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Summary
ADGRL1 (latrophilin 1), a well-characterized adhesion G protein-coupled receptor, has been implicated in synaptic development,

maturation, and activity. However, the role of ADGRL1 in human disease has been elusive. Here, we describe ten individuals with variable

neurodevelopmental features including developmental delay, intellectual disability, attention deficit hyperactivity and autism spectrum

disorders, and epilepsy, all heterozygous for variants in ADGRL1. In vitro, human ADGRL1 variants expressed in neuroblastoma cells

showed faulty ligand-induced regulation of intracellular Ca2þ influx, consistent with haploinsufficiency. In vivo, Adgrl1 was knocked

out in mice and studied on two genetic backgrounds. On a non-permissive background, mice carrying a heterozygous Adgrl1 null allele

exhibited neurological and developmental abnormalities, while homozygous mice were non-viable. On a permissive background,

knockout animals were also born at sub-Mendelian ratios, but many Adgrl1 null mice survived gestation and reached adulthood.

Adgrl1�/� mice demonstrated stereotypic behaviors, sexual dysfunction, bimodal extremes of locomotion, augmented startle reflex, and

attenuated pre-pulse inhibition, which responded to risperidone. Ex vivo synaptic preparations displayed increased spontaneous exocytosis

of dopamine, acetylcholine, and glutamate, but Adgrl1�/� neurons formed synapses in vitro poorly. Overall, our findings demonstrate that

ADGRL1 haploinsufficiency leads to consistent developmental, neurological, and behavioral abnormalities in mice and humans.
Introduction

G protein-coupled receptors (GPCRs) are seven-transmem-

brane cell-surface receptors that mediate a plethora of

cellular responses to a variety of stimuli, regulate many

important physiological functions, and represent targets

of 34% of all FDA-approved drugs.1–5 The members of the

adhesion GPCR family (aGPCRs) interact with membrane-

bound proteins, extracellular matrix components, or solu-
1Inserm UMR1231 GAD, Génétique des Anomalies du Développement, Fédéra
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ble molecules and play a critical role in central nervous sys-

tem development,6–13 synapse formation,14 myelination,15

and immunity.16 These receptors feature a distinctive struc-

ture composed of a large, adhesion-like N-terminal extracel-

lular region containing a ‘‘GPCR autoproteolysis-inducing’’

(GAIN) domain and a signaling domain characterized by

seven transmembrane helices with interconnecting loops

and a cytosolic C-terminal tail. In most aGPCRs, the

GAIN domain constitutively cleaves the receptor at the
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Figure 1. Individuals and variants identified in our cohort
(A) Schematic representation of ADGRL1 and distribution of the pathogenic variants reported in the study. Galactose-binding lectin
domain (GL), olfactomedin-like domain (OLF), hormone receptor domain (HRM), GPCR-autoproteolysis-inducing domain (GAIN),
GPCR proteolysis site domain (GPS), 7 transmembrane domain (7TM) and cytosolic latrophilin domain are depicted. Nonsense and
frameshift variants are indicated in red. Missense variants are indicated in black.

(legend continued on next page)

The American Journal of Human Genetics 109, 1436–1457, August 4, 2022 1437



‘‘GPCR proteolysis site’’ (GPS) into N- and C-terminal frag-

ments (NTFs and CTFs) that are non-covalently linked to

each other at the cell membrane.17–19

The aGPCR latrophilin 1 (LPHN1 or ADGRL1) (ADGRL1,

MIM: 616416), also known as the calcium-independent re-

ceptor of a-latrotoxin 1 (CIRL1), is considered to be a pro-

totypical aGPCR; studies of this receptor were seminal for

the understanding of aGPCR structure and function.6,18

It is a member of the ADGRL subfamily comprising three

paralog members, ADGRL1–3/LPHN1–3 (ADGRL2, MIM:

607018; ADGRL3, MIM: 616417), and a structurally diver-

gent member, ADGRL4/ELTD1 (ADGRL4, MIM: 616419).20

ADGRL1 was initially isolated and described because of its

affinity for an exogenous ligand, a-latrotoxin (aLTX), the

main neurotoxin of black widow spider venom. aLTX

causes massive spontaneous neurotransmitter release via

a complex mechanism involving the activation of several

distinct receptors, with ADGRL1 playing a major role,

and the insertion of tetrameric toxin complexes into the

plasma membrane with subsequent pore formation.21–25

The NTF of ADGRL1 (Figure 1A) has an adhesive function

and consists of two adhesion modules, lectin and olfacto-

medin domains, followed by a hormone receptor motif

adjacent to the GAIN domain, which self-cleaves the recep-

tor. The CTF has a signaling function and a typical GPCR

structure.26 Although ADGRL2 and 3 share extensive

sequence similarity to ADGRL1, only ADGRL2 weakly

binds aLTX, and all three are differentially expressed in tis-

sues, which could reflect different functions.

In the rat, the orthologous genes of human ADGRL1 and

ADGRL3 are almost exclusively expressed in brain tissue,

while Adgrl2 is expressed in most tissues, including liver,

heart, and kidney, albeit with a significant level of cerebral

expression.27,28 In humans, a similar expression pattern

was observed, even though ADGRL1 was detected at low

levels also in other non-neural tissues including heart,

placenta, lung, liver, skeletalmuscle, kidney, andpancreas.29

Alternative splicingof theNTF andCTFofADGRLs and their

protein ligands possibly contributes to the complexity

of these interactions and the diversity of cellular re-

sponses.27,29–33 In rat brain,Adgrl1, themost abundantly ex-

pressedparalog, appears at earlypostnatal stagesandpeaksat

the age of 2–3weeks.26,27,29,31,34 Its expression is observed in

all neurons, but not in glial cells, and is especially abundant

in the cortex, hippocampus, dentate gyrus, and cerebellum,

with an expression pattern similar to that of many synaptic

proteins, including another aLTX receptor, NRXN1/neu-

rexin 1a (NRXN1, MIM: 600,565).35

Several laboratories contributed to the untangling of the

ADGRL1 interactome, showing its ability to bind a variety

of ligands—including teneurin transmembrane protein 2
(B) Variant segregation analysis in the families described in this coh
through i10. Arrows indicate the first family member coming to med
fers to the pathogenic TAOK1 variant (encoding p.Trp188*) identifie
disability; ASD, autism spectrum disorder; ADHD, attention deficit h
(C) Individuals with pathogenic ADGRL1 variants.
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(TEN2, encoded by TENM2, MIM: 610119); neurexins 1a,

1b, and 2b (encoded byNRXN2, MIM: 600566); fibronectin

leucine-rich transmembrane protein 1 and 3 (encoded by

FLRT1, MIM: 604806; FLRT3, MIM: 604808); and contac-

tins—and indicating its major role in regulating synaptic

development and activity.30,31,36–40 Studies of Adgrl1

knockout (KO) mice showed that this gene is apparently

dispensable for embryonic development, with homozy-

gous mutant mice demonstrating normal appearance, life

span, and fertility, but distinct synaptic physiology and

inability to attend to their litters, a behavior that required

further investigation.39,41

Few studies have so far directly implicated ADGRLs in hu-

man pathology, although this subfamily has been linked to

several psychiatric, neurologic, or neurodevelopmental con-

ditions, such as autism spectrum disorder (ASD), attention

deficit and hyperactivity disorder (ADHD), bipolar disorder,

schizophrenia, epilepsy, and substance use disorder

(SUD).26 Individuals harboring overlapping 19q13.12 mi-

crodeletions with a common critical region including five

genes, most prominently ADRGL1 and PKN1 (MIM:

601032), show intellectual disability, psychomotor and lan-

guage delay, hearing impairment, and brachycephaly, as

well as a behavioral phenotype characterized by hyperactiv-

ity and stereotypedmovements.42 ADGRL2 has been associ-

ated with brain and craniofacial development disorders.43 A

de novo heterozygous ADGRL2 missense variant was identi-

fied in a fetus with extreme microcephaly, rhombencepha-

losynapsis, and almost absent sulcation.44 Authors hypoth-

esized that this variant was responsible for an excessive

neuronal cell adhesion, leading to this severe phenotype.

ADGRL3 polymorphisms have been associated with

ADHD susceptibility and increased response to stimulant

medication.45–53 Temporal and spatial expression of this

gene appeared relevant at the earlier stages of brain develop-

ment and in brain regions known to be associated with

ADHD. Multiple ADGRL3 coding and non-coding variants

within the gene or in nearby regulatory regions have been

associated with variable-severity ADHD phenotypes.49,54 A

large study of dyslexic families also showed an association

between the chromosomal 4q13.1 region (encompassing

ADGRL3) and dyslexia, by identifying a single-nucleotide

polymorphism (SNP) located 707 kb upstream of

ADGRL3.55 Recently, a significant association was observed

between an ADGRL3 SNP and susceptibility to early-onset

ADHD and ASD in a large cohort of male individuals.56

However, to date, ADGRL1 has not been clearly impli-

cated in human disease, and behavioral phenotypes in

Adgrl1 KO mice remain unclear. Here, we present a series

of ten individuals with rare variants in ADGRL1 and

provide molecular data demonstrating that their
ort. Individuals with documented evaluation are indicated as i1
ical attention. E1 indicates exome results regarding ADGRL1. E2 re-
d in family F9 (Table 1). DD, developmental delay; ID, intellectual
yperactivity disorder.
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pathological functions are consistent with haploinsuffi-

ciency. Furthermore, we dissect the pathophysiological

mechanisms leading to synaptic dysfunction in Adgrl1 KO

mice and provide a detailed characterization of the associ-

ated behavioral phenotypes. Overall, our data demonstrate

that ADGRL1 haploinsufficiency accounts for a spectrum of

developmental, neurological, and behavioral features.
Material and methods

Individuals, exome sequencing analysis, and ethics

statement
The procedures followed for genetic testing were in accordance

with the ethical standards of the responsible committee on hu-

man experimentation, and proper informed consent was obtained

from all individuals. Individuals underwent exome sequencing as

part of their care, and several care providers were not required to

obtain institutional review board (IRB) approval to participate to

this study. The protocols 2016-A01347-44 (Discovery), EK302-

16, and SJ-91 were deployed by the CHU Dijon Bourgogne, the

Uniklinik RWTH Aachen, and the ethics committee in region

Sjaelland/Denmark, respectively.

