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ARTICLE

A Recurrent Missense Variant in AP2M1
Impairs Clathrin-Mediated Endocytosis and Causes
Developmental and Epileptic Encephalopathy

Ingo Helbig,!234.20,* Tania Lopez-Hernandez,>2° Oded Shor,%7.20 Peter Galer,!.2 Shiva Ganesan,! 2
Manuela Pendziwiat,®> Annika Rademacher,®> Colin A. Ellis,* Nadja Humpfer,>8 Niklas Schwarz,?
Simone Seiffert,” Joseph Peeden,'© Joseph Shen,!! Katalin Stérbova,!2 Trine Bjorg Hammer,!3
Rikke S. Moller,!3.14 Deepali N. Shinde,'> Sha Tang,'> Lacey Smith,!® Annapurna Poduri,!¢.17
Roland Krause,!® Felix Benninger,©7.2!1 Katherine L. Helbig,1.2.21 Volker Haucke,> 821

Yvonne G. Weber, 219,21 the EuroEPINOMICS-RES Consortium, and the GRIN Consortium

The developmental and epileptic encephalopathies (DEEs) are heterogeneous disorders with a strong genetic contribution, but the un-
derlying genetic etiology remains unknown in a significant proportion of individuals. To explore whether statistical support for genetic
etiologies can be generated on the basis of phenotypic features, we analyzed whole-exome sequencing data and phenotypic similarities
by using Human Phenotype Ontology (HPO) in 314 individuals with DEEs. We identified a de novo c.508C>T (p.Arg170Trp) variant in
AP2M1 in two individuals with a phenotypic similarity that was higher than expected by chance (p = 0.003) and a phenotype related to
epilepsy with myoclonic-atonic seizures. We subsequently found the same de novo variant in two individuals with neurodevelopmental
disorders and generalized epilepsy in a cohort of 2,310 individuals who underwent diagnostic whole-exome sequencing. AP2M1 encodes
the p-subunit of the adaptor protein complex 2 (AP-2), which is involved in clathrin-mediated endocytosis (CME) and synaptic vesicle
recycling. Modeling of protein dynamics indicated that the p.Arg170Trp variant impairs the conformational activation and thermody-
namic entropy of the AP-2 complex. Functional complementation of both the p-subunit carrying the p.Arg170Trp variant in human
cells and astrocytes derived from AP-2p conditional knockout mice revealed a significant impairment of CME of transferrin. In contrast,
stability, expression levels, membrane recruitment, and localization were not impaired, suggesting a functional alteration of the AP-2
complex as the underlying disease mechanism. We establish a recurrent pathogenic variant in AP2M1 as a cause of DEEs with distinct
phenotypic features, and we implicate dysfunction of the early steps of endocytosis as a disease mechanism in epilepsy.

Introduction

A substantial proportion of childhood epilepsies present as
developmental and epileptic encephalopathies (DEEs),
characterized by intractable epilepsy with associated
cognitive comorbidities.! DEEs often occur in the absence
of explanatory imaging or metabolic findings, and genetic
causes are increasingly implicated.”* Recent progress
through massively parallel sequencing technologies has
enabled the discovery, in the last decade, of an increasing
number of associated genes,>”’ most commonly found
due to pathogenic de novo variants.® The genetic landscape
of DEE is heterogeneous, and pathogenic variants in single
genes often explain fewer than one percent of the diagno-

ses of all individuals.” Although a clear gene-phenotype
association is seen for some genetic etiologies, such as Dra-
vet syndrome and pathogenic variants in SCN1A (MIM:
607208),*° many genetic epilepsies demonstrate signifi-
cant phenotypic heterogeneity and have overlapping
clinical presentations associated with a wide spectrum of
genetic etiologies.'”!!

The discovery of underlying genetic causes in the epi-
lepsies and neurodevelopmental disorders has primarily
advanced through the ability to process and analyze large
genomic datasets.'>'* In contrast, phenotypic data are
frequently collected in non-standard formats and therefore
cannot be used for a systematic analysis across larger co-
horts of affected individuals.'* The Human Phenotype
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Ontology (HPO) has been developed as a standardized
format to provide both terminology and semantics to a
broad range of phenotypic features, including neurological
features.'>'® This standardized vocabulary has already
been used by researchers to identify individuals with rare
monogenic diseases in large cohorts'”-'® and is frequently
applied in a diagnostic setting to define phenotypic over-
lap for variant interpretation. In addition, methods to
determine phenotypic similarity have been developed
that incorporate the hierarchical structure of the
ontology.'”?” Given their phenotypic complexity, the
childhood epilepsies lend themselves to analysis methods
that capitalize on available phenotypic information in
addition to genomic data.

Here, we analyzed trio whole-exome sequencing data in
314 individuals phenotyped with HPO terms. We assessed
exome sequencing data for potential de novo variants
and determined, observed, and predicted phenotypic
similarity in individuals with de novo variants in
the same gene. Two individuals with a de novo
¢.508C>T (p.Argl70Trp) AP2M1 (MIM: 601024; GenBank:
NM_004068.3) variant had a higher phenotypic similarity
than expected by chance, and more detailed phenotyping
identified a clinical phenotype consistent with epilepsy
with myoclonic-atonic seizures, also known as Doose syn-
drome. We subsequently identified two additional indi-
viduals with the identical de novo c¢.508C>T (p.Arg170Trp)
AP2M1 variant and comparable phenotypes in a large
diagnostic cohort. Functional analysis revealed that the
p.Argl70Trp AP2M1 variant encoding the p-subunit of
the clathrin adaptor complex AP-2 impairs the early stages
of clathrin-mediated endocytosis (CME), thereby identi-
fying defective CME as a disease mechanism for neurode-
velopmental disorders.

Material and Methods

Participant Recruitment

Informed consent for participation in this study was obtained
from the parents of all probands in agreement with the Declara-
tion of Helsinki. All studies were completed per protocol and had
local approval by institutional review boards (IRBs). For study in-
clusion, all probands underwent a clinical data review of medical
history information, including developmental and seizure his-
tory, neurological findings, and morphological details. Available
electroencephalogram (EEG) and brain imaging data were re-
viewed for all individuals. Epilepsy syndromes and seizure types
were classified according to the International League Against Ep-
ilepsy (ILAE) classification criteria."”' The initial discovery
cohort includes individuals from four major cohorts: the
EuroEPINOMICS-RES cohort (RES, n = 135); a cohort of individ-
uals who have epileptic encephalopathies and were recruited
through a study by the German Research Foundation (DFG;
n = 109); a cohort of individuals recruited through the Genomics
Research and Innovation Network (GRIN; n = 48); and a cohort
of individuals recruited through the Epilepsy Genetics
Research Project at the Children’s Hospital of Philadelphia
(EGRP; n = 8). The confirmation cohort includes 2,310 epi-

lepsy-affected individuals who underwent diagnostic whole-
exome sequencing at Ambry Genetics.

