5 university of °
groningen °

University of Groningen

DLG4-related synaptopathy

Rodriguez-Palmero, Agusti; Boerrigter, Melissa Maria; Gomez-Andres, David; Aldinger,
Kimberly A.; Marcos-Alcalde, Inigo; Popp, Bernt; Everman, David B.; Lovgren, Alysia Kern;
Arpin, Stephanie; Bahrambeigi, Vahid

Published in:
Genetics in Medicine

DOI:
10.1038/s41436-020-01075-9

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Rodriguez-Palmero, A., Boerrigter, M. M., Gomez-Andres, D., Aldinger, K. A., Marcos-Alcalde, |., Popp, B.,
Everman, D. B., Lovgren, A. K., Arpin, S., Bahrambeigi, V., Beunders, G., Bisgaard, A.-M., Bjerregaard, V.
A., Bruel, A.-L., Challman, T. D., Cogne, B., Coubes, C., de Man, S. A., Denomme-Pichon, A.-S., ... Tumer,
Z. (2021). DLG4-related synaptopathy: a new rare brain disorder. Genetics in Medicine.
https://doi.org/10.1038/s41436-020-01075-9

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 11-03-2026


https://doi.org/10.1038/s41436-020-01075-9
https://research.rug.nl/en/publications/aed9f0a4-81eb-466a-926b-203c595a9e3e
https://doi.org/10.1038/s41436-020-01075-9

Genetics
inMedicine

ARTICLE

www.nature.com/gim

W) Check for updates

DI1.G4-related synaptopathy: a new rare brain disorder

Agusti Rodriguez-Palmero et al.”

PURPOSE: Postsynaptic density protein-95 (PSD-95), encoded by DLG4, regulates excitatory synaptic function in the brain. Here we
present the clinical and genetic features of 53 patients (42 previously unpublished) with DLG4 variants.

METHODS: The clinical and genetic information were collected through GeneMatcher collaboration. All the individuals were
investigated by local clinicians and the gene variants were identified by clinical exome/genome sequencing.

RESULTS: The clinical picture was predominated by early onset global developmental delay, intellectual disability, autism spectrum
disorder, and attention deficit-hyperactivity disorder, all of which point to a brain disorder. Marfanoid habitus, which was previously
suggested to be a characteristic feature of DLG4-related phenotypes, was found in only nine individuals and despite some
overlapping features, a distinct facial dysmorphism could not be established. Of the 45 different DLG4 variants, 39 were predicted to
lead to loss of protein function and the majority occurred de novo (four with unknown origin). The six missense variants identified
were suggested to lead to structural or functional changes by protein modeling studies.

CONCLUSION: The present study shows that clinical manifestations associated with DLG4 overlap with those found in other
neurodevelopmental disorders of synaptic dysfunction; thus, we designate this group of disorders as DLG4-related synaptopathy.
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INTRODUCTION

The human brain is formed by about 100 billion neurons that are
highly interconnected through synapses, which regulate the brain
circuit functions. The molecular structure of the synapse is highly
complex, and its function is regulated by several proteins at
different levels. In excitatory synapses, the postsynaptic submem-
brane space contains a multiprotein complex called the post-
synaptic density (PSD), which has crucial roles in the structural
organization and function of the synapses. It contains several
scaffold proteins including PSD-95, encoded by DLG4 (discs large
MAGUK scaffold protein 4). PSD-95 belongs to the MAGUK
(membrane-associated guanylate kinases) family and has 3 PDZ
domains at the N-terminus, an SH3 (Src homology 3) domain and
a guanylate kinase-like domain (GKLD). PSD-95 participates in
synaptic maturation and dendritic morphology and regulates
function of the glutamate receptors NMDA (N-methyl-D-aspartic
acid) and AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazoleproprio-
nic acid).! PSD-95 is also involved in the structural organization of
the PSD through the interaction and stabilization of adhesion
molecules, such as NLG1 (neuroligin 1); the voltage-gated, Shaker-
type K™ (K,1) channels are also key binding partners of PSD-95.’
Notably, the PSD is a very dynamic structure and its composition
(i.e, PSD-95 expression) and morphology are dependent on
neuronal activity, which determines synaptic plasticity, essential
for learning and memory processes.’

