (10y)
Observation scale / e ADOS - module 1 (unknown): 16 ® SRS-2 (16y): > cut-off autism
interview / questionnaire (cut-off autism = 12)
autism spectrum e DBC-P - autism screening
disorder algorithm (parent report, 10y):
(test(age):result)a 41 (cut-off autism = 17)
Attention- Diagnosis (age) Attention-deficit/hyperactivity Attention-deficit/hyperactivity
deficit/hyperactivity disorder (11y) disorder (10y)
disorder
Questionnaire attention- e No information available e CBCL (parent report, 10y) :
deficit/hyperactivity Attention Problems (clinical
disorder range)
(test(age):result) o TRF (teacher report, 10y):
Attention Problems (clinical
range)
Additional behavior Clinical description o Eating problems (e.g., food e Motor problems
or developmental selectivity, pica) e Eating problems
problems e Verbal problem behavior (e.g., e Sleep problems

Questionnaire
(test(age):result)

e DBC-P - Total Behavior
Problem Score (parent report,
10y): 124 (clinical cut-off = 46)

e DBC-T - Total Behavior
Problem Score (teacher report,
10y): 65 (clinical cut-off = 30)

e DTVMI - Visual-Motor Integration
(22y): < 45 (standard score with
M=100,5D=15)

e CBCL (parent report, 22y):
Withdrawn/Depressed, Somatic
Complaints, Social Problems,
Thought Problems, Attention
Problems, Aggressive Behavior
(clinical range)

o TRF (teacher report, 10y):
Thought Problems, Attention
Problems

y, years.

20Only the most recent test results available are mentioned. Abbreviations: ABAS, Adaptive Behavior Assessment System; ADOS,
Autism Diagnostic Observation Schedule; CBCL, Child Behavior Checklist; DBC, Developmental Behavior Checklist; DTVMI,
Developmental Test of Visual Motor Integration; IQ, intelligence quotient; SD, standard deviations; SON-R, Snijders-Oomen
Nonverbal Intelligence Test; SRS, Social Responsiveness Scale; TRF, teacher report form; WAIS, Wechsler Adult Intelligence Scale;
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CHAPTER 4
FACIAL PHENOTYPING IN
MOLECULAR DIAGNOSTICS OF ASD

Explanatory note

In this chapter, we study how facial phenotyping can contribute to better molecular diagnostics
of ASD. The chapter starts with a basic research study aimed at better understanding the genetic
link between the brain and the face. A close developmental relationship between the brain and
face is evident from the co-occurrence of neurodevelopmental problems, structural brain
anomalies and dysmorphic facial features in patients with NDDs. We investigated in part 4.1 to
which extent this relationship extends to common human genetic variation by comparing GWAS
data of human brain and face shape. In part 4.2, we illustrate with a case study the importance of
a facial dysmorphology assessment and deep phenotyping in children with a NDD even in the
absence of ID. The opinion of dysmorphologists is currently considered the gold standard to
assess facial dysmorphism but this is often subject to examiner bias and is highly dependent on
training and clinical experience. Therefore, we collected 3D facial images of ASD patients to
perform an objective analysis of facial dysmorphism in part 4.3. We then investigated whether
objective facial phenotyping could help to improve the recognition of ASD patients with

Mendelian causes.
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4 Facial phenotyping in molecular diagnostics of ASD

4.1 Shared heritability of human face and brain shape

4.1.1 Abstract

Evidence from model organisms and clinical genetics suggests a developmental interplay
between the brain and face, but the role of this link in common genetic variation remains
unknown. In the current study, comparison of GWAS results from brain shape and face shape
revealed 76 overlapping loci. Shared loci included transcription factors involved in craniofacial
development, as well as members of signaling pathways implicated in brain-face cross-talk. We
do not detect a significant overlap between shared brain-face GWAS signals and variants affecting
behavioral-cognitive traits. These results suggest that early in embryogenesis, the face and brain
mutually shape each other through both structural effects and paracrine signaling, but this

interplay may not be related to brain development associated with cognitive function.

4.1.2 Introduction

The development of the brain and face is highly integrated due to shared developmental lineage,
spatial proximity and signaling cross-talk between both structures [98]. Early in embryonic
development, the rostral end of the ectodermally derived neural tube gives rise to the forebrain,
which in turn gives rise to the cerebrum that encompasses the cerebral cortex [175]. Just before
forebrain formation, a subset of neuroepithelial cells within the neural folds give rise to facial
progenitor cells called CNCCs [176]. Following specification, CNCCs undergo an epithelial-to-
mesenchymal transition and migrate ventrally [177], giving rise to most of the craniofacial
skeleton and connective tissue [178]. Early brain growth rates can modulate both positioning and
outgrowth of the facial prominences [179,180], as well as induce flexion and bone deposition of
CNCC-derived basicranial bones [181,182] and neurocranial sutures [183,184], respectively.
Finally, paracrine factors secreted by either the developing forebrain [185-188] or CNCCs [189-

191] modulate facial or brain development, respectively.

These physical and molecular interactions have been detailed by studies in developing chick and
mouse embryos, but are also supported by widespread co-occurrence of neurodevelopmental
and craniofacial malformations in rare human syndromes [192]. This phenomenon was noticed
by DeMyer et al. [101] in 1964, who coined the phrase “the face predicts the brain” to describe
correlations between the severity of brain and face malformations in patients with
holoprosencephaly. While in some cases this co-occurrence may be caused by pleiotropic gene
functions, a number of human syndromes have been mapped to genes functioning in brain-face

cross-talk through paracrine signaling [193-195]. Nonetheless, close developmental links
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between face and brain are underappreciated; whether and how they extend to common human

genetic variation influencing brain and face shape is unknown.

4.1.3 Materials and methods

GWAS data

Brain shape GWAS was done as part of this study. We adapted our previously published data-
driven phenotyping approach [196] to brain shape, as measured by MRI scans of 19,644
individuals in the UK Biobank. We focused on the mid-cortical surface (midway between the
white-gray matter interface and the pial surface with the cerebrospinal fluid, as extracted using
FreeSurfer), which we refer to as brain shape. Using mid-cortical surfaces represented by a mesh
of 3D vertices, the method segments brain shape in a global-to-local manner, yielding brain
segments at different hierarchical levels of scale. Additional information on how the brain shape
GWAS was conducted can be found in the original publication [197]. Face shape GWAS data was
collected from a previous study [198]. We also collected publicly available genome-wide
summary statistics for 26 auxiliary traits encompassing neuropsychiatric disorders [21,199-
203], behavioral-cognitive traits [204-206], subcortical volume measures [207-209] and

immune-related disorders (as negative controls) [210-213].

GWAS peak overlap and annotations

In determining overlap between lead SNPs from different GWASs, we used the following strategy:
two lead SNPs tag the same genetic locus if they are within 10 kb of each other or if they are within
1 Mb of each other and with an r2 > 0.2. To quantify the overlap between the brain shape GWAS
(this study) and the GWAS results of 430 other studies from the NHGRI-EBI GWAS Catalog, we
defined linkage disequilibrium (LD) blocks of 0.2 around the brain shape loci using PLINK v1.9,
and then calculated the odds ratio and P value for the overlap between these blocks and any given

GWAS using bedtools v2.27.1 with the fisher function.

In determining brain-face shared loci, we first considered the genome-wide lead SNPs from the
brain GWAS and looked for any SNP within 10 kb or within 1 Mb and LD > 0.2 of these lead SNPs
with at least a genome-wide suggestive association (P <5 x 10-7) association with face shape.
This resulted in a first set of loci with evidence of association in brain and face shape. Then we
took the genome-wide lead SNPs reported in the face GWAS and clumped them if two lead SNPs
were within 10 kb or within 10 Mb with an r2 > 0.01. For the resulting independent genome-wide
facial lead SNPs, we selected any SNP within 10 kb or within 1 Mb and with r2 > 0.2 with at least

suggestive (P <5 x 10-7) association with brain shape. This resulted in a second set of loci with
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evidence of association in brain and face shape and, together with the first set of loci, they were

clumped (within 10 kb or within 1 Mb and an r2 > 0.2) into a final set of brain-face shared loci.

We manually identified candidate genes in the vicinity of the brain-face shared loci. For each
locus, we first considered all genes within 500 kb of the lead SNP. We primarily relied on evidence
for involvement of these genes in a human craniofacial or neurodevelopmental syndrome, or for
evidence of craniofacial or neurodevelopmental defects in knockouts of their orthologs in mice.
We also considered associations with gene ontology terms related to craniofacial development,
neurodevelopment or skeletal system development. In some cases (that is, SOX9, where
enhancer-promoter interactions over 1 Mb have been described [214]), we extended the window

to within 750 kb from the lead SNP.

Clinical gene-panel overlap

Gene panels were downloaded from the Genomics England PanelApp website. Only panels used
for clinical interpretation in the 100000 Genomes Project were selected (provided by PanelApp
[215]). The clinical gene panels were merged in disease (sub)categories according to the 100000
Genomes Project criteria (for example, the clinical gene panel “Intellectual Disability” belongs to
the subcategory “Neurodevelopmental Disorders”, which is part of the “Neurology and
Neurodevelopment” disease category). Only genes with high confidence for gene-disease
association were included in the clinical gene panels. We calculated the overlap between genes
from clinical panels/subcategories/categories and different gene-sets allowing for a 200kb,
500kb or 1Mb window around the loci. Significance was tested by generating 10000 random
panels for each clinical panel subcategory/category with equal size using a list of 19198 protein-
coding genes. P-values were obtained by dividing “the number of times the overlap random panel
and gene-set was larger than the overlap clinical gene-panel/subcategory/category and gene-set”
and “number of random gene-panels created (10000)”. Clinical panels/subcategories/categories
were interpreted as strongly or weakly enriched if they showed significance (P <.05) across three

or two different gene-sets respectively.

uantifying sharing of signals between pairs of GWAS
To assess the extent to which genome-wide profiles of association were shared between a pair of
GWAS, we computed a Spearman correlation between two vectors of LD-block organized
association P values. First, genome-wide SNPs were selected to overlap with the HapMap3 SNPs
[216], and SNPs within the major histocompatibility complex region were removed. Second, we
organized SNPs within 1,725 blocks in the human genome that can be treated as approximately

independent in individuals of European ancestry [217]. For every LD block, we computed the
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mean SNP -log10(P value), and then computed a rank-based Spearman correlation using the
averaged association value (n=1,725) for each LD block. A standard error of the Spearman
correlation was estimated using statistical resampling with 100 bootstrap cycles with

replacement from the 1,725 LD blocks.

4.1.4 Results

Loci affecting both brain and face shape

To test for sharing of genetic effects between brain and face shape, we intersected 472 loci
associated with brain shape with 203 loci associated with face shape in individuals of European
ancestry. Thirty-seven of the loci for brain shape were linked (r2 > 0.2) to at least one of the face
shape loci, significantly above random expectation (P=2.03 x10-22, odds ratio=10.6) and
greater than the overlap with other traits that have similar numbers of genome-wide significant
associations in the NHGRI-EBI GWAS Catalog [218] (online supplementary data). Identifying

signals showing a genome-wide significant association with one of brain or face shape and a

suggestive (P <5 x 10-7) association with the other resulted in 76 brain-face shared loci (figure

4.1).
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Figure 4.1: Loci affecting both brain and face shape. Miami plot of GWAS results for brain (top) and face
(bottom) shape. All 76 loci reaching genome-wide significance (P <5 x 10-8) in one study and genome-
wide suggestive significance (P <5 x10-7) in the other are highlighted by unfilled circles.

Genes near the 76 brain-face shared loci were strongly enriched for disease associations,
including “skeletal disorders” and “hearing and ear disorders”, consistent with the contribution
of CNCCs to craniofacial skeleton and ear structures. We next manually scanned the 76 brain-face
shared loci for genes with known roles in craniofacial or brain development from human

syndromes and/or knockout mouse models (online supplementary data). We observed that
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many of the shared brain-face loci included genes encoding transcription factors involved in
neural crest formation and/or craniofacial skeletal development. Some of those transcription
factors (for example, DLX5/6, SOX9, ZEB2, ZIC2, ZIC3 and TCF4) have known functions in both
neural crest and brain development, and this pleiotropy may account for the shared brain-face
genetic signals. However, other shared brain-face signals are associated with transcription
factors thought to function primarily during neural crest development rather than brain
development, and whose mutation causes specific craniofacial defects; those transcription factors
include ALX1 and ALX4 (associated with frontonasal dysplasias [219,220]), TWIST1 (associated
with Saethre-Chotzen syndrome [221]), PAX3 (associated with Waardenburg syndrome [222])
and TFAP2B (associated with CHAR syndrome [223]).

