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Missense variants in DPYSL5 associated with
neurodevelopmental disorders and brain malformations cause
impaired neuronal maturation in vitro
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Neurodevelopmental disorders (NDD) with brain malformations have recently been associated with de novo variants in the DPYSL5
gene, which encodes a member of the dihydropyrimidinase-like proteins family. Here, we aimed to understand its role in NDD by
characterizing novel or recurrent de novo variants at the molecular and cellular levels. We collected clinical data on individuals in
whom DPYSL5 missense variants were identified through clinical genetic assessment of NDD or following the identification of brain
malformations in fetuses. Functional analyses of wild-type and variant DPYSL5 proteins were performed to evaluate their impact on
in vitro neuronal development and maturation, using primary neuronal cultures from mouse embryonic brains or hiPSC-derived
human neural stem cells. We describe six different missense variants in DPYSL5 in nine individuals (including three fetuses),
including the previously identified p.(Glu41Lys) recurrent mutation (in 2 individuals), a novel recurrent missense p.(Glu25Lys) de
novo variant (in 3 individuals including 2 fetuses), and 3 novel candidates. Common features were developmental delay, intellectual
disability, as well as brain malformations including agenesis of the corpus callosum for the N-terminal variants. Functional assays in
differentiating mouse or human neuronal cultures revealed impairments in dendritic arborization, axonal elongation, and synaptic
density. We thus expanded the functional characterization of DPYSL5 variants in NDD with brain malformations, including at the
fetal stage, highlighting a fundamental role of the DPYSL5 gene in brain formation and functioning.

Molecular Psychiatry; https://doi.org/10.1038/s41380-025-03364-8

INTRODUCTION
Neurodevelopmental disorders (NDDs) represent a highly hetero-
genous group of early-onset cognitive and behavioral conditions
affecting 2–3% of the general population [1]. NDDs are associated
with a wide clinical and phenotypic heterogeneity, including
syndromic and non-syndromic forms, as well as a significant
genetic contribution, with more than 1,500 genes that have been
implicated to date [2]. Within NDDs, brain malformations can be
present and include abnormal cortical development [3], cerebellar
dysplasia [4], or agenesis of the corpus callosum (ACC) which is
present in 1–3% of individuals with impaired neurodevelopment [5].

DNA sequencing studies have led to the identification of
candidate genes and pathogenic variants leading to ACC and
NDDs through abnormal Semaphorin-mediated axonal guidance,
and neuronal migration and specification [6]. Recently, several
studies have reported the contribution of pathogenic de novo
missense variants in the genes encoding members of the
dihydropyrimidinase-like proteins family, associated with
NDDs and ACC, such as DPYSL2 (HGNC:3014) and DPYSL5
(HGNC:20637) [7–9].
DPYSL proteins can coordinate cytoskeleton dynamics in young

developing neuronal cells, by regulating filopodia formation, axonal
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guidance, neurite outgrowth and establishment of neuronal
polarity, through direct interaction with tubulin and actin [7]. For
instance, the tubulin-DPYSL5 interaction leads to inhibition of
microtubule polymerization and consequently negative regulation
of dendritic growth in cultured neurons, whereas DPYSL2 promotes
dendritic elongation [7, 10, 11]. The DPYSL5 variants p.(Glu41Lys)
and p.(Gly47Arg) cause loss of the inhibitory regulation of DPYSL5
on dendritic growth in primary neuronal cultures from mouse
embryonic brain tissue, and the proposed pathophysiological
mechanism was a significant decrease of the interaction ability
between each mutated DPYSL5 form and the MAP2 and TUBB3
cytoskeleton-associated proteins [8].
In the present study, we expand the contribution of DPYSL5 in

NDD with the report of novel missense variants associated with
NDD and brain malformations including ACC, as well as the
description of additional cases with the pathogenic recurrent
NM_020134.4: c.121 G > A, p.(Glu41Lys) variant. We also provide
functional evidence for the impact of pathogenic variants at the
cellular level (abnormal in vitro neuronal development, affecting
either axonal or dendritic elongation processes) using mouse and
human neuronal models. We describe that synaptic defects
present in mature hippocampal neurons overexpressing DPYSL5
with the missense variant located at the N-terminal domain
(p.Glu25Lys, p.Glu41Lys, and the p.Gly47Arg variant that is
associated with Ritscher-Schinzel syndrome – MIM #619435),
suggesting that DPYSL5 also contributes to synapse homeostasis
at later neurodevelopmental stages. These findings suggest that
DPYSL5 represents a genetic form of NDD with corpus callosum
dysgenesis.

MATERIALS/SUBJECTS AND METHODS
The following sections are expanded upon in Supplementary
Methods.

Clinical and genetic analyses
We collected biological and clinical data from nine individuals
from nine unrelated families, through to a multicenter and
international collaboration through GeneMatcher [12]. Inclusion in
the study was based on the identification of a de novo DPSYL5
variant, except for one adopted individual whose biological
parents were not assessed (Table 1). Detailed clinical data
including medical and developmental history, brain imaging and
any other relevant medical information were collected through a
standardized clinical form completed by referring physicians.
Genetic analyses were performed at each clinical center through
routine clinical and genetic diagnostic pipelines of exome or
genome sequencing. DNA was extracted either from peripheral
blood mononuclear cells (PBMC) or from amniotic cells for fetuses.
The allelic frequency of each nucleotide variation was determined
using gnomAD (v3.1 non neuro, and v4.1), and predicted
deleterious impact on the protein was assessed by in silico
prediction softwares, such as CADD, REVEL, ClinPred and
alphaMissense [13–16]. The variants annotations were checked
using Variant Validator [17], and are referenced to GRCh38,
NM_020134.4 and NP_064519.2 reference sequence numbers
(Supplementary Table 1).

