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ABSTRACT

Plasticity related gene 1 encodes a cerebral neuron-specific synaptic transmembrane protein
that modulates hippocampal excitatory transmission on glutamatergic neurons. In mice,
homozygous Prgl-deficiency results in juvenile epilepsy. Screening a cohort of 18 patients
with infantile spasms (West syndrome), we identified one patient with a heterozygous muta-
tion in the highly conserved third extracellular phosphatase domain (p.T299S). The function-
al relevance of this mutation was verified by in-utero electroporation of a mutant Prg1 con-
struct into neurons of Prgl-knockout embryos, and the subsequent inability of hippocampal
neurons to rescue the knockout phenotype on the single cell level. Whole exome sequencing
revealed the index patient to additionally harbor a novel heterozygous SCNI1A variant
(p.N5415S) that was inherited from her healthy mother. Only the affected child carried both
heterozygous PRG1 and SCN1A mutations. The aggravating effect of Prgl-haploinsufficiency
on the epileptic phenotype was verified using the kainate-model of epilepsy. Double hetero-

Zygous Prgl'/ * |Scni awt/p.R1648H

mice exhibited higher seizure susceptibility than either
wildtype, Prgl'/+, or Scn1g"VPR164H Jittermates. Our study provides evidence that PRG1-

mutations have a potential modifying influence on SCN1A-related epilepsy in humans.
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INTRODUCTION

Epilepsy is one of the most common neurological disorders in humans, which across North
America and Europe affects approximately five people in every 1000 (Banerjee et al, 2009).
More than 350 epilepsy-associated genes have been described in the literature. Most of
them play an important role in neuronal excitability, cortical development, or synaptic
transmission (Noebels, 2017). The first discovered disease genes to be linked to epilepsy in
humans and mice were all subunits of voltage- and ligand-gated ion channels. Mutations in
these genes currently constitute approximately one third of nearly 150 monogenic seizure
disorders (Noebels, 2017), affecting either voltage-gated [SCN1A (Escayg et al, 2000), KCNQ2
(Singh et al, 1998)] or ligand-gated ion channels [CHRNA4 (Steinlein et al, 1995), GABRG2
(Baulac et al, 2001; Wallace et al, 2001)]. The concept of “channelopathy” implies that dys-
function of neuronal ion channels might lead to altered ion currents and destabilization of

the membrane potential, potentially leading to increased epileptic network activity.

Mutations in SCN1A mainly cause two epilepsy syndromes, (i) a severe form of epilepsy
characterized by fever-associated and afebrile seizures, called “Dravet syndrome” (Depienne
et al, 2010) and (ii) a milder dominant familial epilepsy syndrome, called “Genetic Epilepsy
with Febrile Seizures Plus” (GEFS+) (Escayg & Goldin, 2010). The severity of GEFS+ spans a
broad phenotypical spectrum ranging from healthy carriers to simple febrile seizures, febrile
seizures plus, and sometimes severe forms of epilepsy. On rare occasions SCN1A mutations

may cause “Myoclonic-astatic epilepsy”, “Infantile spasms” (West syndrome), or Familial

Hemiplegic Migraine (FHM) (Dichgans et al, 2005; Oyrer et al, 2018).

The genetic background, e.g. the interplay of genes jointly contributing to a biologic function
such as synthesizing a protein or establishing a neuronal network, may have a profound in-
fluence on the penetrance and severity of symptoms of genetic disorders such as epilepsy.
Partially, these phenomena can be modeled in mouse strains with different seizure suscepti-
bilities. As an example, the seizure phenotype of Scnladysfunction heavily depends on the
genetic background, e.g. the same Scnla mutation on the 129/Sv) background results in a
much milder seizure phenotype than if expressed on the C57BL/6 background (Yu et al,
2006). Secondly, alleles that cause mild or no phenotypes in isolation may result in more
severe epilepsy when combined, as demonstrated in double mutant mice carrying the

Q54

Scn2a®? transgene together with either heterozygous Kcng2” %M or Kcande' (5zt1) alleles
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(Kearney et al, 2006). Even though the importance of various genetic factors is evident in

theory, they are mostly unknown.

In Dravet syndrome, a modifying effector has been suggested that may explain the variable
expressivity and penetrance of epilepsy in patients with sodium channel mutations (Singh et
al, 2009). Different modifier genes in neural hyperexcitability pathways have been demon-
strated in experimental models, e.g. comprising mutations in subunits of voltage- or ligand
gated ion channels (Calhoun et al, 2017; Frankel et al, 2014). Others like the Tau protein play
a general role in regulating intrinsic neuronal network hyperexcitability, and deletion of its
coding gene suppresses seizures and sudden unexpected death (SUDEP) in different mouse
models (Holth et al, 2013; Gheyara et al, 2014).

Beyond epileptic encephalopathies that are caused by ion channel dysfunction, epilepsy is
also caused by mutations in genes involved in pathways regulating synaptic transmission
(Appenzeller et al, 2014), especially through impairment of genes that are involved in path-
ways of synaptic inhibitory transmission from early development through maturation of

adult GABA neurotransmission (Noebels, 2015).