Interactions between face and brain can be architectural, with the forebrain acting as a structural
support for facial development, and facial skeletal structures flexing to accommodate early brain
growth [224]. However, these interactions can also involve paracrine signaling, with fibroblast
growth factor (FGF), Hedgehog and bone morphogenetic protein (BMP) pathways known to
mediate the signaling from the developing brain to the face [185-187]. Interestingly, genes
encoding members of all three pathways, FGF (FGF2, FGF13, FGF18 and SPRYZ2), Hedgehog
(PTCH1) and BMP (BMP2 and BMP4) are among the shared brain-face loci. For example,
mutations in PTCH1, encoding the receptor for the sonic hedgehog ligand, cause
holoprosencephaly [225], a congenital, structural forebrain anomaly with associated craniofacial
malformations. Conversely, CNCCs secrete anti-BMP signaling molecules that modulate forebrain
development [189,190]; expression of these BMP antagonists is dependent on the SIX family of
transcription factors, whose perturbation in CNCCs leads to both craniofacial malformations and
secondary pre-otic brain defects [226]. SIX1 and SIX4 are also among the 76 brain-face shared
loci (figure 4.1). Furthermore, genes linked to other signaling pathways, including Wnt (DAAM1,
DAAM?2, TNKS, AHI1, FBXW11 and MCC) and transforming growth factor beta (LEMD3 and
PPP2R3A4), are among the shared brain-face loci.

Genome-wide sharing of signals with neuropsychiatric disorders and behavioral-cognitive traits
We compared the degree to which brain shape and face shape shares GWAS signals with

neuropsychiatric disorders, behavioral-cognitive traits and subcortical volumes. As approximate
negative controls, we used four immune-related diseases shown to have minimal genetic
correlation with schizophrenia and bipolar disorder [227]. Brain shape shares significant signal
with most neuropsychiatric traits, as well as all behavioral-cognitive and subcortical volume
traits analyzed (figure 4.2). In contrast, face shape does not show significant sharing with any of

the neuropsychiatric disorders or behavioral-cognitive traits, and significant but weaker sharing
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with the subcortical volume measures (figure 4.2). Sharing between brain shape and the immune
diseases was generally lower than with neuropsychiatric disorders, behavioral-cognitive traits
or subcortical volumes, but reached significance for type 1 diabetes and rheumatoid arthritis
(figure 4.2). This overlap may be because these immune traits have genetic correlation with
brain-related traits other than those tested previously (schizophrenia and bipolar disorder).
Altogether, the substantial sharing of signals between brain and face shape appears to be mostly
independent of neuropsychiatric disorder risk and behavioral-cognitive traits, perhaps because
mutual influences of face and brain shape on each other involve phenotypic effects on brain shape

distinct from those influencing neuropsychiatric disorder risk and behavioral-cognitive traits.

4.1.5 Discussion

Here, we found a striking convergence of common genetic variation affecting brain and face
shape. These observations suggest a larger than previously appreciated role of the face in shaping
development of the brain and its morphological variation between individuals. However, these
shared genetic effects do not appear to substantially impact neuropsychiatric disorder risk or
cognitive functions. Our results are therefore consistent with a model whereby CNCCs and their
derived cranial structures substantially influence brain shape through both physical interactions
and paracrine signaling early in embryogenesis, but later shaping of cortical morphology, through
processes such as the folding of the cortical surface [228], has a greater impact on cognitive traits.
Nevertheless, we cannot exclude the possibility that future GWASs of cognitive traits show more
substantial overlap with brain-face shared genetic effects, perhaps due to alternative trait

definitions or to greater statistical power.

A number of developmental mechanisms could mediate shared brain-face genetics. One potential
contribution comes from the common neuroepithelial origins of the two structures, with genes
influencing growth, patterning and cell fate decisions within the neural plate ultimately affecting
cell allocation within distinct parts of the brain and face; examples of such neural plate genes
within brain-face shared loci include ZIC2 and ZIC3 [229-231]. Another potential mechanism
entails common genetic variation modulating expression of genes with independent roles in both
brain and face development. SOX9, encoding a transcription factor with key functions in neural
crest development and chondrogenesis, but which is also required for gliogenesis [232], is an
attractive candidate for this mechanism. In addition, proximity-based mechanisms, which can be
either structural or mediated by paracrine signaling, have also been linked to shared brain-face

development before [224].
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Figure 4.2: Genome-wide sharing of signals of brain shape and face shape with neuropsychiatric
disorders, behavioral-cognitive traits, subcortical volumes and immune disorders. Genome-wide
sharing of signals between any two given GWASs was assessed by Spearman correlation of LD block-
average SNP -log10(P values) (material and methods). Spearman correlations between shape effects on
the full brain (left) or face (right) with the indicated traits. *5% false discovery rate based on bootstrapped
P value (Materials and methods). ADHD, attention-deficit/hyperactivity disorder; ASD, autism spectrum
disorder; GEN, generalized epilepsy; JME, juvenile myoclonic epilepsy; ICV, intracranial volume; RA,
rheumatoid arthritis; SSC, systemic sclerosis; T1D, type 1 diabetes.
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While brain and face development must be tightly coordinated, the former is thought to have
greater structural effects on craniofacial development, as the forebrain can serve as structural
support for facial development as well as induce flexion of the basicranium and bone deposition
at coronal sutures through growth-dependent tensile forces [182,183,224]. However, we find
multiple brain-face shared loci near transcription factors with known roles in, and expression
specific to, CNCCs and their derivatives. Furthermore, mutations in genes encoding these
transcription factors result in malformations of the frontal facial skeleton, such as coronal
synostosis (TWIST1) [221] or frontonasal dysplasias (ALX1 and ALX4) [219,220]. One explanation
for these results is that these transcription factors control regulatory programs ultimately
modulating the ability of the craniofacial skeleton to respond to and accommodate brain growth,
causing subtle changes in brain shape. It is also possible, however, that these transcription factors
exert some phenotypic effects on brain shape by regulating expression of signaling ligands
secreted from the face. For example, CNCCs secrete BMP antagonists that modulate forebrain
development by blocking BMP and FGF production in the anterior neural ridge [189,190]. BMP
antagonist production in CNCCs is regulated by the SIX family transcription factors [226], with
SIX1/S1X4 lying near a shared brain-face GWAS signal (figure 4.1). In the reverse direction,
studies in chick embryos have shown that Fgf, Shh and BMP ligands are secreted by the forebrain
and regulate the formation of the frontonasal ectodermal zone, a signaling center that in turn
patterns the frontonasal prominence of the developing face [185-188,233]. Notably, our study
implicates all three of these signaling pathways, nominating specific ligands and receptors whose
modulation may be associated with the brain-face cross-talk. Furthermore, our study nominates
other pathways, such as Wnt and transforming growth factor beta, for roles in paracrine brain-
face signaling. Altogether, we uncovered common genetic variants yielding numerous candidate
molecular players whose diverse mechanistic roles in mediating brain-face interactions during

development can be examined in future studies.

4.1.6 Supplementary information

All supplementary data can be found in the original publication [197].
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4.2 Deep phenotyping hints towards an underlying Mendelian disorder: a
case report

4.2.1 Summary/Case study

The proband is the second child of unrelated parents. She was born at term by caesarean section
with a birth weight of 2800 grams (-1.6 SD) and a length of 46 cm (-2.2 SD). The pregnancy was
complicated by hypertension caused by IgA nephropathy for which the mother was treated with
labetalol. Neonatal screening revealed elevated thyroid stimulating hormone levels indicating
congenital hypothyroidism. Treatment with L-thyroxine was started at the age of 14 days. There
was neonatal hypotonia, feeding difficulties and failure to thrive. At the age of 2 years there was
short stature (-1.7 SD), peculiar facial features as described at an older age and behavior
characterized by emotional instability, temper tantrums (often in response to frustration), social
anxiety, poor attention span and hyperactivity. She had delayed motor milestones with standing
with support at 12 months and crawling at 18-19 months. She was raised in a bilingual
environment (Flemish/English). Her speech was slightly delayed with first words at 1 year 10
months and difficulties with articulation until the age of 5 years. However, she had good language
abilities later on. At age 7 years 4 months, she was clinically assessed because of concerns about
her academic progress (particularly within the domain of mathematics) as well as fine and gross
motor difficulties, problems with attention and focus, and social skill delays. On examination she
had peculiar facial features (figure 4.3 at age 10), short stature with height 119.5 cm (-1.1 SD)
and weight 23.0 kg (-0.4 SD). Currently at the age of 11 years, she follows regular school with
some educational support for mathematics mainly because of problems with automatization. She
still has fine motor problems: poor handwriting, slower pace, and problems with routine daily

motor tasks.

Figure 4.3: Facial photograph of the proband. The proband, aged 10 years, showing a high forehead,
pointed chin, low-set ears, long and downslanting palpebral fissures.
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4.2.2 Investigations

Several instruments have been used to get insight into the probands neurocognitive and socio-
emotional developmental profile. Table 4.1 gives an overview of her results across the cognitive
domains and visual-motor integration. Her overall cognitive abilities (WISC-IV) were above
average, however significantly lower scores were seen for processing speed. Academic
assessment (W] III ACH) revealed above average scores for reading and spelling but a low average
score for math fluency. Visual Perceptual and Fine Motor Skill Assessment (Beery VMI-6)
indicated that she had significant difficulties with integrating visual perceptual and finger hand
movements. The diagnosis of developmental coordination disorder was made. In terms of social
and emotional adjustment, there were many areas of concern: multi-rater (parents and teacher)
results on the Behavior Assessment System for Children and the Adaptive Behavior Assessment
System revealed clinically significant ratings in hyperactivity and inattention, atypicality and
withdrawal [234,235]. She meets DSM-5 criteria for ADHD (predominantly inattentive
presentation). On the social level, she has difficulties with social interactions with peers while
social interactions with adults are adequate. Scores on the Social Responsiveness Scale-2 reveals
a T-score of 69 (90% interval score 64-73) which is within the clinical range for mild-moderate
problems with social responsiveness [236]. Because of some issues with sensory processing, the
Sensory Profile questionnaire was used [237]. The latter revealed very high scores for auditory
hypersensitivity (sensitivity to noise), visual hypersensitivity (very sensitive to light and to the
sun), high tactile sensitivity (tags on clothes), and problems with modulation of tone and activity.
Microarray analysis was part of the routine genetics workup at the age of 2 years towards the

etiology of multiple medical and behavioral problems as described.

Genomic DNA was isolated from peripheral blood samples of the patient and her parents and was
analysed on a 180k CytoSure Constitutional v3 array (Oxford Gene Technology). Data analysis
was performed using bench lab CNV (Agilent Technologies) and was based on hgl9. Array
comparative genomic hybridization analysis revealed a de novo heterozygous deletion in the
1524 locus. The deletion had a minimal size of 84 kb ([hg19]:chr15:75589027-75673311) and
a maximal size of 164 kb ([hg19]:chr15:75535348-75699660). The deletion contains at least four
protein-coding genes (COMMD4, NEIL1, MAN2C1, SIN3A) and is the smallest deletion within the

15924 microdeletion region reported so far (figure 4.4).
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Table 4.1: Overview of the results from neurocognitive and academic assessment.

Instrument Scaled score/standard score (CI) | Percentile rank | Classification
The Wechsler Intelligence Scale for Children 1V Indices (WISC-1V) [238]

General Ability Index 119 (113-124) 90 Above average
Verbal comprehension 120 (111-126) 91 Above average
Perceptual Reasoning 114 (104-121) 82 Above average
Working Memory 100 (90-108) 50 Average
Processing speed 83 (76-93) 13 Below average

Woodcock-Johnson III Tests of Achievement (W] 111 ACH) [239]

Broad reading 108 (104-112) 70 Above average
Broad math 97 (89-105) 42 Average
Broad written expression | 99 (92-105) 46 Average

Beery-Buktenica Developmental Test of Visual-Motor Integration 6 (Beery VMI-6) [240]

Total score 78 7 Below Average
Scale 200 kb} { hg19
chri5:  75,500,000] 75,600,000] 75,700,000] 75,800,000] 75,900,000) 76,000,000] 76,100,000]
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Figure 4.4: Overview of patients with 15q24 microdeletion encompassing SIN3A. The deletion in the
current patient has a minimal size of 84kb ([hg19]:chr15:75589027-75673311) and a maximal size of 164
kb ([hg19]:chr15: 75535348-75699660). The deletion affects at least four protein-coding genes (COMMD4,
NEIL1, MAN2C1 and SIN3A). This figure was visualized using the UCSC genome browser (hg19).
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4.2.3 Discussion

The 15924 microdeletion syndrome is caused by recurrent deletions of varying size in the 15q24
locus, a complex region of 5.6 Mb that harbours 5 low copy repeats (LCRs) referred to as A, B, C,
D and E. Witteveen et al. delineated the clinical phenotype that is associated with loss of function
mutations in SIN34 and found overlapping features with patients with deletions in the region
flanked by the segmental duplication blocks C and D [241]. Core features are ID and specific facial
dysmorphism characterised by a long face with pointed chin, a high and broad forehead,
downslanting palpebral fissures and a low nasal bridge. The deletion in the current patient
involving a breakpoint within SIN3A4 is the smallest deletion within the 15924 C-D region reported
so far (figure 4.4). She has specific dysmorphic features (figure 4.3), however unlike other
patients she has above average intelligence and medical problems including congenital
hypothyroidism, hypersensitivity, automatization problems and problems with sensory
processing that have not been specified in other patients so far. A comparison of the features in
patients with 15q24.2 deletions within the LCR C-D region and mutations involving SIN34 is
provided in table 4.2 [241-244]. No information was obtained after request on DECIPHER
patient 374603 (figure 4.4).