DPYSL5 expression plasmid and site-directed mutagenesis
Full-length human DPYSL5 cDNA (GenBank AF264015) was
amplified by PCR and inserted directionally into the pEGFP-C1
vector (Clontech), as previously described [8]. The six variants were
generated by site-directed mutagenesis using the Q5®Site-
Directed Mutagenesis Kit (New England Biolabs). The oligonucleo-
tides primers sequences for each variant are indicated in
Supplementary Table 2. The presence and the correct insertion
of each nucleotide substitution on the GFP-DPYSL5 plasmid was
confirmed by Sanger sequencing.

Primary neuronal culture, transfection and
immunocytochemistry
Hippocampal and cortical cultures were prepared from embryonic
day 17.5 (E17,5) C57BL/6 J WT mouse embryos (Janvier Labs) as
previously described [18]. The developing neurons were trans-
fected with pCAG-GFP and different plasmid constructs (WT or
mutated forms of GFP-DPYSL5) using Lipofectamine 2000
(Invitrogen) with 1 µg of DNA/1,6 µl of L2000 diluted in Neurobasal
medium (Invitrogen), either at 4 days after plating (day in vitro,
DIV 4) to analyze neurite growth, or at DIV 11 to study synapses
morphology and density. The transfection mix was added to cells
and incubated for 4 h (37 °C, 5% CO2), then the transfection
medium was replaced with a mix 1:1 of new complete culture
medium and previously removed medium (conditioned medium)
for neurons or only new medium for cell lines. Cells cultured on
coverslips were fixed with a solution of paraformaldehyde 4%/
sucrose 4% 72 h after transfection. Fixed neurons were blocked
and permeabilized with blocking buffer containing donkey serum
10%/Triton X-100 0,2% in DPBS for 1 h and incubated 1 h in a
similar solution (DPBS, 0,2% Triton X-100, 3% donkey serum)
containing primary antibodies: Rabbit polyclonal anti-Tau Anti-
body (1/1000; Cat# 314003, Synaptic Systems), Mouse monoclonal
anti-MAP2 antibody (1/200; Cat# M9942, Sigma-Aldrich), Mouse
monoclonal anti-PSD95 (1/300; Cat# MA1-045, ThermoFisher
Scientific). After several washes in DPBS, cells were incubated for
1 h with the following secondary antibodies diluted in same
solution (DPBS, 0,2% Triton X-100, 3% donkey serum): Alexa
FluorTM 594 Donkey anti-mouse IgG (1/300; Cat# A-21203,
ThermoFisher Scientific), Alexa FluorTM 405 Goat anti-Rabbit IgG
(1/300; Cat# A-31556, ThermoFisher Scientific). After 3 washes in
DPBS, the stained neurons were mounted in ProLong Diamond
Antifade reagent (ThermoFisher scientific).

Culture of hiPSC and CRISPR-Cas 9 genome editing of the
p.(Glu41Lys) recurrent variant
The control human induced pluripotent stem cell (hiPSC) line
used for this study was the ASE-9211 line (Applied Stem Cell,
CliniSciences). The cells have been authenticated by the
provider and routinely tested for mycoplasma contamination.
For culture, plates were precoated with 1X matrigel (Thermo-
Fisher Scientific) diluted in DMEM/F12 (ThermoFisher Scientific)
and 1X antibiotic-antimycotic (ThermoFisher Scientific). Cells
were cultured in supplemented mTeSR1 medium (StemCell) with
a change of medium every day. On days of thawing or passage
of hiPSC, the medium was supplemented with 10 µM Rock
inhibitor (Y-27632, Sigma-Aldrich). The cells were then geneti-
cally modified with CRISPR-Cas9 system (ICV-iPS core facility,
Paris Brain Institute, ICM): a total of 1×106 hiPSC were
nucleofected with RNP complex (225pmol of each RNA (crRNA,
crRNA-ATTO+), 120pmol of Cas9 protein and 2nmol HR-
template. The crRNA sequence used is as follows: CGCCAGG-
GATCATGAGCTcGCGG. The positive clones were then validated
by using PCR and Sanger sequencing, to confirm the insertion of
the mutation (genotype WT/p.Glu41Lys), and the heterozygous
state of the mutation. The detection of CNVs was performed
using ICS-digital method (Stem Genomics).

Generation of neural stem cells (NSC) and culture conditions
The hiPSC clones were dissociated into single cells and seeded at a
density of 200,000 cells in a matrigel-coated 6-well plate. The
following day, mTeSR1 was replaced by neuronal induction
medium (Neurobasal Medium with 2% Neural Induction Supple-
ment 50X, Thermo Fisher scientific). On day 7, differentiating cells
were detached using accutase and resuspended in neural
expansion medium (49% Neurobasal Medium, 49% Advanced
DMEM/F12, 2% Neural Induction Supplement 50X, ThermoFisher
scientific). Cells were maintained and expanded on pre-coated
matrigel plates at a density of 5 × 104 cells per cm2. Cells were
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passaged and treated overnight with 10 µM Rock inhibitor to
promote attachment until passage 4, when a pure Neural Stem
Cells (NSC) culture was obtained.

