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Biallelic DMXL2 mutations impair autophagy
and cause Ohtahara syndrome with
progressive course
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Ohtahara syndrome, early infantile epileptic encephalopathy with a suppression burst EEG pattern, is an aetiologically heteroge-
neous condition starting in the first weeks or months of life with intractable seizures and profound developmental disability. Using
whole exome sequencing, we identified biallelic DMXL2 mutations in three sibling pairs with Ohtahara syndrome, belonging to
three unrelated families. Siblings in Family 1 were compound heterozygous for the ¢.5135C>T (p.Ala1712Val) missense substi-
tution and the c.4478C>G (p.Ser1493x) nonsense substitution; in Family 2 were homozygous for the c.4478C> A (p.Ser1493x)
nonsense substitution and in Family 3 were homozygous for the ¢.7518-1G>A (p.Trp2507Argfsx4) substitution. The severe
developmental and epileptic encephalopathy manifested from the first day of life and was associated with deafness, mild peripheral
polyneuropathy and dysmorphic features. Early brain MRI investigations in the first months of life revealed thin corpus callosum
with brain hypomyelination in all. Follow-up MRI scans in three patients revealed progressive moderate brain shrinkage with
leukoencephalopathy. Five patients died within the first 9 years of life and none achieved developmental, communicative or motor
skills following birth. These clinical findings are consistent with a developmental brain disorder that begins in the prenatal brain,
prevents neural connections from reaching the expected stages at birth, and follows a progressive course. DMXL2 is highly
expressed in the brain and at synaptic terminals, regulates v-ATPase assembly and activity and participates in intracellular
signalling pathways; however, its functional role is far from complete elucidation. Expression analysis in patient-derived skin
fibroblasts demonstrated absence of the DMXL2 protein, revealing a loss of function phenotype. Patients’ fibroblasts also exhibited
an increased LysoTracker® signal associated with decreased endolysosomal markers and degradative processes. Defective endoly-
sosomal homeostasis was accompanied by impaired autophagy, revealed by lower LC3II signal, accumulation of polyubiquitinated
proteins, and autophagy receptor p62, with morphological alterations of the autolysosomal structures on electron microscopy.
Altered lysosomal homeostasis and defective autophagy were recapitulated in DmxI2-silenced mouse hippocampal neurons, which
exhibited impaired neurite elongation and synaptic loss. Impaired lysosomal function and autophagy caused by biallelic DMXL2
mutations affect neuronal development and synapse formation and result in Ohtahara syndrome with profound developmental
impairment and reduced life expectancy.
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Introduction

DMXL2 encodes for a vesicular protein, DmX-like protein 2
(DMXL2, also known as rabconnectin-3a), a member of the
WD40 repeat (WDR) protein family and harbours 16 WD40
conserved domains and a central Ravlp domain homologous
to the yeast v-ATPase regulator Ravlp (Tata et al., 2014).
This gene is known to regulate the trafficking and activity of
v-ATPase, a multi-subunit proton pump that governs intracel-
lular organelle acidification in all eukaryotic cells and pro-
motes endosomal maturation (Yan et al, 2009; Einhorn
et al., 2012; Tuttle et al., 2014). Mammalian DMXL2 is
highly expressed in the brain and at synaptic terminals
(Nagano et al., 2002; Kawabe et al., 2003; Gobé et al.,
2019), where it binds RAB3A interacting proteins as a
dimer with DMXL1 (Rabconnectin-3b) but its neurophysio-
logical role remains elusive. DmxI2 homozygous knockout
mice are embryonic lethal (https://dmdd.org.uk/mutants/
DmxI2) (Tata et al., 2014; Gobé et al., 2019) and heterozy-
gous Dmxl2 (DmxI2*'") mice show macrocephaly and
corpus callosum dysplasia, revealing a role for this gene in
brain development (Kannan et al., 2017).

Variants in DMXL2 have been implicated in human disease
through both heterozygous and biallelic models. A heterozy-
gous missense ¢.7250G> A (p.Arg2417His) mutation has been
associated with autosomal dominant non-syndromic hearing
loss (Chen et al., 2017). Heterozygous copy number variations

(CNVs), either loss or gain, and loss-of-function single nucleo-
tide variants involving DMXL2, have been observed in indi-
viduals in cohorts with different neurodevelopmental
disorders, including autism spectrum disorders (ASD), intellec-
tual disability, and attention-deficit hyperactivity disorder
(ADHD), leading to the suggestion that DMXL2 haploinsuf-
ficiency might act as a predisposing factor (Costain et al.,
2019). A homozygous in-frame deletion of 15 nucleotides,
leading to a five amino acid deletion (p.1942_1946del), has
been described in three siblings with growth retardation, mod-
erate intellectual disability, progressive hearing loss and per-
ipheral sensorimotor polyneuropathy-polyendocrine syndrome
(PEPNS) (OMIM #616113) (Tata et al., 2014). Finally, a
homozygous loss-of-function, likely deleterious truncating
c.4349_4350insTTACATGA  (p.Glu1450Aspfsx23) variant
has been identified in a child with intellectual disability, epi-
lepsy, macrocephaly, dysmorphisms and moderate brain and
brainstem atrophy MRI (Maddirevula ez al., 2018).

Using whole exome sequencing (WES), we identified homo-
zygous recessive and compound heterozygous mutations of
the DMXL.2 gene in six children, belonging to three unrelated
families, exhibiting a severe phenotype associated with
Ohtahara syndrome, with a persisting burst suppression
EEG pattern, profound neurological impairment, sensori-
neural deafness, mild peripheral polyneuropathy, and dys-
morphic  features. This disorder exhibited signs of
progression, leading to premature death in most patients.
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DMXL2-related Ohtahara syndrome

Performing functional studies in patients’ fibroblasts, we
demonstrated that the DMXL2 protein was absent and that
lysosomal function and autophagy were impaired.
Analysing DmxI[2-silenced mouse hippocampal neurons,
we recapitulated defective autophagy and demonstrated im-
paired neurite development with synaptic loss.

