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Abstract

The 16p11.2 BP4 and BP5 region, is a recurrent ~600 kb copy number variant (CNV), and
deletions are one of the most frequent etiologies of neurodevelopmental disorders and autism
spectrum disorder with an incidence of approximately 1/2000. Deletion carriers have delays in
early neurodevelopment that most specifically impair speech, phonology and language in 70%.
Intelligence quotient is shifted 1.8 standard deviations lower than family controls without the
deletion. Other common neurobehavioral conditions include motor coordination difficulties (60%)
and autism (20-25%). Unprovoked seizures are common (24%) and readily treated and resolve
with age in many. Obesity evolves throughout childhood and by adulthood 75% are obese.
Congenital anomalies are more common than the general population. The deletion is associated
with an increase in brain volumes across all areas of the brain, changes in the white matter
microstructural properties, and early electrophysiological cortical responses from auditory cortex.
Studies of genetically defined conditions, particularly CNVs that are not associated with profound
disabilities, provide homogeneity to study genetic impact on brain development, structure, and
function to better understand complex neurobehavioral phenotypes such as autism.

Introduction

The recurrent ~600 kb copy number variant (CNV) at 16p11.2 BP4 and BP5 deletion
is flanked by highly homologous blocks of low-copy repeats (Figure 1) and is one of
the most frequent etiologies of neurodevelopmental disorders. Reciprocal deletions and
duplications are observed with a prevalence of approximately 1/2000 and 1/1100 in the
general population, respectively [1]. Most of this review will focus on 16p11.2 deletion
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carriers although we will briefly compare and contrast characteristics of duplication carriers.
The deletion is most often de novo but is inherited in approximately 7% of probands. It

is one of the most common known genetic etiologies of autism spectrum disorders (ASD)
(~0.5%) [2-6]. To better understand the 16p11.2 deletion on the brain structure, cognition,
and behavior, we created the Simons Variation in Individuals Project VIP consortia to recruit
and study a large number of individuals with this deletion [7] and have combined our data
with a similar European consortia [7-10].

The Simons VIP project, launched in 2010 and funded by the Simons Foundation Autism
Research Initiative (SFARI), is based upon a “‘genetics first’ approach to increase the
homogeneity of genetic subtypes of ASD and to study a large number of individuals who
share highly penetrant CNVs and monogenic conditions, recruited without regard to clinical
diagnosis. A key aim is to study clinical phenotypes longitudinally and to assess similarities
and differences between genetic etiologies.

Phase 1 of the project focused on direct, detailed phenotyping of individuals with deletions
and duplications of 16p11.2. Individuals diagnosed clinically were recruited through internet
searches, clinical testing laboratories, and physicians. Cascade testing in families was also
performed to identify additional carriers to address the ascertainment bias of those seeking

a clinical diagnosis. Evaluations involved neurologic evaluation, psychometric testing, and
structural brain imaging for those who could cooperate without sedation. A subset of the
carriers returned for detailed functional imaging (fMRI) and MEG. Data were also analyzed
in combination with a European 16p11.2 cohort, recruited by the referring physician [9].

Phase 2 of the project, which has been renamed ‘Simons Searchlight” (https://www.sfari.org/
resource/simons-searchlight/) was designed to greatly expand the cohort size and number

of conditions studied by converting the study to remote online and telephonic caregiver
report and medical records review. Blood from a subset of individuals is stored at a central
repository, and the project is starting to distribute iPS cells made from these samples to the
research community. Importantly, the cohort is designed to be recontactable, so investigators
can request access to 179 individuals for additional research questions.

Medical features

Anthropometrics are affected by the 16p11.2 deletion. Although head circumference

is smaller at birth, there is an overall increase in head circumference by 2 years of

age and macrocephaly (Z score =2) is present in 17% of carriers (Figure 2a) [10].
Obesity and increased body mass index (BMI) emerge, usually during childhood. Birth
weight is below average (Z score = —0.61), but Z scores for BMI are significantly
higher by the age of 10 years (Z score = 1.0). Longitudinal data show that this

increase in BMI can be sudden and dramatic. Among adults, ~75% are obese and
among all adult obese patients 45% are morbidly obese, associated with hyperphagia
[11]. Malformations or major medical problems are present in just over half of deletion
carriers and most have only a single medical problem although most individuals
studied are children or young adults. No specific recurrent malformation sequence