Genetic Analysis

Trio-based whole-exome sequencing (WES) on all probands and
parents was performed in a research or diagnostic context with
various platforms and enrichment kits. All variants of interest
were confirmed by Sanger sequencing. For the RES cohort, WES
was performed at the Wellcome Trust Sanger Institute as part of
the EuroEPINOMICS-RES project with the Illumina TruSeq DNA
Sample Preparation Kit, the Agilent Technologies SureSelect
Human All Exon 50Mb Kit, and the [llumina HiSeq2000 according
to the manufacturers’ protocols and as previously described.'*?%23
For the DFG cohort, WES was performed at the Institute of Clinical
Molecular Biology at the University of Kiel and the Cologne Cen-
ter for Genomics with NimbleGen SeqCap EZ Human Exome Li-
brary v2.0, Nextera Rapid Capture Exome, Nextera Rapid Capture
Expanded Exome, Agilent SureSelect Human All Exon V5, and Agi-
lent SureSelect Human All Exon SOMb. For the GRIN cohort, WES
was performed at the Broad Institute with the Nextera Rapid
Capture Exome kit. For the EGRP cohort, exome sequencing was
performed in a diagnostic setting at GeneDx (n = 6) with the Sure-
Select Human All Exon V4 (50Mb) kit and at the Division of
Genomic Diagnostics at the Children’s Hospital of Philadelphia
(n = 2) with the SureSelect Clinical Research Exome Kits.

For the confirmation cohort, including Individual 3 and Indi-
vidual 4, trio-based diagnostic whole-exome sequencing with
the Integrated DNA Technologies (IDT) xGen Exome Research
Panel v1.0 was performed on the proband and unaffected parents
at Ambry Genetics. Genomic DNA extraction, exome library prep-
aration, sequencing, bioinformatics, and data analyses were per-
formed as previously described.”**° Identified candidate variants
were confirmed via Sanger sequencing.

All genetic data on individuals included in the initial discovery
cohort were re-analyzed with a standardized pipeline. The raw
data was aligned to the HS37d5 human reference genome with
the Burrows Wheeler Alignment (v 0.7.12) MEM algorithm. After
alignment for each sample, mate tags (MC and MQ) were added to
the paired-end lines with Samblaster (v 0.1.20). . Base Quality
Score Recalibration (BQSR) was performed with GATK tools
(v4.0.0.0) before SNP and indel calling was done with Haploty-
peCaller with interval lists specific to the exome enrichment kit
that was used for each sample. gVCF files were combined with
PICARD tools (v2.0.1) for each trio, and then genotyping was per-
formed with the genotypeGVCF tool implemented in GATK.
Variant selection and filtration were done with GATK tools before
a merged variant file (VCF) was generated with the MergeVcfs
functionality of PICARD tools. Annotation of the VCF file was
performed by a customized version of ANNOVAR. De novo, homo-
zygous, heterozygous, and rare variants were extracted from the
annotated file if they passed the following quality criteria: (1)
read depth in the proband and parents was >10x; (2) genotype
quality in the proband and parents should be >20; (3) allele fre-
quencies were <1% in all population databases; (4) the Residual
Variation Intolerance Score (RVIS) percentile was <70; and (5)
the read ratio was >25% of the alternate allele in the proband
of the trio.

Phenotypic Similarity Analysis
For the 314 individuals included in the discovery cohort, 3,529
HPO terms were assigned, and there was a median of 9 terms
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Figure 1.

HPO-Based Analysis Demonstrating Phenotypic Similarity in Individuals with De Novo Variants

(A) An illustration of the similarity score calculation made with the Most Informative Common Ancestor (MICA) approach.

(B) A distribution, using 100,000 permutations, of phenotypic similarities between n = 2 individuals in the cohort of 314 individuals.
The vertical line indicates the observed value for two individuals with de novo variants in AP2M1. The observed value of 43.20 is in the
top 0.3 percentile of the distribution, translating into an exact p value of 0.00307.

(C) A dendrogram of 314 individuals clustered by phenotypic similarity bya ward.D2 algorithm for the clustering of the similarity ma-
trix. The gene labels refer to individuals with de novo variants in genes with two or more de novo variants in the entire cohort.

(D) Exact p values for observed versus predicted phenotypic similarity for all 11 genes shared by two or more individuals with de novo
variants in the cohort of 314 individuals. P values are uncorrected and refer to the distribution of expected similarities for each number of

individuals.

per individual. 2,579 terms had been assigned manually by the
clinicians of the EuroEPINOMICS-RES project, and 950 terms
were translated from the EuroEPINOMICS phenotype database
where categorical and free-text terms were added. For the final
analysis, all terms per individual were merged, duplicates
removed, and obsolete terms replaced by synonyms in the HPO
version that was used for this study (HPO version 1.2; release
format-version: 1.2; data-version: releases/2017-12-12; down-
loaded on 3/10/18). This resulted in a combined set of 11,146
HPO terms, including all initially assigned HPO terms and all
unique ancestral terms per individual; the frequency p of each as-
signed or ancestral HPO term in the cohort of 314 individuals
were assessed with these terms (Table S1). This allowed for the
computation of the Information Content (IC) for each term,
defined as —log,(p)."’

Phenotypic Similarity between Two Individuals

Phenotypic similarity was assessed by summing over the most
informative common ancestor for all pairs of HPO terms between
two individuals according to Resnik (P. Resnik, 1995, International
Joint Conference on Artificial Intelligence, conference). For two

individuals (P; and P,), a matrix s holds all HPO terms in individ-
ual P; (n terms as rows) and all HPO terms in individual P,
(m terms as columns). Fach position s; represents a pair of HPO
terms; the common parent term with the highest Information
Content (IC) is chosen as the most informative common ancestor
(MICA) as a score for s;;, (Figure 1).