Publication of anonymized data from individual 2 was approved

by the IRB of Baylor College of Medicine (protocol H-47546). Indi-

vidual 5 was already reported in Guo et al., 2019.57 When needed,

written consent for publication of photographs was obtained.

Exome sequencing was performed as previously described (sup-

plemental information).58

All experimental procedures involving animals were approved

by the Imperial College London and University of Kent Ethical Re-

view Committees and performed in accordance with the Animals

(Scientific Procedures) Act 1986 and the European Convention for

the Protection of Vertebrate Animals used for Experimental and

Other Scientific Purposes.
Adgrl1 knockout in mice
To inactivate Adgrl1 in 129/SvJ mice using homologous recombi-

nation in embryonic stem cells (ESCs), a large fragment of mouse

genome was first isolated from a mouse genomic library in a BAC

vector (BACPAC Genomics, USA), using a 150-bp fragment of the

Adgrl1 cDNA (which included exon 1) as a hybridization probe.

Three BAC clones (120–150 kbp) containing overlapping frag-

ments of Adgrl1 were isolated, mapped, and partially sequenced.

To create a targeting vector for homologous recombination, a

12.8-kbp fragment of the gene, containing the promoter and

exons 1–3, was subcloned into the pBlueScript plasmid. The 3.3-

kbp intron between exons 1 and 2 (including small parts of these

exons) was replaced with a neomycin (Neo) resistance gene under

the 3-phosphoglycerate kinase promoter (1.8 kbp), which disrup-

ted the open reading frame and served as a positive selection

marker. The Neo cassette was flanked by two loxP sequences for

potential Cre-mediated excision and Adgrl1 expression rescue.

The vector also contained the gene encoding the A chain of diph-

theria toxin (DTA) under the RNA polymerase II promoter for

negative selection against random incorporation of the whole vec-

tor into the ESC genome. A linearized targeting vector was used to

generate a stably transfected 129/SvJ ESC line. The successful ho-

mologous recombination was verified by Southern blot hybridiza-

tion and PCR. Using ESC clones, which carried themutant Adgrl1�

allele, and standard transgenic techniques, chimeric 129/SvJ mice
The American
were generated. Mice transmitting the inactivated Adgrl1 allele

through the germline (strain designation AG148-2) were selected,

inter-crossed, and then backcrossed to C57BL/6J mice (Charles

River, UK). Mice from the colony maintained on the C57BL/6

background were used in most experiments.
Western blot analysis
Immediately after extraction, prefrontal cortices from wild-type

(WT), heterozygous (HET), and KO mouse brains were used to

prepare synaptosomes, as described previously.59 The samples con-

taining equal amounts of protein were dissolved in sample buffer,

containing 2% SDS, 100 mM DTT, 60 mM Tris-HCl, pH 6.8, and

6% glycerol. To avoid irreversible precipitation of the CTF of

ADGRL1 due to boiling in SDS, all samples were heated for

30 min at 50�C but never boiled. The samples were separated by

electrophoresis in SDS-Tris-glycine gels containing 4% (for TEN2)

or 8% (for all other proteins) polyacrylamide (National Diagnostics,

Atlanta, GA, USA). Separated proteins were blotted onto polyvinyli-

dene fluoride membranes (Immobilon-P, IPVH00010, Merck) in

Tris-glycine transfer buffer containing 20% methanol at 100 V for

90 min (120 min for TEN2). The membranes were blocked in 5%

fat-free milk and immunostained with the following primary anti-

bodies: rabbit polyclonal antibodies against the NTF (RL1)60 and

the CTF of rat ADGRL1 (R4);61 rabbit polyclonal IgGs against pep-

tides from the NTFs of ADGRL1 (PAL1), ADGRL2 (PAL2), and

ADGRL3 (PAL3);62 a mouse polyclonal antibody against human

TEN2 (dmAb, made in-house against the C-terminal amino acids

2412–2637 of LASSO, JF784343);30 a rabbit polyclonal antibody

against rat NRXN1a and b (#116; made in-house using the C-termi-

nal peptide CSANKNKKNKDKEYYV);61 a rabbit anti-V5 antibody

(to stain the NTF of ADGRL1 variant constructs; Sigma-Aldrich,

cat# V8137, RRID: AB_261889); and a mouse monoclonal antibody

against b-actin (Abcam, Cambridge, UK). Prior to their use for im-

munostaining, some of these antibodies were affinity-purified, us-

ing the following procedures: (1) to purify RL1, R4, PAL1, PAL2,

PAL3, and dmAb, �100 mg of their respective recombinant proteins

expressed in NB2a cells were separated by SDS-gel electrophoresis,

transferred onto immobilon membranes, and incubated overnight

with their respective IgG fractions or the immune sera; the mem-

branes were then washed with 25 mL of 1 M NaCl; the bound anti-

bodies were eluted from the antigen with 50mM triethylamine (pH

12) and neutralized with 1M Tris-HCl, pH 8.3; (2) NRXN1 antibody

was purified from the immune serum by affinity chromatography

on the cognate peptide conjugated to SH-sepharose. The blots

were then incubated with their respective secondary antibodies

conjugated with horseradish peroxidase, followed by chemilumi-

nescent detection using SuperSignal West Femto Maximum Sensi-

tivity Substrate (Thermo Scientific) and the LAS3000 (FUJIFILM)

gel documentation system. To determine the linear signal range

for each protein, different signal development and detection times

were used. For protein quantification, ImageJ (NIH, Bethesda, MD,

USA; RRID: SCR_003070) was employed.
Genotyping
Tail biopsies obtained from 21-day-old mice (or tissue fragments of

partially cannibalized newborns) were used to extract genomic

DNA. Two PCR-amplification reactions were set up for each sample

and included 1 mg of genomic DNA and one of the two primer pairs

(Figure S2A): N252 (50-AGG CCG TGG TAC CCT GGT GAT GCG

GGG CGA GG) and N253 (50-GCG TGT GCA GGA TCC CAG

GCC AGA GCC GGG TAA TTA CTT GTT TT), or N252 and N255
Journal of Human Genetics 109, 1436–1457, August 4, 2022 1439



(50-CGA GAC TAG TGA GAC GTGCTA CTT CCA TTT GTC), which

were specific for theWTor KOAdgrl1 allele and produced amplifica-

tion fragments of 522 and 459 bp, respectively. Hot-start PCR reac-

tions were performed on a Mastercycler (Eppendorf, UK), using the

following program: initial denaturation (10 min at 94�C), 34 cycles

of amplification (60 s denaturation at 94�C, 90 s annealing at 60�C,
45 s extension at 72�C), and final extension (10 min at 72�C). The
PCR products were analyzed by agarose gel electrophoresis.
Neuronal cell cultures
Hippocampi from 1-day-old mice were dissected under a binocular

microscope in aseptic conditions, placed into vials with HAB buffer

(Hibernate A, 2% B27, 0.5 mM GlutaMAX), and kept at 4�C until

plating (no later than 10 days after dissection). The hippocampi

were placed in dissociation buffer (Hibernate A without Ca2þ, con-
taining 2 mg/mL papain) and incubated for 10 min at 37�C. The
buffer was then replaced with HAB buffer, and the tissue was tritu-

rated using a silanized Pasteur pipette. The undispersed pieces were

allowed to settle for 1 min; the supernatant containing the

dispersed cells was transferred into a 15-mL tube and centrifuged

at 700 rpm for 2 min. The pellet was resuspended in Neurobasal A

medium supplemented with 2% B27 and 0.5 mM GlutaMAX; the

cells were plated at a density of 10,000 cells/well on coverslips pre-

coated with 50 mg/mL poly-D-lysine and 10 mg/mL laminin and

placed into 24-well plates. Neurons were incubated at 37�C, 5%
CO2, and half of the medium was changed every 3–4 days. The cul-

tures were maintained until 60 days in vitro (DIV) and used for elec-

trophysiological recordings at different times.
Synaptic activity in cultured hippocampal neurons
Recordings of spontaneous postsynaptic currents in hippocampal

neurons were carried out after 14–60 DIV. Coverslips with neurons

were transferred into a perfusion chamber (Harvard Biosciences,

Inc.) mounted on the stage of an inverted microscope and perfused

at room temperature with the continuously oxygenated External

solution (2 mM CaCl2, 3 mM CsCl, 11 mM glucose, 4.8 mM

HEPES, pH 7.4 adjusted with NaOH, 160 mM NaCl, 1 mM tetrodo-

toxin) at a flow rate of 1 mL/min. Patch pipettes were prepared

from filamented borosilicate glass capillaries (Harvard Biosciences)

to achieve a DC resistance of 3–7MU and filled with the Internal so-

lution (150 mMCsCl, 10 mM EGTA, 5 mMHEPES, pH 7.4 adjusted

with KOH, 10mMNaCl, 4.5 mMATP-Mg, 0.1 mMGTP). Cells were

observed using a color video camera, and pipettes were positioned

using a PatchStar motorized micromanipulator (Scientifica, UK).