We illustrate with this case a rather favourable outcome of a child with several medical and
developmental problems in infancy related to a 15q24 microdeletion affecting SIN3A. We further
show that SIN3A haploinsufficiency is not always causing ID and may be accompanied by sensory
processing difficulties. These findings may allow for a more precise counseling and surveillance

of development in young children with deletions and mutations involving SIN3A.
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Table 4.2: Phenotypic features of patients with 15q24.2 deletions within the LCR C-D region and

a series of patients with point mutations involving SIN3A.

W5-13
current | W1 w2 w3 w4 M13 M14 L1 [241] and
patient | [241] [241] [241] [241] [242] [242] [243] N1 [244]
Genetic variant DEL DEL DEL DEL DEL DEL DEL DEL SNV
Position on chr15 | 75.59- | 75.60- 75.60- 75.60- 75.60- 75.53- 75.59- 75.60-
(Megabase) 75.67 76.10 76.10 76.02 75.95 75.80 76.09 76.02 SIN3A
Size 84 kb 500 kb 500 kb 420 kb 350 kb 270 kb 500 kb 420 kb /
4 de novo, 4
inherited, 2
Inheritance de novo | de novo de novo de novo de novo de novo de novo UNK UNK
Sex F F F F M UNK F F 6M, 4F
Birth weight P3 pP2.3 P25 P16 P50 NR NR P25 2/7 low
Neonatal
hypotonia + NR NR NR NR NR NR NR 1/7
Congenital
hypothyroidism | + NR NR NR NR NR NR NR NR
Short stature - + - - - - + NR 5/9
Microcephaly - + + - - + - NR 3/8
High/broad
forehead + + + + + NR + NR 7/8
2/8(1
depressed, 1
Nasal bridge low high NR low NR NR flat flat flat)
Downslanting
palpebral
fissures + + + - + NR + NR 6/8
Pointed chin + + + + + NR + NR 5/8
1/10 severe,
Intellectual 7/10 mild
disability - mild mild mild mild mild border NR 2/10 border
5/7 (ASD,
Psychiatric ADHD, possible DCD, ADHD,
disorders DCD ASD,CD |- - - 0CD ASD NR 0CD)
Hypersensitivity | + NR NR NR NR NR NR NR NR
Temper tantrums | + NR NR NR NR NR NR NR 2/2
Epilepsy - - + - - NR NR NR 2/9
4/4 (DC,
DC, DCC, | DC, DCC, DCC, WMA,
Brain anomalies - WMA WMA NR NR NR DCC, VD NR VD)
Cardiac
anomalies - - - - - - - TOF 0/10
Hypermobile
joints - + - + - + - NR 3/7
Digital
abnormalities - + + - - + + NR 4/7
1/7 (thin
hair, brittle
Ectodermal nails, teeth
abnormalities - - thin hair | thin hair |- NR NR NR anomalies)
Constipation - + NR NR + NR NR NR 1/1
Hearing
impairment - + - - - NR NR NR 3/10
Visual anomalies | - + - - - - - NR 2/7
Hypotonia + + - - - - - NR 3/7

+, present; —, absent; /, not applicable; ADHD, attention-deficit/hyperactivity disorder; ASD, autism spectrum disorders; border,
borderline intellectual functioning; CD, conversion disorder; DEL, deletion; DC, dysgenesis of cortex; DCC, dysgenesis of corpus
callosum; DCD, developmental coordination disorder; f, female; m, male; NR, not reported; OCD, obsessive compulsive disorder;
SNV, single nucleotide variant; TOF, tetralogy of Fallot; UNK, unknown; VD, ventricle dilatation; WMA, white matter abnormalities.
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4.3 Towards 3D facial analysis for recognizing Mendelian causes of ASD

4.3.1 Abstract

Recognizing Mendelian causes of ASD remains a cornerstone in molecular diagnostics and
counseling but is often complicated by the large variability of clinical features that may represent
the milder end of the spectrum of Mendelian ASD. In this work, we explore the potential of
objective facial phenotyping to improve the recognition of ASD patients with Mendelian causes.
3D facial images were collected from 152 ASD patients who came to consultation for a molecular
diagnostic workup. Univariate computational dysmorphism and asymmetry scores indexing
unusual 3D facial development were calculated based on the 3D facial shape of ASD patients and
were investigated in relation to the presence of a Mendelian cause. Univariate dysmorphism
ratings by experts were used to determine the possible added value of 3D facial shape analysis in
addition to the clinical opinion in recognizing Mendelian ASD. Computational dysmorphism
scores and asymmetry scores were significantly increased in ASD patients with Mendelian causes.
Computational scores improved the recognition of Mendelian ASD beyond using individual expert
ratings alone. We conclude that 3D facial analysis is a promising method for the objective

evaluation of facial shape that may assist clinicians in recognizing Mendelian causes of ASD.

4.3.2 Introduction

ASD is a NDD typically characterized by deficits in social interaction and communication, as well
as restricted and repetitive patterns of behavior, interests, or activities. With the advent of NGS,
many Mendelian causes for ASD have been identified where the main contributor to ASD risk is a
single genetic variant. As with other NDDs, Mendelian causes for ASD are often associated with
ID and complex morphological phenotypes [60,65,81,82]. However, Mendelian ASD also
comprises conditions with borderline intellectual functioning or normal cognition and subtle or
no dysmorphic facial features. However, this large variability in the number and severity of
clinical features in patients with Mendelian causes makes it difficult to distinguish them from ASD
patients with multifactorial causes using current methods. In clinical practice, recognizing
Mendelian ASD is of critical importance, as NGS is the standard of care in the molecular diagnostic
workup of suspected Mendelian ASD but not of multifactorial ASD. Therefore, there is a need for
better phenotyping strategies to improve the stratification of ASD patients according to

underlying genetic causes.

In NDDs, craniofacial dysmorphism is an important feature suggesting a Mendelian cause.
Craniofacial dysmorphism is defined as the presence of multiple minor anomalies, which are

morphological deviations with little to no functional or medical consequences that are rare
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(typically <2.5%) in the general population [84]. Several studies have previously reported an
increased prevalence of minor facial anomalies in ASD patients compared to controls [105]. Facial
asymmetry has consistently been found to be increased in ASD patients relative to controls
[102,104,245]. However, inconsistent results have been reported across studies for specific
anomalies that are more likely to occur in ASD [105], likely due to differences in inclusion criteria,
measurement methods, and the genetic heterogeneity of ASD. Currently, clinical assessment by a
dysmorphologist is the gold standard to assess minor facial anomalies and craniofacial
dysmorphism. However, these assessments are subjective and largely depend on training and
experience of the dysmorphologist. Furthermore, facial asymmetry is not routinely assessed in a

standard dysmorphological workup and its value in recognizing Mendelian ASD is unknown.

In this work, we explore the utility of objective facial phenotyping to improve the recognition of
ASD patients with Mendelian causes. We investigated the 3D facial shape of 152 ASD patients in
relation to the presence of ID on the one hand and to the presence of a Mendelian cause on the
other hand. We used the assessment of facial gestalts by experienced dysmorphologists to
determine the possible added value of 3D facial shape analysis in addition to the clinical opinion

in recognizing Mendelian ASD.

4.3.3 Materials and methods

Participants

Recruitment of participants is described in the supplementary methods. Demographic factors
(i.e., sex, age, self-reported ancestry) were registered for all participants in this study. Only
participants with self-reported European ancestry were included. Welch’s t-test (two-tailed) was
used to calculate whether there were differences between mean ages of the patient and control
groups, while Fisher's exact test (two-tailed) was used to measure differences in sex
(supplementary table 4.1). To minimize influences of environmental factors on facial
morphology, we excluded participants who were obese (body mass index > 30) or underweight

(body mass index < 18) and those who had orthognathic surgery in the past.

Genotyping and genetic analyses

Genetic testing was performed for all patients in this study by means of WGS except for patients
for whom a Mendelian cause was identified either by CMA analysis or by targeted sequencing of
NDD risk genes. “Mendelian causes” were defined as causes where the main contributor to ASD
risk is a single highly penetrant rare variant such as a pathogenic SNV, indel or CNV.
“Susceptibility variants” were defined as rare CNVs that are known to be associated with ASD, but

which are characterized by low penetrance. ASD patients in whom no Mendelian cause or
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susceptibility variant was found are further referred to as patients with an “unknown cause”. The
flow of genetic testing of patient samples is shown in supplementary figure 4.1. Identified
Mendelian causes and susceptibility variants per patient are provided in supplementary table

4.2,

Spatially dense facial quasi-landmarking

After 3D facial image acquisition (described in supplementary methods), in-house software was
used to manually edit the 3D facial images to remove hair, ears, and dissociated surface polygons.
Next, all images were manually annotated with five positioning landmarks to establish rough
facial orientation. Non-rigid dense surface registration of the images was then performed in
Matlab 2017b using the MeshMonk toolbox [246]. Essentially, this samples each facial surface at
7160 points, by fitting a predefined template face onto each image. The facial surface of each
participant is then represented by spatially-dense configuration of 3D points that correspond
anatomically across all participants (e.g., if point number x of the template is located on the tip of
the nose this point is placed on the tip of the nose for each participant), which allows the images

of multiple participants to be compared in multivariate statistical analysis.

Facial signatures

A facial signature, as first described by Hammond et al., consists of z-scores calculated for each
point on the face and is an objective description of how a participant differs from an age-, sex-
and ethnicity-matched reference population [115]. We used the publicly available 3D growth
curves of individuals of European ancestry to define the expected face and standard deviations
per point on the face in each direction (x: lateral-medial; y: inferior-superior; z: anterior-
posterior; and locally perpendicular: inward-outward), for each age and sex [247]. Each
participant was aligned to their age and sex appropriate expected face using a robust Procrustes
transformation and their displacement from the expected face in each direction at each point was
normalized according to the corresponding standard deviation. Inward and outward
displacements perpendicular to the surface were visualized in color maps by blue and red colors

respectively.

Facial metrics

1. Expert dysmorphism scores

To determine the presence of facial dysmorphism according to the clinical expert opinion, 10
experienced dysmorphologists from six genetic centers in Belgium, hereafter referred to as
“experts”, evaluated the facial gestalts of the ASD patients. All experts were aware that they were

scoring the facial gestalt of ASD patients only. Each evaluation was done based on three two-
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dimensional facial images (frontal, left, right view of the face) and one video of the 3D image (left-
right lateral rotation). Facial gestalts were scored as non-dysmorphic (score 0), uncertain (score
1) or dysmorphic (score 2). An average expert dysmorphism score was calculated for each patient
by taking the average score across all 10 experts and was considered to reflect clinically assessed
dysmorphism in each patient. Light's Kappa was used to estimate the inter-rater agreement and
was calculated in RStudio version 1.1.383 by taking the average of Cohen's Kappa across all rater
pairs. We interpreted the kappa coefficient as recommended by Landis and Koch: poor agreement
if < 0.00, slight agreement if 0.00-0.20, fair agreement if 0.21-0.40, moderate agreement if 0.41-
0.60, substantial agreement if 0.61-0.80 and almost perfect agreement if 0.81-1.00 [248].

2. Computational dysmorphism scores

Computational dysmorphism scores were calculated using the facial signatures by taking the sum
of the absolute value of z-scores at 7160 points across the face in x, y, and z directions.
Computational dysmorphism scores represent the overall magnitude of deviation from the
reference population and should therefore reflect the magnitude of facial dysmorphism in the

patient.

3. Computational asymmetry scores

Following image processing with MeshMonk each face was represented by 7160 quasi-
landmarks. The facial template used was constructed to include bilaterally paired and midline
quasi-landmarks [249]. To remove effects of overall size of each configuration on asymmetry, all
faces were isotropically scaled to unit size. Asymmetry was then calculated according to the
Klingenberg protocol [250]. First, a reflected copy of the entire configuration of quasi landmarks
was created by reversing the sign of the x coordinate of each landmark, reflecting the
configuration about the Y-Z coordinate plane. The indexes (position in the list of landmark
coordinates) of each bilateral pair of landmarks in the reflected copy were interchanged left to
right. This effectively relabels each point on the left of midline as the corresponding point on the
right and vice-versa. This reflected and relabeled copy was then aligned to the original
configuration via Procrustes superimposition. The residual distances between the two
configurations represent asymmetry; each point on the left of the midline on the original face is
compared to the corresponding point on the right of the original (left of the reflected relabeled
copy) and vice-versa. The root mean square of these distances was used as the computational

asymmetry score for each participant.
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Statistical analysis

Between-group comparisons

A family structure preserving permutation analysis was performed to test for significant
differences in distributions of average expert dysmorphism scores, computational dysmorphism
scores and computational asymmetry scores between ASD patients, unaffected siblings and
unselected controls, or between ASD subgroups. The family structure in our data needed to be
preserved to satisfy the assumption of exchangeability in permutation testing. For each
permutation, each family in the dataset was randomly assigned a binary label that indicated
whether the group labels of all members of the family would be flipped. The z-score
approximation of the Wilcoxon rank-sum statistic was used as the test statistic. This was re-
calculated for each permuted dataset to estimate the empirical null distribution. The one-tailed
p-value of the test was calculated as the proportion of the null distribution above the actual value
of the test statistic. The Benjamini-Hochberg procedure was used to control the false discovery
rate at 0.05 and to adjust p-values for multiple testing [251]. Area under the curve (AUC) of the
receiver operating characteristic (ROC) curve was used as a measure of the effect size of the
difference between two groups [252]. Spearman's Rho was used to measure the correlations
among average expert dysmorphism scores, computational dysmorphism scores and

computational asymmetry scores.