Two different methods, referred to as simpyax and sim,y, generate
a symmetric score for the similarity for s by summing over either
the maximum or the average of all rows and columns with appro-
priate normalization, respectively.zo For our primary analysis, we
used simp,,x (Equation 1).

i 1 m n
SiMyay(P1,P2) = = E max s + E max Sj;
2 S 1 <i<n S r<ism

(1) The sim,, method has initially been suggested for semantic
similarities in the gene ontology® and has been applied to Human
Phenotype Ontology research by other authors.?’

1 1 m 1 n
SiMgy (P1,P2) == | — Z max S+ — Z max sj;
2 mi:1151£n nizllgtsm
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(2) The sim,,,,x method is the more conservative method for as-
sessing semantic similarity in our hands.

Observed Versus Expected Phenotypic Similarity Scores
per Gene

The expected similarity scores for genes with n de novo variants
were assessed by determining with 100,000 permutations the dis-
tribution of median similarities of n individuals randomly selected
from the overall cohort. Exact p values for the observed similarities
for all genes with n de novo variants were determined on the basis
of the distribution of similarity scores in 100,000 permutations.
The custom computer code that we used to generate results for
the phenotypic similarity analysis in this manuscript is publicly
available.

Structural Modeling and Normal Mode Analysis

The structures of the AP-2 complex molecule were taken from the
Protein Data Bank (PDB-101; accession numbers PDB: 2XA7 and
4UQI for the active and inactive state, respectively).?® Each in silico
missense variant was created by the mutagenesis plugin in PyMol
Molecular Graphics System Version 1.8 (Schrodinger). Wild-type
(WT) and missense structures were analyzed by an ENCoM
coarse-grained normal mode analysis method in order to evaluate
the effect of variants on the stability of the protein. This method is
based on an ENCoM entropic considerations C package® (avail-
able at the ENCoM development website) that was compiled and
used on a Ubuntu platform (Canonical Group). The calculation
of the entropic difference (AG) between the WT AP-2 complex
and missense variants was done with MATLAB software (Math-
works). For each variant, AG was calculated by subtracting WT
from variant entropy. AG was normalized to the maximum abso-
lute values, and cluster analysis was performed with MATLAB
software.

Clustering of Entropy Changes for APM21 and AP2S1
Variants

To assess whether the AP2M1 p.Argl70Trp variant in the AP-2
complex results in entropy changes comparable with those of
other variants known to cause disease in AP-2 subunits, we
compared the effect of pathogenic variants in AP251 (MIM:
602242) and rare population variants in AP2M1 (Table S2). Patho-
genic variants in AP2S1 cause autosomal-dominant hypocalciuric
hypercalcemia (MIM: 600740), a rare genetic kidney disease. No
other human diseases have been associated with variants in genes
encoding the AP-2 subunit so far. AG between the WT AP-2 com-
plex and missense variants was assessed with MATLAB software
(Mathworks). Each variant was normalized to WT values by calcu-
lating a delta between them (AG).

Cell Lines and Primary Astrocytes

HeLa and HEK293T cells were obtained from ATCC. Cells were
cultured with 4.5g/L glucose (Lonza) in DMEM containing 10%
heat-inactivated fetal bovine serum (FBS) (GIBCO) and 1% peni-
cillin/streptomycin (GIBCO) during experimental procedures.
Cells were routinely tested for mycoplasma contamination. The
conditional AP-2p knockout (KO) mouse (AP-2lox/lox X inducible
CAG-Cre) was described previously.>” Primary mouse astrocytes
were prepared from 1- to 3-day-old pups. The cerebral cortices
were dissected and the meninges were carefully removed in cold,
sterile Hank’s balanced salt solution (HBSS). The tissue was trypsi-
nized for 10 min at 37°C and mechanically dissociated in com-

plete DMEM medium with 10% FBS, 1% penicillin/streptomycin,
and 40 U/mL DNase I (Sigma) 10 times through a small-pore fire-
polished Pasteur pipette. The cell suspension was pelleted and re-
suspended in fresh, complete DMEM, filtered through a 100 pm
nylon membrane (BD Falcon), and plated into 10 cm? cell culture
dishes. When the cells reached confluence, the astrocytes were
trypsinized, plated in poly-L-lysine-coated (Sigma) glass coverslips
in 12-well plates at about 100,000 cells/cm?, and cultured for
another 7-10 days. To deplete AP-2u, culture astrocytes from
floxed animals expressing a tamoxifen-inducible Cre recombinase
were treated with 0.1 uM (Z)-4-hydroxytamoxifen (Sigma) the day
after plating. Astrocytes derived from floxed littermates that
were Cre negative were used as controls and treated with equal
amounts of (Z)-4-hydroxytamoxifen. All animal experiments
and procedures have been approved by the Landesamt fiir
Gesundheit und Soziales (LaGeSo) Berlin according to §8.1
German Animal Welfare Act.

Molecular Biology

The AP-2p p.Argl70Trp variant was first generated by overlap
extension PCR with the plasmid AP2u2-mCherry (Addgene
plasmid #27672) and the plasmid AP-2p IRES mRFP in an AAV-
HBA-EWB vector. siRNA-resistant AP-2p WT and p.Argl70Trp
variants were generated with the plasmid AP-2p p.Argl70Trp-
mCherry by overlap extension PCR (primers available upon
request). The integrity of all cloned constructs was confirmed by
DNA sequencing.

siRNA and Plasmid Transfections

HeLa cells were transfected with siRNA via jetPRIME (Polyplus) ac-
cording to the manufacturer’s protocol. To achieve optimal knock-
down efficiency, two rounds of silencing were performed. Thus,
cells were consecutively transfected on day 1 and day 3, and the
experiment was performed on day 5. For transient overexpression
of proteins in knockdown cells, plasmids were transfected on day
3, together with the second round of siRNA, also with jetPRIME.
For AP-2y silencing, the siRNA we used was p2-adaptin 5'-GUG
GAUGCCUUUCGGGUCA-3'. Transfection of MISSION siRNA
universal negative control #1 (Sigma) served as control siRNA. Pri-
mary astrocytes were transfected with lipofectamin 2000 (Invitro-
gen) at a 1:2 ratio (DNA:lipofectamin) in Opti-MEM medium
(as described in the manufacturer’s instructions), and after 4 h,
the medium was replaced with complete DMEM, and the astro-
cytes were incubated for 48 h at 37°C.

