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Abstract: We report the finding of two copy number variants (CNVs) in a 12-year-old boy presenting both with autism spectrum
disorder (ASD) and attention deficit/hyperactivity disorder (ADHD). Clinical features included aggressive behavior, mood instability,
suicidal statements, repetitive and restrictive behavior, sensitivity to noise, learning problems and dyslexia, though no intellectual
disability was present. Using array-based comparative genomic hybridization (array-CGH), we identified two CNVs, both triplex
duplications of 324 kb on 3p26.3, and 284 kb on 4q13.1, respectively. One of the CNVs is located on chromosome 4q13.1 in the region
of the gene encoding for adhesion G protein-coupled receptor L3 (ADGRL3, former name: latrophilin-3, LPHN3), the other on
chromosome 3p26.3 in the region of the two pseudogenes 4C090043.1 and RPL23AP39. The patient described in the present study
showed increased symptoms under methylphenidate treatment but responded positively to 3 mg per day of the atypical neuroleptic
drug aripiprazole. To our knowledge, this is the first report of a CNV in the ADGRL3 gene and its first association with ASD in
humans.
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Introduction
In recent years, a large number of candidate genes associated with autism spectrum disorder (ASD) has been identified,'
most of them involved in neurodevelopmental pathways such as axon guidance, synapse assembly, neural progenitor cell
migration and differentiation.” A near relationship to other neurodevelopmental disorders, most prominently, attention deficit/
hyperactivity disorder (ADHD) has been described both in animal models and clinical samples.'*® One of these, the Adhesion
G protein-coupled receptor L3 (ADGRL3, old name: latrophilin-3, LPHN3) has been linked to attention deficit hyperactivity
disorder (ADHD) and substance use disorders (SUDs), where its function in hyperactivity and locomotor activity has been
reported.” ' ADGRL3 is of special interest in neurodevelopmental disorder research, since it belongs to a group of
postsynaptic adhesion G protein coupled receptors (GPCRs) of the latrophilin family, mediating target recognition in synapse
assembly.'! In a clinical context, ADGRL3 is also of interest for pharmacogenetics, since it predicts the responsiveness to
medication such as methylphenidate (MPH).%'? So far, no clinically associated coding variants of ADGRL3 have been found
in humans,'* but the non-coding single nucleotide polymorphism (SNP) rs2271338 seems to impair ADGRL3 expression. '
In this case report, we report the finding of two copy number variants (CNVs) in a 12-year-old child presenting both
with ASD and ADHD. One of the CNVs is located in the region of ADGRL3, the other in the region of pseudogenes
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AC090043.1 and RPL234P39. To our knowledge, this is the first report of a CNV in the ADGRL3 gene, and its
association with ASD in humans.

Patient

Clinical Description and Developmental History

Informed consent for publication of the clinical material has been obtained by the patient and his caregivers, respectively.
This case report did not require the additional approval of the institutional ethics review board of Mariaberg e. V., since
this case report is in accordance with the requirements for diagnostic purposes required by federal law in Germany
(“Gendiagnostik-Gesetz”, GenDG) and does not comply with the requirements for prognostic clinical studies. Therefore,
no additional approval of the institutional ethics review board had been issued. The authors declare that all procedures
have been performed in accordance with the principles stated in the Declaration of Helsinki besides informed consent and
anonymization. The male patient was first seen in our out-patient clinic at age 12 years 3 months, and presented with
aggressive behavior, mood instability, suicidal statements, repetitive and restrictive behavior, sensitivity to noise, learning
problems and dyslexia. Body height 149.0 cm (40th percentile), weight 37.2 kg (25th percentile), head circumference
54.0 cm (41st percentile). No dysmorphic signs. Development: Born at week 41+3 of gestation with body weight 4075 g,
length 54 cm, head circumference 34.5 cm, APGAR 7/8/10 by Cesarean section, two days earlier minor car accident.
Early motor development with problems in coordination and walking, speech development with articulation disorder and
difficulties in word finding, persisting until present. Fecal soiling until first years of primary school. No fantasy play, nor
role play. Somatic clinical features included fronto-temporal spikes and spike-wave patterns on EEG without signs of
epilepsy, hearing loss on the left ear, and hypothyreosis.