Here we show that one such pathway is connected with the Plasticity Related Gene 1 (PRG1,
syn. PLPPR4 MIM*607813). This cerebral neuron-specific membrane protein is related to
lipid-phosphate phosphatases (LPP) and is highly conserved in vertebrates. PRG1 is located
at the postsynaptic density of excitatory synapses of glutamatergic cortical neurons.
Postsynaptic PRG1 controls lysophosphatidic acid (LPA) signaling at glutamatergic synapses
via presynaptic LPA2 receptors (Trimbuch et al, 2009) thereby reducing glutamate release
probability and regulating cortical excitability from early postnatal stages (Vogt et al, 2017).
PRG1 also affects spine density and synaptic plasticity in a cell-autonomous fashion via acti-
vation of the protein phosphatase 2A (PP2A)/ITGB1 (Liu et al, 2016, 1). To test the contribu-
tion of PRG1-deficiency to the pathophysiology of epilepsy, we investigated seizure activity
in genetically modified mice after kainate application, screened human patients with West
syndrome for mutations in PRG1, and functionally validated a mutation by ex vivo electro-

physiology recordings in an in-utero electroporation model.
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RESULTS

PATIENT STUDIES

Case history

The female patient (Fig. 1A, IIl:2) is the second child of non-consanguineous Caucasian par-
ents. She was born at term and developed normally until the age of 6 months, when she
exhibited clusters of flexion spasms and developmental regression. The EEG showed hyp-
sarrhythmia suggestive of West syndrome. Cranial MRI and metabolic testing for increased
excretion of organic acids or amino acids were normal. Seizures stopped under treatment
with sulthiame. The elder brother (lll:1) and both parents (lI:6, 1:7) are healthy. Despite her
initial developmental delay, once her seizures were controlled she progressed normally and
was able to achieve age-appropriate milestones later in life. Following termination of AED

treatment at 2 years of age no further seizures occurred.

Genetic screening revealed a combined heterozygous mutation in the PRG1 and the SCN1A
gene

We analyzed the entire coding and flanking intronic sequences of PRG1 in a cohort of 18
unrelated patients with idiopathic infantile seizures. In patient Ill:2 we identified a heterozy-
gous missense mutation [chr1:99.767.383C>G (hg19), c.896C>G, p.T299S, NM_014839] in
exon 6 (Fig. 1B, C). The mutation is located in the third extracellular domain (Fig. 1E), which
is evolutionary conserved in mammals and birds as well as in other LPP protein-family mem-
bers (Fig. 1D). The ¢.896C>G variant was absent in 400 alleles of normal controls from Mid-
dle Europe as well as in the individuals of the 1000 genome and 5000 exome projects. It was
found once in heterozygous state in one individual from Europe (Non-Finnish) amongst
245,604 alleles from the gnomAD database (http://gnomad.broadinstitute.org | accessed
March 2018) (Lek et al, 2016). The heterozygous p.T299S variant, predicted to be ‘disease
causing’ by MutationTaster2 (Schwarz et al, 2014) with a probability of P=0.983, had been
inherited from her clinically unaffected father (11:7) letting us assume that the PRG variant
might be a modifying factor of a preexisting mutation on another gene. Hence we investi-
gated this possibility and screened for other epileptogenic mutations in patient Ill:2 by

Whole-Exome Sequencing (WES).

WES revealed a second heterozygous missense variant [chr2:166.901.593T>C (hgl9)
c.1622A>G, p.N541S, NM_006920] in the SCN1A gene. The variant amino acid position is

located in a sequence motif that is highly conserved in vertebrates (Fig. 1D) and was not
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listed either as a polymorphism or pathogenic variant in the SCN1IA mutations databases
(http://www.scnla.info/; http://www.molgen.vib-ua.be/scnlamutations/). Further it was
absent from the individuals of the 1000 genome and 5000 exome projects as well as from

the 276,938 alleles of the gnomAD database.

The heterozygous p.N541S SCN1A variant had been inherited from her healthy mother (11:6)
and was also present in one of the mother’s unaffected brothers (II:3). This allows the as-
sumption that the mutation was inherited from the patient’s grandparents (I:1 or 1:2) who
were not available for genetic testing. Other potential disease mutations within a panel of
genes presently known to cause epilepsy if mutated (n=350 on Supplementary table 01),
especially those associated with West Syndrome could be excluded, either due to their fre-
guency in healthy controls (of the 1000 Genome Project and the gnomAD Server) or due to

an entirely distinct clinical phenotype (Supplementary table 02).

ANIMAL STUDIES

Heterozygous Prg1l-mutant mice show neither juvenile seizures nor spiking pattern in the
EEG.

In agreement with the previous reports on increased early postnatal neuronal network ex-
citability (Vogt et al, 2017) and on juvenile hippocampal seizures (Trimbuch et al, 2009),
Prgl’/‘ mutants (n=7) recorded on postnatal days 19-22 showed epileptiform activity in the
cortical EEG and exhibited associated tonic-clonic or clonic motor seizures (4 of 7 mice, Fig.
2). One Prgl'/' mutant mouse died between P21-P22 in status epilepticus. Neither heterozy-
gous Prg1+/' (n=7) nor wild type littermates (n=6) displayed pathological electrographic activ-
ity or spontaneous seizures (Fig. 2). Breeding observations of this mouse line for at least 24
months indicated that homozygous Prgl'/' animals, which survived the critical time period at

around 3 weeks of age, remained henceforth clinically seizure-free until death.