or multisystemic involvement is observed, and the 16p11.2 deletion should not be
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regarded primarily as a malformation syndrome. Infrequent malformations include
cerebro-cortical malformations, craniosynostosis, coloboma, microphthalmia, hypospadias,
cryptorchidism, vesico-ureteral reflux, pyloric stenosis, congenital heart disease, and cleft
palate/velopharyngeal insufficiency. The most common anomaly is vertebral abnormalities
(hemivertebrae or kyphoscoliosis affect ~20% of carriers) [10]. Facial dysmorphism are
present in half of carriers, but the features are not striking or easily recognized.

Behavioral features

Children with 16p11.2 deletion have a neurobehavioral profile dominated by pervasive
speech and language impairment (>70%) and motor coordination difficulties (~60%) in the
majority of individuals, with learning and intellectual disabilities (20%), autism (20-25%),
and other behavioral/psychiatric issues (Figure 3) observed in a minority of individuals
[6,10,12-17]. Intellectual ability shows a predictable decrement relative to family members
(Figure 4a) [18]. The effect of the 16p11.2 deletion is characterized by specific disruption of
speech, phonology and language, and less overall intellectual impairment [19-22]. As they
age, young children with the deletion improve in verbal abilities, and have persistent delays
and deficits in motor coordination and social skills, which require ongoing support [23].

Detailed examination of language strongly associates the 16p11.2 deletion with childhood
apraxia of speech, which is seen in a majority (77%) of children and half of adults [24,25],
as well as articulation deficits and clinical dysarthria. Furthermore, impairments to language
production, including syntax and higher level pragmatics, persist even after controlling for
ASD diagnosis and cognitive impairment [26].

In terms of behavioral and psychiatric issues, a recent report from the U.K. IMAGINE-ID
study confirmed a broad range of neurobehavioral features in 16p11.2 deletion, with the
most frequent traits relating to hyperactivity and ASD [27]. Taken with the ECHO and
European 16p11.2 Consortium cohorts, disinhibited behavior, attention deficit hyperactivity
disorder (ADHD) and ASD diagnoses were again the most common (20-25%) [8]. Even

in children without a diagnosis of autism, traits such as repetitive behaviors and poor

social skills are common, and result in a significant shift in Social Responsiveness Scale
scores from familial controls (Figure 4b) [18]. However, early concerns regarding risk of
schizophrenia have not been borne out in more recent studies.

Neurological features

We conducted a comprehensive chart review and in person examination by a child
neurologist of 136 deletion carriers and identified features including symmetric hypotonia
(50%), abnormal agility or clumsiness (47%), tremor (equivalent to essential tremor-25%)
and increased reflexes/clonus (13%) in deletion carriers [28]. Sacral dimples were noted in
34%, but without an associated tethered cord when assess by imaging. Unprovoked seizures
were initially reported in 22% of deletion carriers and a more comprehensive study of
epilepsy found that among 129 individuals with 16p11.2 deletions, 24% had at least one
seizure and 21 of them (16%) went on to have recurrent unprovoked seizures. Nearly half of
the individuals with epilepsy could be classified as having benign infantile epilepsy (likely
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due to deletion of PRRT2). Most individuals with epilepsy were well controlled or outgrew
their seizures and only a minority had intractable epilepsy (Christelle Moufawad El Achkar,
personal communication).

Brain imaging and comparisons between deletion and duplication carriers

A comprehensive battery of neuroimaging techniques (magnetic resonance imaging (MRI)
and magnetoen-cephalography (MEG)) was used to assess structural and functional
differences in the brain. The 16p11.2 deletion was associated with increased volumetric
measures of brain structures (as well as total brain size and intracranial volume, ICV)
(Figure 2b) [29]

In addition to the research imaging studies of higher functioning 16p11.2 carriers, we also
centrally assessed clinical brain MRIs with the hypothesis that the greater range of clinical
impairment would enable us to detect a greater range of structure/function relationships
[30]. Indeed, we found that deletion carriers had a thicker corpus callosum compared to
controls and that 30% of the deletion carriers had cerebellar tonsillar ectopia and 9% had
radiologically defined Chiari | malformations [31]. A thicker corpus callosum, as assessed
by neuroradiologists blinded to genetic status was found to correlate with scores on adaptive
behavioral assessments for these deletion carriers (p < 0.003).