Three siblings of 10 years, 8 years, and 6 years did not show any clinical signs. Unfortunately, parents and sibling did
not consent to genetic testing, though clinically relevant and recommended by the genetic counselor.

A treatment with MPH with a maximum of 70 mg per day increased symptoms and showed adverse effects, such as loss of
appetite, weight loss, irritability, agitation, and increased emotional instability with periods of whining, thus we recommended
the withdrawal of MPH and starting a neuroleptic medication with 3 mg of aripiprazole per day orally. Under this medication,
the patient showed less frequent aggression, milder episodes, and the ability for increased self-regulation. Reducing group size
in school and therapy improved the interaction of the patient with his peers, parents, and teachers.

Neuropsychological Testing

Neuropsychological testing using the Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV)' resulted in
the following standard values: Verbal Comprehension Index (VCI) 110, Perceptual Reasoning Index (PRI) 121, Working
Memory Index (WMI) 102, and Processing Speed Index (PSI) 86, and Full Scale IQ (FSIQ) 110. Autism-related testing
included the Autism Diagnostic Observation Schedule, Second Edition (ADOS-Z),15 module 3, revealed autism based on
a social affect score of 9 and a restricted and repetitive behaviors score of 4. The Autism Related Interview, Revised
(ADI-R),'® interviewing the parents, resulted in the following scores: reciprocal social interactions 15 (cut-off: 10),
language and communication 18 (cut-off: 8), restricted, repetitive and stereotyped behaviors and interests 3 (cut-off: 3),
abnormal development until the age of 36 months 3 (cut-off: 1). The Marburg Rating Scale for the Asperger Syndrome
(MBAS)'” was positive with a score of 109 (cut-off: 103).

The Child Behavioral Checklist (CBCL/6-18R)'® revealed high T-values in the scales Anxious/Depressed (T = 87), Social
Problems (T = 96), Thought, Sleep, and Repetitive Problems (T = 75), Attention Problems (T = 79), and Aggressive Behavior
(T = 76). The Youth Self Report (YSR/11-18R)'® reported high T-values in the scales Anxious/Depressed (T = 72),
Withdrawn/Depressed (T = 79), Somatic Complaints (T = 84), Social Problems (T = 81), Thought, Sleep, and Repetitive
Problems (T = 70), Attention Problems (T = 84), and Aggressive Behavior (T = 74). The Teacher’s Report Form (TRF/
6-18R)"® reported high values in the scales Somatic Complaints and Aggressive Behavior (no T-values available).

The Diagnostic System for Mental Disorders in Childhood and Adolescence, Second Edition (DISYPS-II)'® reported
clinically significant symptom scales in ADHD, depression, and anxiety. Scales for conduct disorder and severe
developmental disorders were in the sub-threshold region. The Five-to-Fifteen (FTF) questionnaire? for the assessment
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of ADHD and comorbid conditions revealed problems in motor skills (both gross and fine motor skills), executive
functions (attention, hyperactive/impulsive, planning and organizing), perception (body perception, visual perception),
language, learning (reading/writing, coping in learning), social skills, and emotional/behavioral problems.

Materials and Methods
CNV Analysis

Genetic testing was performed at age 13 years 7 months. In this study, we used the Agilent Human Genome CGH
Sureprint G3 180k Oligo Microarray (Agilent, Waldbronn, Germany) for CNV analysis. This array contains about
180,000 gene probes of the human genome with a resolution of about 100 kb. The microarray experiment was conducted
by CeGaT (Tiibingen, Germany) according to the manufacturer’s protocol. Genes involved in the CNVs detected from
this study were annotated according to the human reference genome hgl19 (GRCh37).

Chromosome Analysis
Chromosome analysis was carried out by GTG (G-bands by trypsin using Giemsa)-banding of 5 metaphases using
standard protocols. In total, 15 metaphases had been counted with a minimum of 400 bands per haploid karyotype.

Results

Chromosome Analysis
Chromosome analysis revealed a male karyotype of 46, XY. No structural chromosome abnormalities had been found.