DLG4 (encoding PSD-95) has three other paralogs (DLGT
encoding SAP97; DLG2 encoding PSD-93/Chapsyn-110; and DLG3
encoding SAP-102), all of which are evolutionarily conserved and
have diverse functions.> Homozygous Dig1 knockout mice (Dlg1™")
are embryonic lethal while the knockouts of other paralogs are
viable. DIg3”" animals do not show observable cognitive deficits,
but in humans, truncating DLG3 variants have been identified in
individuals with X-linked intellectual disability with or without
comorbidities (OMIM 300850).>* On the other hand, DIg2”" mice
show impairments in cognitive flexibility, learning, and attention?

and DLG2 missense variants are associated with autism,” and gross
DLG2 deletions are described in individuals with schizophrenia,
autism, and bipolar disorder.>” The Dig4”" mice show increased
repetitive behaviors, abnormal communication, impaired motor
coordination, increased stress reactivity, anxiety-related responses,
and abnormal learning and working memory.*®#° On the other
hand, male Dig4™" mice present with hypersocial behavior with
increased aggression and territoriality levels, while female mice
show increased vocalization, and both genders show hypoactivity
without motor deficits."°

In humans, pathogenic DLG4 variants are rare, and to date only
11 individuals with a DLG4 variant have been reported. Eight of
these published individuals were identified as part of screening
cohorts to find new candidate genes for ID (n = 4), cerebral visual
impairment (n = 1), developmental disorders (n = 1), and schizo-
phrenia and autism spectrum disorders (n = 2)."""'° The remaining
three individuals were identified by Moutton et al. in a series of 64
individuals with ID and skeletal signs suggestive of Marfan
syndrome (OMIM 154700) but do not meet the international
criteria, termed Marfanoid habitus (MH).'®

Here we report phenotype and genotype information on 53
individuals (including the 11 previously published cases, clinical
features of whom are updated when possible) with heterozygous
DLG4 variants collected through an international collaboration.
The effect of the missense variants on protein function was further
investigated through structural modeling and molecular dynamics
simulation studies. Our results establish DLG4-related synapto-
pathy as a new and rare brain disorder.

MATERIALS AND METHODS
Individuals included in this study

We ascertained the genotype and phenotype information for 53
individuals with a variant in DLG4 (Fig. 1, Table 1, Figs. S1, S2, Tables ST,
$2). Eleven individuals were reported previously.'~'” Phenotypes of four of

*A full list of authors and their affiliations appears at the end of the paper.
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Fig. 1 Facial features of the individuals. Individuals 4 and 5 are twins, and individuals, 49 and 50 have the same DLG4 variant. Ind individual.

these individuals have been updated, while further clinical information
could not be obtained for seven individuals. The previously unreported
individuals were identified through GeneMatcher (http://genematcher.org/
statistics/)'® or the Database of Chromosomal Imbalance and Phenotype in
Humans Using Ensembl Resources (DECIPHER, https://decipher.sanger.ac.
uk)."® The clinical information of each individual was reviewed including
neurodevelopment, growth parameters, neurological manifestations,
behavior, dysmorphology, and MH by the local clinicians (Tables 1 and
S1). The prevalence of each clinical manifestation related to the total
number of cases for whom this information was available is shown in
Table S2. The presence of ID was evaluated in individuals over 5 years old
and ASD in those over 3 years old. Regression was defined as a loss of
previously acquired skills. Statistical calculations were made using Pearson
chi-squared test with Yates continuity correction. A heat map for clinical
features was built by means of gplots package in R and hierarchical
clustering was made according to binary distances (Fig. 2S).

Identification and evaluation of the variants

DLG4 variants were identified in the probands using massively parallel
sequencing (next-generation sequencing; NGS) based technologies (exome/
genome sequencing with or without employing virtual gene panels) in
clinical diagnostic or research settings, and parental testing for the identified
variant was performed when possible (n = 48). Pathogenicity of the identified
DLG4 variants was established according to American College of Medical
Genetics and Genomics/Association for Molecular Pathology (ACMG/AMP)
criteria (Table $3).2%*' The Genome Aggregation Database (gnomAD v.2.1.1;
https://gnomad.broadinstitute.org/) was employed to check the presence of
the variants in control populations. NMDEscPredictor tool*? (https://
nmdprediction.shinyapps.io/nmdescpredictor/) was employed to predict
whether the truncating variants escaped nonsense-mediated decay (NMD).
SpliceAl”  (https://github.com/lllumina/SpliceAl) a deep learning-based
splice variant prediction tool was used to annotate the variants for their
predict effect on splicing (Table S3). All the variants are described using the
NM_001365.4 (GRCh37/hg19) transcript of DLG4 (Fig. 2, Tables 2 and S3).

Structural modeling and molecular dynamics simulation of the
missense variants

The 3D structure of the human PSD-95 protein (UniProtKB id: P78352-2,
The UniProt Consortium 2019) was modeled using as templates the
homologous structures present in the Protein Data Bank: 1KJW2* and
2XKX?* (Fig. 3). Models for the wild type protein and the Gly220Val,
Asp229Val, Gly241Ser, Asp375Gly, Arg629GIn and Thr654lle variants were
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built using the SWISS-MODEL server (https://swissmodel.expasy.org), and
their structural quality was within the range of that accepted
for homology-based structure (Anolea/Gromos/QMEAN4).2°  Molecular
dynamics simulation was carried out as described previously?” and the
details can be found in the Supplementary text.