The recordings were carried out in the whole-cell configuration,

on cells voltage-clamped at �70 mV. To block current, signals

were amplified (10 mV/pA), filtered at 2.9 kHz, and digitized at 20

kHz using a recording system including a Model 2400 patch-clamp

amplifier (A-M Systems, Inc., USA), an LPF202A filter/amplifier

(Warner Instruments, USA), a HumBug harmonic frequency

quencher (Quest Scientific, USA), and a Digidata 1322A digitizer

(Axon Instruments, USA). Data acquisition was controlled using

pClamp (Axon Instruments), and the traces were analyzed with

MiniAnalysis (Synaptosoft, USA)
Synaptic activity at the NMJ
Flexor digitorum brevis muscles were dissected from P21 mice

(Adgrl1þ/þ or Adgrl1�/�) and pinned to the bottom of Petri dishes

coated with Sylgard (Dow Corning). In this set of experiments, we

systematically tested male mice to avoid any effects of the estrous

cycle; however, several experiments conducted on adult females in
1440 The American Journal of Human Genetics 109, 1436–1457, Aug
metestrus produced similar results. The recording buffer contained

137 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM

HEPES, pH 7.4, 5.6 mM glucose, and 1 mM tetrodotoxin. Sharp

electrodes were manufactured from borosilicate glass (Harvard

Biosciences) with a tip diameter<0.5 mm and�70MOhm imped-

ance and filled with a 5 M ammonium acetate solution. Sponta-

neous presynaptic activity was recorded using an Axoclamp 2B

pre-amplifier (Axon Instruments) in the current clamp mode, an

LPF202A secondary filter/amplifier, a HumBug harmonic fre-

quency quencher, a Digidata 1322A digitizer, and a microcom-

puter running AxoScope software (Axon Instruments). The re-

corded signals were analyzed using MiniAnalysis.
Loss of righting reflex
The righting reflex was tested between postnatal days P3 and P10.

No pre-test learning was required. Pups were gently held on their

backs on a flat surface for 5 s and then released. The time required

for the pup to return to prone position was recorded in three trials,

each of which lasted up to 60 s.
Locomotor activity and stereotypy
WT, HET, and KOmice aged 2–6months were housed individually,

with food and water provided ad libitum. Cages were fitted with

running wheels, whose revolutions were recorded in 1-min bins

and analyzed using the Chronobiology Kit (Stanford Software Sys-

tems, Santa Cruz, CA, USA). Before commencement of experi-

ments, mice were kept under a 12:12 h light-dark cycle for a min-

imum of 14 days, and the same regime was maintained during the

experiments. Environmental room lighting consisted of white

fluorescent strip lights providing 350 lux at cage level.

Stereotypic behaviors (grooming, excessive jumping, tonic

immobility, excessive digging, etc.) were observed and timed for

10 min after mice were individually transferred into new cages.
Pre-pulse inhibition
The acoustic startle response apparatus was designed in-house and

consisted of an acoustically insulated 35 3 35 3 35 cm chamber

equipped with a ventilation system and a test platform. The latter

included a plastic tubular rodent holder (Kent Scientific Corpora-

tion, USA) magnetically positioned on a 14 3 18 cm plastic plate,

which rested on a piezoelectric force transducer (MLT1010, ADIn-

struments, Australia) attached to a heavy base; the transducer was

used to detect animal motion inside the holder. Broad-band acous-

tic stimuli and background noise (BN) were delivered via two

speaker drivers placed 5 cm above the animal holder and con-

nected to a computer-controlled audio amplifier. Acoustic signal

patterns for various trials were designed and replayed using the

Audacity software (Audacity Team, USA) and calibrated to the

required sound intensity using a sound level meter (815, Testo,

Germany) placed near the animal holder. A BN was maintained

in the chamber at 60 dB during the experiment. Animals were

habituated to the experimental conditions in preliminary sessions

that included no acoustic stimuli. Test experiments were designed

according to previously published studies and consisted of 5 min

acclimatization, followed by ten no-prepulse/startle (NS) trials,

then by a random series of three prepulse/startle (PS) trials, five

NS trials, and five no-prepulse/no-startle (NN) trials, and finally

by another ten NS trials.63–66 All trials were interspaced by 15-s

BN intervals and consisted of the following segments: 100 ms

BN; 20 ms pre-pulse (75 dB, 15 dB above BN) or BN; 100 ms inter-

stimulus interval; 40 ms startle stimulus (120 dB, 60 dB above BN)
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or BN; 300 ms response period. Animal motion signals from each

trial were rectified, digitized at 1,000 Hz, and recorded using a

PowerLab data acquisition system (ADInstruments, Australia).

Startle responses were quantified by calculating the area under

response curves (AOC). Risperidone (1 mg/kg body weight, in

150 mL) was administered intraperitoneally 30 min prior to the

pre-pulse inhibition (PPI) test; control mice were injected with

vehicle; each mouse was used only once.
Neurotransmitter release from central synapses
Synaptosomes were prepared from prefrontal cortices of mouse

brains as described previously and resuspended in physiological

buffer (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM glucose,

20 mM HEPES, pH 7.3) at a concentration of 1 mg protein/mL.67

To measure spontaneous and evoked release of dopamine and

noradrenaline, the synaptosomes were first equilibrated in physi-

ological buffer supplemented with 2 mM Ca2þ, 1 mM ascorbic

acid, and 0.1 mM pargyline (Sigma-Aldrich, UK) for 10 min, at

37�C. The synaptosomes were then incubated with 2.5 mCi

[7,8-3H]-dopamine or [7,8-3H]-noradrenaline (Amersham, UK) as

outlined.67 To load with [14C]-glutamate, synaptosomes in basal

buffer containing 2 mM Ca2þ and 0.1 mM aminooxyacetic acid

(Fisher, UK) were preincubated for 10 min, at 37�C, then supple-

mented with 2–5 mCi/mL [14C]-glutamic acid (Amersham, UK)

for 5 min, washed, resuspended in buffer with 2 mM Ca2þ, incu-
bated for 1 h at 37�C, washed, and used to measure release. All

buffers used to prepare synaptosomes and study release were

oxygenated. Release of neurotransmitters was determined in mul-

tiple identical experiments, each involving triplicate samples of

25 mg loaded synaptosomes/experimental point.
Recombinant ADGRL1 constructs
The variant ADGRL1 expression constructs were created on the ba-

sis of rat Adgrl1 (GenBank: U78105) in the pcDNA3.1 vector, using a

site-directed mutagenesis system (NEBaseChanger, New England

Biolabs) and the following primer pairs: p.Trp9*, 5’-TGCAGCAC

TCTAGAGTCTCTGTGTGACGAC-3’, 5’-GCCAAGCGGGCCATGG

CG-3’ (annealing temperature [Ta], 72�C); p.Tyr346Cys, 5’-CCGC

GTGGACTGTGCCTTTAACA-3’, 5’-TTGCCTGCTGCCTCACTG-3’

(Ta, 69�C); p.Trp1005Arg, 5’-CTATTTCATCAGGAGCTTCATTG

GG-3’, 5’-TTATCCACCCTCAGCCAG-3’ (Ta, 62�C); p.Met1152Thr,

5’-AATCCGGAGGACGTGGAATGACAC-3’, 5’-CGGCTCTGGGTC

CCTGTG-3’ (Ta, 67�C); and p.Ser1164Phe, 5’-GACAGAGTCGTT

CTTTATGGCAG-3’, 5’-TGCTTCCTCACGGTGTCA-3’ (Ta, 64�C).
The correct base substitutions were confirmed by DNA sequencing.

To obtain stable cell lines expressing these constructs, NB2a neuro-

blastoma cells were transfected using Escort III (Sigma-Aldrich) with

WT Adgrl1 (positive control), its variants (described above), or an

empty vector (negative control) and selected using Geneticin

(Thermo Scientific, UK).
Measurements of cytosolic Ca2þ

When expressed in neuroblastoma cells, ADGRL1 is known to react

to the binding of LTXN4C by triggering the intracellular Ca2þ

signaling cascade.68,69 Tomonitor cytosolic Ca2þ changes, a fluores-

cent Ca2þ indicator dye was used as described previously.68,69When

stimulating ADGRL1with toxin, it was important to use themutant

LTXN4C,whichdoesnot formmembranepores andthusallows study

of the receptor-mediated signals only.25,70 As a positive control of

LTXN4C-induced Ca2þ signaling, theWTAdgrl1was used; two nega-

tive controls were employed: cells transfected with an empty vector
The American
and stimulated with LTXN4C, and ADGRL1-expressing cells stimu-

lated with buffer. Cells were grown in Dulbecco’s modified

Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS)

and L-glutamine in 30-mm dishes to a required density. One day

prior to the experiment, the medium was replaced with serum-free

DMEM.The cellswere then incubated in the darkwithphysiological

buffer containing0.2mMEGTA,0.5mg/mLBSA,2.5mMFluo-4 ace-

tomethoxy ester (Fluo-4-AM, Thermo Fisher Scientific) and 10%

pluronic F-127 for 30 min, then washed and further incubated for

30 min to allow for dye de-esterification. The cells loaded with the

fluorescent dye were observed under a confocal microscope

(LSM510, Zeiss, UnitedKingdom) using a 403Achroplanwater-dip-

ping objective, a 488-nm laser, and a band-pass emission filter of

505–550 nm. Confocal images were acquired every 5 s for the dura-

tion of the experiment, which typically lasted 55–60min, according

to the following protocol: (1) Baseline fluorescence (F0) was initially

recorded. (2) After 5min recording, 1 nM LTXN4C (or control buffer)

was added in the absence of Ca2þe to avoid asynchronous signaling

while the receptors are independently activated in individual cells

(this allowed the toxin to bind and activate the receptors without

inducing Ca2þ signals).68 (3) At 30 min, Ca2þ was added to a final

concentration of 2 mM to induce synchronous receptor signaling.

