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Pathogenic variants of ADAM22 affecting either its biosynthesis and/or its interactions with either LGI1 and/or PSD-95 have been 
recently identified in individuals with developmental and epileptic encephalopathy. Here, we describe a girl with seizures, delayed psy-
chomotor development, and behavioural disorder, carrying a homozygous variant in ADAM22 (NM_021723.5:c.2714C > T). The 
variant has a surprisingly high frequency in the Roma population of the Czech and Slovak Republic, with 11 of 213 (∼5.2%) healthy 
Roma individuals identified as heterozygous carriers. Structural in silico characterization revealed that the genetic variant encodes the 
missense variant p.S905F, which localizes to the PDZ-binding motif of ADAM22. Studies in transiently transfected mammalian cells 
revealed that the variant has no effect on biosynthesis and stability of ADAM22. Rather, protein–protein interaction studies showed 
that the p.S905F variant specifically impairs ADAM22 binding to PSD-95 and other proteins from a family of membrane-associated 
guanylate kinases, while it has only minor effect on ADAM22–LGI1 interaction. Our study indicates that a significant proportion of 
epilepsy in patients of Roma ancestry may be caused by homozygous c.2714C > T variants in ADAM22. The study of this ADAM22 
variant highlights a novel pathogenic mechanism of ADAM22 dysfunction and reconfirms an essential role of interaction of ADAM22 
with membrane-associated guanylate kinases in seizure protection in humans.
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Graphical Abstract

Introduction
ADAM22 (a disintegrin and metalloproteinase domain- 
containing protein 22) is a non-catalytic metalloprotease-like 
protein expressed at the specialized membrane domains in neu-
rons, such as the axon initial segment, juxtaparanodes and 
synapses.1-4 ADAM22 is a receptor for the secreted neuronal 
protein, LGI1 (leucine-rich, glioma inactivated 1 protein). 
Together, ADAM22 and LGI1 form the hetero-tetrameric 
LGI1–ADAM22 complex on the neuronal cell surface, regulat-
ing synapse maturation and function in the post-natal brain.1,5-7

LGI1–-ADAM22 interaction is critical for AMPA-type gluta-
mate receptor-mediated synaptic transmission and hippocam-
pal long-term potentiation via molecular interaction with 
the post-synaptic density protein PSD-95, a member of the 
MAGUK (membrane-associated guanylate kinase) family.8-10

Variants in LGI1 or ADAM22 have been linked to epilepsy in 
humans and mouse models.11,12 Heterozygous pathogenic var-
iants in LGI1 are associated with autosomal dominant lateral 
temporal lobe epilepsy (OMIM # 600512).13 Bi-allelic patho-
genic variants in ADAM22 are associated with autosomal 
recessive developmental and epileptic encephalopathy (OMIM 
# 617933).14-16 All previously reported individuals with 
pathogenic ADAM22 variants exhibit infantile-onset and 
treatment-resistant epilepsy with moderate to profound global 
developmental delay, hypotonia and delayed motor develop-
ment. Functional studies have revealed at least three distinct 
pathogenic mechanisms of ADAM22 dysfunction that are de-
pendent on the position and nature of the variant in the protein: 
(i) aberrant ADAM22 maturation and cellular localization; (ii) 
impaired ADAM22–LGI1-binding and/or (iii) disrupted inter-
action of the LGI1–ADAM22 complex with the PSD-95.16
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Here, we report a girl with early-onset focal epilepsy and 
mild neurologic symptoms due to an ethnically-specific 
homozygous missense variant in the PDZ-binding domain 
of ADAM22 and provide functional characterization of the 
pathogenicity of this variant.

Materials and methods
Study subject and clinical 
examination
The proband was ascertained from a series of patients with 
paediatric-onset rare diseases with unknown genetic bases 
who underwent whole-exome sequencing (WES). Informed 
consent for genetic analyses was obtained for all individuals, 
and genetic studies were performed as approved by the 
Institutional Review Board of the First Faculty of Medicine 
of the Charles University, Prague, Czech Republic. The pa-
tient’s parents provided written informed consent for the 
participation in the study, clinical data and specimen collec-
tion, genetic analysis and publication of relevant findings.