RESULTS
Phenotypic spectrum

The phenotype information is shown in Tables 1 and S1 and the
frequencies of clinical features in Table S2. There were no
significant gender-specific differences in the clinical severity and
the median age at last evaluation was 11 years (18 months-47
years). The mean age for initial clinical presentation was 1.3 years
(4 months-5 years). Most individuals presented with the first
symptoms in form of developmental delay before age two, except
for five individuals with later clinical onset, including four who
became symptomatic at age 3 years and one at age 5 years. Of 45
individuals, GDD was reported in 38 (84%) whereas specific motor
developmental delay was present in six and predominant
language delay in two individuals. Speech was completely absent
at the last evaluation in eight individuals older than 3 years.
Regression in motor development and/or language was observed
in 17/43 individuals with an average age of onset of regression of
4 years (6 months—18 years). ID was present in 44/45 individuals
(98%) (all of whom were older than 5 years of age at the last
evaluation) and was classified as severe in 29%, moderate in 34%,
mild in 29%, mild-moderate in 2% and unspecified in 4%. Of
those older than 3 years with clinical information available, ASD
manifestations were documented in 24/43 individuals. ASD was
reported as a comorbidity in 15/26 (57%) individuals with
moderate to severe ID but in only 3/10 (30%) individuals with
mild ID (p=0.562). Among the 12 individuals with language
regression (with or without motor regression), ten individuals also
had ASD, but not all the individuals with ASD had language
regression. Attention deficit hyperactivity disorder (ADHD) fea-
tures were present in 20/35 individuals and tended to occur more
frequently in individuals with ASD (11/17, 64%) than in those
without ASD (8/17, 47%; p = 0.49).
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Fig. 2 DLG4 variants shown on PSD-95. Among the 44 different
variants, 6 were missense and two were synonymous while the
remaining were predicted to be protein truncating variants. The
missense variants were localized to the functional domains of the
protein. Splice variants are underlined. PDZ1-3 domains (red) SH3
(light brown), GKLD (blue). All the variants are annotated using the
DLG4 transcript, NM_001365.4.

Epilepsy was reported in 25/47 individuals (53%) and classified
as generalized epilepsy in five individuals and focal epilepsy in ten.
The type of epilepsy was not specified in the remaining
individuals. Two individuals were reported to have febrile seizures,
three had infantile spasms and three individuals had an
electroclinical presentation compatible with status epilepticus
during slow-wave sleep (ESES). The mean age of epilepsy onset
was 6 years (6 months—15 years). For six individuals, seizures were
reported as refractory to pharmacologic treatment. Electroence-
phalography (EEG) information was available in 17 of the 25
individuals with epilepsy and showed focal abnormalities in 12
individuals (seven multifocal), generalized abnormalities in two
and abnormal background in seven. Epilepsy tended to be more
frequent in individuals with moderate/severe ID (18/26, 69%) than
in those with mild ID (4/12, 33%; p =0.084) and in those with
autistic features (13/22, 59%) versus those without (8/19, 42%; p =
0.44). Of the individuals with epilepsy, 12 (50%) had regression in
motor development and/or language, whereas it was present in 4/
18 (22%) of those without epilepsy (p = 0.13).

Other neurological manifestations included hypotonia (23/43,
53%) and abnormal movements (19/41, 46%) such as stereotypies
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(h=12), ataxia (n=29), dystonia (n=4) and tremor (n=23).
Significant facial dysmorphic features were reported in 15/39
individuals (38%), though establishing a characteristic gestalt was
not possible as features were variable. Some of the more
frequently observed common features were long face, thin
eyebrows, thin upper lip and wide nasal bridge with a broad tip
of nose (Fig. 1). Skeletal abnormalities were reported in 23/44
(41%) individuals.

Brain magnetic resonance imaging (MRI) was performed in 40
individuals and 13 (32%) were noted to have abnormalities
(Fig. 1S). Abnormal MRI was found in 20% of the individuals with
mild ID (2/10) and in 40% (9/22) of those with moderate/severe ID.
The reported abnormalities include variable degrees of brain
atrophy (n=15), cerebellar atrophy (n=4), thin corpus callosum,
dysmorphic hippocampus (n = 3, two with incomplete hippocam-
pal inversion [IHI]), delayed myelination (n = 2) and periventricular
T2 white matter hyperintensity (n = 2).