Array CGH Analysis

Array CGH analysis found a total of two CNVs, classified as variants of unknown significance (VUS) (Figure 1). The first
CNV was found as interstitial duplication of 3 copies at chromosome 3p26.3, starting from nucleotide position 1,515,856 and
ending at nucleotide position 1,840,338, with a minimal total size of 324 kb. Using the UCSC Genome Browser*' (https:/
genome-euro.ucsc.edu/cgi-bin/hgGateway), two pseudogenes have been annotated in this region, representing non-protein
coding genes or gene fragments. The first is named AC090043.1 (Ensembl ENSG00000184423.5), with genomic coordinates
chr3:1,637,461-1,637,929. The second is named ribosomal protein L23a pseudogene 39 (RPL23AP39) (Ensembl
ENSG00000214074), with genomic coordinates chr3:1,771,754—1,772,158.

The second CNV was found as interstitial duplication of 3 copies at chromosome 4q13.1, starting from nucleotide
position 62,241,702 and ending at nucleotide position 62,525,578, with a total size of 284 kb. Using the UCSC Genome
Browser®' (https://genome-euro.ucsc.edu/cgi-bin/hgGateway) and the DECIPHER?? (https://www.deciphergenomics.org),
this CNV contains the ADGRL3 gene (Adhesion G Protein-Coupled Receptor L3, old name: LPHN3, latrophilin 3).

chr3 (p26.3)

dupl(3p26.3)x3
~324 kb

AC090043.1
RPL23AP39

chea (q13.1) fi6.3016.THIN Wo15 2 ENERN 4014 Kl 12>« 2a'2 [EJEN] TIEN W 0N T22] W ERN <cos REETY27EEN] EREREN NN W1 SFEEN] TEFE

T

dupl(4913.1)x3
~284 kb

| ADGRL3 (=LPHN3) |

Figure | Representations of the findings of two CNVs on chromosomes 3p26.3 and 4ql3.1 in the |2-year-old male patient.
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Bioinformatics and Database Search
In the EVIDENCE database,”* we found 15 pathogenic, 20,110 VUS, and 426 likely benign entries for ADGLR3 (https:/
3billion.io/gene/ADGRL3/). Of these, phenotype entries for 14 patients have been reported in the following classes with

the respective frequencies: Abnormalities of the nervous system 57.1%, abnormalities of head or neck 42.9%, abnorm-
alities of the musculoskeletal system 28.6%, abnormalities of the cardiovascular system 14.3%, abnormalities of the eye
14.3%, constitutional symptoms 7.1%, and growth abnormalities 7.1%.

Using the ClinVar database** (https://www.ncbi.nlm.nih.gov/clinvar/?term=ADGRL3%5Bgene%5D), we found 15
pathogenic, 1 likely pathogenic, 10 VUS, and 4 likely benign entries for ADGLR3. For the other CNV on 3p26.3, the only
entry in the ClinVar database is the one of our group (https://www.ncbi.nlm.nih.gov/clinvar/variation/624500/?0gq=
1515856-1840338andm=GRCh37%2Fhg19+3p26.3(chr3:1515856-1840338)x3#id_first).

No entries for both CNVs have been found in the gnomAD database for the control population nor in the Geno2MP
25

database for a disease population.

Discussion
CNVs on 3p26.3 and 4ql 3.1

In this case report, we describe a male patient, presenting in our outpatient clinic at the age of 12 years and 3 months with
signs both of ASD and ADHD. Genetic testing revealed two CNVs, one duplication of 324 kb on chromosome 3p26.3, with
pseudogenes AC090043.1 and RPL23AP39, whereas the other duplication of 284 kb on chromosome 4ql3.1 contains
ADGRL3. The coding region of ADGRL3 encompasses the position chr4:62,363,012—62,599,271, a total of 236 kb in 6
exons. In our findings, the duplication is located on chr4:62,241,702—62,525,578, thus starting in front of the coding region.
With regard to the other CNV on 3p26.3, there is no information available on the regulation, or function, of the pseudogenes.

With regard to CNVs in ADGLR3, the DECIPHER database®* reports a total of 22 entries, of which 13 contain
a deletion (59%) and 9 contain a duplication (41%). One patient showed hyperactivity, whereas ASD was not reported.
With regard to CNVs in RPL23A4AP39, a total of 194 entries have been described, of which one patient showed
hyperactivity, and six patients showed autism-related symptoms. With regard to CNVs in the pseudogene 4C090043.1,
no entries have been found in the DECIPHER database.