(4) At 50 min, 1 nMWT aLTX was added to identify all cells able to

bind the toxin and measure the maximal Ca2þ fluorescence (Fmax)

of each individual cell by inducing Ca2þ-permeable pores in them.

(6)The recordingcontinued foranother5min.Thefluorescencepro-

file of each cell was adjusted to the baseline drift using controls and

normalized between the specific F0 and Fmax.
Immunostaining of cultured hippocampal neurons
Neuronal cultures on glass coverslips were fixed with 4% parafor-

maldehyde/1% glutaraldehyde, quenchedwith 0.7MTris, blocked

with 10% goat serum, and then incubated overnight with rabbit

anti-VGAT or mouse monoclonal anti-VGLUT antibodies

(ThermoFisher Scientific, UK), at 4�C, before being stained for

1 h with Alexa Fluor 488-conjugated anti-rabbit or Alexa Fluor

568-conjugated anti-mouse secondary antibodies (ThermoFisher

Scientific). The coverslips were mounted on glass slides and

imaged under the LSM-510 confocal microscope using a Plan-Neo-

fluar 403/1.3 oil-immersion objective.
Statistical analysis
The data were initially assessed using a Lillefors normality test,

and normally distributed sets of data were compared using a one-

way ANOVA, with the Bonferroni correction for multiple pairwise

comparisons where necessary. Non-normally distributed data

were compared using aWilcoxon (Mann-Whitney) non-parametric

test for unpaired data. For binomial distributions, Jeffreys 95%

and 99% confidence intervals were calculated. The level of

statistical significance was set at p ¼ 0.05, and the following

indicators of probability levels were used throughout the

paper: *p < 0.05; **p < 0.01; ***p < 0.001. All data in the figures

are the means 5 SEM. In behavioral experiments, littermates or

age-matchedmicewereused, and the experimenterwasalwaysblind

to mouse genotype.
Results

In an 8-year-old boy with a neurodevelopmental disorder,

including mild to moderate intellectual disability, global
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developmental delay, and behavioral disorders (individual

1, F1-II-1, Figure 1 and Table 1 and supplemental informa-

tion), we performed array-comparative genomic hybridiza-

tion (CGH) and trio exome sequencing (ES) and identified

a de novoHETmissense variant (g.14267505A>G [GenBank:

NC_000019.9]; c.3013T>C [GenBank: NM_001008701.2];

p.Trp1005Arg) in ADGRL1. No additional candidate sin-

gle-nucleotide, indel, or copy-number variants accounting

for his phenotype were identified. ADGRL1 is mainly ex-

pressed in the brain (The Human Protein Atlas, www.

proteinatlas.org) and is highly intolerant to loss-of-function

(LoF) and missense variants according to gnomAD (v2.1.1),

with a probability of LoF intolerance (pLI) of 1 and a

missense Z (misZ) score of 3.43.71 There were only 12

high-confident LoF alleles in gnomAD, all at the heterozy-

gous state with a frequency ranging from 9.95 3 10�5 to

8.81 3 10�6 in ethnically matched allele counts. The

p.Trp1005Arg variant is absent from the gnomAD database

and located within the CTF of ADGRL1, in a position highly

intolerant to substitutions (Figure S1, metadome score 0.5).

Furthermore, two individuals with de novomissense variants

(c.1037A>G [p.Tyr346Cys] and c.1637G>C [p.Ser546Thr])

and ASD were reported in a meta-analysis cohort of 3,871

autism cases and 9,937 ancestry-matched or parental con-

trols (Figure S1A).72

Through international data sharing (GeneMatcher,

ERN-ITHACA, and personal collaborators), we ascertained

nine additional individuals from eight unrelated families

with congruent phenotypes and de novo or inherited

HET candidate ADGRL1 variants (Table 1 and Figure 1),

namely four nonsense (among which one was previously

included in Guo et al., 201957), one frameshift, and four

missense variants (Table 1 and Figures 1A and S1B). Seven

of them were de novo, while two, c.834G>A (p.Trp278*)

and c.1037A>G (p.Try346Cys), were inherited from an

affected parent with intellectual disability and learning

difficulties (Families F3 and F9, respectively; Figure 1). In

the p.Trp278* family, the variant segregated in six affected

cases (F3, Figure 1B), but only two individuals (individuals

3 and 4, F3-II-5 and F3-II-6, respectively) were available for

clinical evaluation. In the p.Tyr346Cys family (F9), the

variant co-segregated with a pathogenic TAOK1 variant

(developmental delay with or without intellectual impair-

ment or behavioral abnormalities—autosomal dominant,

MIM: 619575) in three affected cases (Figure 1B), but

only one individual (individual 10, F9-II-2) was available

for clinical evaluation.

Retrospective phenotyping of the ten individuals of our

cohort delineated a consistent neurodevelopmental disor-

der characterized by global developmental delay, intellec-

tual disability, ASD, and/or ADHD. Age in the cohort

ranges from 3 to 43 years (median age: 11 years). Nine in-

dividuals presented with a developmental delay, including

poor motor skills and speech delay. Among them, two

benefited from a significant psychomotor catch-up during

their development (individuals 6 and 8). Walking acquisi-

tion age ranged from 11 to 30 months (median age:
1442 The American Journal of Human Genetics 109, 1436–1457, Aug
16.5 months), and first pronounced words age ranged

from 12 to 36 months (median age: 14.5 months).

Five individuals presented with mild to moderate intel-

lectual disability, one presented with a borderline intelli-

gence quotient (IQ; individual 7; Figure 1C), and three

had average IQs. Individual 2 (F2-II-1, Figure 1) was 3 years

and 3 months old at last consultation, and therefore too

young for a neuropsychological assessment. Five under-

went brain imaging, which was unremarkable, except for

individual 6, who showed bilateral focal nodular heteroto-

pias of the frontal horns of the lateral ventricles.

In our cohort, 5/9 individuals presented with neuropsy-

chiatric disorders (detailed clinical data were unavailable

for individual 2). Among them, three matched diagnosis

criteria for ADHD and four for ASD ranging from atypical

autism to Asperger syndrome. Two individuals met the

criteria for both ASD and ADHD (individuals 1 and 3, F1-

II-1 and F3-II-5, respectively; Figure 1), and individual 5

(F4-II-1, Figure 1), presenting with Asperger syndrome,

also presented with hyperactivity, impulsivity, inattention,

and executive functioning deficits, which was strongly

suggestive of ADHD. Stereotypies were present in two

cases.

Epileptic features with EEG abnormalities were present

in 2/9 individuals: individual 7 (F6-II-1, Figure 1) presented

focal hypermotor seizures with secondary generalization

to tonic-clonic seizures; individual 8 (F7-II-1, Figure 1) pre-

sented developmental delay and behavioral abnormalities

at 5 years with the diagnosis of epileptic aphasia. His EEG

revealed bilateral, asynchronous slow and spike waves on

the central and posterior regions. He was prescribed carba-

mazepine (15 mg/day), with an effect on both EEG abnor-

malities and speech problems. Additional neurological fea-

tures included inconstant hypotonia (4/9). No spasticity or

ataxia was noted in the cohort.

Facial dysmorphism was observed in 7/10 cases, but in-

dividual 2 (F2-II-1, Figure 1) presented with frontonasal

dysplasia probably not linked to the ADGRL1 variant. Dys-

morphic features included broad nasal tip, deep philtrum,

thin upper lip, and donwslanted palpebral fissures. Macro-

cephaly (i.e., head circumference above 2 standard devia-

tions of the 97th percentile) was present in 4/6 individuals

with available data.

Other findings include sleep disturbance (5/9) such as

non-organic insomnia (3/5) and nocturnal awakenings

(2/5), mild extremity anomalies (3/9), overweight (4/9),

joint hypermobility (4/8), dermatological issues (2/9), hy-

perphagia (2 individuals from the same family), anxiety

(1/9), megadolichocolon (1/9), hyperopia (1/9), genital

anomalies (1/9), delayed puberty (1/9), scoliosis (1/9),

migraine (1/9), and neuroendocrine pancreatic tumors

(1/9). Overall, our data indicated that ADGRL1 should be

considered as a candidate gene for a neurodevelopmental

disorder including ASD and ADHD with a variable

spectrum.