Logistic regression models

We fitted logistic binomial regression models to estimate the probabilities that an ASD patient
has a Mendelian cause (i.e., ability to discriminate patients with Mendelian causes from patients
with unknown causes) as a function of expert dysmorphism scores, computational dysmorphism
scores and/or computational asymmetry scores. Regression models were trained and tested
using stratified k-fold cross validation (k=3), ensuring the same proportion of Mendelian causes
in test and training sets. The cross-validated AUC for each model was calculated by computing the
standard ROC curve and AUC for each fold and by taking the average AUC across all three folds.
The average AUC value indexed the discriminative capacity of each regression model. AUC values
were interpreted as the following: no discrimination 0.40-0.60, some discrimination 0.61-0.70,

fair discrimination 0.71-0.80, good discrimination 0.81-0.90, excellent discrimination 0.91-1.
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4.3.4 Results

High average expert dysmorphism scores in ASD patients are associated with Mendelian causes,

susceptibility variants and ID

Facial dysmorphism in the group of 152 patients with ASD was assessed by 10 experts. In a total
of 1520 assessments, faces were considered 771 times as non-dysmorphic (51%), 308 times as
uncertain (20%) and 441 times as dysmorphic (29%) (figure 4.5A). The inter-rater coefficient of
agreement between experts, also known as kappa coefficient, was 0.26 for all ASD patients and
0.25 for ASD patients with Mendelian causes. This corresponds to a fair agreement between the
different experts. The proportion of ASD patients rated as non-dysmorphic, uncertain, or
dysmorphic varied strongly among the experts and ranged between 21% and 76% for non-
dysmorphic, between 6% and 36% for uncertain and between 9% and 51% for dysmorphic
(figure 4.5B). These results show that there are strong differences in the individual expert
opinion of facial dysmorphism. The average score across experts, referred to as the average
expert dysmorphism score, was considered to reflect clinically assessed dysmorphism in each
patient. Comparison of average expert dysmorphism scores of patients with Mendelian causes,
susceptibility variants and unknown causes revealed that patients with Mendelian causes had
significantly higher average expert dysmorphism scores than patients with unknown causes
(z=4.598, p<.001, AUC=.744) (figure 4.5C). Although less pronounced, also patients with
susceptibility variants had significantly higher average expert dysmorphism scores than patients
with unknown causes (z=2.294, p=.027, AUC=.690) (figure 4.5C). No significant difference was
observed between the average expert dysmorphism scores of patients with Mendelian causes and
patients with susceptibility variants (z=0.697, p=.309, AUC=.563) (figure 4.5C). A significant
increase in the average expert dysmorphism scores was observed for patients with ID as
compared to patients without ID (z=5.400, p<.001, AUC=.779) (figure 4.5D). These results
indicate that high average expert dysmorphism scores, as a reflection of clinically assessed
dysmorphism, were associated with Mendelian causes, susceptibility variants and ID in the ASD

cohort.

High computational dysmorphism and asymmetry scores in ASD patients are associated with

Mendelian causes

To allow for more objective facial phenotyping, we created computational scores based on 3D
images that measure facial dysmorphism and asymmetry. We first tested the computational
dysmorphism scores on patients with Noonan syndrome and 22q11.2 deletion and the
computational asymmetry scores on patients with oculo-auriculo-vertebral spectrum

(supplementary methods, supplementary figure 4.2A, 4.2B).
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Figure 4.5: Expert scoring of facial dysmorphism in ASD patients. (A-B) Proportions of patients rated
non-dysmorphic, uncertain or dysmorphic across all experts (A) and for each individual expert (B). (C-D)
Differences in average expert dysmorphism scores between ASD patients of different genetic subgroups
(C) or between ASD patients with and without ID (D). *p<.05; **p<.01; ***p<.001; n.s., not significant.

We then compared the distribution of computational dysmorphism and asymmetry scores for
ASD patients, unaffected siblings, and unselected controls (figure 4.6A, 4.6B). Both
computational dysmorphism and asymmetry scores were significantly elevated in ASD patients
as compared to unselected controls (z=4.930, p<.001, AUC=.631; z=4.641, p<.001, AUC=.623
respectively) (figure 4.6A, 4.6B) and to unaffected siblings (z=4.139, p<.001 AUC=.655; z=2.041,
p=.028, AUC=.576 respectively) (figure 4.6A, 4.6B). No significant difference was found between
computational dysmorphism or asymmetry scores of unaffected siblings and unselected controls
(z=0.428, p=.375, AUC=.514; z=1.700, p=.051, AUC=.554 respectively) (figure 4.6A, 4.6B).
Subsequent comparison of computational dysmorphism and asymmetry scores of ASD patients
with Mendelian causes, susceptibility variants and unknown causes revealed that patients with
Mendelian causes had significantly higher computational dysmorphism and asymmetry scores
than patients with unknown causes (z=2.542, p=.014, AUC=.636; z=3.802, p<.001, AUC=.703
respectively) (figure 4.6C, 4.6D). In addition, patients with susceptibility variants had

significantly elevated computational asymmetry scores, but not computational dysmorphism
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scores, as compared to patients with unknown causes (z=2.124, p=.028, AUC=.677; z=1.753,
p=.058, AUC=.646 respectively) (figure 4.6C, 4.6D). There was no significant difference in
computational dysmorphism or asymmetry scores between patients with Mendelian causes and
susceptibility variants (z=0.213, p=.431, AUC=.520; z=0.362, p=.375, AUC=.533 respectively)
(figure 4.6C, 4.6D). Patients with ID had significantly elevated computational dysmorphism
scores, but not computational asymmetry scores, as compared to patients without ID (z=2.228,
p=.029, AUC=.616; z=0.908, p=.241, AUC=.547 respectively) (figure 4.6E, 4.6F). In essence, both
high computational dysmorphism and asymmetry scores in ASD patients were associated with
Mendelian causes, while high computational dysmorphism and asymmetry scores were also

associated with ID and susceptibility variants respectively.

The potential of expert and computational scores to discriminate between Mendelian and

unknown causes in the ASD cohort

Since high average expert dysmorphism scores, computational dysmorphism scores and
computational asymmetry scores were associated with Mendelian causes of ASD, we explored the
potential of these scores to discriminate between patients with Mendelian causes and unknown
causes in the current cohort. Logistic regression models showed that the computational
dysmorphism score and the computational asymmetry score had some discriminative capacity to
distinguish between Mendelian causes and unknown causes (average AUC between 0.61-0.70),
while the average expert dysmorphism score had fair discriminative capacity (average AUC
between 0.71-0.80) (table 4.3). However, most individual expert dysmorphism scores only had
some discriminative capacity (average AUC between 0.61-0.70) (table 4.3). These results show
that individual expert dysmorphism scores often do not outperform the computational
dysmorphism score or computational asymmetry score in predicting Mendelian ASD in our study
cohort. Adding the computational dysmorphism and/or asymmetry score to the individual expert
dysmorphism scores improved the discriminative capacity of the individual experts (table 4.3).
In addition, there was an improvement in the discriminative capacity of the average expert
dysmorphism score when adding the asymmetry score (table 4.3). These results indicate that
computational scores can contribute to the prediction of Mendelian ASD and have added value

for this task over expert opinion alone.
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Figure 4.6: Computational scoring of facial dysmorphism and asymmetry in ASD patients. (A-F)
Differences in computational dysmorphism or asymmetry scores between ASD patients, unaffected siblings
of ASD patients and unselected controls (A-B), between ASD patients of different genetic subgroups (C-D),
or between ASD patients with and without ID (E-F). *p<.05; **p<.01; ***p<.001; n.s., not significant.
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Table 4.3: The capacity of expert and computational scores to discriminate between Mendelian

causes and unknown causes in the ASD cohort.

Average AUC (minimum AUC - maximum AUC)

Self With With With
computational computational computational
dysmorphism asymmetry score dysmorphism and
score asymmetry score

Average expert dysmorphism score 0.744 0.732 0.791 0.784

(0.713-0.798) (0.699-0.797) (0.788-0.796) (0.768-0.794)

Computational dysmorphism score 0.642 NA 0.695 NA

(0.570-0.714) (0.671-0.723)

Computational asymmetry score 0.7 0.695 NA NA

(0.674-0.735) (0.671-0.723)

Expert 1 dysmorphism score 0.626 0.685 0.741 0.737

(0.569-0.667) (0.649-0.743) (0.719-0.768) (0.721-0.746)

Expert 2 dysmorphism score 0.689 0.722 0.765 0.75

(0.625-0.734) (0.667-0.783) (0.740-0.781) (0.720-0.768)

Expert 3 dysmorphism score 0.669 0.701 0.759 0.755
(0.603-0.718) (0.611-0.763) (0.725-0.781) (0.716-0.779)
Expert 4 dysmorphism score 0.643 0.67 0.716 0.714
(0.592-0.742) (0.585-0.783) (0.663-0.748) (0.683-0.748)
Expert 5 dysmorphism score 0.689 0.723 0.773 0.768
(0.667-0.708) (0.697-0.759) (0.743-0.815) (0.741-0.783)
Expert 6 dysmorphism score 0.716 0.75 0.805 0.797
(0.685-0.769) (0.705-0.801) (0.732-0.893) (0.719-0.893)
Expert 7 dysmorphism score 0.586 0.637 0.697 0.7
(0.520-0.644) (0.585-0.739) (0.634-0.753) (0.674-0.714)
Expert 8 dysmorphism score 0.617 0.657 0.708 0.706
(0.505-0.748) (0.555-0.759) (0.662-0.741) (0.643-0.754)
Expert 9 dysmorphism score 0.647 0.702 0.777 0.768
(0.583-0.757) (0.645-0.806) (0.757-0.799) (0.746-0.799)
Expert 10 dysmorphism score 0.653 0.684 0.738 0.738

(0.609-0.714)

(0.611-0.763)

(0.730-0.751)

(0.725-0.754)
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Computational dysmorphism scores versus average expert dvsmorphism scores in ASD patients

with Mendelian causes

To examine how an objective assessment of facial dysmorphism compares to a clinical
assessment, we investigated the extent to which computational dysmorphism scores correlated
with average expert dysmorphism scores for the ASD patients in our cohort. A significant positive
correlation was found between computational and average expert dysmorphism scores
(Spearman’s p=0.45, p<.001) for the whole patient group (supplementary figure 4.3A). Next,
we determined the correlation between these scores in the subgroup of patients with Mendelian
causes. The Spearman correlation between the computational and average expert dysmorphism
scores for patients with Mendelian ASD was 0.45 (p=.003) (figure 4.7A). We then evaluated
discrepancies between these scores for each patient with a Mendelian cause. Individual patients
are numbered and represented by their computational and average expert dysmorphism scores
in figure 4.7B and by their facial signatures in figure 4.7C. Quadrants (Q1-Q4) in figure 4.7 are
defined by the median of signature scores of all ASD patients and by an average expert
dysmorphism score of “1”, indicating uncertainty among experts about the presence of facial
dysmorphism. In Q1, six patients (patients 1-6) had high computational dysmorphism scores,
while average expert dysmorphism scores were low. Visual inspection of the facial signatures of
these patients showed that the deviations from the reference population, as indicated by red and
blue colors (outward and inward displacement of points compared to the reference population
respectively), were shared in some facial regions across the patients (figure 4.7C). Shared
regions were the zygomatic arch and malar eminence (inward displacement in patient 1 and
outward displacement in patient 2) and buccal area (outward displacement in patient 2 and
inward displacement in patient 3). Concordant with this, clinical pictures showed a long narrow
face for patient 1 and 3 and a round face for patient 2. No minor facial anomalies were present in
any of these patients (patients 1-3). In Q4, five patients (patients 39-43) had low computational
dysmorphism scores, while average expert dysmorphism scores were high. Visual inspection of
the facial signatures of these five patients revealed deviations from the reference population
around the eyes in patients 39 and 40. However, no other shared facial regions with obvious
deviations from the reference population were apparent. Clinical pictures showed minor facial
anomalies in all five patients. Patient 39 had a small mouth, a short philtrum and hypertelorism;
patient 40 had hypertelorism and a unilateral epicanthic fold; patient 41 had anteverted nares;
patient 42 had deep set eyes and large ears; and patient 43 had a long and prominent philtrum, a

thin lower lip, anteverted nares, hypertelorism and unilateral epicanthic fold.
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Figure 4.7: Comparison of computational and average expert dysmorphism scores in ASD patients
with Mendelian causes. (A) Correlation between computational and average expert dysmorphism scores
in ASD patients with Mendelian causes. (B) Comparison of computational and average expert dysmorphism
scores in individual ASD patients with Mendelian causes. Individual patients are numbered and divided in
quadrants (Q1-Q4). These quadrants are defined by the median of signature scores of all ASD patients and
by an expert score of “1”, indicating uncertainty among experts about the presence of facial dysmorphism.
(C) Facial signatures of ASD patients with Mendelian causes. Signatures are represented as z-scores and
visualized as color heat maps. Inward and outward displacements perpendicular to the surface were
visualized by blue and red colors respectively. Numbers and quadrants refer to panel B.
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4.3.5 Discussion

Here, we studied the utility of 3D facial phenotyping to improve the recognition of ASD patients
with Mendelian causes. Evidence from clinical genetics suggests that Mendelian causes for ASD
often co-occur with dysmorphic facial features. We confirm this finding using both expert and
computational dysmorphism scores. Our findings also suggest, for the first time, that ASD patients

with Mendelian causes show elevated facial asymmetry relative to those with unknown causes.
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Currently, an assessment of facial dysmorphism by experts is the gold standard in clinical
genetics. We found only fair agreement between the dysmorphology assessments of 10 experts,
indicating substantial individual differences in expert assessments. Similarly, Lumaka et al.
previously reported a fair agreement between experts when scoring dysmorphism in African
children with ID [253]. Strong differences across experts were found in the proportion of ASD
patients rated as non-dysmorphic, uncertain and dysmorphic, indicating that experts may use
different operational definitions of craniofacial dysmorphism and/or different thresholds for
considering a face to be dysmorphic. These findings point to the subjectivity of individual expert
dysmorphology assessments and demonstrate the need for a more objective measure of facial

dysmorphism.