Heterozygous Prg1-mutant mice show increased seizure susceptibility in adulthood.

Having shown that homozygous Prgl'/' mice had spontaneous seizures during early postna-
tal development, we investigated the potential of Prgl-haploinsufficiency to modify seizure
susceptibility (Fig. 3). As heterozygous Prg1+/' mice did not seize spontaneously, we used an
established kainate-model in adult animals (McLin & Steward, 2006). Since the Prgl-
knockout animals are maintained on the congenic C57BL/6J background, which is especially

resistant to kainate-induced seizures, we compared the susceptibility of the mutants to their
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wildtype (wt) littermates. Only 7 out of 13 wt mice reached status epilepticus, which agrees
with published data (McLin & Steward, 2006). After an initial kainate injection, heterozygous
Prgl+/' and homozygous Prgl'/' mice exhibited significantly higher average seizure suscepti-
bility scores than their wt littermates, in which epileptic activity was almost absent (Fig. 3A).
In addition, Prg1+/' mice required significantly lower amounts of kainate to progress into
their first epileptic seizure than their wildtype littermates (Fig. 3B). In fact, 23 out of 24
Prg1+/' mice and all (14 out of 14) Prgl'/' exhibited status epilepticus, which is in strong con-
trast to 7 out of 13 in the wildtype group (Fig. 3C). The body weight of the mice did not sig-
nificantly differ between the groups (Fig. 3D). These data suggest that Prgl-
haploinsufficiency significantly increases susceptibility for entry into status epilepticus, indi-
cating that already a partial reduction of functional Prgl at the synapse has important func-

tional consequences for hippocampal network stability.

Double heterozygous Prgl/Scnla-mutant mice show increased seizure susceptibility in
adulthood.

We investigated the potential of Prg1 haploinsufficiency to modify the epileptic phenotype

wt/p.R1648H

of heterozygous Scnla mice by crossing both lines to obtain double heterozygous

Prgl"/'|5cnla‘”t/R1648H mice (Fig. 4). Again, we used the established kainate-model in adult
animals to induce seizures. Due to the importance of the genetic background affecting epi-

leptic susceptibility (McLin & Steward, 2006), we analyzed wildtype littermates from the

- .R1648H
| Scn1g"/P-R1648

same breeding line as controls. All Prg1 mutants (13/13) developed epilep-

tic seizures (stage 4) after an initial kainate dose, whereas only 3 out of 21 of the
Scn1a"7PRIG%H Jittermates did so. Also the epilepsy stage reached after an initial kainate

| Scn1a"/PR1%48% mice than in

dosage was significantly higher in double heterozygous Prg1

wt/p.R1648H

their Scnla or wildtype littermates suggesting higher seizure susceptibility in Prg1+/'

wt/p.R1648H

|Scnia mice. After an initial kainate injection, all but one heterozygous Prg1+/'

wt/p.R1648H wt/p.R1648H

|Scnla mice directly proceeded to status epilepticus (SE), while Scnla or

wildtype littermates required additional dosages to reach stage 5 criteria (SE), which is mir-

rored by the significant lower total amount of kainate necessary for Prg1+/'|5cnlaWt/”'R1648H

mice to progress into their first seizure (Fig. 4B). The higher seizure susceptibility of Prg1+/'

wt/p.R1648H

|Scnla mice is further reflected by the fact that 100% of these mice reached SE-

criteria, while SE was reached by only 76% of the Scn1a"7PRI%H and 71% of their wildtype
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littermates (Fig. 4C). No differences were observed in body weight between genotypes (Fig.
4D).

These data suggest that Prg1-haploinsufficiency significantly increases susceptibility for epi-

wt/p.R1648H

leptic seizures in heterozygous Scnla mice.

ELECTROPHYSIOLOGY

The p.T300S mutation of Prgl shows a loss-of-function effect in the mouse hippocampus.

To test the functional relevance of the human p.T299S missense mutation of PRG1 on the
cellular level, we performed electrophysiological experiments on acute hippocampal brain
slices (Fig. 5) from Prgl'/' animals, into which we had either in-utero electroporated (Fig.
5A,B) a wildtype Prg1-GFP or a Prglp'mOS—GFP fusion construct (nota bene: the p.T300S mu-
tation in mice corresponds to the p.T299S in humans). Such functional rescue on the cellu-
lar/neuronal level has been successfully demonstrated previously (Trimbuch et al, 2009).
This approach allowed us to investigate the electrophysiological effects of re-expressed Prgl
in a small subset of GFP* single neurons independent of the surrounding Prg1-knockout en-

vironment.