When considering brain white matter microstructural properties derived from diffusion
tensor imaging (DTI), 16p11.2 deletion was associated with widespread increases in
diffusion “fractional anisotropy’ [32], suggesting atypical white matter maturation, with
implications for brain connectivity and large-scale network function. In MEG studies,
assessing neural function on a millisecond scale, early cortical responses from auditory
cortex (specifically, the ~100 ms “M100’ response) showed response latency delays of ~20
ms in 16p11.2 deletion carriers compared to age-matched controls [33]. Whether this delay
arises from impaired propagation along the auditory pathway (from ear to brainstem to
cortex) or whether it relates to cortico-cortical delay remains unknown. Similarly, whether
the delays can be attributed to white matter conduction versus synaptic transmission
remains unresolved. Finally, magnetic mismatch field (MMF), a signature of the detection
of a “‘change’ in the auditory stream, showed delays in 16p11.2 deletion carriers [34].
Interestingly, these delays were associated with both general cognitive (nonverbal 1Q) and
language-domain specific (CELF-5) clinical assessments. As such, while the structural and
microstructural imaging, and ear/y electrophysiological responses show sensitivity to gene
dosage, the MMF delays demonstrate correlation with clinical presentation and behavioral
phenotype.

Comparisons of 16p11.2 deletion and duplication carriers

Carriers of the 16p11.2 duplication are relatively common and inherited in 76% of probands
and provide an excellent opportunity to study genes dosage effects in comparison with
deletion carriers. Duplication carriers are clinically less severely impacted than deletion
carriers, and many duplications carriers identified from population-based screening or
cascade testing in clinically ascertained families are neurotypical using standardized
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measures of cognition and behavior and through review of medical records [1,28,35].
Reciprocal to the deletion carriers with larger head circumference, duplication carriers
have relatively smaller head circumference. On brain MRI, there are ‘mirrored’ association
of generalized increased brain volume in deletion carriers and reduced brain volume in
duplication carriers. The DTI findings in deletion carriers directly oppose observations in
16p11.2 duplication carriers, echoing the brain structural findings and again implicating a
gene-dosage influence on microstructural properties of brain white matter, and ultimately,
brain structural connectivity. In assessing early cortical responses, delayed M100 responses
observed in deletion carriers were not seen in 16p11.2 duplication carriers. This may not
be surprising given the evidence linking such auditory cortex evoked response latencies

to the microstructural properties of auditory pathway white matter [36]. Finally, and in
contradistinction to the above opposing effects observed in structural and microstructural
imaging as well as early electrophysiological responses, magnetic mismatch field (MMF),
a signature of the detection of a “‘change’ in the auditory stream, showed delays in

both 16p11.2 deletion and duplication carriers [34]. Resolution of the primary and
secondary effects of gene dosage on brain structure and function is only possible with

the comprehensive and detailed paradigmatic approaches applied in parallel to comparable
groups of deletion and duplication carriers.

What accounts for variability among deletion carriers?

There is significant phenotypic variability among carriers of 16p11.2 deletions, and the
etiology is still unclear; but some preliminary analyses suggest that perinatal complications
and additional CNVs may be factors in predicting greater severity in features [37,38]. The
16p11.2 deletion is contained within the context of the rest of the genome, with other rare
and common genetic variants contributing to these medical and neurobehavioral phenotypes.
More complete genomic characterization and understanding of the genome may allow us to
identify some of these additional contributing factors over time.

The 16p11.2 deletion is associated with somewhat non-specific phenotypes, and the question
of penetrance is frequently raised. Penetrance is age-dependent and can be considered

for each of the individual associated features (head size, brain volume, ASD, intellectual
disability, language and coordination disorders, seizures, obesity, or congenital anomalies).
However, it is important to also consider how the deletion shifts the distribution of
quantitative traits: on average as a group, 1Q tends to be shifted downward from parental

IQ by 1.7 standard deviations and head circumference is shifted upward by 0.6 standard
deviations, although there are individual exceptions.