This study demonstrates that biallelic loss-of-function
DMXL2 mutations cause a homogeneously severe pheno-
type manifested as Ohtahara syndrome with progressive
course, which can be categorized within the emerging
class of the congenital disorders of autophagy (Ebrahimi-
Fakhari et al., 2016; Teinert et al., 2019).

Materials and methods

Study subjects

The three families described here were studied at three different
centres (Florence, Italy; Dusseldorf, Germany; and Haifa, Israel).
The collaboration leading to this report was initiated through the
Gene Matcher platform (https:/genematcher.org) (Sobreira et al.,
2015). Phenotypic characterization had been obtained in all pa-
tients through clinical follow-up, repeated video-EEG recordings,
brain MRI and brain auditory evoked potentials. Four patients
were also studied with electroneurography (Patients 1-1I:1, 1-II:2,
2-1I:1 and 2-11:2) and one with a muscle biopsy (Patient 1-II:1).
Parents of all affected siblings gave their consent for the
publication of clinical and genetic information according to
the Declaration of Helsinki and the study was approved by
the respective local Ethic Committees (Family 1: Paediatric
Ethic Committee of the Tuscany Region in the context of the
DESIRE project, Seventh Framework Programme, grant agree-
ment 602531; Family 2: Ethical Committee of Emek Medical
Center; Family 3: Ethic Committee of the Technical University
in Munich and of the Heinrich- Heine-University Diisseldorf).
Parents of affected siblings of Families 1 and 2 also gave the
consent to publish medical photographs of their children.

Whole-exome sequencing and
data analysis

Methods used for WES, Sanger sequencing validation and seg-
regation analysis are reported in detail in the Supplementary
material.

In silico analyses

We evaluated mutations pathogenicity through in silico predic-
tion using the dbNSFP database (v3.3a, Liu ef al., 2016) and
the scores obtained from Revel (Ioannidis et al., 2016),
M-CAP (Jagadeesh et al., 2016) and Eigen (Ionita-Laza
et al., 2016), three different tools to rate the pathogenicity of
rare variants. Splice variants were evaluated by the dbscSNV
(Jian et al., 2017) and SPIDEX (Xiong et al., 2015) tools.

Multiple protein sequence alignment

To assess the conservation of the p.Ala1712Val missense sub-
stitution identified in Patients 1-I:1 and 1-1:2, a multiple
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sequence alignment of DMXL2 orthologous protein sequences
was generated by the Jalview software (http://www.jalview.
org) with colour-coding for physicochemical properties
(Zappo colour scheme).

Muscle biopsy

Muscle biopsy was performed in Patient 1-I:1. The biopsy
specimen was taken from the quadriceps muscle and processed
according to standard techniques for routine histology and
histochemistry (Dubowitz and Sewry, 2007).

Skin biopsy and fibroblasts culture

Skin biopsies were performed in Patients 1-IL:1, 2-II:2 and
3-I:5 and fibroblast cell lines were cultured in RPMI
medium supplemented with 20% foetal bovine serum (FBS)
and 1% penicillin/streptomycin (Thermo Fisher Scientific) at
37°C in a humidified atmosphere with 5% CO,.

For rescue experiments, 70-80% confluent fibroblasts were
transfected with Lipofectamine™ 2000 reagent following the
manufacturer’s  instructions  with  pCMV6-DMXL2tGFP
(Origene #RG230756) or pCMV6-tGFP (Origene #PS100010)
and analysed 24 h after transfection.

Reverse transcriptase PCR

Total RNA was extracted from fibroblasts using the RNeasy®
Micro Kit (Qiagen) according to the manufacturer’s protocol.
Complementary DNA (cDNA) was synthesized with the
RevertAid First Strand ¢cDNA Synthesis Kit (Thermo Fisher
Scientific). RT-PCR was carried out using specific exonic pri-
mers encompassing mutated residues. PCR products were ana-
lysed by Sanger sequencing.

Primary neuronal cultures and
transfection

Primary hippocampal neurons were prepared from embryonic
Day 18 brains of C57 Black 6] mice, as previously described
(Fassio et al., 2011). Embryonic hippocampi were dissected and
incubated in 0.125% trypsin (Gibco) for 25-30 min at 37°C.
Dissociated neurons were plated at low density (200 cells/
mm?), onto poly-L-lysine-coated 25 mm glass coverslips. For
evaluation of DmxI2 silencing, neurons were nucleofected
before plating with the 4D-Nucleofector™ System (Lonza)
with the high viability protocol for primary mouse neurons and
analysed for DMXL2 expression after 7 days. For immunocyto-
chemistry, neurons were transfected at 4 or 14 days in vitro
(DIV), using Lipofectamine™ 2000 (Thermo Fisher Scientific)
and fixed 3 days post-transfection with 4% paraformaldehyde
(PFA, Sigma-Aldrich) and 4% sucrose (Applichem) in 1x phos-
phate-buffered saline (PBS, Sigma Aldrich) at 37°C for 15 min.

Western blotting

Protein lysates from fibroblasts, or primary neurons, were ex-
tracted in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl,
0.1% SDS, 1% Triton™ X-100, 0.2 mM phenylmethylsulphonyl
fluoride, 2 pg/ml pepstatin, and 1 pg/ml leupeptin), separated by
SDS-PAGE and assayed by immunoblotting with the following
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primary antibodies: anti-DMXL2 (1:500 24415-1-AP; Proteintech;
1:200 ab122552 Abcam), anti-LAMP1 (1:1000; #ab24170,
Abcam), anti-EEA1 (1:5000; #610457, BD Bioscience), anti-
LC3B (1:1000; #L7543 Sigma-Aldrich), anti-p62 (1:1000,
#P0067 Sigma-Aldrich), anti-GAPDH (1:1000; #SC-25778,
Santa Cruz Biotechnology), and anti-Ubiquitin (1:200; #sc-8017,
Santa Cruz Biotechnology).