To understand the pathophysiological mechanisms

underpinning the ADGRL1 variants identified in our
ust 4, 2022
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Table 1. Clinical features and variants found in the nine individuals of the cohort

Sex

Individual 1 Individual 2 Individual 3a Individual 4a

Individual 5
(Guo et al.,
2019)57 Individual 6 Individual 7 Individual 8 Individual 9 Individual 10

Male Male Female Female Male Male Female Male Male Male

Age at last
examination

11 years 3 years 3
months

12 years
1 month

11 years
1 month

19 years 10 years 13 years 10 years 8 years 43 years

Birth measurements

Weight in g
(centile)

3,780 (83rd) N/Ab 2,950 (14th) 3,720 (87th) N/A N/A 3,000 (2–9th) 4,470 (>97th) 4,100 (90th) N/A

Length in cm
(centile)

53 (95th) N/A 50 (55th) 52 (94th) N/A N/A 54 (50–75th) 57 (>97th) 51 (75th) N/A

OFCc in cm
(centile)

39 (99th) N/A 34.5 (52nd) 37 (98th) N/A N/A N/A N/A 36.5 (75th) N/A

Developmental features

Age at sitting
(months)

18 delayed 12 7 N/A N/A N/A 7 9 12

Age at walking
(months)

23 delayed 13 14 N/A 17 11 30 16 17

Age at first words
(months)

15 delayed 24 12 N/A 24 14 36 36 15

Developmental
delay

þ þ þ þ – þ þ þ þ þ

Intellectual
disability
degree (IQ)d

mild to
moderate

N/A mild mild (IQ 57) IQ 96 no IDe borderline
(IQ 74)

IQ 109 mild to
moderate

mild

ASDf þ N/A þ – þ – – þ – –

ADHDg þ N/A þ – suspected – þ – – –

Neurological features

Hypotonia þ N/A þ þ – – – þ – –

Stereotypies þ N/A – – – – N/A þ – –

Epilepsy – N/A – – – – þ þ – –

Sleep
disturbance

þ N/A þ þ – þ þ – – –

Brain imaging Normal N/A N/A N/A N/A nodular
heterotopia

normal normal Normal N/A

(Continued on next page)
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Table 1. Continued

Sex

Individual 1 Individual 2 Individual 3a Individual 4a

Individual 5
(Guo et al.,
2019)57 Individual 6 Individual 7 Individual 8 Individual 9 Individual 10

Male Male Female Female Male Male Female Male Male Male

Facial
dysmorphism

– þh – þ – þ þ þ þ þ

Additional features

Macrocephaly Congenital N/A Postnatal (93rd

centile)
þ N/A – N/A N/A þ (97th centile) –

Overweight – N/A þ (99th centile) þ þ – – – – þ

Joint
hypermobility

þ N/A þ – – þ N/A þ – –

Others Hyperopia,
temporary
regression,
megadolichocolon

Learning
disabilities

Hyperkinetic
disorder,
small hands
and feet

Small
hands and
feet

Poor adaptive
skills
Learning
disabilities

Migraine,
dermatological
issues, genital
abnormalities,
borderline
short stature,
advance
bone age,
clinodactyly

Delayed
puberty

Dermatological
issues, scoliosis

Learning
disabilities

2
Neuroendocrine
pancreatic
tumors at 43
years

ADGRL1 variant
DNA change
GRCh37/hg19
GenBank:
NC_000019.9
(chr19)

g.14267505A>G g.14263628G>A g.14273794C>T g.14273
794C>T

g.14294389C>T g.14263409A>G g.142633
73G>A

g.14270002dup g.14263332G>A g.14273591T>C

cDNA change
GenBank:
NM_001008701.2

c.3013T>C c.3406C>T c.834G>A c.834G>A c.26G>A c.3455T>C c.3491C>T c.2064dup c.3532C>T c.1037A>G

Amino acid
chance

p.Trp1005Arg p.Arg1136* p.Trp278* p.Trp278* p.Trp9* p.Met1152Thr p.Ser1164Phe p.Glu689Argfs*113 p.Arg1178* p.Tyr346Cys

Inheritance de novo de novo paternally
inherited

paternally
inherited

de novo de novo de novo de novo de novo Paternally
inherited

Additional
findings

– 9p13.3
deletion

– – – 5q14.3
deletion

– – 6p12.3
duplication

TAOK1

Variant
GRCh37/hg19

– (34655686–
34662203)x1

– – – (83112653–
85261932)x1

– – (47075799–
48930453)x3

c.564G>A
(GenBank:
NM_020791.1)

Amino acid
change

– – – – – – – – – p.Trp188*

(Continued on next page)
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Table 1. Continued

Sex

Individual 1 Individual 2 Individual 3a Individual 4a

Individual 5
(Guo et al.,
2019)57 Individual 6 Individual 7 Individual 8 Individual 9 Individual 10

Male Male Female Female Male Male Female Male Male Male

OMIM gene
phenotypes

– IL11RA
Craniosynostosis
and dental
anomalies AR,i

MIM: 614188

– – – – – – CD2AP
Glomerulosclerosis,
focal segmental 3,
MIM: 607832

Developmental
delay with or
without
intellectual
impairment or
behavioral
abnormalities
AD,jMIM:
619575

ACMGk

classification
– VUSl – – – VUS – – VUS pathogenic

Inheritance – unknown – – – maternally
inherited

– – maternally
inherited

paternally
inherited

aSiblings.
bNot available.
cOccipital frontal circumference.
dIntellectual quotient.
eIntellectual disability.
fAutism spectrum disorder.
gAttention-deficit hyperactivity disorder.
hProbably not linked to ADGRL1 variant.
iAutosomal recessive.
jAutosomal dominant.
kAmerican College of Medical Genetics and Genomics classification.
lVariant of unknown significance.
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Figure 2. In vitro analysis of mutations in ADGRL1
(A) Expression and surface delivery of the mutated constructs in NB2a cells. Cells transfected with the vector expressingWTADGRL1, its
variants (as indicated), or no ADGRL1 (Vector) were incubated with aLTX, lysed, and immunoblotted with antibodies against the NTF of
ADGRL1, aLTX, and b-actin. In a separate experiment, surface exposure of p.Met1152Thr and p.Ser1164Phe was detected by bio-
tinylation of live cells and staining of the lysate with streptavidin. The blots represent n ¼ 3 experiments, with similar results. M, mo-
lecular mass markers.
(B) Quantification of surface expression of the ADGRL1 mutants relative to native ADGRL1 (n ¼ 3).
(C) Cytosolic calcium signaling induced in individual NB2a cells transfected with ADGRL1, its variants, or an empty vector and detected
using confocal microscopy and an intracellular fluorescent Ca2þ sensor, Fluo-4. As indicated by arrowheads, the cells were first stimu-
lated by buffer or 2 nM LTXN4C in the absence of extracellular calcium, then 2 mM Ca2þe was added, and at the end of the procedure,
cells were treated with 1 nM aLTX to form membrane pores and detect maximal fluorescence. Two exemplary traces are shown for each
variant; the number of cells analyzed was 72–93 in n ¼ 3–7 independent experiments.
(D) Quantification of integrated calcium signals in the cells expressing ADGRL1 or its mutants.
All data are the means 5 SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, non-significant.
cohort, we produced Adgrl1 constructs encoding the

p.Trp9*, p.Tyr346Cys, p.Trp1005Arg, p.Met1152Thr, and

p.Ser1164Phe variants, and expressed them in mouse neu-

roblastoma cells. As shown in Figure 2A, four variant con-

structs were relatively well expressed, while the p.Trp9*
1446 The American Journal of Human Genetics 109, 1436–1457, Aug
construct produced no protein, indicating that this variant

introduces a functional premature stop codon. Delivery

of the expressed proteins to the cell surface was assessed

using aLTX and anti-LTX antibodies. As expected,

the cells expressing p.Trp9* showed no detectable aLTX
ust 4, 2022



Figure 3. Cognitive and behavioral abnormalities in Adgrl1�/� mice
(A and B) Neurological deficits in the offspring on the mixed 129/SvJ-C57BL/6 background.
(A) Left: An example of a loss of righting reflex in a P4 HET pup, compared to its WT littermate. Center: P3 HET pup underdeveloped due
to suckling problems, with its WT littermate. Right: An example of a P21 HET pup experiencing arrest and seizures after transfer into a
new environment (open space).
(B) The frequency of neurodevelopmental deficits in WT, HET, and KO pups (circles, mean values; bars,5 95% confidence intervals, CI;
whiskers, 5 99% CIs. WT, n ¼ 23; HET, n ¼ 28 normal, 6 compromised; KO, n ¼ 1 normal, estimated 23 dead in utero).
(C–J) Behavioral abnormalities in the Adgrl1�/� colony on the compensatory C57BL/6 background.

(legend continued on next page)
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binding (Figures 2A and 2B), whereas the p.Tyr346Cys-

and p.Trp1005Arg-expressing cells bound the toxin pro-

portionately to the amount of protein produced

(Figures 2A and 2B). Interestingly, the two constructs

with variants in the intracellular tail of the CTF

(p.Met1152Thr and p.Ser1164Phe) bound substantially

less toxin (Figures 2A and 2B). As aLTX only binds to the

extracellular NTF, this result was likely due to inefficient

delivery of the p.Met1152Thr and p.Ser1164Phe constructs

to the cell surface, and this was confirmed by labeling of

the surface-exposed ADGRL1 proteins with a membrane-

impermeable biotin reagent and subsequent staining

with streptavidin (Figure 2A, right).