Objective facial phenotyping methods using 3D surface images have shown promise in the past
for analyzing individual facial dysmorphism [254-259]. To our knowledge, this is the first study
to measure facial dysmorphism using 3D facial images in a large cohort of patients with ASD. Our
findings suggest that ASD patients with Mendelian causes show elevated facial dysmorphism.
This is not surprising given that minor facial anomalies have been described for many of the
Mendelian disorders that were found in the patients in this study. Examples include minor facial
anomalies associated with ARIDZ [260], ADNP [66], FOXP1 [261], PHIP [262] and GATADZB [263].
Furthermore, we also found that facial dysmorphism in the ASD patients was associated with ID.
An obvious explanation is that ASD patients with ID have more complex morphological

phenotypes than ASD patients without ID.

Facial asymmetry has been reported to be increased in ASD patients relative to controls
[102,104,245]. We detected a significant increase in facial asymmetry in the ASD patients as
compared to controls. Previous studies suggested that inherited genetic factors might underlie
facial asymmetry in ASD patients since parents of ASD patients also showed increased facial
asymmetry [102,264]. Our findings suggest that patients with Mendelian causes show elevated
facial asymmetry. However, there is currently no literature evidence that facial asymmetry is
associated with Mendelian ASD since facial asymmetry is not routinely assessed during a
molecular genetic workup. Nevertheless, our findings contribute to the idea that facial asymmetry

in ASD patients is caused by genetic factors.

The computational dysmorphism score and average expert dysmorphism score (as a proxy for
clinically assessed dysmorphism) are moderately correlated in general but can give discrepant
assessments of individual patients. The discrepancies could be explained by the different relative

contribution of minor facial anomalies to the computational versus the expert dysmorphism
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score. Minor facial anomalies are often used as an operational definition of clinically assessed
dysmorphism and are therefore considered by experts to be of great importance in the
assessment of dysmorphism. These minor anomalies however affect only small parts of the face
and do not necessarily result in higher computational dysmorphism scores since they do not
affect many vertices in the facial signatures (figure 4.7B, 4.7C, patients 39-43). In contrast,
deviations in global shape affect many vertices in a facial signature and will therefore result in
high computational dysmorphism scores. In the absence of minor facial anomalies however, these
deviations are less meaningful to an expert and will therefore likely result in low expert
dysmorphism scores (figure 4.7B, 4.7C, patients 1-3). However, further studies are needed to
investigate which aspects of these discrepancies are interesting from a molecular diagnostic
perspective and how 3D facial analysis may be optimized accordingly. One approach could be to
give more weight to the vertices that are typically affected in signatures of patients with

Mendelian conditions.

We also investigated to what extent the two computational scores can complement the expert
opinion in discriminating between patients with Mendelian causes and patients with unknown
causes in our study cohort. We found that adding the computational dysmorphism score to expert
scores improved the discriminative capacity of the individual expert scores but not the average
expert score. These results show the added value of objective analysis of dysmorphism in the
form of improving individual expert assessments, allowing for a better recognition of patients
with Mendelian causes. At the same time, it shows that computational dysmorphism scores
require further optimizations. Adding the computational asymmetry scores to expert scores
improved the discriminative capacity of the individual expert scores and average expert score.
This suggest that an assessment of facial dysmorphism in ASD patients should not be limited to
the standard Elements of Morphology [84] but should include an assessment of facial asymmetry
as well. It is not known to what extend asymmetry contributes to the clinical impression or
assessment of dysmorphism. So far, there is also no standardized way to clinically assess facial
asymmetry, while methods to measure facial asymmetry from 3D data are well established. Also
in the current study, the expert opinion on facial asymmetry was not investigated. However, this
may to some extend be complementary to the assessment of facial dysmorphism in predicting

Mendelian conditions.

This study contains the largest collection of 3D images of patients with ASD published to date.
Moreover, it provides the first attempt to objectively study facial dysmorphism and facial
asymmetry in ASD patients in relation to underlying genetic causes. However, we also recognise

the limitations of the current study. The cohort of ASD patients was ascertained through an
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outpatient genetics department and thus includes patients for whom genetic counseling and a
diagnostic workup was requested. This resulted in a relatively high rate of Mendelian causes in
the current ASD cohort. Thus, with this study, we can only draw conclusions about the utility of
objective facial phenotyping for ASD patients with a stronger than usual suspicion of a Mendelian
cause. In addition, the average expert dysmorphism scores were used as a proxy for clinically
assessed facial dysmorphism in the current study. However, this evaluation is not as accurate as
the assessment of facial dysmorphism by means of a clinical examination. Furthermore, the
expert dysmorphism score was used to evaluate the possible contribution of objective facial
analysis to recognize Mendelian ASD. An important note is that in clinical practice many sources
of information are used besides the presence of facial dysmorphism to suspect a Mendelian
condition. Therefore, our study does not yet allow to draw conclusions on the actual point-of-care

use of 3D facial analysis.

Although Mendelian causes of ASD are rare, it is extremely important they are diagnosed in
individual patients because they allow for accurate counseling including discussion of risk
prediction and reproductive choices. Therefore, recognizing Mendelian causes remains a
cornerstone in molecular diagnostics and counseling for ASD. Among other clinical features,
craniofacial dysmorphism is an important factor suggesting a Mendelian cause of ASD. Based on
our results, we consider 3D facial analysis as a promising method for the objective evaluation of
dysmorphism in ASD patients. Ultimately, the clinical expert would benefit from such an analysis
by better recognizing dysmorphism. However, further optimizations are needed since the current
method may insufficiently differentiate between deviations that are strongly influenced by
environmental factors or other sources of phenotypic diversity versus deviations that are
strongly determined by genetic variants underlying Mendelian ASD. Future research should focus
on whether 3D facial analysis can uncover aspects that are difficult to recognize by the clinical
expert but may be important indications of Mendelian ASD. One such aspect may be facial
asymmetry. Our results are promising for the development of applications for clinicians who are

less experienced in dysmorphology both in clinical diagnostics and in training.
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4.3.6 Supplementary information

Supplementary methods

3D facial image acquisition

3D facial surface images were acquired using 3D digital stereophotogrammetry systems: the
3dMDtrio camera system (3dMD, Atlanta, GA, USA) or the Vectra H1 system (Canfield Scientific,
Fairfield, NJ, USA). 3D facial images were taken using standard facial image acquisition protocols.
Participants who did not maintain a neutral facial expression, participants with poor quality

images and participants with facial hair were excluded from the study.

Patient recruitment

After 3D image data curation described in “3D facial image acquisition”, the study sample
consisted of 152 ASD patients (124 families), 99 unaffected siblings (69 families), 531 unselected
controls (281 families), 49 patients with Noonan syndrome, 67 patients with 22q11.2 deletion
syndrome, and 15 patients with oculo-auriculo-vertebral spectrum. ASD patients and their
unaffected siblings were recruited through the outpatient department in the Center for Human
Genetics (University Hospitals of Leuven, Leuven, Belgium). The patients presented for a
molecular diagnostic workup for ASD. All ASD patients and unaffected siblings had been
examined by a clinical geneticist and none of the patients had a clinically recognizable genetic
syndrome (e.g., Fragile X syndrome, Tuberous Sclerosis). Patients were included if a multi-
disciplinary diagnosis of autism was established based on DSM-IV-TR or DSM-V criteria. The
latter was done in the Center for Developmental Disorders or in the Expert Center for Autism
(University Hospitals of Leuven, Leuven, Belgium). Undiagnosed ASD was ruled out in the
unaffected siblings either by behavioral history provided by the parents or by assessment using
the Dutch version of the Social Responsiveness Scale. The cohort of unselected controls was
recruited through various media channels at the Center for Human Genetics (University Hospitals
of Leuven, Leuven, Belgium) and at Technopolis (Flemish Center for Science Communication,
Mechelen, Belgium). Unselected controls were unrelated to the ASD patients. The patients with
Noonan syndrome, 22q11.2 deletion syndrome and oculo-auriculo-vertebral spectrum were
derived from established databases: (1) the FaceBase repository (www.facebase.org,
FB00000861); (2) the database of the Western Australian Health Department; and/or (3) Peter
Hammond'’s legacy 3D dysmorphology dataset hosted at KU Leuven, Belgium.

Testing of computational scores
To test the computational scores, we compared the distribution of the computational
dysmorphism scores between patients with Noonan syndrome or 22q11.2 deletion syndrome (as

positive controls) and unselected controls, and by comparing the distribution of the
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computational asymmetry scores between patients with oculo-auriculo-vertebral spectrum (as
positive controls) and unselected controls. We found that the computational dysmorphism scores
were significantly elevated in patients with Noonan syndrome (z=4.957, p<.001, AUC=.714) and
22911.2 deletion syndrome (z=5.593, p<.001, AUC=.710) as compared to unselected controls
(supplementary figure 4.2A). In contrast, no significant difference was found between
computational dysmorphism scores of patients with Noonan syndrome and 22q11.2 deletion
syndrome (z=0.134, p=.453, AUC=.508) (supplementary figure 4.2A). In addition, we found that
computational asymmetry scores were significantly elevated in patients with oculo-auriculo-
vertebral spectrum as compared to unselected controls (z=4.937, p<.001, AUC=.874)
(supplementary figure 4.2B).

Supplementary figures

ASD cohort
152 ASD patients

Microarray analysis
128 patients

N

Mendelian cause Targeted sequencing
11 patients 117 patients
N
Mendelian cause Whole genome sequencing
15 patients 126 patients
N
Mendelian cause Susceptibility variant
17 patients 14 patients
Unknown cause
95 patients

Supplementary figure 4.1: Overview genetic testing in ASD patients
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Supplementary tables

Supplementary table 4.1: cohort characteristics

Mean age * SD
Sample size n (years) Males n (%) ID n (%)
ASD 152 16.7+5.9 107 (70%) 44 (29%)
ASD with ID 44 159 £7.1 24 (55%) 44 (100%)
ASD without ID 108 17.0+5.4 83 (77%) 0 (0%)
ASD with Mendelian cause 43 14.8+6.9 27 (63%) 26 (60%)
ASD with susceptibility variant 14 16.8+7.8 7 (50%) 4 (29%)
ASD with unknown cause 95 17.5+5.0 73 (77%) 14 (15%)
uUs 99 169+7.6 35 (35%) NA
ucC 531 9.6 +3.6 243 (46%) NA
NS 49 11+64 30 (61%) NA
22q11.2 DS 67 9.3+44 40 (60%) NA
0AVS 15 13.8+8.3 8 (53%) NA

- Abbreviations: 22q11.2 DS, 22q11.2 deletion syndrome; ASD, autism spectrum disorder; ID, intellectual
disability; NA, not applicable; NS, Noonan syndrome; OAVS, oculo-auriculo-vertebral spectrum; SD, standard
deviation; UC, unselected controls; US, unaffected siblings.

- Age: ASD vs US (p=.874); ASD vs UC (p<.001); NS vs UC (p=.122); 22q11.2 DS vs UC (p=.677); OAVS vs UC
(p=.070); US vs UC (p<.001); NS vs 22q11.2 DS (p=.114); ASD with ID vs without ID (p=.338); ASD with Mendelian
cause vs susceptibility variant (p=.412); ASD with Mendelian cause vs unknown cause (p=.024); ASD with
susceptibility variant vs unknown cause (p=.730).

- Sex: ASD vs US (p<.001); ASD vs UC (p<.001); NS vs UC (p=.051); 22q11.2 DS vs UC (p=.037); OAVS vs UC
(p=.607); US vs UC (p=.061); NS vs 22q11.2 DS (p=1); ASD with ID vs without ID (p=.010); ASD with Mendelian
cause vs susceptibility variant (p=.532); ASD with Mendelian cause vs unknown cause (p=.102); ASD with
susceptibility variant vs unknown cause (p=.050).