Immunocytochemistry and
fluorescence microscopy

Cells plated on glass coverslips were washed three times with
1 x PBS at 37°C to remove culture medium and fixed by using
4% PFA and 4% sucrose in PBS at 37°C for 15 min. Excess
PFA was removed by washing with PBS and cells were per-
meabilized using 0.1% Triton™ X-100 in PBS for 10 min.
Non-specific epitopes were saturated with 2% FBS (Gibco) in
0.05% Tween-20 PBS. Primary antibodies diluted in PBS/2.5%
FBS were applied for 2 h at room temperature or overnight at
4°C. The antibody excess was removed by washing the cover-
slip three times with PBS and the secondary antibodies added
for 45 min at room temperature. Alexa-Fluor® 488 and/or
Alexa Fluor® 647 (Thermo Fisher) were incubated for 45
min at room temperature and the excess removed with PBS.
Coverslips were mounted by using ProLong™ Diamond anti-
fade reagent (Thermo Fisher), containing 4',6'-diamidino-2-
phenylindole (DAPI) to visualize nuclei.

Capture of confocal images was carried out using a laser scan-
ning confocal microscope (SP8, Leica) with either a 40 x or 63 x
oil-immersion objective. The following antibodies were used: anti-
LAMP1 (1:200, #L1418 Sigma-Aldrich), anti-EEA1 (1:500;
#610457, BD Bioscience), anti-p62 (1:100, #P0067 Sigma-
Aldrich) and anti-LC3B (1:200, 200-401-h57 Rockland) anti-
DMXL2 (1:100, HPA039375 Sigma Aldrich). Alexa Fluor™
568 Phalloidin (1:40, #a12380, Thermo Fisher Scientific) was
used for actin labelling. Each image consisted of a stack of
images taken through the z-plane of the cell.

LysoTracker® and LysoSensor' "
experiments

For LysoTracker® Deep Red (Lysotracker 112492, Thermo
Fisher Scientific) experiments, fibroblasts were incubated with
200 nM LysoTracker® for 1 h at 37°C and neurons with 50
nM LysoTracker® for 30 min at 37°C. Cells were immediately
fixed and analysed within 12 h. Images were taken with con-
focal microscope, in a single plane, to avoid fading the fluor-
escent signal. Settings were kept the same for all acquisitions
within each experiment.

For pH measurement of intracellular organelles, fibroblasts
were incubated with 10 pM LysoSensor™ Yellow/Blue DND-
160 (Thermo Fisher) for 3 min at 37°C in culture medium.
After three washes in 1x PBS to remove any non-internalized
dye, the culture was imaged in HEPES buffer (125 mM KCl,
25 mM NaCl, 25 mM HEPES, pH 7.4) for a maximum of 10
min to avoid cell alkalinization. Cell imaging was performed in
epifluorescence (Olympus 1X81) under a 60 x oil objective.
Three images were collected for each field exciting at 340 +
10 nm or 380 £+ 10 nm and collected with a 400 nm long-
pass filter. A pH calibration curve was then collected for each
coverslip by using 10 uM monensin in HEPES buffer (pH 7.4
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and 7.0) and MES buffer (125 mM KCI, 25 mM NaCl, 25 mM
MES pH 6.5, 6.0, 5.5, 5.0, 4.5, 4.0, 3.0). LysoSensor™
Yellow/Blue DND-160 intensity in both channels was calcu-
lated after background subtraction and ratio (340/380) were
fitted to a linear regression with the GraphPad PrismS soft-
ware. Data were best fitted in the range of pH 4.0-6.0. For pH
evaluation, measured ratios were converted into absolute pH
values by interpolation in the calibration function.

Epidermal growth factor receptor
degradation assay

Fibroblasts at 80% of confluence were incubated with 200 ng/
ml EGF (PeproTech) for 15 min at 4°C allowing ligand-recep-
tor binding. To synchronize ligand-receptor internalization,
ligand-containing medium was replaced by fresh prewarmed
medium. Cells were incubated at 37°C allowing ligand-recep-
tor internalization for 0, 0.5, 1 and 4 h in the presence of 10
pg/ml cycloheximide (C4859, Sigma-Aldrich) to inhibit the de
novo synthesis of epidermal growth factor receptor (EGFR).
Total cell lysates were prepared and analysed by western blot-
ting using a rabbit polyclonal anti-EGFR antibody (1/2000;
kind gift from Carlo Tacchetti, HSR Milano, Italy) to monitor
degradation of the 180 kDa EGFR band.

Dextran degradation assay

To determine the degradation of ectopically transduced dex-
tran, cells were incubated with 20 pg/ml of fluorescein isothio-
cyanate (FITC) labelled dextran (#46944, MerckMillipore) for
2 h. After washing with RPMI medium, supplemented as
described above, cells were incubated with fresh medium for
30 min followed by 5-min incubation with CellMask™ Deep
Red Plasma membrane stain (#C10046 Thermo Fisher
Scientific) to visualize cells. Cells were fixed with a 4% PFA
solution. Single plane images were acquired at confocal micro-
scope by keeping the same settings for all acquisitions.

Electron microscopy

Fibroblasts of Patients 1-II-1 and 3-II:5 were harvested, trans-
ferred to 1.5 ml Eppendorf tubes and centrifuged at 1000 rpm
for 5 min. The cell pellet was fixed with 1.2% glutaraldehyde in
0.1 M sodium cacodylate buffer, post-fixed in 1% OsO4, 1.5%
K4Fe(CN)g, 0.1 M sodium cacodylate, en bloc stained with 10%
of uranyl acetate replacement stain (EMS) for 30 min, dehy-
drated, and flat embedded in epoxy resin (Epon® 812, TAAB).
After baking for 48 h, the plastic tube was removed from the
Epon® block with a razor blade. The Epon® block containing
fibroblast was sectioned using an EM UC6 ultramicrotome
(Leica Microsystems). Ultrathin sections (60-70 nm thick)
were collected on 200-mesh copper grids (EMS) and observed
with a JEM-1011 electron microscope (Jeol) operating at 100
kV using an ORIUS SC1000 CCD camera (Gatan). Images of
fibroblasts were acquired at x2500. Full fibroblasts were then
reconstructed and analysed using Image] and Adobe Illustrator.