Physiological activity of the ADGRL1 variants was

probed by recording their intracellular Ca2þ signaling in

response to stimulation with LTXN4C, a mutant aLTX un-

able to form membrane pores (as described in material

and methods).25,68–70 The WT ADGRL1 showed a large

response to extracellular Ca2þ (Ca2þe) influx, followed by

strong and persistent oscillatory calcium signaling in

most cells. Similar to vector-transfected cells, cells express-

ing p.Trp9* did not react to LTXN4C or native aLTX. Cells

expressing p.Tyr346Cys demonstrated high influx of

Ca2þe but very few calcium oscillations. The p.Trp1005Arg

construct only reacted to LTXN4C by Ca2þe influx, without

subsequent calcium waves. The two constructs with intra-

cellular variants (p.Met1152Thr and p.Ser1164Phe) pro-

duced a low Ca2þe signal, followed by infrequent calcium

oscillations in some cells. Thus, all ADGRL1 variants stud-

ied displayed impairments in LTXN4C-induced intracellular

calcium signaling (Figure 2D), indicating that they should

be considered as pathogenic. Overall, our data indicate

that the molecular consequences of ADGRL1 mutations

are consistent with haploinsufficiency.

To model the pathophysiological effects of human

ADGRL1 haploinsufficiency, we inactivated Adgrl1 in

mice (described in material and methods) (Figure S2A).

When the colony was established, we noted a pronounced

sub-Mendelian distribution of the Adgrl1 null allele in the

offspring and a lack of KO progeny on the original 129/SvJ

genetic background (Figure S2B), which suggested that the
(C) Percent of breeding pairs of specified genotype committing paren
CIs; whiskers, 5 99% CIs).
(D) Consecutive litters killed by parents of indicated genotype.
(E) Parity in breeding pairs of specified genotypes (X¼WTor HET; circ
n ¼ 72; all WT pairs n ¼ 20, nulliparous n ¼ 4).
(F) Examples of running wheel activity of WT and KO littermates (ti
(G) Average wheel-running activity in mice of indicated genotypes
activity; WT or HET, n ¼ 8; KO, n ¼ 4 and 4).
(H) Typical auditory startle reflex responses in WT and KO mice und
types: PN, pre-pulse, no startle stimulus; NS, no pre-pulse, startle s
30 min prior to test. (WT animals: vehicle group, n ¼ 6; risperidone g
n ¼ 4).
(I) Quantification of startle responses as in (H).
(J) PPI in PS trials in control and risperidone-treated animals.
(K) Overall time spent self-grooming by WTand KOmice over a 10-m
n ¼ 10).
All data are the means 5 SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.0
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deletion of Adgrl1 was embryonically lethal (for additional

data, see supplemental results, Figure S2). On this non-

compensatory background, many HET pups showed neu-

rodevelopmental abnormalities. More than 15% of HET

offspring were unable to move in a coordinated manner,

failing to suckle or right themselves (Figures 3A and 3B).

Some less-affected HET animals that survived until wean-

ing also demonstrated neurological deficits, e.g., seizures

upon transfer to a new environment (Figure 3A). On this

genetic background, WT animals displayed no abnormal-

ities (Figure 3B). For a more detailed description of behav-

ioral data, see supplemental information.

After backcrossing to C57BL/6, some KO offspring were

finally obtained, as demonstrated by polymerase chain re-

action (PCR) and western blotting for ADGRL1 protein

(Figures S2C and S2D). Although the expected Mendelian

Adgrl1�/� frequency was still not achieved (Figure S2E),

the C57BL/6 genetic background provided sufficient

compensation of Adgrl1 deletion for some KO animals to

survive gestation (see also supplemental results,

Figures S2F and S2G). On this more permissive genetic

background, HET animals developed normally and re-

vealed no behavioral or neurological deviations.

By contrast, most KO animals successfully completing

their development demonstrated a host of aberrant behav-

iors. The main abnormality was persistent maternal infan-

ticide: 71% of KO mothers killed their newborn pups

(Figure 3C). The dead neonates never showed milk spots,

indicating a lack of nursing, but the promptness of the

attack (usually within minutes postpartum) and its exhaus-

tive character (all pups killed) suggested a deliberate act of

aggression due to an affective dysfunction rather than litter

abandonment, passive cannibalism, or inability to bond.

The KO dams showed no adaptation to litters’ demands

with consecutive parturitions (Figure 3D), which also indi-

cates some cognitive dysfunction.

KOmalemice also frequently killed their offspring; how-

ever, they did it �2.5 times less frequently than KO dams

(Figure 3C). Similar to KO females, KO males showed no

adaptation to periodic appearances of litters, killing the

same percent of litters after each parturition taking place
tal infanticide (X ¼ WTor HET; circles, mean values; bars, 5 95%

les, mean values; bars,5 95%CI; all KO pairs n¼ 156, nulliparous

cks correspond to revolutions per min).
(KO animals are plotted as two groups of high- or low-locomotor

er indicated protocols (respective individual traces overlaid). Trial
timulus; PS, pre-pulse, startle stimulus; RIS, 1 mg/kg risperidone,
roup, n ¼ 4; KO animals: vehicle group, n ¼ 4; risperidone group,

in period in a new environment. (WT animals, n ¼ 9; KO animals,

01; NS, non-significant.
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in their home cage (Figure 3D). The fact of paternal infan-

ticide argued against maternal postpartum psychosis being

the main reason of infanticide but was consistent with

faulty sensory gating in KO animals. When both parents

lacked Adgrl1, they always killed their offspring

(Figures 3C and 3D). Importantly, WT-HET and WT-WT

pairs on the compensatory genetic background never

killed their offspring, while only one HET-HET pair ever

committed infanticide (1 out of 31).

KO animals also demonstrated aberrant social and sexual

interactions: 50% of matings involving at least one KO an-

imal remained nulliparous, while only 20% of WT/HET

breeding pairs produced no progeny (Figure 3E). Although

many reasons could underlie sexual dysfunction, we noted

that the KO animals demonstrated a bimodal distribution.

While some KO mice conceived/sired repeatedly, albeit

regularly killing their pups, other animals were consis-

tently averse to reproductive behavior. These two modal-

ities suggested the presence of either a bipolar affective dis-

order or a bimodal cognitive impairment, such as

schizophrenia.

To begin distinguishing between these possibilities, we

studied locomotor activity in the Adgrl1�/� mice. Given

their exaggerated response to novel stressful stimuli, we

initially assessed their routine behavior using home-cage

running wheels. As shown in Figure 3F, KO mice often

demonstrated hyperactive behavior, greatly exceeding

their WT or HET littermates in locomotion. Intriguingly,

the KO animals fell into two opposite categories: either

strongly hyperactive or strongly hypoactive (Figure 3G),

which resembled manic and depressive states. WT and

HET mice showed much less variance in these tests

(Figure 3G). However, we did not observe any spontaneous

switching between the two polar behavioral types, which

may suggest that the KO animals had either one disorder

with two invariable modalities or a spectrum of separate

disorders.

Stress response and extremes of locomotion in the KO

mice were consistent with impaired sensorimotor gating;

therefore, we tested them in acoustic startle and PPI experi-

ments, designed to assess animals’ attention and sensory

gating deficits in relation to salient environmental stim-

uli.63,73 TheKOmicedemonstrated a clearly increased startle

response (Figure3H,NSprotocol; Figure3I).Whenthe startle

stimulus was shortly preceded by a sub-threshold acoustic

pre-pulse (PS protocol) (Figure 3H), the startle response was

inhibited by 40% in WT mice but only by 10% in KO mice

(Figures 3I and 3J). To assess the involvement ofmonoamin-

ergicneurotransmission inthe startle responsesobserved,we

injectedWTandKOmicewith 1mg/kg risperidone, an atyp-

ical antipsychotic and an antagonist at dopamine and 5-HT

receptors. This increased the PPI to �60% for WT and to

�45% for KOmice (Figures 3I and 3J), while also attenuating

the difference between these cohorts. These results confirm

the abnormal sensorimotor gating in Adgrl1�/� mice and

suggest an involvement of dopaminergic and/or seroto-

nergic receptors.
The American
Finally, the HET animals on the non-compensatory

background and the KO mice on the compensatory geno-

type displayed persistent stereotypic behaviors: compul-

sive grooming, repetitive serial movements, excessive dig-

ging, tonic immobility, etc., especially when transferred

into a new cage. As an example, self-grooming in a new

environment was two times longer, or more frequent, in

KO mice than WT animals (Figure 3K). For additional re-

sults of behavioral tests, see supplemental information.