Spectrum of the DLG4 variants

Among the 53 individuals, 44 different variants were identified
(Table 2, Fig. 2). Six variants were found more than once—three
unrelated individuals each had the c.1054C>T, c.1324C>T,
¢.1618C>T and c.1978C>T variants. The ¢.340-2A>G variant was
identified in monozygotic concordant twins, and the c.1587del
variant was detected in a set of brothers, and after excluding
nonpaternity, germline mosaicism in one of the parents was
presumed as these variants were found to be de novo. Among the
48 individuals for whom parental studies were conducted, 43,
including a monozygotic twin pair (ID-4 and ID-5), had de novo
variants, and one individual inherited the variant (ID-22) from his
mother with somatic mosaicism in buccal tissue (blood was not
investigated and the percentage of mosaicism could not be
obtained). One individual (ID-15) had a maternally inherited DLG4
variant, but clinical information on the mother was not available.'”

Among the 44 different variants, six were annotated as
missense and two were predicted as synonymous while the
remaining were predicted to be protein truncating variants: 15
nonsense variants, four single-nucleotide duplications, six single-
nucleotide and one eight-nucleotide deletion, one indel and nine
splice-site variants. Eight splice-site variants within the canonical
splice sequences and the intronic variant (c.1607+4_1607+19del)
were all expected to alter splicing (Fig. 2). All the duplications and
deletions as well as the indel were frameshift variants. One of
these variants, ¢.2203_2207delinsT (ID-53) was predicted to
escape nonsense-mediated decay (NMD), while all the other
protein truncating variants were predicted to be subject to
degradation by NMD.

Two individuals had de novo variants annotated as synon-
ymous. Individual 25 had the p.(Ser404=) (c.1212G>A) variant,
which was at the last nucleotide of exon 11 and using SpliceAl it
was predicted to cause a canonical splice donor loss with a
probability of 63% with a new donor gain 4bp downstream,
which would result in a frameshift (p.[Val405Thrfs*171). The other
synonymous variant, p.(Gly373=) (c.1119C>T), identified in
individual 22 was in the middle of exon 11 and SpliceAl predicted
a donor gain with a probability of 44%. Further analyses with
reverse transcriptase polymerase chain reaction (RT-PCR) revealed
a deletion in the RNA transcript (r.1118_1212del) predicted to
result in a frameshift, p.(Glu374GInfs*11).

The missense variants were localized to the functional domains
of the protein (three in the PDZ2 domain, one in the PDZ3
domain, and two in the Guanylate kinase-like domain). None of
these variants were detected among the 125,748 exomes and
15,708 genomes from unrelated individuals in the gnomAD
database, and they were all classified as pathogenic or likely
pathogenic, except for two missense variants that were
classified as variants of uncertain significance (VUS) according to
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Table 2. DLG4 variants and their predicted effects.
gDNA Chr17(GRCh37) cDNA Exon/  Predicted effecton PSD- Predicted CADD  Inheritance ID of the
(NM_001365.4) intron  PSD-95 95 domain  coding effect score affected
individual
9.7107520dup c.277dup 5 p.(Tyr93Leufs*2) PDZ1 Frameshift 32 dn 1
9.7107344C>A c.322G>T 6 p.(Glu108*) PDZ1 Nonsense 40 dn 2
9.7107326C>A c.339+1G>T IVS6 p.? 35 uk 3
g.7107137T>C c.340-2A>G IVS6 p.? 34 dn 42
dn 52
g9.7107128G>C c.347C>G 7 p.(Ser116%) PDZ1 Nonsense 36 dn 6
g.7107103dup c.372dup 7 p.(Gly125Trpfs*3) PDZ1 Frameshift 32 dn 7
g9.7107027G>A c.448C>T 7 p.(GIn150%) PDZ1 Nonsense 37 dn 8
g.7107020del c.455del 7 p.(Gly152Alafs*12) Frameshift 32 dn 9
9.7106909del c.468del 8 p.(Asn157Thrfs*7) Frameshift 31 dn 10
9.7106770C>A c.607G>T 8 p.(Glu203*) PDZz2 Nonsense 37 dn 11
9.7106629dup c.654dup 9 p.(Gly219Argfs*12)  PDZ2 Frameshift 32 dn 12
g9.7106624C>A C.659G>T 9 p.(Gly220Val) PDZ2 Missense 26.6 dn 13
g.7106597T>A Cc.686A>T 9 p.(Asp229Val) PDZ2 Missense 27.7 dn 14
g9.7106562C>T c.721G>A 9 p.(Gly241Ser)f PDZ2 Missense 27.7 mat 15
g.7106549del c.734delA 9 p.(Lys245Argfs*19) Frameshift 32 dn 16
g9.7106220A>G c.916+2T>C IVS10 p.? 33 dn 17
g.7100367A>T c921T>A 11 p.(Tyr307%) Nonsense 36 dn 18
9.7100234G>A c.1054C>T 11 p.(Arg352%) PDZz3 Nonsense 37 dn 19
dn 20
Not mat® 21
g.7100169G>A c1119C>T 11 p.(Gly373=)¢ PDZ3 Synonymous  13.7 dn 22
g.7100164T>C c.1124A>G 1 p.(Asp375Gly)’ PDZ3 Missense 257 uk 23
g.7100134_7100141del c.1147_1154del 11 p.(Phe383Glyfs*31) PDZ3 Frameshift 33 dn 24
g.7100076C>T c.1212G>A 1 p.(Ser404=)° Synonymous  25.4 dn 25
g.7099895C>A c1213-1G>T IVS11 p.? 35 Mat/ ) 26
mosaic
g.7099876G>A c1231CT 12 p.(Arg411%) Nonsense 41 dn 27
g9.7099645G>A c.1324C>T 13 p.(Arg442%) SH3 Nonsense 38 dn 28
dn 29
dn 30
9.7099639C>A c.1330G>T 13 p.(Glu444¥) SH3 Nonsense 40 dn 31
g.7097682dup c.1563dup 14 p.(Asp522%) Frameshift 33 dn 32
g.7097658del c.1587del p.(Phe530Serfs*16) Frameshift 28.2 Germ]ir)e 33
mosaicism
Germ]ir)e 34
mosaicism
9.7097636A>G c.1607+2T>C IVS14 p.? 34 dn 35
g.7097619_7097634del c.1607+4_1607 IVS14 p.? 16.38 dn 36
+19del
9.7097309G>A c.1618C>T 15 p.(Arg540%*) Nonsense 44 uk 37
dn 38
g.7097301C>T Cc.1626G>A 15 p.(Trp542%) GKLD Nonsense 51 dn 39
g.7097302C>T c.1625G>A dn 40
g.7097161A>G c.1672+42T>C IVS16 p.? 34 uk 41
g.7097031G>A c.1675C>T 17 p.(Arg559%) GKLD Nonsense 45 uk 42
g.7096904C>T c1721-1G>A IVS17 p.? 35 dn 43
9.7096823T>A c.1801A>T 18 p.(Lys601%) GKLD Nonsense 44 dn 44
g9.7096801C>T c.1822+1G>A IVS18 p.? 35 dn 45
g.7096416del c.1843del 19 p.(Glu615Serfs*4) GKLD Frameshift 33 dn 46
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Table 2 continued