RNA interference constructs

Short hairpin RNA (shRNAs) targeting the coding sequences
(GGATGGAGTAGCTGTCATCACTTTACCAC) of human
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(NM_015263) and mouse (NM_172771) DMXL2 mRNA:s,
and scramble non-effective control shRNA cloned into pRFP-
C-RS plasmid were obtained from OriGene Technologies (Cat.
No TF519727).

Sholl analysis and synapse
quantification

The extent of neurite arborization was evaluated at 7 DIV
using Sholl analysis, as previously described (Falace et al.,
2010). Concentric circles with radii increasing at regular 10-
um steps were centred to the cell body and the number of
intersections was automatically evaluated with the Image]/
Sholl analysis plug-in. To measure synaptic inputs, neurons
were labelled at 17 DIV with anti-synaptophysin antibody (1/
500, #101011; Synaptic Systems). To measure excitatory or
inhibitory synapses, neurons were labelled with anti-V-
GLUT1 (1/500, #135304; Synaptic Systems) and anti-Homer1
(17200, #160011; Synaptic Systems) or V-GAT (1/500,
#131103; Synaptic Systems) and anti-Gephyrin (1/200,
#147011; Synaptic Systems) antibodies. Confocal images were
acquired with a 60 x oil immersion objective. Each image con-
sisted of a stack of images taken through the z-plane of the cell.
Confocal microscope settings were kept constant for all scans
in each experiment. Synaptic boutons immunopositive for
synaptophysin and decorating RFP-positive neurites (30 pm
starting from the cell body), or RFP-positive cell bodies, were
manually counted. The co-localization analysis was performed
by evaluating the labelling of the VGLUT1/Homerl and
VGAT/Gephyrin synaptic protein couples. Co-localization
puncta with areas of 0.1-2 pm? were considered bona fide
synaptic boutons. Synaptic boutons along RFP-positive neurites
(30 um starting from the cell body) and around RFP-positive
cell bodies were automatically counted using Image].

Electrophysiological recordings

Hippocampal neurons were recorded at 17 DIV. Whole patch-
clamp recordings in voltage-clamp configuration were made as
previously described (Baldelli ez al., 2007; Falace et al., 2014).
Patch pipettes were obtained from thin borosilicate glass,
pulled to a final resistance of 4-5 M, and filled with internal
standard solution. Voltage-clamp recordings for spontaneous
miniature postsynaptic currents (mPSCs) were performed at
—70 mV holding potential and the recordings were acquired
at 10 kHz and filtered at 2 kHz. All experiments were per-
formed at room temperature (22-25°C). Data acquisition was
performed using Multiclamp 700B and Clampex program
(Axon Elektronic). To block the generation and propagation
of spontaneous action potentials, tetrodotoxin (TTX; 300 nM)
was added to the extracellular solution. For recording mini-
ature excitatory PSCs (mEPSCs), bicuculline methiodide (30
uM) and CGP58845 (5 uM) were added to the Tyrode extra-
cellular solution to block GABAA and GABAB receptors, re-
spectively. The internal solution (K-gluconate) used for the
recording of mEPSCs was composed of (in mM) 126 K gluco-
nate, 4 NaCl, 1 MgSQOy, 0.02 CaCl,, 0.1 BAPTA, 15 glucose,
5 HEPES, 3 ATP, and 0.1 GTP (pH 7.3 with KOH). For re-
cording miniature inhibitory PSCs (mIPSCs), CNQX (10 uM)
and D-AP5 (50 pM) were added to block non-NMDA and
NMDA receptors, respectively. The internal solution (K-
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gluconate) was composed of (in mM) 126 KCl, 4 NaCl, 1
MgSQO,4, 0.02 CaCl,, 0.1 BAPTA, 15 glucose, 5 HEPES, 3
ATP, and 0.1 GTP (pH 7.3 with KOH). The amplitude and
frequency of inhibitory and excitatory miniature events were
calculated using a peak detector function set with appropriate
threshold amplitudes and areas. The frequency, amplitude and
kinetics of miniature PSCs were analysed wusing the
MiniAnalysis program and the Prism software (GraphPad
Software, Inc.). All reagents were obtained from Tocris,
unless otherwise specified.

Statistical analysis

The normal distribution of experimental data was assessed
using the D’Agostino-Pearson normality test. Data with
normal distribution were analysed by the unpaired Student’s
t-test; non-normally distributed data were analysed by the
Kruskal-Wallis one-way ANOVA on Ranks test, followed by
the Dunn’s multiple comparison tests using Graphpad 7.0
(Graphpad Software Inc., La Jolla, CA). Significance level
was preset to P < 0.05. Data are expressed throughout as
means + standard error of the mean (SEM) for number of
experimental sessions or number of cells analysed ().

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and/or its
Supplementary material. Raw sequencing data are available
from the corresponding authors on request. Primer sequences
used for RT-PCR are available upon request.

Results

Clinical findings

Clinical, EEG and MRI findings observed in the six patients
are summarized in Table 1 and Fig. 1 and presented in
detail in the Supplementary material. Affected siblings were
born to a non-consanguineous Italian father and Brazilian
mother in Family 1, to first degree Israeli Arab cousins in
Family 2, and to first degree Turkish cousins in Family 3. In
brief, all patients exhibited a remarkably similar phenotype
that, in addition to the Ohtahara syndrome starting in the
first days of life, included profound developmental delay,
muscular hypotonia, quadriparesis, sensorineural hearing
loss and dysmorphic features (Supplementary Fig. 1). All
four affected children in Families 1 and 2 also exhibited
mild peripheral polyneuropathy, while no nerve conduction
studies were carried out in Family 3. Dosage of co-enzyme
Q in the biopsied muscle tissue of Patient 1-II:1 revealed no
abnormality. However, microscopy demonstrated abundant
lipid droplets, representing storage material, in the sarco-
plasm of muscle cells (Supplementary Fig. 2).