These behaviors are similar to those of mutant mice with

neuropsychiatric dysfunctions or increased release of

dopamine in the brain.74,75

We then investigated themolecular and synaptic charac-

teristics of the Adgrl1 KOmice. The amount of ADGRL1 de-

tected in the brain of these mice corresponded well to the

dose of the Adgrl1 allele (Figures 4A and 4B). Interestingly,

these changes in ADGRL1 affected the abundance of other

related proteins, in particular the ADGRL1 paralogs,

ADGRL2 and ADGRL3, and the ADGRL1 ligand, TEN2

(or LASSO).27,30 Specifically, the amounts of ADGRL2 and

TEN2 in KO brains were, respectively, 12% and 19% lower

than those inWT brains (Figures 4A and 4B). In contrast to

these moderate changes, the expression of the more

distant paralog ADGRL3 was dramatically affected

(Figures 4A and 4B): HET and KO brains contained, respec-

tively, 20% and 60% less ADGRL3 than WT brains. These

data indicate that not only TEN2, which directly interacts

with ADGRL1, but also ADGRL3 display coordinated

expression with ADGRL1 and thus may interact with it

physically, functionally, or both.30,31

ADGRL1 has been hypothesized to regulate the activity

of both central and peripheral synapses.30,67,76 Therefore,

we studied spontaneous release of acetylcholine, gluta-

mate, and dopamine in KO mice. Surprisingly, KO mice

displayed an increased basal release of these neurotrans-

mitters (Figures 4C and 4D). Thus, spontaneous miniature

end-plate potentials (mEPPs) were 2.5 times more frequent

at KO neuromuscular junctions (NMJs) than at WT NMJs.

This effect was purely presynaptic, because the mEPP

amplitude was unchanged (Figure S2H). Likewise, the

release of glutamate and dopamine from isolated synaptic

terminals (synaptosomes) prepared from KO mouse brains

was significantly ameliorated compared to WT mouse

synaptosomes (Figure 4D). Although unexpected, the

increased neurotransmitter release in KO mice was consis-

tent with their hyperactivity and dysfunctional sensori-

motor gating.

Given that ADGRL1 was identified as the major Ca2þ-in-
dependent receptor for aLTX,23,25,60 we tested whether

ADGRL1 ablation led to any changes in aLTX binding

and activity. Indeed, the disruption of the Adgrl1 allele

clearly decreased toxin binding (Figure 4E). However,

about 30% of Ca2þ-independent aLTX binding still re-

mained in the KO brains. To determine whether this resid-

ual binding could be responsible for any effects of aLTX,

we treated cerebrocortical synaptosomes and NMJs from

the Adgrl1�/� mice with LTXN4C.25,67,77,78 This toxin
Journal of Human Genetics 109, 1436–1457, August 4, 2022 1449



Figure 4. Protein expression, synaptic activity, and
synapse formation in Adgrl1�/� mice
(A) Expression of the ADGRL family proteins and
TEN2 inWT, HET, and KOmouse brains. A representa-
tive western blot of brain membranes, stained for the
NTFs of ADGRL proteins and the C-terminal fragment
of TEN2. b-actin was used to control gel loading.
(B) Quantification of receptor expression, as in (E)
(ADGRL1, n ¼ 5; ADGRL2, n ¼ 5–9; ADGRL3, n ¼
5–6; TEN2, n ¼ 3–5; NRXN1, n ¼ 3–6).
(C) Increased spontaneous release of acetylcholine
(electrophysiologically recorded as mEPPs) at KO
mouse NMJs. Left, representative raw traces; right,
quantification of mEPP frequency at WT and KO
mouse NMJs (p < 0.012; WT, n ¼ 8; KO, n ¼ 11).
(D) Increased release of glutamate (Glu) and dopa-
mine (DA) from synaptosomes isolated from KO
mouse brain. Synaptosomes were preloaded with
[14C]Glu and [3H]DA and incubated for 15 min
without stimulation (Glu release, p < 0.0008, n ¼ 6;
DA release, p < 0.0041, n ¼ 6). NT, neurotransmitter.
(E) Specific Ca2þ-independent binding of 125I-LTX to
cerebrocortical synaptosomes from the WT and KO
mice (n ¼ 6).
(F) LTXN4C (1 nM) increases glutamate release from
the WT but not KO synaptosomes in the presence
of 2 mM Ca2þ (n ¼ 6).
(G) LTXN4C increases themEPP frequency at the NMJs
ofWTand HETmice, but not KOmice. Left, represen-
tative original recordings; right, frequencies of
LTXN4C-evoked mEPPs (WT, n ¼ 6; HET, n ¼ 3; KO,
n ¼ 5 independent animals).
(H) Spontaneous synaptic activity is greatly decreased
in KO hippocampal cultures. Patch-clamp recordings
demonstrate a regular occurrence of both mIPSCs
(upward spikes) and mEPSCs (downward spikes) in
WT hippocampal cultures, and a much rarer detec-
tion of mIPSCs and especiallymEPSCs in KO cultures.
(I) The amplitudes and shapes of average miniature
postsynaptic currents are similar in hippocampal cul-
tures from WT and KO mice.
(J) The frequencies of mIPSCs andmEPSCs inWTand
KO neuronal cultures (n ¼ 28 cells from 6 experi-
ments for each condition).
(K) KO neurons in culture form a lower number of
inhibitory and especially excitatory synapses
compared to WT neurons. Hippocampal cultures
from P1 WT and KO brains were grown for 21 days
and stained with antibodies against VGAT (inhibitory
synapses) or VGLUT (excitatory synapses). The im-
ages are representative of n ¼ 5 experiments.
(L) Quantification of inhibitory and excitatory syn-
apse formation in WT and KO hippocampal cultures
(n ¼ 5 for both conditions).
All data are the means 5 SEM; *, p < 0.05; **, p <
0.01; ***, p < 0.001; NS, non-significant.
strongly stimulated spontaneous exocytosis of glutamate

from WT synaptosomes (Figure 4F) and acetylcholine

from WT and HET NMJs (Figure 4G), while affecting only

mEPP frequency, but not the amplitudes (Figure S2I), and

thus acting purely presynaptically. By contrast, despite
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substantial toxin binding (Figure 4E and data

not shown), KO synaptosomes and NMJs did

not react to LTXN4C (Figures 4F and 4G). These

results demonstrate that ADGRL1 is indeed the
main mediator of the receptor-dependent effects of

LTXN4C and that any changes in KOmouse brain functions

most likely reflect ADGRL1 removal.

Combined, the above data suggested dysfunctional

neuronal transmission at least in some KO synapses. To



study synaptic transmission in central synapses in more

detail, we prepared dissociated neuronal cultures from the

hippocampi of WT and KO neonates. Using whole-cell

patch-clamp recordings, we simultaneously recorded spon-

taneous activity of excitatory and inhibitory synapses

formed by hippocampal neurons in culture (Figure 4H).

The features of both excitatory and inhibitory miniature

postsynaptic currents (mEPSCs and mIPSCs, respectively)

were very similar in WT and KO mice, including their

shapes and amplitudes (Figures 4I and S2J). However, synap-

ses formed by KO neurons in vitro showed a much lower fre-

quency of spontaneous firing thanWT neurons: the mIPSC

frequency was �4 times lower and the mEPSC frequency

83-fold lower in KO cultures than in WT cultures

(Figures 4H and 4J).

This dramatic loss of spontaneous synaptic activity in

cultured KO neurons was in stark contrast to an increased

spontaneous synaptic activity in ex vivo synapses. We hy-

pothesized that KO neurons form synapses in vitro much

less efficiently thanWT neurons, and this results in a lower

recorded activity. This hypothesis was tested by immuno-

staining KO and WT neuronal cultures with antibodies

against vesicular transporters of glutamate (VGLUT) and

g-aminobutyric acid, GABA (VGAT). As demonstrated in

Figures 4K and 4L, inhibitory synapses (identified by the

anti-VGAT antibody) were much less numerous in KO

neuronal cultures than in WT cultures. Likewise, and in

agreement with the recorded synaptic activity, excitatory

synapses (identified by the anti-VGLUT antibody) were

exceptionally rare in KO neuron cultures compared to

WT cultures. Thus, the decreased synaptic activity in KO

hippocampal cultures was most probably caused by poor

synapse formation (or survival) in cultured KO neurons.

In summary, the lack of ADGRL1 significantly enhances

basal spontaneous synaptic activity in cholinergic,

glutamatergic, and dopaminergic synapses but blocks

LTXN4C-induced neurotransmitter release in vivo while

decreasing the rate of synapse formation in vitro.
Discussion

Previous molecular and physiological studies using

mammalian models have demonstrated preferential brain

expression of ADGRL1 and suggested that it plays an

important role in neuronal functions and maturation dur-

ing early brain development and adult life. However, very

few studies have addressed ADGRL1 in humans; it has

never been directly implicated in human pathology, and

its role remains poorly defined. Here, we first describe a

cohort of individuals presenting with a neurodevelopmen-

tal disorder and carrying pathogenic HET variants in

ADGRL1. Furthermore, our results also show an important

correlation between the disruption of Adgrl1 in KO mice

and a neurodevelopmental phenotype.

We show here that on two distinct genetic backgrounds,

the deletion of this gene is either lethal or partially lethal,
The American
leading to a sub-Mendelian ratio of the null allele in

offspring genotypes (Figures S2B and S2E). This was unex-

pected, because a previous more limited study did not

report another Adgrl1�/� mouse line to deviate from Men-

delian genotype distribution.41 However, our extensive

breeding data indicate that, on even a compensatory back-

ground, the disruption of the Adgrl1 allele still causes

�50% lethality of KO embryos (Figure S2E). Those KO an-

imals that survive gestation generally develop normally

but demonstrate profound behavioral abnormalities.

The most obvious phenotype in Adgrl1 KO animals was

frequent, deliberate parental neonaticide (Figure 3C).