Immunocytochemistry and protein extraction on NSC
The NSC were labelled with MAP2 Antibody to specifically detect
the neurites. The stained NSC were mounted in ProLong Diamond
Antifade reagent with DAPI (Invitrogen). Neuronal proteins were
extracted from NSCs and iPSC using N-Per lysis buffer (Thermo-
Fisher Scientific) supplemented with 1% protease inhibitor (Halt™
Protease Inhibitor Cocktail 100X, EDTA-Free, Thermofisher
Scientific).

Western blot
Protein samples were processed for SDS-PAGE conditions at 110 V
for 1 h. SDS-PAGE gels were transferred to a PVDF membrane
using the TransBlot Turbo transfer system (Bio-Rad) for 3 min
(2.5 A, 25 V). The membrane was blocked for 1 h with 5% milk
diluted in TBS-Tween (Tris Buffer Saline, ThermoFisher Scientific
with 1% Tween 20, Sigma-Aldrich). The primary antibodies were
incubated overnight at 4 °C in TBST buffer with 5% milk. After 3
washes in TBST, the membranes were incubated with the
corresponding horseradish peroxidase (HRP)-coupled secondary
antibodies for 1 h at room temperature. For normalization of
protein levels, we used actin (antibody: anti-βactin-peroxydase, 1/
100000; Cat# A3854-200UL, Sigma-Aldrich) as a loading control.
Membrane revelation by chemiluminescence was performed
using the Clarity Western ECL kit (Bio-Rad) on the ChemiDoc
Touch instrument (Bio-Rad). The following antibodies were used:
Affinity-purified rabbit polyclonal anti-DPYSL5 (1/2000; kind gift
from Pr Honnorat’s lab [10]; Goat polyclonal antiserum anti-
vGLUT1 (1/1000; Cat# 134307, Synaptic System); Monoclonal
Mouse anti-PSD95 (1/100; Cat# MA1-045, ThermoFisher Scientific).
The secondary antibodies were: Peroxidase conjugated anti-rabbit
(1/2500; Cat# W401B, Promega), peroxidase conjugated anti-
mouse (1/2500; Cat# W402B, Promega) and peroxidase conju-
gated anti-goat (1/2500; Cat# V8051, Promega).

Image analysis
The cellular imaging study was performed using a laser-scanning
confocal microscope SP-8 (Leica) and the software Leica Applica-
tion Suite X (LAS X). Sequential acquisitions were made, and high-
resolution z stack images of cells were taken with the X63 or 20X
objective with optical section separation (z interval) of 0.2 µm for
the images of the dendritic spines (20X objective, z interval 0,3 µm
for the complete neuron). The length of NSC neurites was
measured on images acquired at 40X, z interval 0,3 µm. The cells
included in the analysis had process <2 cell bodies in length [19].
The images were analyzed on maximum projections using with
ImageJ Software. Three different portions of dendrites were taken
within each neuron, and the number of dendritic spines was
normalized to 10 µm of dendrite length. Mature (mushroom and
stubby) and immature (thin and filopodia) spines were differ-
entiated according to two criteria: (1) the presence or absence of
PSD95 protein labeling, and (2) head diameter > 0.6 µm for mature
(mushroom) spines or head diameter <0.6 µm for immature thin
spines [20].

Statistical analysis
Statistical analysis was carried out using the GraphPad Prism
8.0 software (La Jolla, CA, USA). For the neuronal morphological
study and the expression of variants, the data were analyzed using
Kruskal Wallis Test followed by Dunn’s multiple comparisons test. For
the density of spines analysis, a Shapiro-Wilk normality tests
determined data normality, the data were then analyzed using an
ordinary one-way ANOVA followed by Tukey’s multiple comparisons.
To evaluate the ratio of mature and immature spines, Kruskal Wallis
and Dunn’s post-hoc tests were done. For the different experimentsTa
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that compared WT/WT NSC and WT/p.Glu41Lys NSC, Mann Whitney
tests were performed. Statistical significance was defined as P < 0.05.

RESULTS
Clinical spectrum associated with DPYSL5 variants
The cohort included three male fetuses and six individuals aged
up to 10 years old. All the living participants had developmental
delays (6/6), predominantly in language (5/6), and mild to severe
intellectual disability (5/5). Four individuals had autism spectrum
disorder (ASD), and 2/4 had self-harm or temper tantrum-like
behaviors. Two participants had ataxia and one had infantile
spasms. Brain imaging revealed that two living participants had
cerebral malformations including ACC and cerebellar hypoplasia,
and two other ones had Chiari I malformation. The three fetuses,
whose pregnancies were terminated, had ACC, also associated
with hypoplasia of the vermis and agenesis of the olfactory bulbs
in one fetus. Additional features are presented in Table 1 and
in Supplementary Information (for 2 individuals).
Two participants, including one fetus, carried the recurrent de

novo missense variant NM_020134.4:c.121 G > A, p.(Glu41Lys) that
we previously reported as associated with ID and ACC [8]. We
identified a second recurrent de novo variant, NM_020134.4:c.73
G > A, p.(Glu25Lys) present in three individuals of our series, all
with ACC and ID.
We also report four other novel missense variants,

NM_020134.4:c.692 G > A, p.(Arg231His); c.757 G > T, p.(Ala253Ser);
c.1060 C > T, p.(Arg354Cys) and c.1562 G > A, p.(Arg521Gln). All
variations are de novo, except for one adopted patient
(p.Arg231His) for whom inheritance data were not available.