Whole cell patch-clamp recordings from GFP*/Prgl* and from GFP'/Prgl'/' CA1 pyramidal
neurons in acute hippocampal slices (Fig. 5C) showed a significant decrease of the miniature
Excitatory Postsynaptic Current (mEPSC) frequency in the GFP*/Prgl” cells, indicating a func-
tional rescue by electroporation of the Prgl-GFP fusion construct (GFP'/Prgl'/', n=14;
3.32+0.43 Hz; GFP'/Prgl®, n=17; 1.86+0.13 Hz; unpaired two-tailed t-test: p=0.0014) (Fig.
5D,E).

Next we set out to test whether in-utero electroporation of GFP/Prgl-constructs with the
mutation corresponding to human p.T299S were able to rescue the electrophysiological ef-
fects seen in the Prgl'/' neurons (Fig. 5D,E). Recordings of mEPSCs from GFP*/Prg1° ™ and
GFP'/Prgl'/' in CA1 pyramidal neurons did not show any significant differences in frequency

(GFP/Prg1”, n=9; 3.2040.41 Hz; GFP*/Prg1” ™% n=11; 2.98+0.26 Hz; p=0.32).

In the hippocampus, the neurons of the CA3 region are known to be crucially involved in
epileptogenesis (Zhang et al, 2012). Hence we additionally performed whole cell patch-
clamp recordings from hippocampal CA3 pyramidal neurons (Fig. 5F,G) and also found an

mMEPSC frequency that was significantly higher in Prgl'/' mice as compared to wildtype lit-
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termates (2.47+0.32 Hz versus 5.15+0.64 Hz; unpaired two-tailed t-test: p=0.007). This con-

firms that loss of Prgl function increased excitability in both CA1 and CA3 areas.

These results indicate that the construct corresponding to the human p.T299S mutation was
unable to rescue Prgl deficiency on the synaptic level. The persisting increase of excitatory
glutamatergic transmission functionally confirms the loss-of-function of the human muta-

tions.
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DISCUSSION

In a previous study we show that homozygous Prgl-deficiency in mice resulted in neuronal
hyperexcitability, early neuronal network synchronization, and seizures around postnatal
days P18-21 (Vogt et al, 2017). Heterozygous Prg1+/'littermates had a normal EEG at resting
state, but showed an increased susceptibility for epileptic seizures upon kainate stimulation.
This indicates a sub-threshold increase of neuronal excitability caused by PRG1 haploinsuffi-

ciency.

To follow-up on these observations, we searched for PRGI-mutations in human patients
with epilepsy. The decision, which cohorts to screen, was guided by the mouse phenotype:
(i) Most homozygous Prgl‘/’ mice convulse around postnatal days P18-21. This corresponds
to a human age of 6-9 montbhs, if referring to fundamental dynamics of brain growth, circuit
organization and myelination (Levitt, 2003). The Prgl‘/’ mice who survived their spontaneous
status epilepticus lived on normally after P22 (verified by video monitoring), when seizures
spontaneously ceased (Trimbuch et al, 2009). (ii) Prgl is expressed in the mouse hippocam-
pus during postnatal brain development (Brduer et al, 2003; Unichenko et al, 2016), and (iii)
the EEG of the Prgl'/' animals showed prominent irregular high-amplitude, slow-frequency
discharges, multifocal spikes, and absent topical organization reminiscent of hypsarrhyth-
mia, a hallmark of West syndrome (Dulac, 2001). We thus chose a cohort of 18 children with

idiopathic West syndrome (infantile spasms).

In this cohort we found one child with a heterozygous PRG1-mutation resulting in the substi-
tution of a serine for a threonine (p.T299S), which was absent in 400 Middle European con-
trol alleles, in 2,504 individuals of the 1000 genome project and present only once in hetero-
zygous state in 122,802 individuals from the gnomAD server. Thr299 is located in the third
extracellular domain in a motif that is highly evolutionary conserved in PRG1 and in other
members of the LPP protein-family. Thr299 is located adjacent to Arg297, one of the critical
amino acids for phospholipid interaction and de-phosphorylation of bioactive lipid-
phosphates (Zhang et al, 2000). A similar mutation p.H253K, in the second extracellular do-
main that was previously introduced by in utero electroporation into embryonic mouse
brains, disturbed the interaction between Prgl with lysophosphatidic acid and to disrupt

Prgl function as shown by electrophysiological measurements (Trimbuch et al, 2009).

To establish whether the PRG1 p.T299S substitution affects protein function, we in-utero re-

expressed the mouse homolog of the human mutation in neurons of Prgl'/' mutants and
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investigated glutamatergic transmission in the hippocampus. Indeed, the altered p.T299S
mutant Prgl molecules were no longer able to control lipid signaling on the synaptic level in
Prgl'/' neurons. This loss of function and subsequent dramatic increase in glutamatergic
transmission would likely be a contributing factor to epileptogenesis, both in mice and in

humans (Bianchi et al, 2012).