Genetic analyses
Genomic DNA extracted from leukocytes of the patient and 
her parents was used for WES. Exome enrichment was per-
formed on individually barcoded samples using SeqCap EZ 
MedExome Probes (Roche) and sequencing was performed 
on Novaseq 6000 platform (Illumina) with 100 bp 
paired-end reads. Reads were aligned to the hg19 reference 
genome using Novoalign version 3.02.13 (Novocraft) with 
default parameters.

After genome alignment, conversion of SAM format to 
BAM and duplicate removal were performed using Picard 
Tools (2.20.8). The Genome Analysis Toolkit, GATK 
(3.8)17 was used for local realignment around indels, base re-
calibration, variant recalibration and variant calling. 
Variants were annotated using the GEMINI framework18

and filtered based on the population frequencies using sev-
eral public databases and an in-house database of 
population-specific variants. Identification of candidate var-
iants was performed for autosomal dominant (de novo var-
iants) and autosomal recessive inheritance patterns. 
Variants were further prioritized according to the functional 
impact and conservation score.

Sanger sequencing was used for genotyping and segrega-
tion study of the candidate variant in family members, 
and functional studies in transiently transfected mamma-
lian cells were performed. The variant in ADAM22 was 
classified as pathogenic according to ACMG guidelines 
and submitted to ClinVar database under the accession 
VCV001713132.1.

Plasmid construction
Generation of the pCAGGS: human ADAM22, pCAGGS: 
human LGI1–FLAG and pGW: rat PSD-95-FLAG were 

described previously.14 ADAM22 S905F (NM_021723.5: 
c.2714C > T) was generated by the standard PCR method 
and the PCR product was analysed by DNA sequencing. 
pGW: rat PSD-95-GFP, pGW: rat PSD-93-GFP and pGW: 
rat SAP102-GFP were described previously.10

Antibodies
The following antibodies were used: rabbit polyclonal anti-
bodies to ADAM22 (aa 444-526, extracellular epitope)14

and GFP10; mouse monoclonal antibodies to ADAM22 
(NeuroMab, N46/30), FLAG (Sigma-Aldrich, F3165) and 
PSD-95 (Thermo Fisher Scientific, MA1-046); and a guinea 
pig polyclonal antibody to LGI1.19

Immunoprecipitation
HEK293T cells were seeded in six-well cell culture plates 
(5 × 105 cells/well) and co-transfected for the indicated pro-
tein expression. At 24-h after transfection, the cells were 
washed with phosphate buffer saline (PBS) and subsequently 
lysed with buffer A [20 mM Tris-HCl (pH 8.0), 1 mM 
EDTA, 0.5% Fos-Choline-14 (Anatrace) and 50 μg/ml 
PMSF]. The lysates were cleared by centrifugation at 10  
000 g for 5 min at 4°C. PSD-95–FLAG or LGI1–FLAG 
was immunoprecipitated with FLAG–M2 agarose 
(Sigma-Aldrich), washed with buffer B [20 mM Tris-HCl 
(pH 8.0), 1 mM EDTA, 100 mM NaCl, 1% Triton X-100 
and 50 μg/ml PMSF], and eluted with buffer B containing 
0.25 mg/ml FLAG peptide.14 For MAGUK immunoprecipi-
tation, GFP-tagged MAGUK proteins were immunoprecipi-
tated with anti-GFP-antibody. The immunoprecipitates were 
analysed by western blotting. Chemical luminescent signals 
were detected with a cooled CCD camera (the FUSION 
Solo system, Vilber-Lourmat) and the band intensities were 
analysed with the FUSION Capt software.

Cell-surface binding assay
COS7 cells were seeded onto poly-d-lysine 12-mm cover 
slips in a six-well cell culture plate (2 × 105 cells/well). 
ADAM22 was co-transfected with or without LGI1– 
FLAG. At 36-h after transfection, the cells were washed 
with DMEM and cell-surface-expressed ADAM22 or 
cell-surface-bound LGI1–FLAG was ‘live-labelled’ with anti-
bodies to an extracellular epitope of ADAM22 and FLAG, 
respectively, by incubating COS7 cells for 30 min at 37°C. 
The cells were fixed with 2% paraformaldehyde/120 mM su-
crose/100 mM HEPES (pH 7.4) at room temperature for 
20 min and blocked with PBS containing 10 mg/ml bovine 
serum albumin for 10 min on ice. The fixed cells were incu-
bated with Cy3-conjugated secondary antibody. Then, the 
cells were permeabilized with 0.1% Triton X-100 for 
10 min, blocked with PBS containing 10 mg/ml BSA, and 
stained with mouse or rabbit anti-ADAM22 antibody, fol-
lowed by Alexa488-conjugated secondary antibody to detect 
the expressed ADAM22. Total LGI1 protein expressed was 
also stained by FLAG antibody with Alexa 647-conjugated 
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secondary antibody after cells were permeabilized. Then, nu-
clei were visualized with Hoechst dye (Thermo Fisher 
Scientific, 33342). Fluorescent images were taken with a con-
focal laser microscopy system (Carl Zeiss LSM 510).