The candidate variants were initially absent from the control
population database Genome Aggregation Databases (gnomAD
v.3.1.2, non-neuro subset), with the exception of c.1562 G > A, which
was found once (Supplementary Table 1). However, the last release
of gnomAD (v4.1) revealed that c.692 G > A is found in 5 individuals
(5/1613890 alleles, all from the UKBiobank subset); c.1060 C > T is
found in 1 individual (1/1614108 alleles); c.1562 G > A variant is
found in 4 individuals (4/1614032 alleles including 2 from the
UKBiobank subset) (Supplementary Table 1).
According to the American College of Medical Genetics (ACMG)

and Genomics and Association for Molecular Pathology criteria
[21], c.73 G > A, c.121 G > A, c.757 G > T, c.1060 C > T would be thus
classified as pathogenic, and the c.692 G > A and c.1562 G > A
variants would be considered as of uncertain significance,
although the proposed criteria application and variant classifica-
tion do not necessarily reflect the criteria and classification of the
clinical testing laboratories involved in the study (Supplementary
Table 1).

The DPYSL5 variants are clustered in distinct structural
protein domains
We next followed a structure-based approach to better evaluate
the location of DPYSL5 missense variants, by using crystal
structural DPYSL5 protein model (PDB 4b90), and AlphaMissense
prediction tool (Fig. 1A, Supplementary Table 1) [15, 22]. The
predicted impact of DPYSL5 variants p.Glu41Lys (E41K),
p.Gly47Arg (G47R), p.Arg231His (R231H), and p.Arg354Cys
(R354C) was classified as pathogenic, whereas the p.Glu25Lys
(E25K) variant was classified as ambiguous, and the p.Ala253Ser
(A253S) and p.Arg521Gln (R521Q) variants were classified as

Fig. 1 Mapping of the variants on the three-dimensional structure of DPYSL5 dimer. A Ribbon representation overlaid on smoothed
surface with key residues shown as sticks (red). Letters in parentheses indicate subunits (PDB: 4b90). Insert: Predicted pathogenicity of each
mutation by AlphaMissense. Close up views of the indicated residues (in red) overlaid with their replaced residue (in orange), with the
surrounding protein shown in green ribbon representation as follows B E25K (p.Glu25Lys), E41K (p.Glu41Lys) and G47R (p.Gly47Arg), C Close
up view of the Arg231 (R231) residues at the dimer interface making several hydrogen bonds (dash, yellow). D View of p.Arg354Cys (R354C)
position. The p.Arg521 (R521) is not represented here because of its localization outside of the reported crystal structure. Images were
generated on PyMol.
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benign (Fig. 1A, Supplementary Table 1). Substitution of Arg231
residue with histidine could impair dimerization by abolishing
hydrogen bonding. Residue Arg521 is localized in a disordered
region of the protein, and the p.Glu41Lys (E41K) and p.Gly47Arg
(G47R) are localized in loops, which impact interactions with
binding partners of DPYSL5 (Fig. 1B) [8]. However, they are not
implicated in multimerization (not shown). Residues Ala253 and
Arg354 are buried within the structure and localized within alpha
helices (Fig. 1C). Because of its low pathogenicity score,
p.Ala253Ser may not have a large effect on the structure of
DPYSL5. However, since p.Arg354Cys has a high score of
pathogenicity, it is possible that the protein structure is affected
by the mutation resulting in stability issues (Fig. 1D).

Altered dendritic or axonal elongation processes in young
developing neuronal cultures overexpressing candidate de
novo DPYSL5 variants
The DPYSL5 protein has been described as being involved in the
fine regulation of axonal and dendritic elongation processes in the
young developing neuronal cells, through an inhibitory action
mechanism competing with the promoting action of DPYSL2 [7].
We previously found that both p.(Glu41Lys) and p.(Gly47Arg)
variants led to the loss of this specific function, which was
associated with a decreased interaction between DPYSL5 and
MAP2 or TUBB3 proteins [8]. Considering these findings, we
assessed four out of the five novel candidate de novo DPYSL5
variants, by transfecting GFP-DPYSL5 wild-type (WT) or variant
expression plasmids in young primary hippocampal neurons (at 4
days of culture) in which axonal and dendritic elongation are
active. Since we focused our functional analysis on de novo
variants, we did not assess the p.(Arg231His) variant because of its
inheritance status remained undetermined as the patient was
adopted. Importantly, each DPYSL5-WT and variant expression
plasmid constructs was assessed in HEK293T cell lines using
transfection and western blotting experiments (Supplementary
Fig. 1). As shown in Fig. 2, the overexpression of GFP-DPYSL5-WT
caused a decrease of the total dendrite length (Fig. 2A, B) but not
total axonal length (Fig. 2A, C), when compared to the neurons
transfected with pCAG-GFP plasmid (negative control), which
recapitulates its physiological inhibitory action on dendrite
elongation. We then found that the axonal total length was not
altered by the p.(Glu25Lys), p.(Ala253Ser) and p.(Arg521Gln)
variants, unlike the p.(Arg354Cys) variant for which a significant
decrease of axonal length was observed (Fig. 2C). Regarding the
dendrite total length, while we observed (as a positive control) the
physiological inhibitory regulation of GFP-DPYSL5-WT on dendrite
elongation compared to neurons expressing only the GFP, we
discovered that the p.(Glu25Lys), p.(Ala253Ser) and p.(Arg521Gln)
variants did not abolish the dendrite outgrowth, suggesting an
alteration of DPYSL5 function (Fig. 2B). Conversely, the
p.(Arg354Cys) variant overexpression led to reduced dendrite
total length, similarly to WT-DPYSL5 (Fig. 2B).
Consequently, our cellular experiments indicate that the