Antibodies

We performed immunoblotting and used alpha-adaptin (AP-2a)
(BD transduction 610502, 1:500, mouse), mu-adaptin (AP-2y)
(BD transduction 611351, 1:500, mouse), clathrin heavy chain
(clone TD.1, IgG from tissue culture supernatant, 1:500, mouse),
Rab5 (BD transduction 610724, 1:250, mouse), GAPDH (Sigma
G8795, 1:5000, mouse), and SNAP25 (Synaptic Systems 111011,
1:1000, mouse) as primary antibodies, and we used LI-COR
800CW and 680RD infrared as secondary antibodies. We per-
formed immunoblot development by using a LI-COR Odyssey Fc
imager, and we quantified immunoblot bands with Image Studio
Lite Version 4.0 software (LI-COR). For immunostaining, we
used AP-2a. (Homebrew, 1:100, mouse), clathrin heavy chain
(clone X22, IgG from tissue culture supernatant, 1:250, mouse),
and RFP (MBL PMO0OS, 1:500, rabbit) as primary antibodies and
Alexa-568 goat anti-rabbit and Alexa 488 goat anti-mouse
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(1:500, Invitrogen) as secondary antibodies. We used RFP-Trap_M
(Chromotek) beads for the immunoprecipitation of the Cherry-
tagged AP-2u WT and p.Arg170Trp protein variants.

Immunocytochemistry and Confocal Imaging

HeLa cells seeded on coverslips were fixed for 13 min with 4%
paraformaldehyde (w/v, PFA) in phosphate-buffered saline solu-
tion (PBS) on ice and washed three times with PBS. Cells were per-
meabilized and blocked in blocking solution (PBS, 10% goat serum
and 0.3% Triton X-100) for 30 min and then incubated with pri-
mary antibodies (diluted in blocking solution) for 1 h. After three
washes with PBS, secondary antibodies diluted in blocking solu-
tion were incubated for 1 h, then washed three times in PBS. Cov-
erslips were mounted in Immu-Mount (Thermo Fisher Scientific)
with 1.5 mg/mL DAPI (Sigma) and visualized with a Zeiss laser
scanning confocal microscope LSM780. Co-localization experi-
ments were analyzed with Image] software. Data are presented as
mean values * standard error of the mean (SEM) from 5 indepen-
dent experiments (N). Statistical testing was performed with a
paired t test.

Cell Lysates, Co-immunoprecipitation, and Membrane
Fractionation Experiments

HEK293T cells were transfected with calcium phosphate to express
mCherry or the mCherry-tagged versions of AP-2up WT or
p-Argl70Trp variant. Cells were washed three times in ice-cold
PBS and harvested in lysis buffer (20 mM HEPES [pH 7.4],
100 mM KCl, 2 mM MgCl,, 1 mM PMSE, 0.1% protease inhibitor
cocktail, and 1% Triton X-100). Lysates were incubated on a
rotating wheel at 4°C for 30 min, then centrifuged at 17,000 g
for 10 min at 4°C. Protein levels were quantified with the BCA
Kit (Pierce, Thermo Fisher Scientific), and equally concentrated ly-
sates were boiled for 5 min in Laemmli sample buffer. Between 15
and 40 ug of protein was loaded onto a 10% acrylamide gel for
SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed
via immunoblot with LI-COR 800CW and 680RD infrared second-
ary antibodies. For co-immunoprecipitation experiments, cells
were harvested 48 h post-transfection in lysis buffer (20 mM
HEPES [pH 7.4], 100 mM KCl, 2 mM MgCl,, 1 mM PMSE, 0.1%
protease inhibitor cocktail, and 1% Triton X-100) and incubated
on ice for 30 min, then centrifuged at 17,000 g for 10 min at
4°C. Proteins in supernatants were quantified with the BCA Kit
(Pierce, Thermo Fisher Scientific), and 1 mg of protein was mixed
with RFP-Trap beads for 1 h at 4°C on a rotating wheel. Beads were
pelleted and washed four times in lysis buffer, and bound protein
was eluted in 40 pl of Laemmli sample buffer. Eluates were loaded
onto a 10% acrylamide gel for SDS-PAGE and then immunoblot-
ting. In the case of membrane fractionation studies, cells at 48 h
post-transfection were harvested in homogenization buffer
(20 mM HEPES [pH 7.4], 10 mM KCl, 2 mM MgCl,, 1 mM PMSF,
and 0.1% protease inhibitor cocktail) and homogenized with a
1 mL syringe through a 25 G needle 10-20 times. Total cell lysate
was collected after centrifugation at 720 g for S min at 4°C. To
obtain the cytosolic fraction, total cell lysate was centrifuged at
100,000 g for 1 h at 4°C, the supernatant was collected, and the
protein concentration and volume were determined. The mem-
brane pellet was washed twice in homogenization buffer and re-
suspended in lysis buffer (20 mM HEPES [pH 7.4], 100 mM KCl,
2 mM MgCl,, 1 mM PMSE 0.1% protease inhibitor cocktail, and
1% Triton X-100) by pipetting and passed through a 25 G needle
in half of the volume corresponding to the cytosolic fraction with

lysis buffer (20 mM HEPES [pH 7.4], 100 mM KCIl, 2 mM MgCl,,
1 mM PMSE 0.1% protease inhibitor cocktail, and 1% Triton
X-100). Protein detection in both cytosolic and membrane frac-
tions was determined with the BCA Kit (Pierce, Thermo Fisher Sci-
entific). Equal amounts of membrane and cytosolic fractions were
loaded onto a 10% acrylamide gel for SDS-PAGE and then immu-
noblotting. Protein levels of AP-2a, AP-2p1, and CHC in the total
cell lysates were normalized to Rab$5, and protein levels in the
membrane fraction were normalized to SNAP25. Data are pre-
sented as mean values = SEM from 3-8 independent experiments
(N). Statistical testing was performed with a one-sample t test.