Guided by our mouse data, where Prgl-haploinsufficiency significantly increases susceptibil-
ity for epileptic seizures, we assumed a modifying effect of the PRG1-variant since this vari-
ant was inherited from an unaffected parent. Our hypothesis was strengthened by the dis-
covery of an additional p.N541S SCN1A variant in our patient. In our family the impact of the
SCN1A variant alone seems to be insufficient to cause epileptic seizures as this variant had
been inherited from the clinically unaffected mother and was also found in another healthy
family member (Fig. 1A). This mutation, which is not present in the SCNIA mutation data-
bases or in the Human Genome Mutation Database (HGMD), was predicted to be disease-
causing by the MutationTaster2 software with a probability of P=0.999. It was found only
once in the heterozygous state amongst 245,604 alleles from the gnomAD database, a large
gene mutation databases of non-epileptic individuals. With respect to pathogenicity of a
SCN1A variant we are aware that a number of SCN1A variants in the HGMD database would
not be classifiable as “clearly pathogenic”, and that, as recently pointed out, a significant
fraction of patients identified with SCN1IA mutations may actually not carry any SCN1A vari-
ant relevant for epileptogenesis (Lal et al, 2016). We agree with these authors that the role
of SCN1A missense variants in the pathogenesis of common epilepsies should not be over-
stated. However, we want to point out that the pathogenicity of a certain variant does not
only depend on the functional alteration of the protein in isolation, but also on the function-
al network in which the protein operates. In some cases this network might compensate for
a minor dysfunction (as in the mother and the uncle of our patient) and in other cases not

(as in our patient with West syndrome).

A number of studies provide compelling evidence for the presence of genetic modifiers. Mil-
ler et al. demonstrated that disease severity in Scnla mutant mice strongly depends on the
genetic background of the respective mouse strain and identified several modifier loci
(Miller et al, 2014). Ohmori et al. reported that patients with SCN1IA mutations plus certain
CACNAI1A variants had absence seizures more frequently than patients with SCN1IA muta-

tions alone and exhibited earlier seizure onset and prolonged seizure duration (Ohmori et al,
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2013). Singh et al. proposed SCN9A as a genetic modifier of Dravet syndrome, whereby
SCN9A may exacerbate the impact of SCNIA mutations on neuronal excitability (Singh et al,
2009). Despite these association studies, functional poof of a modifier for epilepsy in hu-
mans has not yet been provided. To study the effect of Prg1-mutations on a preexisting epi-
leptic phenotype, we performed double mutant studies of Prg1+/' mice carrying an epilepsy-
causing mutation in the Na,1.1 sodium channel (Scnla). This mutation has been previously
identified in a large family exhibiting either febrile or afebrile generalized tonic—clonic or
absence seizures (Escayg et al, 2000). The SCNAI mouse model recapitulates the human
GEFS+ phenotype, showing spontaneous generalized seizures and a reduced threshold to
thermally induced seizures even in a heterozygous state (Martin et al, 2010). Our epilepsy
studies suggest a synergistic effect with respect to seizure susceptibility in Prgl-
haploinsufficient mice additionally carrying an epilepsy-causing Scnla mutation, a situation
which in fact resembles the genetic background of our patient harboring two mutations in a

heterozygous state.

Based on the functional data, we assume that a combined haploinsuffiency of PRG1 and
SCN1A might be potent enough to evoke a transient severe seizure phenotype in our pa-
tient. The p.N541S variant is located in the large cytoplasmic loop between the first and sec-
ond transmembrane segments of the SCN1A channel, a region known to be sometimes tol-
erant to substitutions, even if the substitution affects an evolutionarily conserved residue
(Lal et al, 2016). Hence this variant might only have a modest effect on channel function,
illustrated by the fact the single SCN1A heterozygous individuals (Fig. 1A, 11:3 and 1I:6) are
seizure free, and its epileptogenic effect only becomes manifest in combination with the

heterozygous PRG1 mutation.

In summary, our clinical and functional data indicate that PRG1-haploinsufficiency mediates
an increase in excitability, sufficient to modify a pre-existing epileptic phenotype resulting in
apparent aggravation and eventually seizures, but is not sufficient to cause seizures by itself.
We thus assume that heterozygous PRG1-mutations can act as a modifier of a pre-existing
epileptic phenotype. Future studies will show, whether direct modulation of PRG1 or an indi-
rect intervention via the blocking of LPA2-receptors might be a valuable pharmacological
tool to treat juvenile forms of epilepsy. Using pharmacological intervention into phospholip-
id signaling, we were able to rescue the altered cortical somatosensory filter function in an

animal model with monoallelic PRG1 deficiency pointing towards a new therapeutic ap-
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proach against epilepsy, e.g. via modulation of phospholipid signaling by pharmacological
inhibition of the LPA-synthesizing molecule autotoxin (Vogt et al, 2016) by an orally bioavail-
able small molecule PF-8380 (Gierse et al, 2010).
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PATIENTS AND METHODS

Patient cohort

All patient-related studies were approved by the IRB of the Charité (EA1/215/08). All pa-
tients or caretakers provided written informed consent according to the Declaration of Hel-
sinki. Guided by the timing of seizures and the EEG pattern of hypsarrhythmia, we selected a
cohort of 18 patients suffering from idiopathic West syndrome with good outcome, who did
not require antiepileptic drugs (AEDs) later in life. Brain malformations and metabolic disor-

ders had been ruled out by appropriate imaging and metabolic studies.