p.(Glu25Lys), p.(Ala253Ser) and p.(Arg521Gln) variants impair
dendrite elongation and outgrowth, in line with what we
previously described for the p.(Glu41Lys) and p.(Gly47Arg)
mutations. Furthermore, we describe a novel pathophysiological
mechanism associated with the p.(Arg354Cys) variant, which has
a major effect on axonal elongation. It may be likely that the
arginine to cysteine substitution creates novel disulfide bonds
and potentially destabilize the overall secondary structure of
DPYSL5, which might explain the decreased expression level of
DPYSL5-Arg354Cys protein in HEK293 cell lines (Supplementary
Fig. 1). Interestingly, we also found a strongly decreased
expression level of endogenous DPYSL5 in total protein extracts
from HEK293 cells overexpressing the p.(Arg354Cys) variant,
suggesting that the conformation and stability of WT/Arg354Cys
DPYSL5 dimers would be impaired and lead to a possible protein

degradation and loss of expression (i.e. function) impact. We
then tested if the variants impact DPYSL5 interaction with
cytoskeletal proteins, as previously described for the
p.(Glu41Lys) and p.(Gly47Arg) variants. However, our in vitro
experiments revealed no significant alteration of its interaction
ability with MAP2, DPYSL2 or βIII-tubulin (Supplementary Fig. 2),
suggesting that these residues, including the Glutamate 25, may
not be located in a protein domain essential for this
physiological action.

The N-terminal DPYSL5 p.(Glu25Lys), p(Glu41Lys) and
p.(Gly47Arg) variants impair synaptic density and maturation
Besides its well-documented function in brain developmental
architecture, such as the formation of the corpus callosum, it is
also suggested that DPYSL5 might play a significant role in
synaptic development and function. Indeed, in mature excitatory
glutamatergic synapses, DPYSL5 can regulate the endocytosis of
GluA2 subunit of the AMPA receptors via phosphorylation of
GluA2 [23]. Proteomic analyses of adult mouse synaptic fractions
led to the identification of DPYSL5 among the 1000 and more
components of these large muti-proteins complexes [24]. Using
total protein lysates from mouse brain at different develop-
mental stages (postnatal day 14, 21 and adult), we also found
that DPYSL5 was present in synaptic fractions extracted from
cortex, cerebellum, hippocampus and striatum, in both pre-
synaptic and postsynaptic fractions (Fig. 3, Supplementary
Methods).
To evaluate the impact of the DPYSL5 genetic alteration on

neuronal maturation and synaptic density, we focused our study on
the analysis of the variants located in the N-terminal part of DPYSL5,
including the previous published p.(Glu41Lys) and p.(Gly47Arg), and
the novel recurrent p.(Glu25Lys) variant. Mature primary neuronal
cultures were transfected and the density andmaturity morphotype
of the dendritic spines were assessed using immunocytochemistry
and confocal microcopy. Interestingly, our experiments revealed
that overexpression of DPYSL5-WT significantly increases synaptic
density, compared to neurons expressing GFP alone, suggesting a
promoting effect of DPYSL5 on synapse formation (Fig. 4A, B). This
impact is also found in neurons expressing the p.(Glu41Lys) and
p.(Gly47Arg) variants, but is absent when p.(Glu25Lys) variant is
overexpressed. These results indicate that the p.(Glu41Lys) and
p.(Gly47Arg) variants act similarly to DPYSL5-WT, unlike the
p.(Glu25Lys) variant which had no effect on synapse formation,
suggesting a loss of function impact (Fig. 4A, B). More specifically,
when we looked at the morphotype of the dendritic spines in order
to determine their maturity status, we found an increased density of
mature spines, but not immature spines, in neurons overexpressing
DPYSL5-WT or p.(Glu25Lys) variants (Fig. 4C–E). The p.(Gly47Arg)
variant caused an increased density of immature spines (filopodia)
and a decreased density of mature spines, and the p.(Glu41Lys)
variant was only associated with a decreased density of mature
spines (Fig. 4C–E).

Abnormal neurite outgrowth processes in WT/p.(Glu41Lys) human
iPSC-derived neural stem cells
To provide additional evidence regarding the direct impact of
DPYSL5 on neuronal development, we established a human
neuronal model that endogenously expresses the recurrent variant
p.(Glu41Lys) in the heterozygous state. The interest of this approach
was to evaluate the specific impact of the heterozygous nucleotide
substitution, expressed at the endogenous level, on neuronal
developmental processes. Importantly, this human neuronal model
would provide molecular data that can be compared with the
results obtained using the primary neuronal cultures overexpressing
the p.(Glu41Lys) variant following plasmid transfection. We used the
control human iPSC (hiPSC) line (ASE-9211), from a male individual,
in which we performed CRISPR/Cas9 genome editing to integrate
the heterozygous missense variant. The nucleotide substitution was
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validated by Sanger sequencing (Supplementary Fig. 3). We
obtained two clones with the WT/p.(Glu41Lys) genotype and their
genomic integrity was also validated by digital PCR-based assays
(Stem Genomics). The WT and WT/p.(Glu41Lys) hiPSC lines were then
differentiated into neural stem cells (NSC) to obtain 3 clones for
each genotype (Fig. 5A). The efficiency of the NSC induction was
validated by immunostaining of SOX2 and Nestin antibodies
(Supplementary Fig. 4), with that at least 80% of the
hiPSC-derived NSC positive for SOX2 and for Nestin. The
endogenous DPYSL5 protein expression level was similar for both
WT and WT/p.(Glu41Lys) hiPSC and NSC cells, suggesting that the
mutation does not alter protein stability (Fig. 5B, Supplementary
Fig. 5). We next tested the viability and proliferation of WT/p.(Glu41Lys)