Transferrin Uptake

For HeLa cells, AP-2p-depleted cells were rescued by the reintro-
duction of siRNA-resistant AP-2n WT and p.Argl70Trp variants,
both fused to mCherry. For AP-211 KO astrocytes, the re-expression
of AP-2u WT or p.Argl70Trp variants was performed with a
construct containing RFP inserted after an internal ribosomal en-
try site (IRES). Transferrin endocytosis assays were essentially
done as described earlier.>">? In brief, HeLa cells seeded on cover-
slips were serum-starved for 1 h and treated with 25 pg ml—1 Tf-
Alexa647 (Life Technologies) for 10 min at 37°C. Primary astro-
cytes were seeded on coverslips, serum-starved overnight, and
treated with 50 ug ml—1 Tf-Alexa647 (Life Technologies) for
5 min at 37°C. Cells were washed twice with ice-cold PBS and
acid washed at pH 5.3 (0.1 M Na-acetate, 0.2 M NaCl) for 1 min
on ice. The coverslips were washed twice with ice-cold PBS and
fixed with 4% PFA for 30 min at room temperature. Cells were
washed three times with PBS, then subjected to immunocyto-
chemistry staining as described in Immunocytochemistry. Trans-
ferrin uptake was analyzed with a Zeiss laser-scanning confocal
microscope LSM780 and quantified with Image]J software. At least
ten images were taken per condition. Cells positive for mCherry
(HeLa cells) or RFP (primary astrocytes) were selected manually,
and regions of interest (ROIs) were drawn around them. After
background subtraction (by employing the rolling circle method
with a radius of 50 pixels), the integrated density for AF647 was
measured. Data are presented as mean values = SEM. N = the
number of independent experiments. n = the total number of
analyzed cells.

Results

HPO-Based Similarity Analysis Demonstrates Significant
Phenotypic Overlap in Individuals with the Recurrent
AP2M1 c.508C>T (p.Arg170Trp) De Novo Variant

We identified 11 genes with de novo variants in two or more
individuals in our cohort of 314 individuals with DEEs
(Figure 1). To assess whether de novo variants in the identi-
fied 11 genes are associated with a gene-phenotype rela-
tionship, we performed a semantic similarity analysis of
phenotypic features across all 314 individuals, using quan-
titative phenotypic similarity based on the Information
Content of HPO terms (Figure 1). We calculated the me-
dian phenotypic similarity among all individuals with de
novo variants in the same gene and compared the observed
value per gene to the expected phenotypic similarity scores
for groups of the same size, computed by permutation
analysis (Figure S1). On the basis of this distribution, we
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determined whether individuals with de novo variants in
the same gene had a higher phenotypic similarity than ex-
pected by chance (Figure 1). AP2M1 was the only gene in
this group not previously associated with DEEs and
was identified in two individuals with an identical
c.508C>T (p.Argl70Trp) de novo variant (GRCh37 chr3:
g.183898715C>T). Both individuals with the identical
AP2M1 c.508C>T (p.Argl170Trp) de novo variant had a sig-
nificant phenotypic similarity (p = 0.003), suggesting a
significant gene-phenotype relationship and a narrow
phenotypic spectrum. As a next step, we queried a diag-
nostic cohort of 2,310 epilepsy-affected individuals who
underwent diagnostic whole-exome sequencing. We iden-
tified two additional individuals with the same AP2ZM1 de
novo variant, resulting in a total of four individuals with
the recurrent AP2M1 GenBank: NM_004068.3 ¢.508C>T
(p-Argl70Trp) de novo variant.

Detailed Phenotypic Review of Individuals with the
Recurrent AP2M1 c.508C>T (p.Arg170Trp) De Novo
Variant Suggests a Recognizable Phenotype

We manually reviewed the phenotypes of the four individ-
uals with the recurrent AP2M1 GenBank: NM_004068.3
c.508C>T (p.Argl70Trp) de novo variant in detail. All
affected individuals presented with global developmental
delay apparent in the first six months of life and had
seizure onset between 21 months and 4 years. Two out of
four individuals had received a diagnosis of autism spec-
trum disorder, and all affected individuals were female.
Three out of four individuals had atonic seizures and
generalized epileptiform discharges on EEG (Table 1, see
Supplemental Note). Accordingly, AP2M1-related epi-
lepsies share a recognizable phenotype reminiscent of epi-
lepsy with myoclonic-atonic seizures, demonstrating that
the phenotypic similarity assessed by HPO for the first
two individuals (Individuals 1 and 2) was recapitulated in
the second two individuals (Individuals 3 and 4), and
together the key clinical features conform to a reasonably
recognizable electroclinical syndrome. Within our first
cohort, 64/314 individuals had a diagnosis of epilepsy
with myoclonic-atonic seizures, also referred to as
myoclonic-astatic epilepsy (MAE) or Doose syndrome, sug-
gesting that up to 3% of individuals with MAE may have de
novo variants in AP2M1 (point estimate 3.125%; 95% CI
2.3-14.0). Of note, both individuals with AP2M1 de novo
variants in the first cohort had been independently pheno-
typed at two different centers prior to sequencing,
excluding the possibility that assigned HPO terms were
influenced by knowledge of the underlying genetic etiol-
ogy or phenotyping bias within a single contributing
center.

The AP2M1 ¢.508C>T (p.Arg170Trp) Variant Affects the
Thermodynamic Entropy of the AP-2 Complex

Given the important roles of AP-2 in the brain, we hypoth-
esized that impaired AP-2 function in the presence of the
p-Argl70Trp variant may underlie DEEs in humans.

Argl70 is part of a basic phospholipid-binding patch
within AP-2p that, on the basis of on structural data, is
postulated to stabilize the active open conformation of
AP-2 and its association with cargo membrane proteins.*’
To test whether the p.Argl70Trp variant may affect AP-2
activation, we assessed protein thermodynamics in the
inactive (closed) and active (open) conformation of AP-2
WT or the AP-2 p.Argl70Trp variant by molecular
modeling (Figure 2). We found that the p.Argl70Trp
variant showed a significant increase of entropy compared
with the WT. In the inactive (closed) state of the protein,
the p.Arg170Trp variant caused increased entropy, mainly
located in the «, B, and p subunits. In the active (open)
state of the protein, the p.Argl70Trp variant caused a
significant increase in entropy compared to WT in the
p and o subunits, as well as at the cargo protein.