In all patients, the suppression burst EEG pattern was
continuous, rendering it difficult to differentiate wakeful-
ness and sleep, and remained unchanged throughout
follow-up (Fig. 1). Associated seizures were mainly tonic
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or, less frequently, myoclonic. Occasional focal seizures
occurred in most children. Early brain MRI investigations
in the first months of life revealed thin corpus callosum
with brain hypomyelination in all. A simplified gyral pat-
tern, without cortical thickening, was observed in Patients
3-II:4 and 3-IL:5. The cortical abnormality was limited to
the frontal lobes in Patient 3-I1I:4 and diffuse with frontal
predominance in Patient 3-I:5. In the three patients
undergoing repeat MRI scans 9 to 21 months after the
first scan (Patients 1-IL:1, 2-II:2 and 3-1I:4), progressive
moderate grey and white matter shrinkage with leukoence-
phalopathy became apparent (Table 1 and Fig. 1).

Five patients died within the first 9 years of life due to
respiratory or systemic complications of the severe neuro-
logical condition and none achieved developmental, com-
municative or motor skill following birth (Table 1). One
patient was still alive at age 15 months. Age range of the
six patients’ parents at the time of writing ranged from 39
to 51 years. None of them had ever exhibited neurological
symptoms or hearing impairment.

Identification of DMXL2 mutations by
whole exome sequencing

Using WES, we identified biallelic DMXL2 mutations in all
three sibling pairs with Ohtahara syndrome (Fig. 2A and
B). Siblings in Family 1 were compound heterozygous for
the ¢.5135C>T (p.Ala1712Val) missense substitution and
the ¢.4478C>G (p.Ser1493x) nonsense substitution; sib-
lings in Family 2 were homozygous for the c.4478C>A
(p.Ser1493x%) nonsense substitution and in Family 3 were
homozygous for the ¢.7518-1G> A substitution, predicted
to alter mRNA splicing by the dbscSNV and SPIDEX tools
(Supplementary Table 1) and result in the loss of the ca-
nonical splice acceptor site of exon 31.

None of the variants identified in DMXL2 were reported
in the gnomAD database (Supplementary Table 1). The
p.Ala1712Val missense substitution affects a highly con-
served amino acid residue (Fig. 2C) and is predicted to be
damaging by in silico tools (Supplementary Table 1). In
each family, segregation analysis showed both parents to
be heterozygous carriers for the variants (Supplementary
Fig. 3).

Effect of DMXL2 mutations on mRNA
and protein expression

Immunoblot analysis performed on skin fibroblasts taken
from Patients 1-I:1, 2-I:2 and 3-II:5 revealed almost
absent DMXL2 protein (Fig. 2A). RT-PCR analysis on
patients’ fibroblast RNA revealed that DMXL2 mRNA
was expressed only in Patient 1-II:1; however, the tran-
script of the allele harbouring the ¢.4478C>G nonsense
mutation was degraded (Supplementary Fig. 4A and B).
In Patient 2-1I:2, harbouring a homozygous nonsense mu-
tation (c.4478C>A; p.Ser1493x), DMXL2 mRNA was

A. Esposito et al.

absent (Supplementary Fig. 4A). Finally, the splice variant
c.7518-1G> A, identified in homozygosity in Patient 3-II:5,
resulted in the skipping of exon 31, leading to a frameshift
and premature termination of protein translation
(p. Trp2508Argfss4; Supplementary Fig. 4C). No low mo-
lecular weight immunoreactive protein bands were detected
in fibroblast lysates (Supplementary Fig. 4D), suggesting an
unstable and degraded mRNA or protein.

DMXL2 mutations result in lysosomal
and autophagy abnormalities

As loss of DMXL2 has been associated with impaired v-
ATPase activity in multiple experimental models (Yan
et al., 2009; Einhorn et al., 2012; Tuttle et al., 2014;
Merkulova et al., 2015), we analysed intracellular acidic
compartments in Patient 1-II:1 by staining fibroblasts
with the acidotropic dye LysoTracker®. The patient’s cells
showed an increased LysoTracker® signal (Fig. 3A); a
phenotype that was confirmed in fibroblasts from Patients
2-I:2 and 3-II:5 (Supplementary Fig. 5). The LysoTracker®
signal was reversed by re-expression of the human DMXL2
protein in the patient’s fibroblasts (Supplementary Fig. 6).
An increased LysoTracker® signal can be contributed to by
an expansion of endolysosomal organelles and/or decreased
intravesicular pH. Endosomal marker EEA1 and lysosomal
marker LAMP1 were significantly decreased, as observed
by single cell immunocytochemistry and western blotting
(Fig. 3B-D). Measuring intracellular organelle pH with
the ratiometric dye LysoSensor™ DND 160, we found
that on average the pH within acidic organelles was
lower in fibroblasts (Supplementary Fig. 7). To analyse
lysosomal function, we evaluated EGF-induced degradation
of EGF receptors and degradation of ectopically introduced
dextran. Both assays revealed a slowdown of the lysosomal
degradative capacity comparing Patient 1-1I:1 with control
fibroblasts (Fig. 3E and F). These data suggest that
DMXL2 loss results in an acidic shift in the intra-organelle
pH with impairment of endolysosomal structures and
function.

Lysosomal function is intimately linked to autophagy, as
lysosomes are targeted by autophagosomes to degrade en-
gulfed materials. We therefore investigated the autophagy
process by measuring total LC3 levels and LC3II/LC3I ratio
in fibroblasts. Cells from Patient 1-II:1 displayed decreased
total LC3 signal, as well as decreased ratio of active mem-
brane-bound LC3II versus cytosolic LC3I (Fig. 4A and C).
The patient’s fibroblasts also exhibited both increased p62
signal (Fig. 4B and C) and upregulation of high molecular
weight polyubiquitinated proteins (Fig. 4D). The observed
phenotype suggests defective autophagy with accumulation
of autophagy receptors and substrates. Impaired lysosomal/
autophagic function was further confirmed by ultrastruc-
tural analysis, showing vacuolization and a significant accu-
mulation of atypical fusion-like structures (Supplementary
Fig. 8).
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Figure | EEG recordings and brain MRI. (A-D) EEG recordings in Patients I-Il:I (A, at 4 years), 1-1l:2 (B, at 3 years), 3-1:4 (C, at
3 months) and 3-11:5 (D, at 4 months). All four patients show a similar suppression burst EEG pattern. (E-P) Brain MRI of Patients |-Il:| (E-H),
2-11:2 (I-L), 3-1l:4 (M and N) and 3-1I:5 (O and P). Note the progressive brain atrophy with ventricular dilatation in Patients I-ll:| (E and F are

taken at 2 months and 16 months, respectively) and 2-11:2 (I and ) are taken at 3 months and 2 years, respectively). There is also diffuse