Statistical analysis
To perform statistical analysis, three independent experi-
ments were included in the analyses. Results are shown as 
means ± SE. Statistical details of individual experiments are 
described in figure legends.

Ethics declaration
Informed consent for genetic analyses was obtained for all 
individuals, and genetic studies were performed as approved 
by the Institutional Review Board of the First Faculty of 
Medicine of the Charles University, Prague, Czech 
Republic. The patient’s parents provided written informed 
consent for the participation in the study, clinical data and 
specimen collection, genetic analysis and publication of rele-
vant findings. All data were de-identified. The study adheres 
to the principles set out in the Declaration of Helsinki.

Results
Clinical features
The female patient was born at term by spontaneous breech 
delivery with birth weight 3550 g and birth length 51 cm 
without any complications reported pre-natally and peri- 
natally. The developmental delay was apparent before the 
onset of seizure at the age of 2 years, with independent walk-
ing at 2–2.5 years, delay in speech development with first 
words at 2.5 years and using sentences after 3 years. She ac-
quired diurnal toileting skills at the age of 5 years with re-
gression after the age of six with diurnal enuresis. She had 
permanent nocturnal incontinence until the age 7 when the 
genetic examination was performed.

The mother had recurrent foetal losses (two stillbirths and 
one spontaneous abortion), other health concerns in parents 
were not reported. The parents are both of Roma origin. One 
of the four brothers (II.4, currently 12 years of age) (Fig. 1A) 
suffers from a behavioural disorder with aggressiveness but 
no history of seizures. The maternal cousin suffers from epi-
lepsy, but neither medical records nor biological materials 
are available from this case.

Firstly, the patient presented with the febrile seizures with-
out EEG abnormality at 2 years of age. The seizures re-
occurred at the age of 4.5 years and diagnosis of complex 
focal epilepsy (focal onset impaired awareness seizures) was 
established. The sleep-deprived EEG showed normal baseline 
activity and the presence of right frontal irritative focus with 
signs of secondary generalization. After initiation of the val-
proic acid treatment, the EEG normalized except for the pres-
ence of right-sided sporadic irregular theta waves resulting 
clinically in seizures ceasing. Brain MRI at the age of 7 years 

did not reveal any pathological changes. By clinical examin-
ation, the hypotonia and hypermobility were noted, no facial 
dysmorphism or skeletal abnormalities were present, the 
height and the weight were in normal ranges. No pathological 
values were observed in biochemical parameters and selective 
screening for congenital disorders of metabolism.

From the age of 5 years, she was treated for the juvenile 
rheumatoid arthritis by methotrexate with physical activity 
limiting arthralgias with good response to antalgics. On last vis-
it at the age of 7 years, the seizures were well controlled by val-
proate monotherapy with normal EEG record, but the patient 
continued to have myoclonic jerks on falling asleep and waking 
up as well as tremor-like episodes with a neuropathic tingling 
sensation. The intellectual capacity was not evaluated, the pa-
tient has expressive speech disorder, hyperkinetic behavioural 
disorder with features of immaturity and instability. She at-
tends the elementary school from 7 years of age.

Genetic studies
The patient and her parents underwent WES. A homozygous 
missense variant in ADAM22: NM_021723.5:c.2714C > T 
(p.Ser905Phe) or NM_001324418.2:c.2888C > T (p.Ser963 
Phe) was identified in the proband. No other potentially causal 
variants compatible either with expected autosomal recessive 
or de novo mode of inheritance were identified. Genotyping 
and segregation analysis identified that only the patient carries 
the homozygous variant, whereas all other healthy individuals 
in the family were either heterozygotes or lacked the variant al-
lele (Fig. 1A)

The variant in ADAM22: NM_021723.5:c.2714C > T 
identified in the family is not reported in gnomAD databases. 
However, in our in-house database of genetic variants of 
Roma population from the Czech and Slovak Republic, we 
identified 11 heterozygous carriers of this variant from dif-
ferent families among 213 ethnically related healthy indivi-
duals. This is suggestive of a variant allele frequency of 
∼5.2% in the Roma population of Czech and Slovak 
Republic.