NSC cultures compared to the WT NSC and the data were similar in

both genotypes, indicating that the heterozygous p.(Glu41lys)
variant does not alter culture growth and cell replication
(Supplementary Fig. 6). We then focused our analyses on the
morphology of the differentiated NSC bymeasuring the total length
of the neurites stained by an antibody specific to the MAP2 protein
(Fig. 5C). Our experiments revealed that the WT/p.(Glu41Lys) NSC
showed a significant increased total length of neurites per cell,
when compared to the data on the WT NSC (Fig. 5D), which
confirms that this variant is responsible for the impaired regulatory
function of DPYSL5 on neurite and dendrite outgrowth. Moreover,
these findings replicate our results obtained in primary developing
neurons that transiently overexpressed the p.(Glu41Lys) variant,
which suggest that this model is relevant and can be used to assess
candidate DPYSL5 variants.

Fig. 2 The candidate DPYSL5 variants impair neurite development in vitro. A Confocal microscopy images of neurons at 7 days of in vitro
culture (DIV) transfected at DIV4 with pCAG-GFP, WT-GFP-DPYSL5, p.Glu25Lys-GFP-DPYSL5, p.Ala253Ser-GFP-DPYSL5, p.Arg354Cys-GFP-
DPYSL5, p.Glu370Gly-GFP-DPYSL5, p.Arg521Gln-GFP-DPYSL5 and labeled with anti-Tau (axon, in blue) and anti-MAP2 (dendrites, in red)
antibodies. The arrowhead shows the cell bodies of neurons transfected with the plasmids pCAG-GFP, WT or mutated forms of DPYSL5. Scale
bar: 20 µm. B, C Quantification of total dendritic (B) and axonal (C) length. Each plot in the graph corresponds to one analyzed neuron. Four
independent transfections and more than 15 neurons were analyzed for each group. ANOVA Kruskal–Wallis test and Dunn’s multiple
comparisons test were used. Data are expressed as mean ± SD. SD standard deviation, Ns not significant, * p < 0.05; **p < 0,01; *** p < 0.001 ;
****p < 0.0001.
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DISCUSSION
The DPYSL5 gene has been recently described as a novel
candidate for NDDs and brain malformations, through the
identification of a de novo p.(Glu41Lys) variant in eight unrelated
subjects with ID, corpus callosum agenesis and posterior fossa
abnormalities, as well as a p.(Gly47Arg) variant in an individual
with Ritscher-Schinzel syndrome [8]. Our study expands the
number of DPYSL5 variants associated with neurodevelopmental
disorders with or without brain malformations through the
analysis of 9 additional families, as well as contributing functional
evidence of their deleterious impact on neuronal development
using in vitro mouse and human neuronal cultures.

DPYSL5 variants define a distinct neurodevelopmental
syndrome
Although we identified a heterozygous DPYSL5 variant in one of the
two sisters originally reported in the first description of Ritscher-
Schinzel syndrome, detailed phenotypic comparison supports the
delineation of a distinct neurodevelopmental disorder [8]. Ritscher-
Schinzel syndrome is typically defined by a triad of craniofacial
dysmorphism, cerebellar malformations, and congenital heart
defects. Additional clinical features may include limbs anomalies,
cleft palate, and ocular defects such as coloboma.
Individuals with deleterious missense variants in DPYSL5 present

with a partially overlapping but distinct phenotype. While
cerebellar hypoplasia and neurodevelopmental delay are
observed in both conditions, the DPYSL5-related disorder is
characterized by the frequent presence of corpus callosum
agenesis, movement disorders, epilepsy, and behavioral disor-
ders—features not typically reported in Ritscher-Schinzel syn-
drome. Conversely, congenital heart defects and characteristic
craniofacial features of Ritscher-Schinzel syndrome are notably
absent in individuals with DPYSL5 variants.

The N-terminal DPYSL5 missense variants p.(Glu41Lys) and
p.(Glu25Lys) are strongly associated with NDD and ACC
We confirmed the contribution of the p.(Glu41Lys) recurrent
variant, with the description of two additional individuals (one
child and one fetus) with ACC. We also identified a second
recurrent de novo variant, p.(Glu25Lys), in three individuals (two
fetuses, one child) of our series, all presenting with ACC. It is

therefore critical to note that most of the individuals with DPYSL5
variants had brain malformations (7/9), including ACC, which is a
neuroanatomical malformation that is also associated with other
genetic forms with NDD [25–27]. Moreover, our study reveals that
the two recurrent variants, p.(Glu41Lys) and p.(Glu25Lys), are
recurrently associated with ACC. Interestingly, ACC has been
described in individuals with a de novo missense variant in
DPYSL2, suggesting that genes of the DPYSL family are crucial for
brain development [9]. Importantly, our results, which include data
from prenatal genetic testing and fetal brain imaging, provide
important insights for prenatal diagnosis and genetic counseling.
It also appears that the missense variants, when located in the