(continued)
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Figure 2 Identification of biallelic mutations in DMXL2. (A) Pedigrees of Families I, 2 and 3, with indication of the DMXL2 alleles below
each tested individual. DMXL2 protein expression in the indicated proband and relative control fibroblasts is shown below each family pedigree.
(B) Schematics showing the organization of DMXL2 gene and conserved domains of DMXL2 protein with localization of the identified mutations.
(C) Multiple sequence alignment between human DMXL2 and orthologous sequences encompassing the alanine 1712 (A1712) residue. Residues
were coloured according to their physicochemical properties (Zappo colour scheme).

DMXL2 loss impacts on neuronal
autophagy, development and
synaptic contacts

In view of the prominent neurological impairment of
these six patients, harbouring severe DMXL2 loss-of-func-
tion mutations, we modelled neuronal DMXL2 loss
by silencing its expression in primary neuronal cultures.
We transfected DmxI2 shRNA, tested for its efficacy to
downregulate DMXL2 neuronal expression (Supplementary
Fig. 9), or its scrambled version, in mouse hippocampal
neurons.

We first investigated whether the lysosomal/autophagy de-
fects observed in fibroblasts were recapitulated in neurons. In
developing neurons at 7 DIV, LysoTracker® staining was sig-
nificantly increased at cell bodies, upon Dmix/2 silencing at 4
DIV, with decreased LAMP1 signal (Fig. SA and B). Silenced
neurons also exhibited a significant reduction of LC3

Figure | Continued

expression at cell soma, accompanied by accumulation of
the autophagic receptor p62 (Fig. SC and D). These data
demonstrate that loss of DMXIL2 at the single neuron level
results in altered lysosomal structures and defective
autophagy.

As autophagy-related degradative processes are essential
for neuronal function, and have been reported to play piv-
otal roles in neuronal development and connectivity (Shehata
et al., 2012; Tang et al., 2014), we analysed hippocampal
neurons at 7 DIV for neurite extension and arborization and
found a significant decrease of neurite complexity in DmxI2-
silenced cells (Fig. 6A). At later developmental stages neu-
rons establish complex connectivity and form functional net-
works balancing excitatory and inhibitory inputs. By
measuring synaptophysin boutons impinging on DmixI2
silenced neurons at 17 DIV (3 days after transfection), we
uncovered a significant reduction consistent with an impair-
ment in synaptic connections (Fig. 6B).

hypomyelination, which is visible as increased signal in the white matter in T, (F, G and J) or reduced signal in T, (K) in both children when
re-imaged after age | year. Patients 3-11:4 and 3-1I:5 where only imaged once when | month old; a simplified gyral pattern, without cortical
thickening, was observed in both. The cortical abnormality was limited to the frontal lobes in Patient 3-11:4 and was diffuse with frontal
predominance in Patient 3-1I:5 (N and P). Patient 3-11:4 had a follow-up MRI at the age of 10 months, in which increased white matter signal had
become more conspicuous (not shown). All four patients whose MRIs are presented here exhibit severely hypoplastic/thinned corpus callosum, as

visible in sagittal images (H, L, M and O).
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Figure 3 Endolysosomal defects in Patient |-1l:1’s cells. (A) Left: Representative images of fibroblasts from Patient |-lI:1 (proband) and

the respective control incubated with LysoTracker® (200 nM, | h) and stained with phalloidin. Scale bar = 40 um. Right: LysoTracker® fluor-
escence intensity (individual data and means + SEM) was quantified in 27 (control) and 36 (proband) cells. (B) Left: Representative images of
fibroblasts as in A, immunolabelled with EEA| and stained with phalloidin. Right: EEA| fluorescence intensity (individual data and means £ SEM)
was quantified in |5 (control) and 19 (patient) cells. (C) Left: Representative images of fibroblasts as in A, immunolabelled with LAMP1 and stained
with phalloidin. Right: LAMPI fluorescence intensity (individual data and means £ SEM) was quantified in 17 (control) and 16 (proband) cells.
**P < 0.005, ****P < 0.001, unpaired t-test with Welch’s correction. (D) Left: Representative western blot of LAMPI, EEA| and GAPDH obtained
from fibroblast lysates (30 pg). Right: EEA| and LAMPI| immunoreactivity were quantified by densitometric analysis and normalized to GAPDH.
Data are means + SEM from six (EEAI) and seven (LAMPI) independent experiments. “*P < 0.005; Mann- Whitney U-test. (E) Western blot of
EGFR degradation assay. Control and proband’s fibroblasts treated |5 min with 200 ng/ml EGF and washed for the times indicated in the presence
of 10 ng/ml cycloheximide. Total cell lysates were analysed with anti-EGFR antibodies to monitor degradation of the EGFR. GAPDH is shown for
equal loading. Densitometric quantification, expressed as the percentage of EGFR levels relative to the initial amount, is shown on the right.
(F) Left: Representative images of control and proband’s fibroblasts treated with FITC-labelled dextran and analysed at the indicated time points.
Scale bar = 40 pm. Right: Dextran fluorescent intensity (individual data and means £ SEM) was quantified in 20—45 control cells and in 16—17
proband cells. “**P < 0.0001, Kruskall-Wallis/Dunn’s tests. A.U. = arbitrary units of fluorescence intensity.
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Figure 4 Autophagy defects in Patient |-ll:1’s cells. (A) Left: Representative images of fibroblasts from Patient I-ll:| (proband) and the