Double-Diagnosis of ASD and ADHD in the Patient

Until recently, the combined diagnosis of ADHD and ASD was not regarded as appropriate in children,”® a broader
discussion led to more and more combined diagnoses of ADHD and ASD, since both were regarded as neurodevelopmental
disorders, both in DSM-5,?” as well as in ICD-11.?® In the patient described in our study, diagnostic criteria were met for both
ADHD and ASD, thus we followed the recommendation of a combined diagnosis. In a first approach, we recommended
MPH treatment, aiming at the reduction of ADHD symptoms, mainly hyperactivity and impulsivity. In animal models,
several studies have shown that MPH reduced hyperactivity and impulsivity in zebrafish loss-of-function mutants for the
LPHNS3 ortholog Iphn3.1,7°>° but with regard to our patient, MPH treatment increased ADHD symptoms. Thus, besides
standard treatment options including cognitive behavioral therapy, we recommended neuroleptic treatment with the atypical
antipsychotic drug aripiprazole in a pragmatic approach, since treatment with MPH resulted in more frequent and severe
aggressive behavior. Of note, although there is an empirical recommendation for the use of aripiprazole for irritability in
children with ASD,*" this treatment must be regarded as “off-label” use, since there is no general approval by the respective
regulatory authority in Germany for the use of aripiprazole in ASD in minors. In our clinical follow-up, we evaluated the
pharmacological treatment as supportive for the patient, allowing him to participate in school and family activities.

ADGRL3 in ADHD and ASD

ADGRL3 (old name: LPHN3) belongs to the family of latrophilins, a family of adhesion GPCRs located at the
postsynaptic membrane, and involved in synaptic assembly and transmission.'' 4DGRL3 has been associated by linkage
analysis in ADHD patients.”** It has been shown that ADGRL3 expression was decreased in ADHD patients by up to
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40%,'° but the molecular mechanisms remain unclear. It has been speculated that dopamine transmission is one of the
major actors.>**> No information about the function of ADGRL3 in ASD is available.

Support for the Double-Hit Hypothesis of ASD?

A number of variants in single genes have been identified in ASD, but there remain questions about the complex
inheritance patterns of ASD.*® Several studies did not only identify a single CNV in ASD patients, but several, leading to
a “two-hit”, or “multiple hit” model of ASD.?%38 Of note, not only CNVs contribute to the “two-hit” model, but also

other influences of greater significance, such as drug use in pregnancy,*® or “adolescence™*’

in general. In the latter study,
the authors identified social processes, humoral changes, and neuronal re-organization in transition from childhood into
adulthood not only as risk factors, but as actual noxious agent as the second hit to a vulnerable adolescent brain impaired
by neurodevelopmental structural damage as the first hit.*° In this context, we prefer to use the term “two-hit model” only
with regard to genetic alterations, in similarity to the two-hit model of carcinogenesis.*' A major limitation of our study
is that we cannot provide genetic data on parents and siblings of the patient, since they did not consent to genetic testing.
Thus, we can only speculate on factors such as the penetrance of the observed CNVs, as well as the influence of the
combination of both. ASD is regarded as multifactorial disorder with contributions both from genetic and environmental
influences.*” However, the unknown genetic information on parents and siblings limit the evaluation of genetic and

environmental interactions (GxE) and therefore the power of this study.

Conclusion

In the present study, we describe the finding of two CNVs in a patient presenting with ASD and ADHD symptoms.
Whereas one of the CNVs in the ADGRL3 region on chromosome 4q13.1 has been linked to ADHD and SUD, no
evidence has been reported that ADGRL3 may also be involved in ASD. With regard to the second CNV on chromosome
3p26.3, involving the two pseudogenes AC090043.1 and RPL23AP39, no information about their regulation, or function,
is available. Whereas a single CNV, the one on 3p26.3, or on 4ql3.1 by itself, may not be sufficient to evoke ASD
symptoms, the combination of the two add to the full spectrum of ASD. On the other hand, and this is the main limitation
of our findings, we cannot rule out that there is a different explanation of ASD in the patient described in the present
study, such as an undetected additional genetic variant, or a non-genetic cause of ASD in this patient.
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