One factor known to cause aggression in mice is the main-

tenance conditions.79–81 However, the neonaticide was

committed by KO parents only; the colony was main-

tained in a standard rodent facility; and the conditions

were explicitly altered several times during the study,

which had no effect on the frequency of infanticide. The

specific circumstances of this behavior suggest that KO

mice were in a state of hypervigilance/over-arousal, and

when the major disturbance of parturition occurred, the

mother’s sensory endurance was overloaded by physical

demands from the pups, leading her to experience intense

distress in the presence of the feared stimulus (her own

litter). This indicates a failure to respond properly to envi-

ronmental intrusions, i.e., a dysfunction of sensory

processing.

Similarly, KOmales also frequently killed their offspring,

but they demonstrated extreme aggression more rarely

than KO females for several possible reasons: (1) only

some of the pups’ demands affected the fathers, thus rarely

exceeding their sensory threshold; (2) theWT/HET females

that were usually paired with KO males always nurtured

their pups and possibly protected them; (3) the normal

maternal behavior of the WT/HET females could have a

calming effect on the distressed KO males. The stochastic

nature of the infanticide suggested a consistent, but not

completely penetrant, behavioral pattern in both female

and male KO mice that could be attenuated by unknown

factors, occasionally allowing the parents to spare and

rear some of their litters. On the other hand, a lack of

habituation to the repeated appearance of an offspring

(Figure 3D) indicated the presence of general cognitive/

learning deficits.

Faulty sensorimotor gating in the Adgrl1 KO mice was

directly confirmed in the acoustic startle response and

PPI experiments (Figures 3H–3J). PPI is predominantly

used to probe gating deficits in schizophrenia,63 and the

decreased PPI in our Adgrl1�/� mice was augmented by

the antipsychotic drug risperidone (Figures 3I and 3J),

implicating dopaminergic and/or serotonergic brain cir-

cuits in this phenotype and suggesting a link to schizo-

phrenia. Indeed, direct measurements demonstrated a

significantly upregulated release of dopamine in prefrontal

cortices of Adgrl1�/� mice (Figure 4D). Furthermore,

ADGRL1 has been implicated in fine regulation of neuro-

transmitter release, while Adgrl1 has been indirectly linked
Journal of Human Genetics 109, 1436–1457, August 4, 2022 1451



to schizophrenia.45,82 On the other hand, individuals with

bipolar disorder also demonstrate a reduced PPI,83 and this

is consistent with the bimodal pattern of locomotor activ-

ity in our Adgrl1�/� mice (Figures 3F and 3G) and the two

modalities of behavior observed in their infanticide chro-

nology (Figure 3D). Thus, in our study, the PPI test most

likely detected a variable spectrum of neurological condi-

tions, similar to those found in humans with variants in

ADGRL1.

The sensory overload and locomotor hyperactivity in

Adgrl1 KO mice appeared to correlate with strongly

increased spontaneous release of glutamate and dopamine

in their prefrontal brain areas and of acetylcholine at their

NMJs (Figures 4C and 4D). As the activation of ADGRL1 by

LTXN4C, TEN2, or A1 ScFv antibody is known to cause a

massive increase in spontaneous synaptic activity, this

aGPCR has been hypothesized to regulate neurotrans-

mitter release at presynaptic nerve terminals.30,39,84 There-

fore, it was initially unclear why Adgrl1 deletion caused an

increase (rather than a decrease) in unstimulated release of

glutamate, dopamine, and acetylcholine in KOmice. How-

ever, both central and peripheral KO synapses were insen-

sitive to LTXN4C (Figures 4E–4G), which demonstrates the

role for ADGRL1 in controlling synaptic activity and sug-

gests that KO synapses, not activated via ADGRL1, have

developed increased spontaneous transmitter secretion to

compensate for ADGRL1 absence.

Adgrl1 deletion also led to impaired synapse formation

in neuronal cultures, where it affected excitatory synapses

more profoundly (Figures 4H–4L). This is in line with the

previous observation that ADGRL2 and 3 may be involved

in specifying the pattern of excitatory synapse formation

in vitro, which depends on simultaneous binding of two

ADGRL1 ligands, TEN2 and FLRT3.85 On the other hand,

Adgrl1 deletion also caused dramatic Adgrl3 hypomor-

phism (Figures 4A and 4B). Thus, some of the phenotypical

manifestations of Adgrl1 deletion could be due to the lower

expression of Adgrl3 rather than the lack of Adgrl1. Indeed,

mutations in ADGRL3 have been linked to ADHD in hu-

mans.45,50 However, the previous studies did not look at

the possibility that mutations in ADGRL3 could cause

ADGRL1 hypomorphism, an effect reciprocal to that

described here for the Adgrl1�/� mice. Our observations

suggest that the molecular basis of any neurodevelopmen-

tal disorders caused by mutations in ADGRL1 or ADGRL3

in humans may be complex, involving not only both of

these proteins but also their interacting partners (TEN2,

FLRT3).

One interesting question from our study is: which ge-

netic change(s) could mitigate the embryonic lethality

caused by Adgrl1 inactivation in mice? This question re-

quires further in-depth studies, but one likely candidate

is the already-mentioned hypomorphic Adgrl3 allele,

which was a serendipitous consequence of extensive

breeding and selection for an Adgrl1�/�-permissive back-

ground. The resultant decrease in Adgrl3 expression could

indeed represent such a compensatory response, offsetting
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the absence of ADGRL1. If ADGRL1 and ADGRL3 are inter-

dependent and physiologically antagonistic, their func-

tions would normally remain in balance, but a loss of

one protein would lead to an unabated activity of the other

and thus jeopardize animals’ development/viability. Inter-

estingly, the lack of ADGRL1 inmouse brain did not lead to

any appreciable changes in the expression of NRXN1, sug-

gesting that these two aLTX receptors are probably not

functionally connected.

As shown above, the behavioral phenotypes of mice

lacking ADGRL1, in many aspects, resembled those that

are displayed by humans with pathogenic variants in

ADGRL1. Neuropsychiatric and cognitive phenotypes in

mice do not always perfectly match human behaviors

and are not easy to interpret; however, it is clear from these

data that the loss of Adgrl1 in mice is responsible for a

broad neurodevelopmental phenotype. This provides a

strong argument for extrapolating these data to humans.

The occurrence of variants in ADGRL1 in ten individuals

from nine unrelated families with overlapping neurodeve-

lopmental and neurological phenotypes, corroborated by

the functional studies, strongly implicates ADGRL1 vari-

ants in intellectual disability and developmental delay.

We could not identify any genotype-phenotype correla-

tions. Emblematically, individuals 3 and 4 (F3-II-5 and

F3-II-6, respectively) from the same family showed a vari-

able expressivity of the symptoms associated with the

same variant (Figure 1B). Among the most interesting var-

iants identified are the p.Trp9* and p.Trp278* nonsense

variants, which would be expected to result in a lack of

the full-size ADGRL1. Indeed, our in vitro data indicate

that at least the p.Trp9* mutant does not express any

ADGRL1 (Figure 2A). Intriguingly, 5 out of 8 individuals,

including individuals 3 and 5 (with the p.Trp278* and

p.Trp9* variant, F3-II-5 and F4-II-1, respectively), demon-

strate ASD/ADHD symptoms (Figure 1B), indicating that

the lack of ADGRL1 expression could be directly associated

with ADHD. This is further corroborated by the fact that

several unrelated individuals, lacking different segments

of chromosome 19p that include ADGRL1, also present

with hyperactivity and intellectual disability.42 In addi-

tion, mutations that affect the ADGRL1 function in hu-

mans (p.Trp1005Arg and p.Ser1164Phe) (Figures 2C and

2D) also lead to ASD/ADHD symptoms (Figure 1B). Finally,

the Adgrl1�/� mice described above demonstrate hyperac-

tivity and cognitive deficits, consistent with human

phenotypes.

Thus, although the effect of individual ADGRL1 variants

will have to be studied further in detail, we can already

conclude that perturbations in the function of ADGRL1

and its deletion seem to be associated mainly with cardinal

symptoms, including developmental delay with delayed

speech development, intellectual disability, ASD, ADHD,

and—less frequently—epilepsy. However, these symptoms

appear to be of variable expressivity, in line with our model

studies in Adgrl1 KO mice, where the Adgrl1�/� phenotype

strongly depended on the genetic background. In addition,
ust 4, 2022



several other inconstant features were identified in our

work, such as nonspecific facial dysmorphism, macroce-

phaly, generalized hypotonia, joint hypermobility, derma-

tological issues, genital anomalies, and delayed puberty. It

would be premature to conclude on any association be-

tween these secondary features and the ADGRL1 variants

based on a single human cohort, although due to the signif-

icant expression of ADGRL1 inmultiple tissues, these symp-

toms could be part of the ADGRL1-associated phenotype.

In conclusion, we provide a first overview of the pheno-

types associated with ADGRL1 variants in humans. These

phenotypes are strongly supported by the data from

Adgrl1�/� mice. Additional functional studies and identifi-

cation of a larger cohort of individuals carrying pathogenic

ADGRL1 variants through international data sharing will

be necessary to clarify the phenotypic spectrum associated

with this gene and its counterpart, ADGRL3. We hope this

information will help to achieve a better interpretation of

any new ADGRL1 variants that may be identified after

exome/genome sequencing, leading to a better under-

standing and diagnosis of individuals with neurodevelop-

mental disorders.
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