Mutation screening in patients and control DNA samples

Genomic DNA was isolated from peripheral blood cells or from saliva by standard protocols.
All coding exons of PRG1 and 50 bp flanking intronic regions (GenBank NM_014839.4) were
PCR-amplified and subjected to automatic sequencing with the BigDye® Terminator protocol
(Applied Biosystems). Sequences were analyzed with the MutationSurveyor v3.10 (Soft-
Genetics) and the MutationTaster software (Schwarz et al, 2014). PCR conditions and oligo-
nucleotide primer sequences are available upon request. The presence of the c.896C>G
PRG1-mutation was verified in the patient and her family by restriction fragment length pol-
ymorphism (RFLP) analysis (Fig. 1C): The oligonucleotide primer pair (FORW) 5-TTG GCA
GGC ACA GAA CAT AG-3’ and (REV) 5’-CGG CCA GAG ATT TTC TCA TT-3’ amplified a 442 bp
fragment from genomic DNA, which would cleaved by Ddel into fragments of 190+180+72
bp in the presence of the wildtype and 262+180 bp of the mutant allele. Absence of the mu-
tation in 200 healthy controls from the same ethnic background was verified by the same

assay.

Whole Exome Sequencing

Exonic sequences were enriched from genomic DNA of the patient (Fig. 1A, Ill:2) and her
parents (Fig. 1A, 11:6 and II:7) using the SureSelect® V4 Human All Exon 51 Mb Kit (Agilent
Technologies). Sequencing was done on a HiSeq®2500 machine (lllumina), which produced
between 43-62 million 100 bp paired-end reads. The combined paired-end FASTQ files were
aligned to the human GRCh37.p11 (hgl19/Ensembl 72) genomic sequence using the BWA-
MEM V.0.7.1 aligner (Li, 2013). The raw alignments were fine-adjusted and called for devia-
tions from the human reference sequence (GRCh37.p11) in all exonic £50 bp flanking regions
using the Genome Analysis Toolkit (GATK v3.8) software package (DePristo et al, 2011;

McKenna et al, 2010). The resulting variant (VCF) files comprised =60-80.000 variants and
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were sent to the MutationTaster2 Query Engine for assessment of the potential pathogenici-
ty of all variants (Schwarz et al, 2014). Subsequent downstream analysis of potentially path-
ogenic variants was restricted to the 350 known epilepsy genes (Supplementary table 01).
De novo mutations in the patient were screened for by trio-WES. Subsequently we com-
pared the patient’s variant calling (VCF) file to those of her parents using the ‘--mendel’ op-
tion of the VCFtools v0.1.14 software package to search for variants that were present in the

patient, but not in her parents (Danecek et al, 2011).

Animal studies

The animal studies were approved by the local animal welfare committee (LaGeSo T0100/03
& G0433/09, as well as G-12-096). We used male heterozygous Prgl'/+, homozygous Prgl‘/’
(Trimbuch et al, 2009), heterozygous Scn1g"/p-R1648H (Hedrich et al, 2014; Martin et al, 2010),

and double heterozygous Prg1”*|Scn1g""F-R164H

mutant mice on a C57BL/6J genetic back-
ground along with their wildtype littermates. In humans, the heterozygous p.R1648H muta-
tion in SCN1A causes a GEFS+ phenotype (Escayg et al, 2000). Mice were kept under SPF-
conditions with a 12 h dark/light cycle, had ad libitum access to food and water and were

kept and euthanized in accordance with national regulations.

EEG recordings in freely moving animals using implanted epidural electrodes

Single tungsten wires (40 um, California Fine Wire) were implanted into P18 pups under
isoflurane anesthesia. Craniotomies were performed without damaging the underlying dura.
Electrodes were placed bilaterally at 2.0 mm posterior from bregma and 3.0 mm lateral from
midline with a reference electrode above the cerebellum (Trimbuch et al, 2009). Implanted
electrodes were secured on the skull with dental acrylic. During recordings electrodes were
connected to operational preamplifiers to eliminate cable movement artifacts. Electrophysi-
ological signals were differentially amplified, band-pass filtered (1 Hz-10 kHz) and acquired
continuously at 32 kHz (Neuralynx). Recordings were performed on freely moving animals at
P19-P22 in 19 x 29 cm Plexiglas cages. EEG was obtained by low-pass filtering and down-
sampling of the wide-band signal to 1,250 Hz. Mice were monitored from different angles by

two video cameras.