In terms of discrete phenotypes such as medically recognizable congenital anomalies, the
majority of these abnormalities are infrequent, suggesting either fortuitous associations or
low penetrance. We have evaluated the original Simons VIP cohorts for possible unmasking
of recessive mutations in the deletion interval, but we have found no support for this
mechanism. Of the 29 genes within the interval, three (MAZ, TAOKZ2, CORO1A,) are
dosage sensitive to loss of function with a pLI >0.9 and could be major contributors to

the phenotype. TBX6, which maps within the interval, is a candidate gene for vertebral
malformations since it is associated with auto-somal dominant and recessive spondylocostal
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dysostosis 5 (OMIM #122600), and mice homozygous for a Thx6 mutation showed rib
and vertebral body anomalies [39,40]. Mutations in PRRT2 have been identified in patients
diagnosed with epilepsy and paroxysmal dyskinesia (OMIM # 128200, 602066, 605751)
[41]. A 118 kb deletion that encompasses MVP, CDIPT, SEZ6L2, ASPHD1, and KCTD13
segregated with ASD and other neurodevelopmental abnormalities but not epilepsy in a
single three generation family [42]. Experimentally reducing expression of the KCTD13
ortholog in zebrafish produced macrocephaly and knock out in mice resulted in an increase
of proliferating cells [43].

Future directions

Diagnoses of all CNVs, including 16p11.2 deletion are increasing as access to clinical
chromosome microarrays is increasing in the prenatal and pediatric setting for indications
including congenital anomalies, developmental delay/intellectual disability, ASD, and
epilepsy. Individuals are being diagnosed earlier, even prenatally, offering the opportunity
for early intervention for neurobehavioral conditions including ASD, early recognition and
treatment of seizures, and even control of body weight. Clinical Research Associates will
soon be launching a clinical trial for the use of arbaclofen for the 16p11.2 deletion based
partly upon data from three different mouse models of 16p11.2 (syntenic 7qF3 region; 3
different background strains) demonstrating that in many cases arbaclofen had a normalizing
effect on spontaneous open-field activity as well as contextual fear memory deficits [44].
With this and other trials, we will test the ability to develop treatments for ASD and related
neurodevelopmental disorders based upon a genetics first strategy.

We are continuing to expand the cohort of 16p11.2 deletion and duplication carriers and
follow them longitudinally over time. To expand access to study participation, data are
collected remotely online and by telephone interviews. We are exploring additional methods
to collect online phenotyping data and use of wearables and sensors in a home environment
to collect more naturalistic quantitative data about behaviors including sleep that may
provide insights into the brain and behavior. Studies of genetically more homogeneous
groups of individuals with reciprocal deletions and duplications who are able to cooperate
with detailed neuropsychometric and neuroimaging protocols longitudinally over time
provide an invaluable opportunity to understand primary and secondary effects of genes

on brain structure and function and complex human behavior. Large numbers of individuals
are necessary to robustly interpret results and support the strategy of studying relatively
common genetic variants. If sufficient numbers of individuals with the same CNV can be
assessed, it may also be possible to study additional genetic, familial, environmental, and/or
developmental factors that contribute to the complexity and variability of the phenotype
among some individuals carrying the same CNV.
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The gene content of the BP4-BP5 region of 16p11.2 with genes of interest potentially
responsible for portions of the phenotype highlighted in red.
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(a) Anthropometric measures of 16p11.2 carriers over time. Body mass index (BMI)
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increases over childhood, and head circumference increases over the first two years of age.
(b) Brain volume as determined by brain MRI of 16p11.2 deletion carriers (DEL) relative

to controls (CON) and duplication carriers (DUP) compared to controls (CON) shows

relatively larger brain volumes in deletion carriers and smaller brain volumes in duplication

carriers [29].
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Figure 3.
Diagnostic behavioral profile of 16p11.2 deletion carriers. Most individuals have more than

one diagnosis.
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(a) 16p11.2 deletion carriers have full scale intelligence quotient (FSIQ) of 1.8 standard
deviations lower than their non-carrier siblings and parents [18]. (b) 16p11.2 deletion
carriers have social responsiveness scale score of 1.7 standard deviations higher (worse)

than their non-carrier siblings [18].
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