Supplementary table 4.2: Overview genetic findings in ASD patients

ID | Genetic Genetic variant (Genomic | Mode of Variant type | Affected protein-coding gene(s)
finding position hg38) inheritance

1 Mendelian chr12:13564375- de novo Nonsense GRIN2B
cause 13564376 delCA

2 Mendelian chr7:107739450- de novo Duplication CBLL1;SLC26A3;DLD;LAMB1;LAMB4;NR
cause 116755368 duplication CAM;PNPLA8; THAP5;DNAJB9;IMMP2L;L

RRN3;DOCK4;,ZNF277;IFRD1;LSMEM1;T
MEM168;BMT2;GPR85;SMIM30;PPP1R3
A;FOXP2;MDFIC;TFEC; TES;CAV2,CAV1;

MET
3 Mendelian chr2:47832601 C>T de novo Missense FBX011
cause
4 Mendelian chr5:177167878- maternal Intragenic NSD1
cause 177208287 duplication
5 Mendelian chr19:1175899-1660700 de novo Deletion STK11;CBARP;ATP5F1D;MIDN;CIRBP;F
cause deletion AM174C;EFNA2;PWWP3A;NDUFS7;GAM

T;DAZAP1;RPS15;APC2;C190rf25;PCSK4
JREEP6;ADAMTSL5;PLK5;MEX3D;MBD3
;UQCR11;TCF3
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6 Mendelian chr22:50694813 C>T de novo Nonsense SHANK3
cause
7 Mendelian chr12:45850500 C>T de novo Nonsense ARID2
cause
8 Mendelian chr18:51078306 A>G de novo Missense SMAD4
cause
9 Mendelian chr1:61359275 G>C de novo Splice-site NFIA
cause
10 | Mendelian chr20:50893312 delCT de novo Frameshift ADNP
cause
11 | Mendelian chr14:21402057 T>G de novo Missense CHD8
cause
12 | Mendelian chr17:60062-1757071 de novo Deletion SCGB1C2;DOC2B;RPH3AL;C170rf97;RFL
cause deletion NB;VPS53; TLCD3A;GEMIN4;,GLOD4;MR
M3;NXN;TIMM22;ABR;BHLHA9; TRARG1
;YWHAE;CRK;MYO1C;INPP5K;PITPNA;S
LC43A2;SCARF1;RILP;PRPF8;TLCD2; WD
R81;SERPINF2
13 | Mendelian chr3:70977852 delTGTC de novo Frameshift FOXP1
cause
14 | Mendelian chr16:89283826 G>A unknown Nonsense ANKRD11
cause
15 | Mendelian chr1:10027033-12567954 | de novo Deletion UBE4B;KIF1B;PGD;CENPS;CORT;DFFA;P
cause deletion EX14;CASZ1;Clorf127;TARDBP;MASP2;
SRM;EXOSC10;MTOR;ANGPTL7;UBIAD1;
DISP3;FBX02;,FBX044;,FBX06;MAD2L2;
DRAXIN;AGTRAP;C1orf167;MTHFR;CLC
N6;NPPA;NPPB;KIAA2013;PLOD1;MFN2
;MIIP; TNFRSF8; TNFRSF1B;VPS13D:DHR
S3
16 | Mendelian chr15:66436825 C>T de novo Missense MAP2K1
cause
17 | Mendelian chr2:165344558 C>T de novo Nonsense SCN2A
cause
18 | Mendelian chr6:79077729 delC de novo Frameshift PHIP
cause
19 | Mendelian chr1:153812120 G>A de novo Nonsense GATAD2B
cause
20 | Mendelian chr16:67612017 G>A de novo Missense CTCF
cause
21 | Mendelian chr14:100277504 T>G de novo Nonsense YY1
cause
22 | Mendelian chr1:173757077 G>A de novo Missense KLHL20
cause
23 | Mendelian chr7:129283790- de novo Deletion AHCYL2;STRIP2;SMKR1;NRF1;UBE2H;Z

cause

132982039 deletion

C3HC1;KLHDC10; TMEM209;SSMEM1;CP
A2;CPA4;CPA5;CPA1;CEP41;MEST;COPG
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2;TSGA13;KLF14;MKLN1;PODXL;PLXNA
4;CHCHD3

24 | Mendelian chr20:487484 G>A de novo Nonsense CSNK2A1
cause
25 | Mendelian chr5:88820588-88837452 de novo Deletion MEF2C
cause deletion
26 | Mendelian chrX:21432638 delA de novo Frameshift CNKSR2
cause
27 | Mendelian chr11:68189990 delT de novo Frameshift KMT5B
cause
28 | Mendelian chr14:21403167 insC de novo Frameshift CHD8
cause
29 | Mendelian chrX:154337943- maternal Duplication FLNA;EMD;RPL10;DNASE1L1;TAFAZZIN
cause 154450235 ;ATP6AP1;GDI1;FAM50A
30 | Mendelian chr15:92851736- de novo Deletion CHD2
cause 92910792 deletion
31 | Mendelian chr14:21408311 C>T paternal Splice-site CHD8
cause
32 | Mendelian chr2:1943096 C>A de novo Nonsense MYTIL
cause
33 | Mendelian chr16:9849836 G>C de novo Missense GRIN2A
cause
34 | Mendelian chr2:182953211 delC maternal Frameshift NCKAP1
cause
35 | Mendelian chrX:154337943- maternal Duplication FLNA;EMD;RPL10;DNASE1L1;TAFAZZIN
cause 154450235 ;ATP6AP1;GDI1;FAM50A
36 | Mendelian chr7:105108997 delAGAC de novo Frameshift KMT2E
cause
37 | Mendelian chr3:196008500- de novo Duplication TFRC;ZDHHC19;SLC51A;PCYT1A;DYNLT
cause 197620100 duplication 2B;TM4SF19;UBXN7;RNF168;SMCO1;W
DR53;FBX045;NRROS;CEP19;PIGX;PAK2
;SENP5;NCBP2;PIGZ;MELTF;DLG1;BDH1
38 | Mendelian chr15:23223829- de novo Duplication GOLGA8S;GOLGA6L2;MKRN3; MAGEL2;N
cause 28402494 duplication DN;NPAP1;SNRPN;SNURF;UBE3A;ATP1
0A;GABRB3;GABRA5;GABRG3;0CA2;HE
RC2;GOLGASF
39 | Mendelian chr15:22460684- de novo Duplication GOLGAG6L22;NIPA1;NIPA2;CYFIP1;TUBG

cause

32223648 duplication

CP5;GOLGA6L1;GOLGA8S;GOLGA6L2; MK
RN3;MAGEL2;NDN;NPAP1;SNRPN;SNUR
F;UBE3A;ATP10A;GABRB3;GABRA5;GAB
RG3;0CA2;HERCZ2;GOLGA8F;GOLGA8G;G
OLGA8M;GOLGA6L7;,APBA2;FAM189A1;
NSMCE3;TJP1;,GOLGAS8J;GOLGAST;CHRF
AM7A;GOLGABR;GOLGA8Q;GOLGASH;AR
HGAP11B;FAN1;MTMR10; TRPM1;KLF1
3;0TUD7A;CHRNA7
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40 | Mendelian chrX:251088-50322053 de novo Isodicentric /
cause deletion; chrX:50327117- Chromosome
156005042 duplication X
41 | Mendelian chr1:151407264 delC unknown Frameshift POGZ
cause
42 | Mendelian chr11:105933765 G>C maternal Missense GRIA4
cause
43 | Mendelian chr9:127669957 A>G de novo Missense STXBP1
cause
/ Susceptibility chr16:29578137- paternal Duplication SPN;QPRT;C160rf54;2G16,KIF22; MAZ; P
variant 30187604 duplication RRT2;PAGR1;MVP;CDIPT;SEZ6L2;ASPH
D1;KCTD13;TMEM219; TAOK2;HIRIP3;1
NO8OE;DOC2A;C160rf92; TLCD3B;ALDO
A;PPP4C;TBX6;YPEL3;GDPD3;MAPK3;C
ORO1A
/ Susceptibility chr15:22602234- paternal Deletion NIPA1;NIPA2;CYFIP1; TUBGCP5
variant 23123157 deletion
/ Susceptibility chr22:18948382- de novo Duplication FAM246C;DGCR2;ESS2; TSSK2,GSC2;SLC
variant 21110341 duplication 25A1;CLTCL1;HIRA;MRPL40;C220rf39;U
FD1;UFD1;CDC45;CLDN5;SEPTIN5;SEPT
5;GP1BB;TBX1;GNB1L;RTL10;TXNRD2;C
OMT;ARVCF;TANGO2;DGCR8; TRMT2A;R
ANBP1;ZDHHC8;CCDC188;RTN4R;DGCR
6L;ZNF74;SCARF2;KLHL22;MED15;PI4K
A;SERPIND1;SNAP29;CRKL;AIFM3;LZTR
1,THAP7;P2RX6,SLC7A4;LRRC74B
/ Susceptibility chr9:87415877-90413818 de novo Deletion DAPK1,;CTSL;SPATA31E1;SPATA31C1;C
variant deletion DK20;SPATA31C2;SPIN1;NXNL2;S1PR3;
SHC3;CKS2;SECISBP2;SEMA4D;GADD45
G
/ Susceptibility chr15:22571875- paternal Deletion NIPA1;NIPA2;CYFIP1; TUBGCP5;,GOLGA6
variant 23224922 deletion L1
/ Susceptibility chr2:50226168-50435824 de novo Deletion NRXN1
variant deletion
/ Susceptibility chr15:22572476- maternal Deletion NIPA1;NIPA2;CYFIP1; TUBGCP5
variant 23123147 deletion
/ Susceptibility chr7:154280017- maternal Deletion DPP6
variant 154523882 deletion
/ Susceptibility chr15:30528147- de novo Deletion GOLGA8Q;GOLGA8H;ARHGAP11B;FAN1;
variant 32224181 deletion MTMR10;TRPM1;KLF13;0TUD7A;CHRN
A7
/ Susceptibility chr15:22598734- paternal; Deletion; NIPA1;NIPA2;CYFIP1;TUBGCP5 +
variant 23122386 deletion; paternal Duplication CASTOR2;RCC1L;GTF2IRD2B;SPDYE14;S
chr7:74990016-76034395 PDYE13;SPDYE15;TRIM73;POM121C;SP
duplication DYE5;HIP1;CCL26;CCL24;RHBDD2;POR;
TMEM120A;STYXL1
/ Susceptibility chr15:22571875- paternal Deletion NIPA1;NIPA2;CYFIP1; TUBGCP5;,GOLGA6

variant

23224922 deletion

L1
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Susceptibility chr14:79000439- maternal Deletion NRXN3

variant 79639594 deletion

Susceptibility chr14:79000439- maternal Deletion NRXN3

variant 79639594 deletion

Susceptibility chr15:22707170- paternal Deletion NIPA1;NIPA2;CYFIP1; TUBGCP5
variant 23119409 deletion
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CHAPTER 5
GENERAL DISCUSSION






5 General discussion

5.1 Contributing to knowledge on genotype-phenotype correlations in ASD

Since the advent of NGS technologies, there has been a strong increase in Mendelian gene
discovery for NDDs. One strategy to identify novel Mendelian causes involves large-scale
international sequencing projects and subsequent rare variant association studies [265]. By
providing 1894 DNA samples of ASD patients, we contributed to an international large-scale
sequencing effort by the ASID consortium where targeted sequencing of 270 NDD candidate
genes was performed in over ten thousand patients with NDDs. Matching genotypes of patients
from Leuven with other patients in the consortium allowed to gain knowledge on genotype-
phenotype correlations for several NDD risk genes including NCKAP1, SPEN and TCF12. A more
traditional strategy to detect novel Mendelian causes are family-based studies [265]. They are
often combined with data-sharing approaches to find sufficient patients with the same Mendelian
cause [265]. In the current thesis, family-based WGS was performed in 305 ASD patients through
either an international large-scale sequencing initiative known as CCDG or through in-house
sequencing. Rare variants in potential candidate genes that were identified through analyses of
in-house sequencing data were put in matchmaking platforms to find additional patients with
variants in these genes. This allowed us to build a cohort of patients with de novo variants in
KLHL20 who share a similar NDD that is mainly characterized by ID, epilepsy and ASD. The
KLHLZ20 variant in the patient from Leuven would not have been found through clinical diagnostic
laboratories since they typically focus on analyzing variants in known disease-related genes. This
demonstrates the importance of further assessing genetic data in a research context. Extensive
collaborations between clinical laboratories and research laboratories are needed to extract all
useful information from genetic data, which will ultimately lead to improved molecular
diagnostics. Altogether, these findings show that large-scale sequencing, family-based
approaches, and data sharing are key strategies in the identification of novel Mendelian causes of
ASD. It is expected that thousands of Mendelian disorders remain to be discovered [266]. With
the increasing use of WES and WGS in the genetic workup of ASD/NDD, translational research
will be needed to ensure that variants in yet unknown ASD/NDD risk genes are identified and

that Mendelian gene discovery for NDDs continues to advance.