In silico analysis
Structural in silico characterization revealed that the genetic 
variant chr7-87825799-C-T (hg19) encodes for a missense 
variant p.S905F, which localizes in the PDZ-binding domain 
of ADAM22. Sequence alignment showed that the Ser905 
residue of ADAM22 is conserved among representative ver-
tebrates (Fig. 1B and C). Although the S905 does not seem to 
be a critical residue based on the consensus PDZ-binding 
motif (−903E-T-S-I-COOH for X-S/T-X-V/I/L-COOH), re-
cent structural analysis (PDB ID, 7CQF)8 revealed that the 
Ser905 of ADAM22 forms hydrogen bonds with Asn326 
and Lys380 of the third PDZ domain of PSD-95 (referred 
to as PDZ3) (Fig. 1D and E). The similar hydrogen bonds ob-
served between ADAM22 and PSD-95 are not apparent in 
the complex of the CRIPT PDZ ligand and PSD-95-PDZ3 
(PDB ID, 1BE9).
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Functional studies
We then examined the effect of the p.S905F variant on 
binding of ADAM22 to PSD-95 and LGI1. For functional 
studies and comparison, we also included two previously 
reported constructs: the ADAM22ΔC5 causing lethal 
epilepsy of hippocampal origin in mice8 and the C401Y de-
scribed in the patient with severe infantile-onset progressive 
encephalopathy.14,16

When ADAM22 was co-expressed together with PSD-95 
in HEK293T cells, both wild-type ADAM22 and C401Y 
variant were efficiently co-immunoprecipitated with 
PSD-95, whereas the binding of ADAM22ΔC5 lacking the 
PDZ-binding motif to PSD-95 was abolished (Fig. 2A and 
B). Under these conditions, the interaction of ADAM22 
S905F with PSD-95 was reduced to ∼20% compared to 

wild-type ADAM22, indicating a critical role of ADAM22 
Ser905 residue in PSD-95 binding. The Asn326 and 
Lys380 residues of the PSD-95-PDZ3 are common to other 
PSD-95 family membrane-associated guanylate kinases 
(MAGUKs) including PSD-93 and SAP102 (Fig. 2C, upper). 
Consistently, the binding of ADAM22 S905F with either 
PSD-93 or SAP102 was reduced to ∼20% compared to the 
wild-type protein, indicating that the S905F variant affects 
the binding of ADAM22 to MAGUK family proteins.

Next, we investigated the effect of ADAM22 S905F 
variant on LGI1-binding. An immunoprecipitation assay 
from co-transfected HEK293T cells showed that 
co-immunoprecipitation of ADAM22 S905F with LGI1 
was reduced to ∼75% compared to the wild-type protein 
(Fig. 2D and E). In contrast, the variant of the Cys401 resi-
due that plays a supportive role in the LGI1-binding interface 

Figure 1 Genetic study and structural correlates of the ADAM22 c.2714C > T variant. (A) Pedigree of the family and segregation 
analysis of the ADAM22 c.2714C > T variant. (B) Domain organization of ADAM22 and location of all reported pathogenic ADAM22 variants. The 
p.S905F variant is located in the PDZ-binding motif at the C-terminus (magenta stick). Pro, prodomain; Cys, cysteine-rich domain; EGF, EGF-like 
domain; TM, transmembrane domain. Note that the ADAM22 has no metalloprotease activity. (C) Cross-species sequence alignment of the 
PDZ-binding motif of ADAM22. hs, Homo sapiens; mm, Mus musculus; xl, Xenopus laevis; dr, Danio rerio. The PDZ-biding motifs of neuroligin 1, 
SynGAP1 and CRIPT that bind to the 3rd PDZ domain of PSD-95 (PDZ3) are aligned. (D and E) Structure of the complex of the ADAM22 
PDZ-binding motif (green) and PSD-95-PDZ3 (purple) (D). Close-up view of the interface between the ADAM22 C-terminal tail and 
PSD-95-PDZ3 (E). The magenta indicates the position of the Ser905 residue. The yellow dotted lines represent hydrogen bonds between 
ADAM22 Ser905 residue and PSD-95-PDZ3 domain. PDB accession code, 7CQF.
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formation reduced the ADAM22 binding to LGI1 to ∼40% 
as previously reported.7,14 Consistently, when cell-surface- 
expressed ADAM22 was ‘live-stained’ with an antibody to 
the extracellular epitope of ADAM22, both ADAM22 
S905F and wild-type ADAM22 were efficiently detected on 
the cell-surface (Fig. 2F) bound to the LGI1 ligand 
(Fig. 2G). These results indicate that ADAM22 S905F pro-
tein is normally expressed and binds to the LGI1 ligand on 
the cell surface, but shows reduced binding to MAGUKs.