respective control immunolabelled with LC3 and stained with phalloidin. Scale bar = 20 um. Right: LC3 fluorescence intensity (individual data and
means + SEM) was quantified in 19 (control) and 16 (proband) cells. **P < 0.01; unpaired t-test with Welch's correction. (B) Left: Representative
images of fibroblasts as in A, immunolabelled with p62 and stained with phalloidin. Right: p62 fluorescence intensity (individual data and means +
SEM) was quantified in 15 (control) and |8 (proband) cells. **P < 0.005; unpaired t-test with Welch’s correction. (C) Representative western blot
of LC3I, LC3lII, p62 and GAPDH obtained from fibroblast lysates (30 pg). Immunoreactivity was quantified by densitometric analysis and
normalized to LC3I for LC3Il, and to GAPDH for p62. Data are means + SEM from n = 4 independent experiments. P < 0.05; Mann-Whitney
U-test. (D) Representative western blot from fibroblast lysates (30 pg). Ubiquitinated proteins were detected with anti-ubiquitin (Anti-Ub)
antibody; GAPDH or Ponceau-S intensity along the lanes were used as loading controls. Ubiquitinated proteins immunoreactivity was quantified
by densitometric analysis and normalized to GAPDH or to Ponceau S. Data are means + SEM from n = 5 independent experiments. “P < 0.05;

Mann-Whitney U-test. A.U. = arbitrary units of fluorescence intensity.

Measuring miniature synaptic currents did not reveal a
remarkable difference at this developmental stage, suggest-
ing that the loss involves functionally immature contacts or
is prevalent at dendritic, rather than somatic, compart-
ments. Indeed, somatic synaptophysin-positive boutons
were unaffected by DmxI2 silencing (Supplementary Fig.
10). To identify synapse contacts unambiguously and dis-
tinguish between excitatory and inhibitory contacts, we
visualized synapses by double immunostaining with the
presynaptic and postsynaptic markers VGLUT1/Homer1
or VGAT/Gephyrin, respectively, and confirmed the loss
of contacts for DmxI2-silenced neurons, which reached sig-
nificance for excitatory dendritic connections (Fig. 6C and
D). Considering that, under our experimental conditions,

DmxI2 silenced neurons are mostly surrounded by a
naive neuronal network, these findings suggest a cell au-
tonomous role of DMXL2 in synapse formation.

Overall, results on the neuronal model indicate that,
upon DMXL2 loss, neurons undergo neurodevelopmental
defects associated with impaired autophagy.

Discussion

Using WES, we identified biallelic DMXI.2 mutations in six
children with a consistent Ohtahara syndrome phenotype,
belonging to three unrelated families. Affected children also
exhibited profound developmental delay, hypotonia,
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Figure 5 Loss of neuronal DmxI2 alters lysosomal and autophagy markers. (A) Left: Representative images of hippocampal mouse
neurons transfected at 4 DIV with control shRNA (scramble) or DmxI2 shRNA (DmxI2-KD) harbouring the red fluorescent protein (RFP)
reporter and incubated with LysoTracker® (50 nM, 30 min) at 7 DIV. Manual tracing of neuronal surface is shown. Scale bar = 50 um. White

dashed rectangles indicate regions shown at high magnification on the right. Scale bar = 125 pm. Right: LysoTracker® fluorescence intensity
(individual data and means + SEM) was quantified in 10 (scramble) and 18 (Dmx/2-KD) cells from three independent preparations. (B—D) Left:
Representative images of hippocampal mouse neurons as in A and immunostained for LAMPI| (B), LC3 (C) or p62 (D). Scale bar = 50 pm. White
dashed rectangles indicate regions shown at high magnification on the right. Scale bar = 100 pum. Right: Respective fluorescence intensity
(individual data and means £ SEM) was quantified in 21-37 (scramble) and 27-33 (DmxI2-KD) cells from three independent preparations. A.U. =
arbitrary units of fluorescence intensity. “P < 0.05, **P < 0.001, P < 0.0001 Mann-Whitney unpaired t-test.

quadriparesis, dysmorphic features, and sensorineural hear-
ing loss. A mild peripheral polyneuropathy could be
demonstrated in the four children explored with nerve con-
duction studies. The DMXL2 protein was absent in patient-
derived skin fibroblasts, supporting a loss-of-function effect
for the mutations and consistent with the extreme DMXL2
phenotype observed in these patients.

Both heterozygous and homozygous DMXL.2 variants had
previously been associated with human disease (Tata et al.,
2014; Chen et al.,, 2017; Maddirevula et al., 2018; Costain
et al., 2019), although with different levels of substantiation.
In a large family with autosomal dominant non-syndromic
hearing loss a missense DMXIL.2 mutation co-segregated with
the phenotype (Chen et al., 2017). In addition, heterozygous
DMXIL2 loss-of-function mutations and CNVs have been

proposed as predisposing factors to ASD, developmental
delay/intellectual disability, and ADHD (Costain et al., 2019),
though with variable expressivity and incomplete age-related
penetrance. A biallelic in-frame deletion was identified in chil-
dren with a peripheral sensorimotor polyneuropathy-polyendo-
crine (PEPN) syndrome, dystonia and moderate intellectual
disability (Tata et al., 2014). A biallelic loss-of-function frame-
shift insertion (c.4349_4350insTTACATGA; p.Glu1450Aspfs
%23, to be referred to as p.Lys1451Tyrfsx14 using the
Human NM_015263 DMXL2 accession number) was identi-
fied in a 3-year-old boy with a phenotype closer to that
observed in our patients, including severe intellectual disability,
early onset focal seizures, macrocephaly, facial dysmorphisms
and moderate brain and brainstem atrophy at MRI
(Maddirevula et al., 2018). Overall, the above evidence
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Figure 6 Loss of DmxI2 affects neurite arborization and synaptic contacts. (A) Left: Representative neuronal reconstructions with
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50 um. White rectangles indicate the regions shown at higher magnification on the right. The black and white panels show positive puncta along
branches of transfected neurons. Scale bar = 5 pm. Right: Quantitative analysis of synaptic puncta counted on 30-pum branches starting from the
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Welch’s correction.
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convincingly indicates that DMXIL2 variants cause disease
but leaves uncertainty whether heterozygous variants also do.
The observation that all heterozygous mutation carriers in the
five families exhibiting recessive inheritance so far described,
including the three participating in this study, appeared to be
healthy, casts further doubt on the role of heterozygous
variants.