5.2 Bridging the gap between novel insights about the genetics of ASD and

molecular diagnostics in clinical practice

The results of this PhD thesis provided further insight in the genetics of ASD and how this
information can be used in clinical practice. Most clinically significant variants identified through

analyses of sequencing data occurred de novo and were easy to interpret in a context of a sporadic
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presentation of ASD and other clinical features in the patients. However, an important
observation in this work is that clinically significant variants can also be inherited from parents
with mild neurodevelopmental phenotypes. These findings are consistent with the idea that
highly penetrant rare variants associated with Mendelian causes of ASD can result in a wide
spectrum of neurodevelopmental problems but are often not sufficient to result in ASD in the
absence of other risk variants [125]. In line with this, we observed both during the analyses of
targeted sequencing data and WGS data that some patients with Mendelian causes present with
milder cognitive phenotypes than previously described in literature. Similarly, we described a
patient with a microdeletion involving SIN34 who had, in contrast to literature cases, an above
average cognitive ability. In addition, patients with the recurrent KLHL20 variant showed varying
degrees of ID ranging from mild ID to profound ID. The most obvious explanation for this
variability in cognitive functioning associated with Mendelian causes of ASD is that intelligence is
a highly polygenic trait [206] and that other variants in the genetic background likely modulate
the phenotypic effects of rare variants associated with Mendelian causes of ASD. In addition,
unknown environmental factors may also contribute to the variable expressivity of Mendelian
causes of ASD. It is important that clinical laboratories take the possibility of clinically significant
inherited variants into account during genetic data analysis and interpretation so that these
variants are not overlooked. We found that collecting extensive clinical information of patients
and parents, and/or performing a multigenerational segregation analysis is a valuable approach
for the interpretation of inherited variants. Clinical geneticists should also become more aware
that mild neurodevelopmental phenotypes can be associated with Mendelian causes of ASD.
Nevertheless, we found that the presence of ID in ASD patients often indicates an underlying
Mendelian cause, which is common knowledge in molecular diagnostics for neuropsychiatric

disorders.

In the past, Mendelian causes for ASD have predominantly been found in simplex families (i.e.
families with only one affected individual) [37,78]. Most clinically significant variants in our
patients were also detected in simplex families, while they were rarely found in multiplex
families. This is not surprising given that most clinically significant variants occurred de novo and
thus fitted with the sporadic presentation in simplex families. In multiplex families where a
clinically significant variant was found, we observed that the variants did not segregate with ASD,
indicating that other genetic variants and/or unknown environmental factors play an important
role in the etiology of ASD in multiplex families. We found that clinically significant variants in
multiplex families could potentially explain the more severe neurodevelopmental phenotype in

affected children who are carrier as compared to their affected siblings who are not carrier. This
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is consistent with the idea that multiple hits in ASD/NDD risk genes lead to more severe

neurodevelopmental phenotypes [125,143].

Evidence from clinical genetics suggests that Mendelian causes for ASD/NDD often co-occur with
dysmorphic facial features. Our study on facial dysmorphism in ASD patients also revealed that
facial dysmorphism, either assessed by experienced dysmorphologists or through computational
methods, was significantly increased in patients with Mendelian causes of ASD as compared to
patients with unknown causes. Furthermore, we illustrated with a case report that a small SIN3A
microdeletion resulted in facial features that are typically associated with haploinsufficiency of
SIN3A (i.e. long face, high forehead, pointed chin, low-set ears, long and downslanting palpebral
fissures) [241]. However, the patient in this case report did have an above average cognitive
ability while most patients described in literature have ID [241]. These results demonstrate that
facial dysmorphism is an important indicator for underlying Mendelian causes in ASD patients,

even in patients with mild neurodevelopmental problems.

Altogether, the findings in this PhD thesis show that ID, sporadic ASD and dysmorphic facial
features are strong indicators for Mendelian causes in ASD patients. Further studies are necessary
to determine whether other patient or family characteristics can be used as predictors for
underlying Mendelian causes ASD. Neuroimaging studies could potentially reveal additional
predictors as patients with Mendelian causes of ASD often have structural brain abnormalities
[267]. Better prediction will make sure that patients with Mendelian causes are referred for

further genetic testing, which provides opportunities to improve care for these patients.

5.3 Studying objective facial phenotyping as a tool to better recognize

Mendelian causes of ASD

Assessments of facial gestalt by clinicians is part of the comprehensive evaluation of the ASD
patient prior to genetic testing since it may provide a first clue to an underlying Mendelian cause.
However, these assessments tend to be subjective and largely depend on training and experience
of the clinicians [268]. In line with this, our study on the assessment of facial dysmorphism in ASD
patients demonstrated that there are strong individual differences in dysmorphology
assessments between experienced dysmorphologists. We found that these differences are likely
the result of the use of different operational definitions of facial dysmorphism and/or the use of
different thresholds for considering a face to be dysmorphic. These results showed the necessity

to perform more objective facial phenotyping.
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We performed objective facial phenotyping in ASD patients since ultimately it might improve the
assessment of clinicians and therefore allow for a better recognition of patients with Mendelian
causes of ASD. For this purpose, we collected 3D images of 152 ASD patients for which thorough
genetic analyses were performed. These 3D images were subjected to morphometric analyses to
calculate computational dysmorphism and asymmetry scores in individual patients. The results
suggested that the computational dysmorphism scores at least partially detect the same facial
anomalies as experienced clinicians. However, additional studies are necessary to see how the
computational dysmorphism scores can be improved since they did not detect some minor facial
anomalies and were strongly influenced by deviations in global facial shape. One strategy would
be to give more weight to facial regions that are most often affected in patients with Mendelian
disorders. A second strategy would be to incorporate a dysmorphic feature recognition tool, such
as Cliniface [269], in the computational dysmorphism score. A third strategy would be to have the
computational dysmorphism score learn from the average expert dysmorphism score. A fourth
strategy would be to incorporate familial information in the computational dysmorphism scores
so that familial facial traits can be taken into account in the objective analysis of facial
dysmorphism. Nevertheless, we found that the current computational dysmorphism scores were
already able to improve the assessments of individual clinicians in discriminating between ASD
patients with Mendelian causes and unknown causes. Furthermore, we observed that
computational asymmetry scores were also able to improve assessments of individual clinicians.
Although facial asymmetry is not routinely assessed in a standard dysmorphological work-up,
our results show that it could potentially help in recognizing Mendelian causes of ASD. Further
studies are however necessary to confirm that facial asymmetry can be used as a predictor for
Mendelian causes of ASD. Taken together, the results in this PhD thesis show that objective facial
phenotyping is a valuable tool to complement the assessment of facial gestalt by clinicians for the

recognition of ASD patients with Mendelian causes.

Predicting a specific Mendelian cause in an ASD patient is very difficult because the phenotypes
of many NDDs overlap significantly. A recent evolution is that objective facial phenotyping tools
are increasingly being used to predict which Mendelian causes are present in patients with
Mendelian disorders [270-274]. Such tools typically measure facial similarity with known genetic
syndromes. For example, the DeepGestalt facial phenotyping tool, which powers Face2Gene,
quantifies similarities to hundreds of syndromes based on two-dimensional images [273].
Another example is the GestaltMatcher facial phenotyping tool, which uses two-dimensional
images of syndromic patients to build a clinical face phenotyping space, in which distances
between patients define syndromic similarity [274]. Current tools are mainly focused on the

analysis of two-dimensional images and thus cannot be used on the 3D images of the ASD patients.
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Nevertheless, the study of the dysmorphology of ASD patients in the context of known syndromes
should certainly be explored. It bears further investigation whether similarity of the facial gestalt
of ASD patients to known syndromes can help to better distinguish ASD patients with Mendelian
causes from multifactorial causes. Combining the latter with our work on computational
dysmorphism and asymmetry scores could potentially further improve the recognition of ASD
patients with Mendelian causes. Furthermore, these phenotyping tools could potentially aid
clinical genetic laboratories by facilitating analysis and interpretation of genetic data [273,274].
For example, they could help with the interpretation of the SIN34 microdeletion described in the
case report of this thesis since the patient showed typical facial features associated with
haploinsufficiency of SIN3A [241]. They could help with the interpretation of the genetic data of
the ASD patients with Mendelian causes because some showed a facial gestalt that is typically
associated with their underlying Mendelian cause. These tools could also help research
laboratories with the identification of novel Mendelian disorders by matching patients from
unrelated families with a yet unknown Mendelian disorder based on facial gestalt [274]. For
example, they could reveal an unknown Mendelian cause in an ASD patient in our cohort by
matching the facial gestalt of the ASD patient with the facial gestalts of other unrelated patients
with the same unknown Mendelian cause. It is important to mention that not all Mendelian causes
of ASD are associated with a typical facial gestalt or even dysmorphic features. For example, most
patients with KLHL20 variants did not present with a consistent facial phenotype. Nevertheless,

objective facial phenotyping is expected to become a cornerstone in clinical genetics.

5.4 Molecular diagnostics for ASD: lessons learned

From this work we have also drawn some lessons that should be considered for future molecular
diagnostics for patients with ASD. The first lesson is that “autism-specific” genes probably do not
exist [43]. Recent studies have attempted to find such genes [52,118,275], but no gene has
currently been identified that, when mutated, only confers risk to ASD, and not to other NDDs
[43]. Therefore, if genetic testing for ASD is considered, all genes associated with NDDs should be
tested. In line with this, we found that the clinically significant variants identified in our studies
were in genes associated with a wide variety of neurodevelopmental problems. In addition, we
found that ASD patients with Mendelian causes rarely had clinically significant variants in the
same gene. We therefore argue against the use of any “ASD-specific” genetic test in molecular
diagnostics of ASD. WES and WGS should currently be considered the gold standard for genetic
testing in patients with ASD since they allow to detect different types of variants affecting any
exonic region in the genome. The second lesson is that most individuals with ASD and their
families do not benefit from genetic testing. We believe that genetic testing should currently only

be considered in patients with ASD who are suspected to have a Mendelian cause since accurate
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genetic counseling can only be given to those patients. We propose the classical clinical genetic
approach to decide if a genetic workup is indicated or a referral to a genetics center is needed.
The family history and clinical examination are cornerstones of this approach. It may reveal
important indications of an underlying Mendelian cause such as (subtle) facial dysmorphism, an
outlier phenotype as compared to the parents, or a severe or rather rare phenotype associated
with ASD (e.g., ID, epilepsy, developmental regression, early psychosis, ...). The third lesson is that
reanalysis of genetic data will be an important part of future molecular diagnostics for ASD. The
WGS analyses revealed that many clinically significant variants were in genes that had been
associated with NDDs in the past years. With the increased use of WES and WGS in molecular
diagnostics, it will become possible to re-analyze data at later time-points, allowing for the
interpretation of variants in genes that were not associated with NDDs during the initial genetic

analyses.

5.5 The role of common variants in future molecular diagnostics

The research in this thesis is mainly focused on better understanding the role of rare variants in
the etiology ASD. This is because rare variants have a very large effect on individual ASD risk and
are therefore useful in genetic counseling for ASD. However, rare variants only explain a small
part of the heritability of ASD. It is expected that most of the heritability of ASD resides in common
genetic variation [20]. Common variants are currently not used in molecular diagnostics in
patients with ASD because they each only have a very small effect on individual ASD risk. In
addition, few common variants have been robustly associated with ASD through GWAS [21]. This
is probably due to a lack of statistical power as a result of small sample sizes and poor study
designs [23]. Nevertheless, it is important that future studies keep searching for genomic loci
harboring common risk variants since this may reveal novel genes or pathways associated with

ASD, which will ultimately improve our understanding of the etiology and pathophysiology.

Common risk variants associated with ASD may also be combined into a polygenic risk score
(PRS), which are increasingly being used in risk stratification for complex disorders. PRS is a
weighted sum of the number of risk variants that an individual carries for a specific condition and
provides an estimate of the genetic risk of an individual to that condition [276,277]. Although
these scores are not informative for ASD due to lack of common variants identified through GWAS,
it is possible that they will be used in ASD risk counseling in the future. There are several ways
how PRSs can be applied. First, PRSs could be used to identify children at high genetic risk for
ASD (i.e., risk stratification). This subgroup of high-risk individuals may then be enrolled in
screening programs, potentially allowing for earlier intervention and better prognosis [278].

However, whether large-scale genetic testing and calculation of ASD risk scores in young children
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should be undertaken is up for debate. Second, PRS might also be used to inform on the
penetrance and clinical outcome associated with rare variants with large effect sizes [276,278].
For example, high PRS for breast cancer in women with BRCA1 variants is associated with an
earlier age of breast cancer diagnosis [279]. Similarly, high PRS for ASD could potentially better
predict the clinical outcome associated with Mendelian causes of ASD. Third, PRSs may contribute
to better choice of treatment [276,278]. For example, they might help to decide between
pharmacological and non-pharmacological interventions in individuals with psychiatric
disorders [276]. However, it remains to be seen how PRS for ASD might influence treatment

choice since treatment of ASD is currently mainly focused on non-pharmacological interventions.