gDNA Chr17(GRCh37) cDNA Exon/  Predicted effecton PSD- Predicted CADD Inheritance ID of the
(NM_001365.4) intron  PSD-95 95 domain coding effect score affected
individual
9.7096373C>T c.1886G>A 19 p.(Arg629GlIn)/ p. GKLD Missense/ 32 dn 47
(His608Argfs*14)¢ frameshift

g.7096298G>A c.1961C>T 19 p.(Thré54lle) GKLD Missense 26.7 dn 48
g.7096281G>A c.1978C>T 19 p.(Arg660%) GKLD Nonsense 41 dn 49

41 dn 50
g.7096275del c.1984del 19 p.(Val662Trpfs*41)  GKLD Frameshift 34 dn 51
g.7095310G>T c.2007C>A 20 p.(Cys669*) GKLD Nonsense 40 dn 52
g.7094124_7094128delinsA  ¢.2203_2207delinsT 22 p.(Val735Trpfs*12) Frameshift 34 dn 53

(Table S4).
(intron), mat maternal, NA not applicable, uk unknown.

“Individuals 4 and 5 are monozygotic twins.
PThe variant was not maternal, father not available.

studies are warranted to determine their pathogenicity.

Combined Annotation Dependent Depletion (CADD) tool was used to score the deleteriousness of the variants (https://cadd.gs.washington.edu/) and
Mutalyzer (https://mutalyzer.nl) was used to check sequence variant nomenclature according to the guidelines of the Human Genome Variation Society

cDNA complementary DNA, del deletion, dn de novo, dup duplication, gDNA genomic DNA, GKLD guanylate kinase-like domain, IVS intervening sequence

Further analyses revealed a deletion in the RNA transcript (.1118_1212del) predicted to result in frameshift, p.(GIu373GInfs*11) in individual 22, and in
individual 25 the variant was in the canonical splice sequence and predicted to affect splicing.

9Individuals 33 and 34 are brothers (the parents do not have the variant and germline mosaicism is suspected).