Seizure induction with kainic acid
Adult male 3-months-old wildtype (n=13), hetero- (n=24), and homozygous (n=14) Prgl-
mutant (Trimbuch et al, 2009) littermates as well as Scn1g"Y/P-R1648H heterozygous (n=21)

(Hedrich et al, 2014; Martin et al, 2010), Prg1*" | Scn1a"/P**6*" double-heterozygous (n=13),
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and wildtype littermates (n=14) were analyzed for susceptibility to cerebral seizures. The
susceptibility for epileptic seizures was assessed following established protocols (McLin &
Steward, 2006). Briefly, animals were initially injected with 20 mg/kg kainate (at a concen-
tration of 5 mg/ml) and assessed for 45 minutes. After this period, animals were given addi-
tional doses of kainate (14 mg/kg) at a 45 min interval (or at a 60 minutes interval after
reaching level 4 seizures) and were assessed every 5 minutes. According to standard criteria
from previous reports (McLin & Steward, 2006), only mice who exhibited level 5 seizures
(status epilepticus characterized by repetitive, tonic-clonic seizures for at least 2 observation
intervals longer than 10 min) during the 4 h evaluation period were included into this study.-
Epileptic susceptibility (reaching stage 5) was assessed on a binary (yes/no) basis. Seizure
stage was evaluated according to an established six-point scale (McLin & Steward, 2006).
Epilepsy stages were evaluated by at least two independent investigators who were blinded
for the genotypes. After the experiments animals tail cuts were genotyped and correspond-

ing genotypes were assigned.

In-utero electroporation

The in-utero electroporation experiments in embryos from Prg1+/' X Prg1+/' matings were
carried out in accordance with a protocol approved by the local animal welfare committee as
described before (Prozorovski et al, 2008). The wt and mutant Prg1-GFP plasmids (Trimbuch
et al, 2009) were prepared at a concentration of 4 pug/ul using the EndoFree Plasmid Kit (Qi-
agen). We used mice from timed matings at E15-E16 (post coitum). After anesthesia with 10
mg/ml ketamine and 1 mg/ml xylazine, the uterine horns were exposed. The DNA solution
(1.0-1.5 pl/embryo) was injected through the uterine wall into the lateral ventricle of two of
the embryos by pulled glass capillaries (WPI). Electric pulses were delivered to embryos by
holding the injected brain through the uterine wall with forceps-type electrodes (CUY650P5)
connected to a square-pulse generator (CUY 21 Edit, Unique Medical Imada). Five 38 V puls-
es of 50 ms were applied at 950 ms intervals. The uterine horns were carefully replaced into
the abdominal cavity before the muscle wall and skin were sutured. Animals were checked
for the Prgl'/' phenotype after birth and the efficacy of in-utero electroporation was as-
sessed by visualization of the GFP-fluorescence signal, whose coding sequence was also pre-

sent on the electroporated plasmid.

Electrophysiology
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P20-mice were anesthetized with isoflurane and decapitated. Brains were quickly removed
and chilled in ice-cold, oxygenated, sucrose based artificial cerebrospinal fluid (SACSF) con-
taining [in mM]: NaCl [87], NaHCO3 [26], sucrose [75], glucose [25], KCI [2:4], NaH,PO,4 [1.25],
MgCl, [7], and CaCl, [0.5] at 35010 mOsm. Horizontal 300 um slices were cut using a Leica
VT1200 Vibratome (Leica Microsystems). Slices were then incubated for 30 min at 35°C in
SACSF and afterwards stored at room temperature in normal ACSF containing [in mM]: NaCl
[119], NaHCO3 [26], glucose [10], KCI [2.5], NaH,PO,4 [1.25], MgCl; [1.3] and CaCl, [2.5]; pH
7.4 at 300+10 mOsm. Normal ACSF was also used for recordings. All solutions were constant-

ly equilibrated with carbogen (95% O, |5% CO,).

Whole-cell voltage-clamp recordings were performed with an Axopatch 700B amplifier (Ax-
on Instruments) and filtered at 2 kHz. Data were digitized (BNC-2090, National Instruments)
at 5-10 kHz, recorded and analyzed with custom-made software in IGOR Pro (WaveMetrics).
For whole-cell recordings, borosilicate glass electrodes (2-5 MQ) were filled with [in mM]: K-
gluconate [135], HEPES [10], Mg-ATP [2], KCI [20], EGTA [0-2], and spH was adjusted to 7.2
with KOH. Series resistance (Rs) was monitored throughout experiments; cells were rejected
if Rs was >30 MQ or varied >+30% during the recording. No Rs compensation was used.
Whole-cell recordings were performed in the presence of the GABA, receptor-antagonists
Gabazine [1 uM] (SR 95531, Sigma-Aldrich). For the recording of miniature excitatory
postsynaptic currents (mEPSCs) 2 pM Tetrodotoxin (TTX), 50 uM D-(-)-2-Amino-5-
phosphonopentanoic acid (D-AP5) and 100 uM Cyclothiazide (all drugs purchased from

Tocris Bioscience) were added to the recording solution.

Data analysis

Data was assessed for normal distribution and was analyzed accordingly. For group compari-
sons a nonparametric Kruskal-Wallis test was used. Non-parametric data were analyzed us-
ing the Mann-Whitney U-test. Post-hoc analysis was performed using the Dunn’s multiple
comparison test. Pearson’s xz was used for dichotomous (present/absent) values. Miniature
EPSCs were detected using a threshold algorithm generated in MatLab and/or Igor plug-in

NeuroMatics and statistical significance was assessed with a Student’s t-test.
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FIGURE LEGENDS
Figure 1: Pedigree of the family and molecular findings.
A Pedigree of the three generation family in whom one child (Ill:2) was affected with

West syndrome. The genotypes with respect to the SCNA1 and PRG1-mutations are provided

below the symbols.