Discussion
We report the case of a girl with early-onset focal epilepsy, de-
layed psychomotor development and behavioural disorder car-
rying a novel homozygous pathogenic variant in ADAM22. 

The variant is of particular interest for clinical geneticists, as 
we identified it in heterozygous state in 11/213 (5.2%) indivi-
duals of Roma origin from the Czech and Slovak Republic. 
This carrier frequency in genetically isolated and homogenous 
population indicates a possible founder effect and implicates 
that high proportion of epilepsy in Roma patients may result 
from homozygosity for this particular variant. Another variant 
with possible founder effect disrupting interaction with 
MAGUKs was reported in three unrelated Middle-Eastern 
families.15,16

The patient presented with milder phenotype, with later 
age at seizures onset (2 years), good response to anti- 
epileptics (controlled by valproate monotherapy) and 
normal MRI, as compared to earlier age of onset (0–18 
months), persistent pharmacoresistant seizures and MRI 

Figure 2 Functional studies of the ADAM22 protein with S905F variant. (A and B) The interaction of ADAM22 S905F with PSD-95 is 
significantly reduced. Indicated cDNAs for ADAM22 variants and PSD-95–FLAG were co-transfected into HEK293T cells and PSD-95–FLAG was 
immunoprecipitated (IP). ADAM22 and PSD-95 were detected by western blotting (WB). ADAM22ΔC5, lacking the C-terminal PDZ-binding 
motif, is used as a control.8 Arrows and arrowheads indicate the positions of immature and mature forms of ADAM22, respectively. The immature 
form of ADAM22 is often observed in overexpressed cells. P values were determined by Kruskal–Wallis with post hoc Steel test. *P < 0.05; n.s., not 
significant; n = 3 experiments. Results are shown as means ± SE. WT, wild-type. See Supplementary Material for uncropped blots for A. (C) The 
S905F variant reduces the binding of ADAM22 to MAGUK proteins including PSD-95, PSD-93 and SAP102 in HEK293T cells. Conserved Asn and 
Lys residues are shown in blue. (D and E) ADAM22 S905F binds to LGI1. ADAM22 C401Y is used as a control, which shows the reduced binding 
to LGI1.7,14 P values are determined by Kruskal–Wallis with post hoc Steel test. *P < 0.05; n = 3 experiments. Results are shown as means ± SE. 
Immature ADAM22 (arrows) seems to non-specifically bind to LGI1 under the overexpressed conditions. In the brain, we do not detect such an 
immature form of ADAM22. See Supplementary Material for uncropped blots for C and D. (F and G) ADAM22 S905F is expressed at the cell 
surface and binds to LGI1. Cell-surface-expressed ADAM22 (F, magenta) and cell-surface-bound LGI1 (G, magenta) were live-labelled. After 
fixation and permeabilization of the cells, expressed ADAM22 (total) was stained (green). Nuclear DNA was stained by Hoechst 33342 (F and 
upper panel in G, blue). ADAM22 S905F is expressed on the cell surface and binds to LGI1 as the wild-type. When ADAM22 C401Y is expressed, 
no cell-surface-bound LGI1 is detected. Regions outlined with white squares are total expression of ADAM22 (F) and LGI1–FLAG (lower panel in 
G, blue). Bars: 20 μm.
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abnormalities observed in the patients with previously re-
ported pathogenic variants of ADAM22.14,16