In order to estimate the functional effect of the entropy
changes described above, we compared the entropy
changes of the AP2M1 p.Arg170Trp variant with rare pop-
ulation variants in AP2ZM1 and pathogenic variants in
AP251, the causative genetic etiology for autosomal-domi-
nant hypocalciuric hypercalcemia. Regarding the inactive
(closed) state of the protein, cluster analysis of entropic
changes indicated a clear separation between all tested
rare population variants and the pathogenic variants in
AP251. The cluster analysis showed that entropy change
regarding the p.Arg170Trp variant was separated signifi-
cantly from both (Figure S2). In the active (open) state of
the protein, the entropy change due to the p.Argl70Trp
variant clustered with the pathogenic variants in AP2S1
and was separated from the rare population variants
(Figure S2). Given that only active AP-2 is capable of asso-
ciating with cargo membrane proteins, these results
suggest that the AP2M1 p.Argl70Trp variant might func-
tionally impair AP-2-mediated cargo recognition and,
thereby, CME.

Clathrin-Mediated Endocytosis Is Reduced in Human
Hela Cells and AP-2p KO Mouse Astrocytes Expressing
the Pathogenic AP2M1 c.508C>T (p.Arg170Trp) Variant
On the basis of the molecular modeling data, we hypothe-
sized that the recurrent AP2M1 ¢.508C>T (p.Argl70Trp)
variant may affect CME. We probed this prediction exper-
imentally by quantitatively determining the efficacy of
CME in AP-2p-depleted human HeLa cells rescued by
plasmid-based re-expression of siRNA-resistant mCherry-
labeled WT or p.Argl70Trp variant AP-2u. HeLa cells ex-
pressing the pathogenic p.Argl70Trp AP-2p variant
showed reduced levels of internalized AlexaFluor647-
labeled transferrin after 10 min compared with cells ex-
pressing the WT AP-2 complex (Figures 3 and S4). A similar
endocytic defect was observed in primary astrocytes
derived from conditional AP-2p knockout (KO) mice
upon the re-expression of the p.Arg170Trp variant of AP-
2p (Figures 3 and S5). These results suggest that the patho-
genic AP2M1 c.508C>T (p.Arg170Trp) variant is affecting
AP-2-mediated cargo recognition and, thereby, CME.
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Effect of the AP2M1 p.Arg170Trp Variant on the Thermodynamic Entropy of the AP-2 Complex

(A) Both the entire structure and a simplified cartoon model of the AP-2 complex are shown in the inactive closed state. The color-coding
is a follows: AP-2a. (blue), AP-2B (green), AP-2p (magenta), AP-2 ¢ (orange), and the AP-2-bound cargo peptide P (yellow). The
p-Argl70Trp variant is depicted as a red sphere. Further pathogenic variants in AP2S1 (AP-20) and rare population variants in AP2M1
(AP-2p) variants are shown as golden spheres.

(B) Differences in entropy (entropic change; AG) between the wild-type (WT) AP-2 complex and the AP-2 complex containing the
AP2M1 p.Arg170Trp variant are graphically depicted as AG for each residue across the entire AP-2 complex for the inactive closed state.
The inlay shows an enlarged y axis to emphasize the differences in AG for each subunit.

(C) The structure of the AP-2 complex and a simplified cartoon model including the bound cargo peptide P (yellow) are shown in the
active state, and the AP2S1 and AP2M1 variants are labelled.

(D) The difference in entropy between the WT AP-2 complex and the AP-2 complex containing the AP2M1 p.Arg170Trp variant for the

active open state.

The AP2M1 ¢.508C>T (p.Arg170Trp) Variant Does Not
Affect AP-2 Complex Stability, Expression, Membrane
Recruitment, or Localization

Given the functional alterations in CME mediated by the
p-Argl70Trp variant, we next assessed whether the
impaired CME may be a result of stability, expression
levels, membrane recruitment, or localization of the
p-Argl70Trp-variant-containing AP-2 complex (Figures 4
and S3). However, we found that AP-2u WT and
p-Argl70Trp variants colocalize with clathrin equally well
in Hela cells, suggesting that localization of the patho-
genic AP-2p variant in clathrin-coated pits is not altered.
Likewise, the p.Arg170Trp variant of AP-2p does not affect
the expression levels, the stability, or the membrane
recruitment of AP-2 complexes (Figure S3). Taken together,
these results suggest that the p.Arg170Trp variant impairs
AP-2 function in CME in human cells and primary brain

astrocytes at an early step, probably by affecting the recog-
nition of cargo membrane proteins (Figure S6).

Discussion

In our study, we identified four individuals with a homoge-
neous phenotype of a developmental and epileptic enceph-
alopathy due to a recurrent AP2ZM1 de novo c.508C>T
(p-Argl70Trp) variant. AP2M1 is highly expressed in the
central nervous system and has been previously studied
extensively in a functional context.’”** AP2M1 encodes
the essential p-subunit of the endocytic clathrin adaptor
complex AP-2, which is involved in clathrin-mediated
endocytosis (CME) at the plasma membrane in neurons
and non-neuronal cells. CME is a major mechanism for
the recycling of synaptic vesicle (SV) components at
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Figure 3. Defective Clathrin-Mediated Endocytosis in Cells Expressing the AP2M1 p.Arg170Trp Variant

(A) Representative images of HeLa cells depleted of endogenous AP-2y; the cells were rescued by the re-expression of siRNA-resistant
mCherry-AP-2u wild-type (WT) or p.Arg170Trp mutant and allowed to internalize AlexaFluor®*’-labeled transferrin (Tf) for 10 min at
37°C. Cells were fixed and immunostained for endogenous AP-2a. and RFP. RFP was labeled to amplify the signal for mCherry and to
identify transfected cells. The scale bars represent 20 um.

(B) A zoom of the marked area in (A) illustrates reduced Tf endocytosis in cells expressing the p.Argl70Trp variant. The scale bars
represent 5 pm. Note that the punctate distribution of WT or Arg170Trp mutant mCherry-AP-2p is consistent with its proper targeting
to endocytic pits (see also Figure S4).

(C) A quantification of data shown in (A). The data represent mean + SEM, N = 3 independent experiments (wherein n = 198 for AP-2p
WT and n = 172 for AP-2p p.Arg170Trp total cells analyzed). *p < 0.05 from a paired two-tailed t test.

(D) Representative images of primary astrocytes from WT or AP-2u knockout (KO) mice; the cells were rescued by re-expression of un-
tagged AP-2 WT or p.Arg170Trp together with soluble RFP and allowed to internalize AlexaFluor®*’-labeled transfertin (Tf) for 5 min at
37°C. Cells were fixed and immunostained for endogenous AP-2a and cytoplasmic RFP. RFP expressed from the same construct after an
internal ribosomal entry site (IRES) was labeled to identify transfected cells. The scale bars represent 20 pm.