®Prediction tools suggests that this substitution is a splice variant predicted to result in frameshift, p.(His608Argfs*14).

fThese missense variants are classified as variants of unknown significance (VUS) according to American College of Medical Genetics and Genomics/
Association for Molecular Pathology (ACMG/AMP) criteria, and even though protein studies suggest that they affect protein function, further functional

ACMG/AMP criteria.’®?' Both of the latter variants were identified
as part of a large screening study:'> p.(Gly241Ser) was maternally
inherited (no phenotypic information on the mother is available),
and the inheritance of p.(Asp375Gly) was not reported. All the
missense variants were scored using SpliceAl tool and no splicing
change was predicted for five of these. However, a new splice
acceptor was predicted with 99% probability for the c.1886G>A,
(p.(Arg629GlIn) in ID-47), which would result in a frameshift, p.
(His608Argfs*14). The family is contacted for verification of this
finding.

Prediction of the structural and functional effect of missense DLG4
variants using homology modeling

To study the functional implications of the six missense DLG4
variants p.(Gly220Val), p.(Asp229Val), p.(Gly241Ser), p.(Asp375Gly),
p.(Arg629GlIn), and p.(Thr654lle), a 3D model of the wild type PSD-
95 was generated using standard homology modeling-based
techniques (Fig. 3). Subsequently, models for the six PSD-95
mutants were generated using the wild type model as a template
and subjected to 100 ns of unrestricted molecular dynamics (MD)
simulation. The details of the results of the protein modeling and
MD simulation can be found in the Supplementary material.

Three of the modeled missense substitutions [p.(Gly220Val),
pl(Asp229Val), p.(Gly241Ser)]occur in the PDZ2 domain of PSD-95
(Fig. 3). The simulation studies suggest that all these substitutions
alter the structure of the PDZ2 domain (Fig. 3b, c). Furthermore,
the p.(Asp229Val) substitution is predicted to modify the kinase/
phosphatase recognition motif, and the p.(Gly241Ser) substitution
is predicted to modify the ubiquitylation recognition motif, both
of which are likely to affect the protein function. Notably,
modeling of the p.(Gly241Arg) variant, which is reported in a
single individual in the gnomAD database and alters the same
amino acid as the p.(Gly241Ser) variant (ID-15), did not suggest a
structural effect on the protein structure supporting that this
variant was likely benign (Fig. 3d; Supplementary material).

The Asp375 residue is located in a loop between two beta-
sheets in the PDZ3 domain, which is enriched in negatively

SPRINGERNATURE

charged amino acids (Asp374, Asp375, and Asp377), and it is
probably involved in the interaction with other adjacent structures
such as potassium channels®® (Fig. 3e). The p.(Asp374Gly)
substitution generated a decrease in the negative charge of the
surface, which is likely to modify the nature of this interaction and
affect its functionality.

The residues Arg629 and Thr654 are both located in the
guanylate kinase-like domain (GKLD, Fig. 3f-g). The p.(Arg629GIn)
substitution is likely to modify the surface charge and thereby may
affect the interaction of PSD-95 with other proteins such as the
potassium channels. The p.(Thr654lle) substitution is likely to
modify the guanosine monophosphate (GMP) binding site, as well
as modify the structure of the putative active site. In addition, this
substitution could modify a kinase/phosphatase recognition motif
predicted in the rat.?®

Genotype-phenotype correlation

All the individuals share core clinical manifestations that mainly
affect the central nervous system, although there is some
variability regarding the severity of ID, epilepsy, and the presence
of other associated features, such as movement disorders. Most of
the individuals (n =47) had predicted loss of function (LoF)
variants distributed throughout the protein, while only six had
missense variants (two of which were classified as VUS), localized
in the highly conserved regions of the functional protein domains
(PDZ2, PDZ3, and GKLD). However, given the small sample size
and some missing clinical information, it is difficult to make
genotype—phenotype comparison. Among the individuals with
truncating variants, one had a ¢.2203_2207delinsT (ID-53) variant,
which was predicted to escape NMD. However, the clinical
features of this individual were not specifically milder than those
of the other individuals with truncating variants. Of note, in
individuals with the same DLG4 variant including two brothers (ID-
33 and ID-34) we observed some variability in terms of the
presence and severity of clinical manifestations and the MRI
findings. The exception was the monozygotic twin brothers (ID-4
and ID-5) with almost identical symptoms.