N-terminal part of DPSYL5, are strongly associated with NDD and
ACC, whereas the other variants included in central or in C-terminal
domains of the protein are found in individuals with a mild
phenotype and without ACC. These findings would indicate a relative
clinical and molecular heterogeneity that could be considered for
genetic diagnosis and counseling when amissense variant of DPYSL5
outside the N-terminal domain is identified in an individual with NDD.
Interestingly, both recurrent mutations (i.e. p.Glu25Lys or

p.Glu41Lys) target surface-exposed residues located close to each
other at the N-terminal part of DPYSL5 protein (glutamic acid at
positions 25 or 41) (Fig. 1). We previously demonstrated that the
p.(Glu41Lys) variant decreased the physical interaction between
DPYSL5 and the cytoskeleton-associated proteins TUBB3 and
MAP2, which are essential for its inhibitory regulation of dendritic
elongation [8]. As an increased dendritic growth was also
observed in neurons overexpressing p.(Glu25Lys)-DPYSL5, simi-
larly to the p.(Glu41Lys) variant, it is likely that a N-terminal
DPYSL5 protein sequence including Glu25 and Glu41 residues
define a functional domain for DPYSL5 regulation of dendritic
elongation, although we found that only the p.(Glu41Lys) variant,
and not p.(Glu25Lys), impair the interaction between DPYSL5 and
cytoskeleton-associated proteins. This result suggests that another
pathophysiological mechanism, independent of DPYSL5-
cytoskeleton interaction, would occur during brain development.

DPYSL5 candidate variants outside the N-terminal region may
impair DPYSL5 structure and phosphorylation
The missense variants located outside the N-terminal region may be
involved in DPYSL5 structure or function. Indeed, the p.(Arg231His)

Fig. 3 Expression analysis of endogenous DPYSL5 protein in developing mouse brain and in synaptic fractions. A Expression analysis of
DPYSL5 protein in lysates of mouse cortex, cerebellum, hippocampus and striatum at different stages of development (postnatal day P14, P21 or
adult). The DPYSL5 protein (62 kDa) expression was detected by SDS-PAGE and immunoblotting using an anti-DPYSL5 antibody and the PSD95
protein was used as a control for the enrichment of synaptic proteins in subcellular fractionation. Actin protein was used as a loading reference. H
Homogenate, C cytoplasm, S synaptic fraction. B Analysis of DPYSL5 protein expression after subcellullar separation of the presynaptic (Non PSD)
and postsynaptic (PSD) fractions in mouse adult cortex. H Homogenate, S Synaptoneurosome, PSD postsynaptic density.
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Fig. 4 Altered spine density or synapse maturity in primary hippocampal neurons overexpressing the de novo N-terminal DPYSL5
variants. A Representative confocal microscopy images of mature hippocampal primary neuronal cultures transiently transfected with pCAG-GFP,
WT-GFP-DPYSL5, p.Glu25Lys-GFP-DPYSL5, p.Glu41Lys-GFP-DPYSL5, p.Gly47Arg-GFP-DPYSL5. The GFP labeling was used to display spine
morphology and a PSD95 antibody was used for labeling mature dendritic spines (in red). Scale bar: 20 µm. B Quantification of synaptic density
(number of spines per 10 µm of dendrite) for each condition, 10–20 neurons were analyzed. ANOVA Kruskal-Wallis test and Turkey’s multiple
comparisons test, data are expressed as mean ± SD. SD, standard deviation; *p < 0.05. C Quantification of the density of mature spines. Matures
spines were differentiated according to their head diameter (>0.6 µm for mature spines) coupled with the presence of PSD95 marking. Three
independent transfections, 10–20 neurons analyzed, ANOVA Kruskal-Wallis test and Turkey’s multiple comparisons test, data are expressed as
mean ± SD. ** p < 0.01 *** p < 0.001. D Quantification of immature spines density. Immatures spines were defined with the head diameter <0,6 µm
and absence of PSD95marking. Three independent experiments, 10–20 neurons were analyzed and compared toWT, ANOVA Kruskal-Wallis test and
Turkey’s multiple comparisons test. Mean ± SD are represented on the graph. **p < 0.01. E Graphic representation of the ratio of mature/immature
spines. Three independent experiments, 10–15 neurons were analyzed for each condition. The ratio of mature to immature spines for each variant
was compared to the ratio of neurons overexpressing the DPYSL5-WT. Kruskal Wallis test and Dunn’s multiple comparisons test. Data represented
Mean ± SD. SD, Standard deviation; *** p < 0.001.
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Fig. 5 Neurite outgrowth is increased in human Neural Stem Cells heterozygous for the recurrent p.(Glu41Lys) variant. A Schematic
representation of the study design. Example demonstrating how each clone hiPSC clone was used to derive multiple NSC lines.
B Immunoblotting using anti-DPYSL5 antibody and the actin protein was used as a reference in both hiPSC lines and NSC. Quantification of
DPYSL5 protein expression was performed on three independent cultures or differentiations from hiPSC, and measurements were normalized
to actin expression level. Mann-Whitney test, data are expressed as mean ± SD. SD, standard deviation; Ns, not significant. C Representative
immunocytochemistry images of WT/WT and WT/p.Glu41Lys NSC. Differentiating NSC were grown on glass coverslips and immunostaining
with MAP2 antibody was realized 48 h after plating. Scale bar: 50 µm. D Quantification of the total length of neurites per cells with MAP2
immunostaining in control and in WT/p.Glu41Lys NSC. Neurite length was measured on three NSC differentiations for each condition, each
plot corresponding to one NSC. 110–120 cells were analyzed and the data presented as mean ± SD. SD Standard deviation. Mann Withney
test. **p < 0.01.
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and p.(Ala253Ser) variants affect residues located in the central
pocket of the DPYSL5 dimer (Fig. 1). However, DPYSL2 functions as a
monomer to promote tubulin polymerization, which suggests that
multimerization might not be needed for DPYSL proteins’ biological
function. In other studies, the residues 105–285 were essential for
DPYSL5 localization to mitochondria which was integral to
promoting mitophagy and reduced mitochondria number in
neurons [28]. The p.(Arg231His) and p.(Ala253Ser) variants overlap
with this domain and more specifically the p.(Ala253Ser) is directly
localized the hydrophobic domain (residues 239–260) thought to
facilitate DPYSL5 embedding into the mitochondrial membrane
[28]. This suggests that p.(Ala253Ser) variant might affect bioener-
getics of neurons and impair the removal of damagedmitochondria
through mitophagy.
The p.(Arg521Gln) variant is within the known C-terminal