The milder clinical presentation probably reflects particu-
larly different pathogenetic mechanism of the p.S905F vari-
ant. Most of the pathogenic missense variants of ADAM22 
that were identified in previous studies are located in the 
extracellular domain (Fig. 1B), and lead to reduced/dimin-
ished biosynthesis and maturation of the ADAM22 protein 
and/or reduced/completely abrogated binding of ADAM22 
to LGI1. The establishment of ADAM22–LGI1 complex is 
indispensable for normal ADAM22 function and its signifi-
cant reduction in LGI1-binding capacity leads to epileptic 
encephalopathy.16 In contrast, only three pathogenic var-
iants located in the intracellular domain were reported 
(Q859DfsTer2, pW811* and R896*), and lead to complete 
abolition of the interaction with PSD-95, causing compli-
cated neurological symptoms: including epilepsy, intellectual 
disability, sleep disturbance, hyperphagia, attention deficit 
hyperactivity disorder (ADHD) and some autistic-like fea-
tures.15,16 Consistently, loss of the ADAM22 C-terminal 
PDZ-binding motif (−WETSI, ΔC5) in mice causes lethal 
epilepsy of hippocampal origin.8 The ADAM22 p.S905F 
variant we identified here is novel in that it is only ‘partially’ 
affecting conserved PDZ-binding motif of ADAM22. Our 
functional studies indicate that ADAM22 S905F maturates 
normally and its binding to LGI1 is not as much affected. 
Instead, ADAM22 S905F shows ‘reduced’ binding capacity 
(∼20% of wild-type protein) to intracellular MAGUKs 
(PSD-95, PSD-93 and SAP102) (Fig. 2A–C). The milder 
phenotype of patient with homozygous p.S905F variant 
may represent the mildest type of disease spectrum caused 
by ADAM22 pathogenic variants ranging from fully inacti-
vating variants to variants retaining residual LGI1- and/or 
MAGUK-binding capacity.

The ADAM22 p.S905F variant is located just inside the 
PDZ-binding domain (–WETSI–COOH), but the serine resi-
due does not seem to be a critical residue judging from the 
consensus sequence for the PDZ-binding motif (X-S/T-X-V/ 
I/L-COOH). However, the significant reduction of binding 
capacity to MAGUKs suggests that the p.S905F variant in 
ADAM22 represents a partial loss-of-function variant and 
the corresponding bi-allelic (homozygous) variant is causa-
tive of brain disorders in the patient, akin to cases of bi-allelic 
variants due to the compound heterozygosity or homozygos-
ity of ADAM22 variants in progressive encephalopathy.14-16

The residual level of interaction capacity may thus explain 
milder symptoms of the patient presented in this study. The 
phenotypic features in our patient also does not fully corre-
sponds to epileptic encephalopathy as reported in previous 
studies with other bi-allelic ADAM22 variants,14-16 rather re-
present epilepsy with neurodevelopmental disorder and ex-
tend the phenotype towards milder spectrum.

The patient with a homozygous ADAM22 S905F variant 
also suffers from polyarticular form of juvenile idiopathic arth-
ritis. It was reported that bi-allelic variants in LGI4, a member 
of the LGI family proteins, cause arthrogryposis multiplex con-
genita (AMC) with peripheral nerve hypomyelination,20,21 and 

Lgi4 knockout mice exhibit an AMC-like forelimb defect.22-24

Given that ADAM22 serves also as a receptor for LGI4 in the 
peripheral nerve system, the symptom of ‘idiopathic arthritis’ 
observed in the patient may be related to loss of function of 
ADAM22 in the peripheral nerve system.

It was shown that ∼10% of ADAM22 and ∼50% of LGI1 
protein amounts could suppress lethal spontaneous seizures 
in mice.25 We show that the amount of the p.S905F 
ADAM22–LGI1 complex on the cell surface is comparable 
to wild-type cells, indicating that LGI1–ADAM22 inter-
action and complex stability is not disturbed. It can be specu-
lated that stabilization of ADAM22–LGI1 complex to cell 
surface via 14-3-3 proteins should not be affected as 
PSD-95 and 14-3-3 bind to ADAM22 without competi-
tion.25 The main pathogenic mechanism in a patient har-
bouring ADAM22 S905F variant thus seem to result from 
insufficient interaction of ADAM22–MAGUKs leading to 
reduced synaptic AMPA receptor functions9,12 and reduced 
axonal Kv1 channel function.3

The results of functional studies of ADAM22 S905F vari-
ant reconfirm the essential role of ADAM22–MAGUK inter-
action8 and reveal that ∼20% of the residual ADAM22– 
MAGUK interaction is not sufficient to suppress the clinical 
symptoms. Given that the MAGUK–ADAM22 linkage plays 
an essential role in hippocampal long-term potentiation,10 a 
widely accepted cellular model for learning and memory, the 
ADAM22–MAGUK interaction could become a therapeutic 
target for synaptic disorders, such as intellectual disability 
and epilepsy.