Genetics in Medicine _##H#####H##H#H#HH#H##HHE
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Fig. 3 Structural modeling of DLG4 missense variants. (a) Structure model of human DLG4 protein. Locations of domains PDZ 1, 2, and 3;
SH3; and guanylate kinase-like (GK-LIKE) are labeled. Positions of variants p.(Gly220Val), p.(Asp229Val), p.(Gly241Ser), p.(Asp375Gly), p.
(Arg629GIn,) and p.(Thr654lle) are shown as yellow spheres. (b) Structure of the wild type (left) and p.(Gly220Val) (right) at PDZ2 domain after
molecular dynamics (MD) simulation. The positions of Gly220 and Val220 are indicated. (c) Structure of the wild type (left) and Asp229Val
variant (right) PDZ2 domain after MD simulation. The positions of residues Asp229 (or Val229), Lys254, and Glu264 are indicated. Salt bridges
are shown with black circles. (d) Structure of the PDZ2 domain of the wild type, Gly241Ser, and Gly241Arg variants after MD simulation.
Locations of amino acids Gly241/Ser241/Arg241, Gly214, and Lys245 are labeled. The Gly241Ser substitution identified in individual 15 alters
the structure of the PDZ2 domain, while the Gly241Arg substitution, which is reported in a single individual in the gnomAD database, does
not suggest a structural effect supporting that this variant was likely benign. (e) Left: position of negatively charged residues Asp374, Asp375,
and Asp377 in the surface of PDZ3 domain. Right: variant of Asp375 to Gly promotes a decrease in the local negative charge of the surface. (f)
Surface of the wild type (upper panel) and Arg629GIn variant (lower panel) guanylate kinase-like domain after 100 ns of MD simulation. The
positions of residues Arg629 (or GIn629) are indicated. Note the contribution of the Glu630 and Glu633 residues in the negatively charged
patch in the surface of the variant protein. (g) Residues conserved in the guanylate kinase-like domain located in the homologous positions to
those coordinating GMP binding in the yeast guanylate kinase enzyme?* both in wild type (left) and Thr654lle variant (right) proteins. PDZ1-3
domains (red) SH3 (light brown), GKLD (blue). Figures were generated using the PyMol Molecular Graphics System (https://pymol.org/;
Schrodinger, LLC, Portland, OR).

DISCUSSION

This study includes the largest series of individuals harboring
variants in DLG4 published to date and demonstrates that the
clinical phenotype is largely neurodevelopmental, with an early
onset of symptoms and a clinical picture predominated by GDD/
ID, ASD, ADHD, hypotonia, and epilepsy. Given that the
synaptopathies are defined as brain disorders associated with
synaptic dysfunction®® and that the individuals presented in this
study have clinical features overlapping those observed in

Genetics in Medicine _#######HHH#HHHHHHHHH##E

individuals with synaptopathies (cognitive disorders such as
intellectual disability, motor dysfunction such as ataxia and
dystonia, epilepsy and psychiatric diseases such as ASD and
ADHD),?**° we coin the phenotypes associated with DLG4 variants
as DLG4-related synaptopathy.

Postsynaptic disorders are relatively unknown. Among indivi-
duals with DLG4-related disorders, cognitive impairment and ASD
predominate, as already described in the context of PSD-complex
dysfunction in the hippocampus excitatory synapses in mice.'*?
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The present work also suggests a certain correlation between the
degree of ID and the presence of ASD and epilepsy, these being
more frequent in the context of moderate to severe ID. The
physiopathology of epilepsy observed in DLG4-related synapto-
pathy is currently unknown, but it is plausible that variants of the
functional domains of PSD-95 will affect the function of glutamate
receptors (such as NMDA or AMPA) or K,1 channels, which are
known to be dysfunctional in epileptic disorders, and hereby lead
to altered excitatory synaptic transmission.

Variants in genes encoding postsynaptic proteins of striatal
medium spiny neurons (MSNs) have previously been associated
with movement disorders.>* Taking into account that PSD-95 has
been identified in glutamatergic synapses of midbrain dopami-
nergic neurons>* and the MSNs of the human neostriatum,” it is
not surprising that some individuals with DLG4 variants had an
associated movement disorder. Most of the symptoms observed
in DLG4-related disorder, may thus be explained by impaired
synaptic plasticity due the changes in the structural organization
of the PSD. However, further research is warranted to understand
the synaptic physiopathology in this disorder.

Brain abnormalities as detected by MRI are diverse and
nonspecific. They mainly include cerebral and/or cerebellar
atrophy, thinning of the corpus callosum, hippocampal dysmor-
phia (two individuals with incomplete hippocampal inversion [IHI])
and mild delayed myelination. Although IHI has been reported in
the general population, it has been described more frequently in
individuals with epilepsy and febrile status epilepticus.>®*” There-
fore, taking into account that PSD-95 is highly expressed in the
hippocampus and diminished activity alters the correct develop-
ment of excitatory synapses (producing an excitatory/inhibitory
imbalance) and modifies dendritogenesis during embryological
development, IHI could represent a neuroimaging manifestation
of the abnormal neurodevelopment provoked by DLG4 variants.
This possibility should be considered in future studies. In this
series, careful review of the neuroimaging studies of the
individuals has not been possible, so in some cases, this anomaly
could have gone unnoticed. On the other hand, in five individuals
(ID-9, 26, 28, 38, 41), there is some component of white matter
atrophy, and it is associated with thinning of the corpus callosum
in three of them. This is in agreement with an association between
genetic variability in DLG4 and white matter structure in the
preterm neonatal brain as described previously.® Furthermore,
corticosubcortical atrophy with anterior predominance is seen in
two of the individuals (ID-26 and ID-28; Fig. 1S) and could be
associated with the high expression of PSD-95 in the prefrontal
cortex.>®