(E) A zoom of the marked area in (D) shows less Tf in astrocytes expressing the mutant variant of AP-2p. The scale bars represent 10 pm.
(F) A quantification of data shown in (D). The data represent mean = SEM, N = 5 independent experiments (wherein n = 74 for AP-2n

WT and n = 72 for AP-2u p.Arg170Trp total cells analyzed). *p < 0.05 from an unpaired t test.

mammalian central synapses.*>*® AP-2 plays a dual role in
this process by integrating the sorting of SV protein cargo
with the reformation of release-ready SVs.*” AP-2 also regu-
lates the neuronal surface levels of GABA and glutamate re-
ceptors and thereby contributes to long-term plastic
changes in neurotransmission and to excitatory/inhibitory
balance.’”** Heterozygous mutant mice with a targeted
disruption of the AP2M1 gene do not have an apparent
phenotype. Homozygous mutant mice, however, die before
day 3.5 postcoitus, indicating that the p2 subunit of the AP-2
complex is critical for early embryonic development.*”
AP2M1 is highly intolerant to variation in the general
population and has a probability of intolerance to loss of

function (pLI) score of 0.99 and a missense Z score of
5.82 in the EXAC database,*” as well as an RVIS EXAC score
of —0.31 (30" percentile).*' Only a single loss-of-function
variant in AP2M1 is observed in the ExXAC database,
compared to more than 19 expected loss-of-function vari-
ants. The AP2M1 c.508C>T (p.Arg170Trp) variant is absent
from all population databases, including ExAC and
gnomAD.* Pathogenic variants in several other genes
involved in neurotransmission are known to cause epi-
lepsy and neurodevelopmental disorders, and these genes
include STXBP1 (MIM: 602926), SNAP25 (MIM: 600322),
STX1B (MIM: 601485), CLTC (MIM: 118955), DNM1
(MIM: 602377), and PPP3CA (MIM: 114105).51042-45
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Intact Localization of an AP-2 Complex Carrying the p.Arg170Trp Variant

(A) Representative confocal images (maximum intensity projections) of HeLa cells depleted of endogenous AP-2y; the cells were rescued
by re-expression of siRNA-resistant mCherry-AP-2u WT or p.Argl70Trp mutant and immunostained with clathrin heavy chain (CHC)
and RFP antibodies. RFP was labeled to amplify the signal for mCherry-tagged variants and to identify transfected cells. The scale

bars represent 20 um.

(B) Merged magnified views of the boxed area in (A). The scale bars represent 5 um.
(C) Pearson’s correlation coefficient for the co-localization of AP-2u WT or p.Argl170Trp with clathrin heavy chain (CHC). The data
represent mean = SEM and N = 5 independent experiments. Statistical analysis was done with a paired t test.

Within this group of genetic etiologies, AP2M1 stands out
because the AP-2 complex mediates endocytic sorting of
both presynaptic vesicle proteins and postsynaptic ion
channels. AP2M1-related dysfunction may therefore pro-
vide a link between disorders of synaptic function and
ion channelopathies, the two major groups of genetic eti-
ologies identified in human epilepsy.

We present several lines of experimental evidence that
support the view that the encoded p.Argl170Trp variant
in AP2M1 is causal, due to impaired AP-2 complex func-
tion, for the observed epilepsy phenotype in the individ-
uals in our study. First, by using molecular modeling in
silico, we found a significant impact of the p.Arg170Trp
AP2M1 variant not only on the p-subunit but also on other
subunits of the AP-2 complex, suggesting that this variant
affects overall AP-2 complex function both in the inactive
(closed) and active (open) state. Pathogenic variants in
AP2S1 cause autosomal-dominant hypocalciuric hypercal-
cemia, a rare genetic kidney disease. No other human dis-
ease has been associated with disease-causing variants in
genes encoding AP-2 subunits so far. In the active (open)
state, the type of thermodynamic changes predicted from
the p.Argl70Trp AP2M1 variant are more closely related
to known pathogenic variants in AP2S1 than rare popula-
tion variants in AP2M1. Although the modeling data can
only provide indirect predictions about the overall func-
tional alterations of the AP-2 complex, our normal mode
analysis indicates a pronounced instability of the bound
cargo protein. This instability most likely relates to the
fact that Arg170 is part of the N-terminal phosphatidylino-
sitol (4,5)-bisphosphate (PIP,)-binding site of the u2 sub-
unit formed by residues Lys167, Argl69, Argl70, and
Lys421. It was previously reported that replacing three
positively charged residues (Lys167, Argl169, and Arg170)
with Glu (KRR > E) had little effect on AP-2 binding to

PIP,-containing membranes in vitro, whereas additional
mutations in the second PIP,-binding site of the u2 sub-
unit resulted in a 4-fold reduction in binding to PIP,.**
The change from the charged Arg170 to a large hydropho-
bic side chain (Trp; of p.Arg170Trp) may therefore conceiv-
ably lead to more unstable association of AP-2 with cargo
membrane proteins at PIP,-containing membranes.***°
In summary, our in silico modeling that used normal
mode analysis suggests that the p.Argl70Trp AP2M1
variant not only affects the function of the p-subunit,
but also globally interferes with the thermodynamic stabil-
ity of the AP-2 complex and, thereby, with the recognition
of cargo membrane proteins.

Second, we explored the impact of the p.Argl70Trp
variant both in AP-2p-depleted human HeLa cells and pri-
mary astrocytes derived from conditional AP-2 KO mice.
Analysis in both model systems suggested that the
AP-2 p-subunit with the p.Argl170Trp variant is present at
levels comparable to WT and is integrated into functional
AP-2 complexes. In contrast, the uptake of the CME cargo
transferrin was significantly reduced in p.Argl70Trp
AP2M1-expressing HeLa cells and astrocytes. These results
indicate that the effect of the p.Arg170Trp variant is due to
an alteration of AP-2 complex function rather than hap-
loinsufficiency. Based on these data, we therefore postulate
that defective endocytic sorting of either one or several
AP-2-dependent cargo membrane proteins in neuronal
cells underlies developmental and epileptic encephalopa-
thies, possibly due to imbalance between excitatory and
inhibitory neurotransmission. It is well established that
AP-2 critically regulates both excitatory and inhibitory
neurotransmission by controlling the surface number of
postsynaptic glutamate and GABA, receptors, as well as
the endocytic sorting of the presynaptic vesicular gluta-
mate (vGLUT) and GABA transporters (vGAT), to reform
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Table 1.