Although potentially many more individuals at high risk for ASD will be found by using PRS
compared to rare variant analyses, genetic counseling for high PRS will probably be limited. PRSs
are not able to accurately predict a diagnosis of ASD or NDDs since they do not capture all genetic
variation (e.g. rare variants, SVs), do not consider nongenetic risk factors, usually assume an
additive genetic architecture, and do not take epistasis into account [277]. Highly penetrant rare
variants give rise to neurodevelopmental problems in most individuals. PRSs are also not
informative for family planning since it is impossible to predict which of the common risk variants
will be present in the offspring [277]. In contrast, for a rare variant associated with a Mendelian
cause for patients with ASD, a more precise probability about the recurrence risk of the variant
in the offspring can be given. Nevertheless, PRSs may find their way into molecular diagnostics
for ASD since they could be used for risk stratification, refining penetrance or clinical outcome of
rare risk variants, and improving treatment options. The first hurdle is however to detect
common risk variants associated with ASD. Until this hurdle is not overcome, molecular
diagnostics for patients with ASD will continue to focus on the identification of rare risk variants.
It is important to mention that environmental factors may also contribute to the etiology of ASD,

but little is currently known about these factors.

5.6 Future directions

The advent of NGS has enabled the rapid identification of rare genetic variants across the genome.
The challenge for molecular diagnostics has now become the interpretation of these variants and
to which extent they contribute to ASD risk. High-throughputin vitro and in vivo functional assays
and multi-omics approaches will allow to investigate the functional impact of rare variants at
unprecedently rapid manner and at different levels (e.g., RNA, protein, epigenome). At the same
time, large-scale phenotyping studies will be needed to get a better insight into the phenotypic

effects of rare variants. Finally, databases that integrate different types of individual data will
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show how these data are correlated to each other, which may be needed to overcome this next

challenge.
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SCIENTIFIC SUMMARY

Despite considerable progress in the genetics of autism spectrum disorder (ASD) in the past
decade, molecular diagnostics for patients with ASD remains a great challenge due to the complex
genetic architecture of ASD. In clinical genetics, an etiological distinction is usually made between
ASD patients with Mendelian causes (i.e., driven by a highly penetrant rare variant) and patients
with multifactorial causes (i.e., driven by many genetic variants and environmental factors).
Although Mendelian causes for ASD are rare, they are extremely important to diagnose in
individual patients, as accurate genetic counseling is only possible for these causes. Therefore,
the identification of highly penetrant rare variants contributing to Mendelian causes and the
recognition of clinical features associated with Mendelian causes have become cornerstones in
molecular diagnostics for patients with ASD. The work in this thesis is focused on improving
molecular diagnostics for patients with ASD by contributing to knowledge on genotype-
phenotype correlations in ASD, by bridging the gap between novel insights about the genetics of
ASD and molecular diagnostics in clinical practice and by studying objective facial phenotyping

as a tool to better recognize Mendelian causes of ASD.

With the decreasing costs of next generation sequencing (NGS), large-scale sequencing and
subsequent rare variant association analyses are increasingly done to find novel risk genes for
ASD and other neurodevelopmental disorders (NDDs). We participated in an international large-
scale sequencing effort where targeted sequencing of 270 NDD candidate genes in over ten
thousand patients with NDDs, including 1894 ASD patients from Leuven, was performed. Our
participation contributed to the rare variant association analyses, which provided evidence for
the association of 148 genes to NDDs. Furthermore, the evaluation of the clinical significance of
rare variants in candidate genes in individual patients from Leuven contributed to knowledge on
genotype-phenotype correlations for NCKAP1, SPEN and TCF12. We also participated in a large-
scale sequencing initiative where whole exome sequencing or whole genome sequencing (WGS)
was performed for twenty-five thousand patients with ASD including family-based WGS for 242
ASD patients from Leuven. At the same time, NGS is also increasingly being used in the genetic
workup in patients with ASD. To that end, in-house family-based WGS in 63 ASD patients from
Leuven was done. Analyses of WGS data revealed several clinically significant variants in known
NDD risk genes that were previously missed by chromosomal microarrays or gene panels.
Furthermore, the WGS analyses revealed clinically significant variants outside known NDD risk
genes, one of which allowed for the delineation of a novel NDD. This novel genetic disorder is
caused by de novo missense variants in KLHL20 and is mainly characterized by mild to severe
intellectual disability (ID), febrile seizures or epilepsy, ASD and hyperactivity. The genetic

findings also provided useful insight in the rare variants and the clinical features that are
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associated with Mendelian causes of ASD. The results in this thesis showed that these rare
variants mainly occur de novo and are typically found in ASD patients with ID and sporadic ASD.
However, we also illustrated that these variants can be inherited from parents with mild
neurodevelopmental phenotypes, frequently occur in patients with low-to-average cognitive

abilities and in rare cases can even be found in families with multiple individuals with ASD.

A close developmental relationship between the brain and face is evident from the co-occurrence
of neurodevelopmental problems, structural brain anomalies and dysmorphic facial features in
patients with NDDs. During a side project in this thesis, we investigated to which extent this
relationship extends to common human genetic variation by comparing genome-wide association
study data of human brain and face shape. This comparison revealed 76 overlapping loci
including transcription factors involved in craniofacial development, as well as members of
signaling pathways implicated in brain-face cross-talk. Evidence from clinical genetics suggests
that the presence of dysmorphic facial features is a strong indicator for an underlying Mendelian
cause in patients with ASD. We illustrate with a case study the importance of a facial
dysmorphology assessment and deep phenotyping in children with a NDD, even in the absence of
ID. The opinion of dysmorphologists is currently considered the gold standard to assess facial
dysmorphism, but this opinion is often subject to examiner bias and is highly dependent on
training and clinical experience. Therefore, we collected three-dimensional (3D) facial images of
152 patients with ASD to perform an objective analysis of facial dysmorphism. Univariate
computational dysmorphism and asymmetry scores indexing unusual 3D facial development
were calculated based on the 3D facial shape of ASD patients and were investigated in relation to
the presence of a Mendelian cause. We found that both the computational dysmorphism scores
and asymmetry scores were significantly increased in patients with Mendelian causes as
compared to patient with unknown causes. Furthermore, we showed that these computational
scores improved the assessment of facial dysmorphism by individual experts and thereby

allowed for better recognition of Mendelian causes of ASD.
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WETENSCHAPPELIJKE SAMENVATTING

Ondanks aanzienlijke vooruitgang in de genetica van autismespectrumstoornissen (ASS) in het
afgelopen decennium, blijft moleculaire diagnostiek voor patiénten met ASS een grote uitdaging
vanwege de complexe genetische architectuur van ASS. In de klinische genetica wordt meestal
een etiologisch onderscheid gemaakt tussen ASS patiénten met Mendeliaanse oorzaken (d.w.z.
gedreven door een zeer penetrante zeldzame variant) en patiénten met multifactoriéle oorzaken
(d.w.z. gedreven door vele genetische varianten en omgevingsfactoren). Hoewel Mendeliaanse
oorzaken voor ASS zeldzaam zijn, zijn ze uiterst belangrijk om bij individuele patiénten te
diagnosticeren, omdat alleen voor deze oorzaken een goede genetische counseling mogelijk is. De
identificatie van zeer penetrante zeldzame varianten die bijdragen aan Mendeliaanse oorzaken
en de herkenning van klinische kenmerken geassocieerd met Mendeliaanse oorzaken zijn daarom
hoekstenen geworden van de moleculaire diagnostiek voor patiénten met ASS. Het werk in dit
proefschrift is gericht op het verbeteren van de moleculaire diagnostiek voor patiénten met ASS
door bij te dragen aan de kennis over genotype-fenotype correlaties in ASS, door het overbruggen
van de kloof tussen nieuwe inzichten over de genetica van ASS en de moleculaire diagnostiek in
de Kklinische praktijk en door het bestuderen van objectieve gelaatsfenotypering als een

hulpmiddel om Mendeliaanse oorzaken van ASS beter te herkennen.

Dankzij de dalende kosten van next generation sequencing (NGS) worden grootschalige
sequencingprojecten en zeldzame variant associatie analyses steeds meer uitgevoerd om nieuwe
risicogenen voor ASS en andere ontwikkelingsstoornissen (0Ss) te vinden. Wij namen deel aan
een grootschalig internationaal project waarbij gerichte sequenering van 270 kandidaatgenen
voor OSs in meer dan tienduizend patiénten met OSs, waaronder 1894 ASS patiénten uit Leuven,
werd uitgevoerd. Onze deelname droeg bij tot de zeldzame variant associatie analyses, die bewijs
leverden voor de associatie van 148 genen met OSs. Bovendien droeg het bestuderen van de
Klinische betekenis van deze zeldzame varianten in individuele patiénten uit Leuven bij tot kennis
over genotype-fenotype correlaties voor NCKAP1, SPEN en TCF12. We hebben daarnaast ook
deelgenomen aan een grootschalig project waarbij whole exome sequencing of whole genome
sequencing (WGS) werd uitgevoerd voor vijfentwintigduizend patiénten met ASS, inclusief
familie-gebaseerde WGS voor 242 Leuvense ASS patiénten. Tegelijkertijd wordt NGS ook steeds
meer gebruikt in de genetische diagnostiek voor patiénten met ASS. Om die reden werd in-house
familie-gebaseerde WGS uitgevoerd bij 63 ASS patiénten uit Leuven. Analyses van de WGS data
brachten verschillende klinisch significante varianten in gekende risicogenen voor OSs aan het
licht die voorheen gemist werden door chromosomale microarrays of genpanels. Bovendien
brachten de WGS analyses Kklinisch significante varianten aan het licht buiten de gekende

risicogenen voor OSs, waarvan er één toeliet om een nieuwe OS te beschreven. Deze nieuwe
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genetische aandoening wordt veroorzaakt door de novo missense varianten in KLHL20 en wordt
voornamelijk gekenmerkt door milde tot ernstige verstandelijke beperking, koortsstuipen of
epilepsie, ASS en hyperactiviteit. De genetische bevindingen verschaften ook inzicht in de
zeldzame varianten en de klinische kenmerken die geassocieerd zijn met Mendeliaanse oorzaken
van ASS. De resultaten in dit proefschrift toonden aan dat deze varianten voornamelijk de novo
ontstaan en typisch worden gevonden bij ASS patiénten met verstandelijke beperking en een
sporadische vorm van ASS. We illustreerden echter ook dat de varianten overgeérfd kunnen
worden van ouders met mildere ontwikkelingsproblemen, frequent voorkomen bij patiénten met
lage tot gemiddelde cognitieve mogelijkheden en in zeldzame gevallen zelfs gevonden kunnen

worden in families met meerdere personen met ASS.

Een nauwe ontwikkelingsrelatie tussen de hersenen en het gelaat blijkt uit het samen voorkomen
van ontwikkelingsproblemen, structurele hersenafwijkingen en dysmorfe gelaatskenmerken bij
patiénten met OSs. In dit proefschrift hebben we onderzocht in welke mate deze relatie
betrekking heeft tot veelvoorkomende menselijke genetische variatie door genoombrede
associatestudie data van de menselijke hersenvorm en gelaatsvorm te vergelijken. Deze
vergelijking onthulde 76 overlappende loci waaronder transcriptiefactoren die betrokken zijn bij
craniofaciale ontwikkeling, evenals leden van signalisatie pathways die betrokken zijn bij hersen-
gelaat crosstalk. Bewijs uit de klinische genetica suggereert dat de aanwezigheid van dysmorfe
gelaatskenmerken een sterke indicator is voor een onderliggende Mendeliaanse oorzaak bij
patiénten met ASS. Wij illustreerden met een casestudy het belang van een evaluatie van het
gelaat en een diepgaande fenotypering bij kinderen met een OS, zelfs als deze geen verstandelijke
beperking hebben. De opinie van dysmorfologen wordt momenteel beschouwd als de gouden
standaard om dysmorfie in het gelaat te beoordelen, maar deze opinie verschilt sterk van persoon
tot persoon en is sterk afhankelijk van training en ervaring. Daarom verzamelden wij
driedimensionale (3D) gelaatsbeelden van 152 patiénten met ASS om een objectieve analyse van
dysmorfie in het gelaat uit te voeren. Computationele dysmorfie en asymmetrie scores, die een
abnormale gelaatsontwikkeling weerspiegelen, werden berekend op basis van de 3D
gezichtsvorm van ASS patiénten en werden onderzocht in relatie tot de aanwezigheid van een
Mendeliaanse oorzaak. Wij vonden dat zowel de computationele dysmorfie scores als de
asymmetrie scores significant verhoogd waren bij patiénten met Mendeliaanse oorzaken in
vergelijking met patiénten met nog onbekende oorzaken. Bovendien toonden we aan dat deze
computationele scores de beoordeling van dysmorfie door individuele experts verbeterden en

daardoor een betere herkenning van Mendeliaanse oorzaken van ASS mogelijk maakten.
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een pakket moest versturen. Bruno van de DNA-extractiefaciliteit in het CME zorgde er dan weer
voor dat er DNA stalen voor mij klaar stonden. Graag bedank ik ook nog Erika van de Genomics
Core om ervoor te zorgen dat ik met betrouwbare sequencing data aan de slag kon. Tijdens het
congres in Wenen heb ik ook een heleboel assistenten van het CME (beter) leren kennen. Bedankt
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Verder bedank ik ook graag alle leden van TIARA en LAuRes waarbij ik terecht kon voor een
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andere kant van het autismeonderzoek leren kennen.
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Hier hebben we samen een fijne tijd beleefd. Ook onze bubble tea momentjes, wandelingetjes,

uitstapjes, ... waren enorm leuk en hielpen me om mijn gedachten te verzetten wanneer nodig. Je
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