DLG4 variants have recently been associated with ID through
identification of three individuals with de novo LoF variants in a
cohort of 820 individuals with ID (0.37%)'? and, subsequently,
three LoF DLG4 variants were identified in a cohort of 64
individuals with ID and MH (corresponding to 4.7% of the cohort).
Considering the higher prevalence in this series compared with
the larger series of ID individuals, the authors suggested that DLG4
was a strong candidate gene in ID individuals with comorbid
MH."® In the present study, we could re-examine 38 individuals
specifically for MH features, which were present only in 9,
suggesting that MH is not a major clinical feature of DLG4-related
synaptopathy. In a very recent study comprising 31,058 indivi-
duals, LoF variants of DLG4 were identified in 15 individuals,*
suggesting that incidence of this synaptopathy is about 0.05%
among the individuals with ID.

DLG4 is likely to be intolerant to both missense and LoF variants
(Z=4.93 for missense and observed/expected (o/e) value =
0.06-0.24 for LoF variants, gnomAD database). All the variants
described in this study meet criteria for classification as
pathogenic or likely pathogenic, except for two of the missense
variants, p.(Gly241Ser) and p.(Asp375Gly), which are classified as
VUS. We included these variants as they were associated with ASD
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in a previous study,'> and the modeling studies show an effect on
the protein, acting in highly conserved regions of its functional
domains. LoF variants reported in this study are distributed
throughout the protein, whereas the missense variants are
localized to the functional protein domains (PDZ1, PDZ3, GKLD).
Structure modeling suggests that the missense variants affect
structural conformation and/or protein function and are therefore
likely to act as LoF variants. These modifications in highly
conserved positions of the protein presumably alter its function,
thereby affecting its interaction with other proteins, which is
fundamental for synaptogenesis, functional dynamics, and plasti-
city. Modeling studies were helpful to predict the functional
consequences of the missense variants and thus supported the
pathogenicity classification. Furthermore, modeling of the
p.(Gly241Arg) variant, which is reported in a single presumably
unaffected individual in the gnomAD database and affects the
same amino acid as the p.(Gly241Ser) variant we had identified in
an affected individual, did not suggest a structural effect on the
protein and was likely to be benign. However, further functional
studies are warranted, especially for the VUS, to understand the
effect of the missense variants on protein function. Apart
from protein modeling we annotated the variants using an NMD
and a splice variant prediction tool. Both synonymous variants
p.(Gly373=) and p.(Ser404=) were predicted to affect splicing
leading to frameshift, and this was verified with RT-PCR. Notably,
the c.1886G>A substitution, which was initially annotated as a
missense variant, p.(Arg629GlIn), was predicted to result in a
frameshift, p.(His608Argfs*14). Furthermore, one of the truncating
variants, ¢.2203_2207delinsT, 100 bp upstream to the TGA stop
codon, was suggested to escape NMD, but the prediction was not
verified. These findings underline the importance of RNA based
studies in clinical diagnosis to understand the consequences of
the DNA variants.

This study has certain limitations. The individuals come from
different centers and therefore have been clinically evaluated by
professionals using different criteria. Employment of Human
Phenotype Ontology (HPO, https://hpo.jax.org) terms to describe
the phenotypic abnormalities as part of the clinical practice and
research may help to overcome this limitation. Furthermore, the
available clinical information is limited in several individuals,
making it more difficult to extract detailed information (and
percentages) on certain manifestations such as epilepsy. Finally,
information on neuroimaging studies in all the individuals could
have enabled a more comprehensive assessment of the presence
of abnormalities in the development of the hippocampus and
other brain structures. Studies of the cerebrospinal fluid might
have enabled us to determine whether a characteristic neuro-
transmitter profile could serve as biomarker.

In conclusion, haploinsufficiency of DLG4 is likely to impair PSD-
95 activity, interfere with synaptic function during critical
developmental windows and alter the synaptic plasticity neces-
sary for the functional adaptation and modulation of learning and
behavioral processes, leading to the neurodevelopmental disorder
described in this group of individuals. We provide evidence that
missense variants affecting the functional domains of PSD-95 can
also cause a DLG4-related synaptopathy. A better understanding
of the pathophysiology of synaptopathies could contribute to the
development of new specific therapies in the future.
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