Supplementary material
Supplementary material is available at Brain Communications 
online.

Acknowledgements
L.N., V.S., and S.K. thank to the National Center for 
Medical Genomics (LM2023067) for WES analyses. Y.F. 
and M.F. thank Mr. Inahashi, Ms. Watanabe, and the mem-
bers of the Fukata laboratory for their kind supports.

Funding
L.N. was supported by the project National Institute for 
Neurological Research (Programme EXCELES, ID Project 
No. LX22NPO5107)—Funded by the European Union— 
Next Generation EU and by institutional programme 
UNCE/MED/007 of Charles University in Prague. 
L.N. and S.K. were supported by grant NU23-07-00281 
from the Ministry of Health of the Czech Republic. Y.F. 
was supported by grants from the Ministry of Education 
Culture, Sports, Science and Technology (21K19390 and 
22H02723), Japan Agency for Medical Research and 
Development (JP21wm0525022), and the Takeda Science 

Ethnic-specific ADAM22 pathogenic variant                                                                        BRAIN COMMUNICATIONS 2023: Page 7 of 8 | 7

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad295#supplementary-data


Foundation. M.F. was supported by grants from the 
Ministry of Education Culture, Sports, Science and 
Technology (23H00374, 23H04243, and 23K18228), 
Japan Agency for Medical Research and Development 
(JP23ek0109649), the National Institutes of Natural 
Sciences (NINS) programme of Promoting Research by 
Networking among Institutions (01412303), and the 
Takeda Science Foundation.

Competing interests
The authors report no competing interests.

Data availability
Because of the rarity of the disorder, individual participant 
data beyond that reported in this article will not be shared, 
to safeguard patient privacy. Other experimental data are 
available from the corresponding authors upon reasonable 
request.

References
1. Fukata Y, Adesnik H, Iwanaga T, Bredt DS, Nicoll RA, Fukata M. 

Epilepsy-related ligand/receptor complex LGI1 and ADAM22 regu-
late synaptic transmission. Science. 2006;313(5794):1792-1795.

2. Fukata Y, Hirano Y, Miyazaki Y, Yokoi N, Fukata M. 
Trans-synaptic LGI1-ADAM22-MAGUK in AMPA and NMDA re-
ceptor regulation. Neuropharmacology. 2021;194:108628.

3. Ogawa Y, Oses-Prieto J, Kim MY, et al. ADAM22, A Kv1 
channel-interacting protein, recruits membrane-associated guany-
late kinases to juxtaparanodes of myelinated axons. J Neurosci. 
2010;30(3):1038-1048.

4. Ozkaynak E, Abello G, Jaegle M, et al. Adam22 is a major neuronal 
receptor for Lgi4-mediated Schwann cell signaling. J Neurosci. 
2010;30(10):3857-3864.

5. Liu H, Shim AH, He X. Structural characterization of the ectodo-
main of a disintegrin and metalloproteinase-22 (ADAM22), a neur-
al adhesion receptor instead of metalloproteinase: Insights on 
ADAM function. J Biol Chem. 2009;284(42):29077-29086.

6. Fukata Y, Yokoi N, Miyazaki Y, Fukata M. The LGI1-ADAM22 
protein complex in synaptic transmission and synaptic disorders. 
Neurosci Res. 2017;116:39-45.

7. Yamagata A, Miyazaki Y, Yokoi N, et al. Structural basis of 
epilepsy-related ligand-receptor complex LGI1-ADAM22. Nat 
Commun. 2018;9(1):1546.

8. Fukata Y, Chen X, Chiken S, et al. LGI1-ADAM22-MAGUK con-
figures transsynaptic nanoalignment for synaptic transmission and 

epilepsy prevention. Proc Natl Acad Sci U S A. 2021;118(3): 
e2022580118.