Differences in severity between the milder PEPN pheno-
type and the profound encephalopathy we observed point
to some initial genotype-phenotype correlations. PENP de-
rives from a biallelic in-frame deletion with 30% DMXL2
residual transcript (Tata et al., 2014), while in our patients,
loss-of-function mutations, with no residual protein, had a
more severe impact on the developing nervous system.
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The severe neurological impairment and persistent sup-
pression burst EEG in DMXL2 encephalopathy consist-
ently reflect severely impaired neural connections. In the
immature brain, before 30-32 weeks of gestation, a sup-
pression burst EEG pattern is physiological; however, in
various developmental disorders it persists, reflecting dis-
ruption of brain connectivity (Aicardi and Ohtahara,
2005). Electrophysiological studies in cats have demon-
strated that responsiveness of cortical and thalamic neurons
to orthodromic volleys is dramatically reduced during the
suppression periods, a finding that testifies for a severe dis-
ruption in brain circuits involved in EEG generation
(Steriade et al., 1994). The severe clinical phenotype
observed in all six children we describe here, associated
with hypomyelination, corpus callosum dysgenesis and pro-
gressive brain atrophy, is in keeping with a developmental
brain disorder that begins in the prenatal brain, prevents
neural connections from reaching the expected stages at
birth and follows a progressive course, leading to early
lethality.

DmxI2 homozygous knockout mice are embryonic lethal
(https://dmdd.org.uk/mutants/DmxI2) (Tata et al., 2014;
Gobe et al., 2019) and heterozygous DmxI2 (DmxI2*'")
mice show macrocephaly and corpus callosum dysplasia,
confirming a role for this gene in brain development
(Kannan et al., 2017). By investigating the consequences
of DmxI2 deficiency on the maturation of GnRH hypothal-
amic neurons in the mouse brain, Tata et al. (2017)
observed a reduced transition from the immature to the
mature stage.

We demonstrated that patient-derived skin fibroblasts ex-
hibited perturbation of endolysosomal homeostasis asso-
ciated with impaired autophagy, an evolutionarily
conserved lysosomal degradation process indispensable for
cell homeostasis. Studying Dmx[2-silenced neurons, we
recapitulated the defective lysosomal and autophagy pheno-
type observed in patients’ fibroblasts and highlighted im-
paired neurite development and synapse formation.

The association of profound neurological impairments,
epilepsy, hearing loss and polyneuropathy at birth,
observed in our patients, indicates an overall dysfunction
of multiple neuronal populations, most likely driven by im-
paired autophagy. These findings are in line with emerging
evidence indicating a role for v-ATPase regulation and
autophagy in shaping neuronal connectivity and function
and their involvement in developmental encephalopathies
(Vijayan et al., 2017; Fassio et al., 2018; Gstrein et al.,
2018, Lieberman et al., 2019; Marsh et al., 2019; Hirose
et al., 2019). Decreased endolysosomal markers and defect-
ive lysosomal degradation, together with cytoplasmic
vacuolization and atypical autophagolysosome-like struc-
tures observed on electron microscopy in patients’ fibro-
blasts, suggest that impaired autophagy is secondary to
impaired lysosomal function. Lipidic infiltrates demon-
strated in the muscle of Patient 1-II:1 are also in keeping
with impaired lysosomal function.

A. Esposito et al.

In recent years, a number of genetic defects in the autop-
hagy pathway have been described, leading to prominent
involvement of the CNS, peripheral nerve and skeletal
muscle (Ebrahimi-Fakhari et al., 2014, 2016). One such
condition bears considerable similarities with the DMXL2
encephalopathy we describe, including a severe, life-limiting
course, and results from biallelic mutations of EPGS (Vici
syndrome: OMIM #242840), whose function is mainly
exerted on autophagosome-lysosome fusion (Cullup et al.,
2013; Byrne et al., 2016; Wang et al., 2016). Vici syn-
drome is considered a paradigm of neurodevelopmental
conditions characterized by primary autophagic defects,
manifested by profound early hypotonia, with subsequent
failure to achieve any developmental milestone, associated
with corpus callosum agenesis, microcephaly, and failure to
thrive, with variable multi-organ involvement. Epilepsy,
present in ~60% of patients, has variable, yet early, age
at onset and expression, including Ohtahara syndrome
(Byrne et al., 2016) and other severe forms. Sensorineural
hearing impairment, cataracts, optic atrophy, hypopigmen-
tation, cardiomyopathy and skeletal myopathy are also pre-
sent in most patients.

DMXL2 encephalopathy does not feature multi-organ
involvement. However, like Vici syndrome, it is associated
with central and peripheral nervous system involvement in
a context of profound neurodevelopmental impairment, se-
verely reducing life expectancy. The most prominent feature
of DMXL2 encephalopathy is the relentless epileptic activ-
ity, manifested as Ohtahara syndrome from birth onward,
with no age-dependent modification. At the neuronal cir-
cuitry level, the neurite elongation defect and reduced syn-
aptic contacts, associated with DMXL2 loss, could lead to
excitation/inhibition imbalance and recurrent seizures.
Although further studies are needed to decipher the role
of DMXL2 in synapse formation and function, our data
indicate a crucial role of this protein in neuronal autop-
hagy, as suggested for other members of the WDR protein
family (Saitsu et al., 2013; Kannan et al., 2017). A decrease
in the autophagy marker LC3II and accumulation of pro-
tein substrates in patients’ cells and in the neuronal model
of DMXL2 loss, suggest that defective autophagy underlies
both the neurodevelopmental defects and the observed clin-
ical phenotype.

We establish DMXL2 encephalopathy as an additional
neurodevelopmental condition with early clinical expres-
sion and progressive course related to lysosomal and autop-
hagy defects (Ebrahimi-Fakhari et al., 2014, 2016). Our
findings further point to autophagy as a key and indispens-
able cellular process for CNS development.
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