tubulin-binding domain (residues 475–522) [10]. This variant is
localized next to the phosphorylation site at Threonine 516 by
Glycogen synthase kinase 3 beta (GSK3β) which controls DPYSL5
function in neurite outgrowth [11]. This variant is also in the
vicinity of another phosphorylation site by ataxia-telangiectasia
disease protein ATM (position Serine538) which impairs DPYSL5
function [29]. While the p.(Arg521Gln) variant did not affect
DPYSL5 binding to MAP2, TUBB3 or DPYSL2, it might affect
DPYSL5 phosphorylation at either Threonine516 or Serine538 and
its function as a blocker of neurite outgrowth.

DPYSL5 candidate variants outside the N-terminal region
present in general population samples: consideration for
genetic diagnosis
The p.(Arg521Gln), p.(Arg354Cys) and p.(Arg231His) variants,
identified in patients with NDD and without ACC, are present in
the recently updated gnomAD datasets at ultra-rare frequency
and enriched in individuals from UKBiobank, suggesting an
incomplete, reduced penetrance or a variable expressivity, which
has been previously described in neurodevelopmental disorders
[30–32]. Interestingly, a recent study assessed the role of genetic
modifiers of rare variants in 599 genes involved in neurodevelop-
mental disorders, including DPYSL5, in the UKBiobank population
cohort (419,854 participants) [33]. The results showed that
approximately 12% of participants carry a rare predicted dama-
ging variant in one of the 599 genes, and a further 1% carry a rare
predicted damaging variant in more than one of these genes,
conferring a higher risk of impaired cognitive performance and
neuropsychiatric conditions [33].
In our study, the identification and functional characterization

of the de novo p.(Arg354Cys) variant in DPYSL5 indicate that it is
deleterious, and associated with a decreased protein expression
level. When considering the p.(Arg521Gln) and the p.(Arg231His)
variants, the identification of additional patients carrying these
variants could provide further insight into the pathogenicity level,
as well as the associated penetrance and expressivity.

DPYSL proteins family, brain development and
neurodevelopmental disorders
The Dihydropyrimidinase-like (DPYSL) proteins, which were initially
identified as effectors of semaphorin 3 A signaling that regulates
growth cone collapse [34], play important functions in mammalian
brain development and function, such as neuronal migration,
neurite extension, axonal guidance, dendritic spine development
and synaptic plasticity [7]. Furthermore, transcriptomic data from the
Allen Brain Atlas have established that the expression of the five
DPYSL genes are high during prenatal and perinatal stages in the
developing human brain [35]. Various genetic studies demonstrated
the contribution of DPYSL1, DPYSL2 and DPYSL3missense variants in
the pathophysiology of NDDs [7, 36–40]. Particularly, ACC and NDD
were also described in individuals with a de novomissense variant in
DPYSL2 [9]. This observation was of particular interest because
DPYSL2 and DPYSL5 proteins play pivotal competitive roles during

early neuronal development in the modulation of dendrite out-
growth promotion, depending on their respective phosphorylation
status. While DPYSL2 phosphorylation disrupts its interaction with
tubulin leading to growth inhibition, DPYSL5 phosphorylation by
GSK3β at Thr516 increases its binding to tubulin which prevents
tubulin polymerization and block dendritic growth [41]. Conse-
quently, the fine regulation of neuronal early development, through
axonal elongation and dendritic outgrowth, that is driven by the
competitive action of DPYSL2 and DPYSL5 proteins would be an
essential physiological process in the formation of the corpus
callosum, and also for brain development, maturation and cognition.
In summary, the expanded number of de novo DPYSL5 variants

reported in the present study provide additional findings on the
clinical phenotypic spectrum, and suggest that brain abnormal-
ities, including ACC, would be linked to variants in the N-terminal
part of DPYSL5 protein. We also report new findings from prenatal
genetic testing and fetal brain imaging that provide important
insights for prenatal diagnosis and genetic counseling. In general,
the clinical and genetic data reported in our study have major
implications for the diagnosis and clinical management of patients
with a DPYSL5 variant. Our findings also provide additional
molecular evidence that would be of interest when studying into
details the DPYSL5-associated pathophysiological mechanisms in
relevant neuronal cellular and mouse models, and particularly for
the recurrent variants.
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