9. Lovero KL, Fukata Y, Granger AJ, Fukata M, Nicoll RA. The 
LGI1-ADAM22 protein complex directs synapse maturation 
through regulation of PSD-95 function. Proc Natl Acad Sci U S A. 
2015;112(30):E4129-E4137.

10. Chen X, Fukata Y, Fukata M, Nicoll RA. MAGUKs are essential, 
but redundant, in long-term potentiation. Proc Natl Acad Sci U S 
A. 2021;118(28):e2107585118.

11. Sagane K, Hayakawa K, Kai J, et al. Ataxia and peripheral nerve hypo-
myelination in ADAM22-deficient mice. BMC Neurosci. 2005;6:33.

12. Fukata Y, Lovero KL, Iwanaga T, et al. Disruption of LGI1-linked 
synaptic complex causes abnormal synaptic transmission and epi-
lepsy. Proc Natl Acad Sci U S A. 2010;107(8):3799-3804.

13. Kalachikov S, Evgrafov O, Ross B, et al. Mutations in LGI1 cause 
autosomal-dominant partial epilepsy with auditory features. Nat 
Genet. 2002;30(3):335-341.

14. Muona M, Fukata Y, Anttonen AK, et al. Dysfunctional ADAM22 
implicated in progressive encephalopathy with cortical atrophy and 
epilepsy. Neurol Genet. 2016;2(1):e46.

15. Maddirevula S, Alzahrani F, Al-Owain M, et al. Autozygome and 
high throughput confirmation of disease genes candidacy. Genet 
Med. 2019;21(3):736-742.

16. van der Knoop MM, Maroofian R, Fukata Y, et al. Biallelic ADAM22 
pathogenic variants cause progressive encephalopathy and 
infantile-onset refractory epilepsy. Brain. 2022;145(7):2301-2312.

17. McKenna A, Hanna M, Banks E, et al. The genome analysis toolkit: 
A MapReduce framework for analyzing next-generation DNA se-
quencing data. Genome Res. 2010;20(9):1297-1303.

18. Paila U, Chapman BA, Kirchner R, Quinlan AR. GEMINI: 
Integrative exploration of genetic variation and genome annota-
tions. PLoS Comput Biol. 2013;9(7):e1003153.

19. Yokoi N, Fukata Y, Kase D, et al. Chemical corrector treatment 
ameliorates increased seizure susceptibility in a mouse model of fa-
milial epilepsy. Nat Med. 2015;21(1):19-26.

20. Mishra S, Rai A, Srivastava P, Phadke SR. A mild phenotype of 
LGI4-related arthrogryposis multiplex congenita with intrafamilial 
variability. Eur J Med Genet. 2020;63(3):103756.

21. Xue S, Maluenda J, Marguet F, et al. Loss-of-function mutations in 
LGI4, a secreted ligand involved in Schwann cell myelination, are re-
sponsible for arthrogryposis multiplex congenita. Am J Hum Genet. 
2017;100(4):659-665.

22. Bermingham JR, Shearin H, Pennington J, et al. The claw paw mu-
tation reveals a role for Lgi4 in peripheral nerve development. Nat 
Neurosci. 2006;9(1):76-84.

23. Kegel L, Jaegle M, Driegen S, et al. Functional phylogenetic analysis 
of LGI proteins identifies an interaction motif crucial for myelin-
ation. Development. 2014;141(8):1749-1756.

24. Nishino J, Saunders TL, Sagane K, Morrison SJ. Lgi4 promotes the 
proliferation and differentiation of glial lineage cells throughout the 
developing peripheral nervous system. J Neurosci. 2010;30(45): 
15228-15240.

25. Yokoi N, Fukata Y, Okatsu K, et al. 14-3-3 proteins stabilize 
LGI1-ADAM22 levels to regulate seizure thresholds in mice. Cell 
Rep. 2021;37(11):110107.

8 | BRAIN COMMUNICATIONS 2023: Page 8 of 8                                                                                                              L. Nosková et al.


	ADAM22 ethnic-specific variant reducing binding of membrane-associated guanylate kinases causes focal epilepsy and behavioural disorder
	Introduction
	Materials and methods
	Study subject and clinical examination
	Genetic analyses
	Plasmid construction
	Antibodies
	Immunoprecipitation
	Cell-surface binding assay
	Statistical analysis
	Ethics declaration

	Results
	Clinical features
	Genetic studies
	In silico analysis
	Functional studies

	Discussion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References