Phenotypic Details of Individuals with the Recurrent AP2M1 c.508C > T (p.Arg170Trp) Variant

Proband ID
Individual 1 Individual 2 Individual 3 Individual 4
Age and sex 7 years, f 15 years, f 4 years, f 8 years, f
Development globally delayed globally delayed globally delayed globally delayed
Age at seizure onset 1 year, 9 months 1 year, 3 months 3 years 4 years
Seizure types atypical absence; atonic; atonic; focal impaired-awareness

myoclonic atonic;
absence with eyelid

myoclonia myoclonia

Seizure outcome drug-responsive drug-resistant

atypical absence;
absence with eyelid

bilateral tonic-clonic

drug-resistant partially responsive

Intellectual disability = moderate moderate severe severe
(severity)
Autism spectrum absent absent (aggressive and present present
disorder self-harming behaviors)
Ataxia truncal and gait ataxia absent gait ataxia only truncal and gait ataxia
Other exam findings hypotonia hypotonia hypotonia; hypotonia;
chorea and myoclonus; tremor;
a prominent maxilla and  long, thin hands and feet
a thin upper lip
MRI findings parieto-occipital white normal normal normal

matter abnormalities

EEG findings generalized polyspike-wave

discharges discharges

3-4 Hz generalized spike-wave

generalized spike-wave
discharges

multifocal epileptiform
activity

Abbreviations are as follows: MRI = magnetic resonance imaging and EEG = electroencephalogram.

synaptic vesicles during activity-dependent neurotrans-
mission.”” Given the various known links between the
GABA-ergic system and hyperexcitability, small changes
in the efficacy of endocytic sorting of presynaptic vGAT
may result in reduced GABA content of inhibitory synaptic
vesicles and thereby cause excitatory/inhibitory imbalance
and epilepsy. Alternatively, it is possible that excitatory/
inhibitory imbalance and epilepsy result from impaired
clathrin-mediated or AP-2-mediated endocytosis of
postsynaptic glutamate receptors or associated factors at
excitatory synapses, and thereby, elevated excitatory trans-
mission, in addition to other possibilities. Future studies,
for example in p.Argl70Trp AP2M1 knock-in mice, will
be needed to address these hypothetical scenarios in detail.

Within our study, statistical evidence for an involve-
ment of AP2M1 in genetic epilepsies was generated by a
phenotypic similarity analysis based on Human Pheno-
type Ontology. Because moderately sized cohorts are
underpowered to provide statistically significant evidence
for uncharacterized gene-disease relationships on a
genomic level, we leveraged the existing rich phenotypic
information in this cohort to evaluate the role of de novo
variants in human epilepsy. We compared predicted versus
observed phenotypic similarity in groups of individuals
with de novo variants in shared genes. Four out of the 11
identified genes, including genes, such as DNM1, known
to be associated with neurodevelopmental disorders with
a clinically distinct phenotype, had an uncorrected p value
of < 0.0§ (Figure 1). In contrast, genes, such as SCN2A

(MIM: 182390), known to be associated with a broader
neurodevelopmental phenotype were not significant in
this analysis. Results for SCN1A, the gene linked to Dravet
syndrome, were borderline significant. Within the list of
11 genes with de novo variants in two or more trios,
AP2M1 was the only previously undescribed etiology for
genetic epilepsies, and the phenotypic similarity between
both individuals was significant (Table 1). Given that
HPO terms were assigned manually in our study, this
method is prone to bias, possibly resulting both in false
positive and false negative findings. For example, both in-
dividuals with pathogenic de novo variants in DNM1 were
phenotyped by clinicians from the same center, a fact
that makes it impossible to distinguish a phenotyping
bias from a true disease association. Although the DNM1
phenotype is known to be relatively homogeneous, we
cannot exclude the possibility that at least some of the
observed similarity in both individuals was due to a pheno-
typing bias within a single contributing group. However,
both individuals with AP2M1 de novo variants were inde-
pendently phenotyped by clinicians at two different
centers prior to sequencing. This makes it unlikely that as-
signed HPO terms were influenced by knowledge of the
underlying genetic etiology or phenotyping bias within a
single contributing center. When comparing semantic
phenotypic similarity to the probability of de novo variants
in each of the genes in 314 individuals, we find that the
statistical evidence based on phenotypes does not correlate
with the statistical evidence from genotypes (Figure S7).
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This suggests that phenotypic similarity, independent of
the probability of observed de novo variants, may provide
statistical support for the involvement of a gene in disease.
Taken together, we demonstrate that semantic phenotypic
similarity can be used to provide statistical support for
genetic etiologies in human epilepsy and identify recog-
nizable disease entities. Prior studies have applied related
strategies in large datasets of syndromic diseases or hospi-
tal-wide cohorts.'”'® In addition to the success of studies
in heterogeneous phenotypes, we show that HPO-based
approaches can also be used in cohorts with relatively ho-
mogeneous phenotypes, such as the non-lesional pediatric
epilepsies, provided that phenotypic information is suffi-
ciently deep for underlying gene-disease relationships to
be identified.

In summary, we identify a recurrent pathogenic variant
in AP2M1 as a cause of genetic epilepsies resulting in a
recognizable electroclinical phenotype with features of
epilepsy with myoclonic-atonic seizures or Doose syn-
drome. By demonstrating impairment of CME despite
intact integration into functional AP-2 complexes,
we establish dysfunction of the early step of CME as a
disease mechanism in neurodevelopmental disorders
and epilepsy.
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Web Resources

Computer Code Used for Phenotypic Similarity Analysis, https://
github.com/galerp/helbig_lab

ENCoM Development, https://github.com/NRGlab/ENCoM

ExAC Database, http://exac.broadinstitute.org

gnomAD Browser, http://gnomad.broadinstitute.org/

Human Phenotype Ontology, https://hpo.jax.org/app/

Online Mendelian Inheritance in Man, http://www.omim.org

Residual Variation Intolerance Score (RVIS), http://genic-
intolerance.org
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