B Sequence electropherograms for SCNA1 and PRGI1-mutations in the index patient

(lower panel) and a control (upper panel).

C Verification of the PRGI-mutation by RFLP analysis where the c.896C>G mutation

abolishes a Ddel endonuclease restriction site.

D The multiple species amino acid sequence alighments of PRG1 and of SCN1A demon-
strate the evolutionary conservation of both residues and their neighboring amino acids. The

mutated amino acids are highlighted.

E Putative structure with 6 transmembrane domains and 3 extracellular loops. The spe-
cific domains for the interaction of lipid phosphate phosphatases with lipid phosphates are
highlighted in red (D1-D3). The p.T299S mutation is located in the specific D3 domain of
PRG1.

Figure 2: EEG recording and lack of spontaneous seizures in Prg1+/' mice.

A Examples of cortical EEG recorded in freely moving Prgl'/', Prg1+/', and wildtype

+/+

Prg1*/* littermates on postnatal days P19-21. Prg1”" and Prg1** mice showed normal EEG,
while Prgl'/' mice displayed progressive aggravation of seizures up to lethal status epilepti-

cus on day P21.

B A hypersynchronous EEG pattern recorded on P21 in another Prgl'/' mouse (left),
power spectrum of this epoch (right) and a magnified slow potential with the concurrent
gamma-band (~50 Hz) oscillation (gray inset). These patterns were not observed in either

Prg1** or Prg1* mice.

C A snapshot from the video monitoring of motor activity performed simultaneously

with EEG acquisition in a Prg1*” mouse.

Figure 3: Epileptic susceptibility of adult Prg1+/' and Prg1'/' mice after kainate injection.

Nota bene: as the genetic background of the mice plays an important role with regard to the
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seizure susceptibility upon kainate injection (McLin & Steward, 2006), the control animals in

this experiment were hence always taken from wildtype littermates.

A The epilepsy stage reached after an initial kainate dosage was significantly higher in
heterozygous Prg1+/' (n=24) and homozygous Prgl'/' mice (n=14) than in their wildtype lit-

termates (n=13).

B In line with higher susceptibility to the initial dose, heterozygous Prg1+/' (n=23) and
homozygous Prgl'/' mice (n=14) needed lower amounts of kainate to evoke epileptic sei-

zures (stage 4).

C Epileptic susceptibility assessed by the ability of the mice to reach a status epilepticus
(SE=stage 5): only 53% of wildtype mice reached stage 5 while most (>95%) of the heterozy-

gous and all (100%) of the homozygous Prg1-mutant mice reached status epilepticus.

D To avoid bias by confounders, we compared the body weights between the tested
groups but did not find any significant differences. Statistical analyses for panels A, B, and D
were performed using the nonparametric Kruskal-Wallis with post hoc Dunn’s test, for panel
C with the Pearson’s y° test. Error bars depict the SEM; significance levels: *, p<0.05; **

<.0.01; ¥*** p<0.001; ***** p<0.0001.

Figure 4: Epileptic susceptibility of adult Scn1a"P**6*" and Prg1*/"| Scn1a"/PF****" double
heterozygous mice after kainate injection. Nota bene: as the genetic background of the
mice plays an important role with regard to the seizure susceptibility upon kainate injection
(McLin & Steward, 2006), the control animals in this experiment were always taken from

wildtype littermates.

A The epilepsy stage reached after an initial kainate dosage was significantly higher in

double heterozygous Prg1+/'|5cnlaWt/p'R1648H mice (n=13) in comparison to heterozygous

wt/p.R1648H

Scnla mice (n=16) alone.

B There was no significant difference between heterozygous Scnlawr/p'R1648H(n=16) and

wt/p.R1648H

heterozygous Prgl+/'|5cnla (n=13) mice with regard to reach epileptic seizures in

response to the initial kainate dose.
C Epileptic susceptibility assessed by the ability of the mice to reach a status epilepticus
wt/p.R1648H

(SE = stage 5): only 76% of wildtype littermates reached SE while 76% of the Scnla

and 100% of Prg1*""| Scn1a""PR16*8" mice did so.
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D To avoid bias by confounders, we compared the body weights between the tested
groups but did not find any significant differences. Statistical analyses for panels A, B, and D
were performed using the nonparametric Kruskal-Wallis with post hoc Dunn’s test, for panel
C with the Pearson’s xz test. Error bars depict the SEM; significance levels: *, p<0.05; **

<.0.01; ¥*** p<0.001; ***** p<0.0001.

Figure 5: Functional testing of the Prgl p.T300S mutation using in-utero electroporation

and electrophysiology.

A Scheme for in-utero electroporation (IUE), in which the gene of interest was intro-

duced at E15.

B Hippocampal slice from an IUE mouse showing the different regions. A subset of CA1
cells were successfully electroporated with the gene of interest that was GFP-tagged for vis-

ualization.

C Recording configuration used for the miniature currents. Neighboring CA1 pyramidal
cells of which one was electroporated (green, Ep) and the other non-electroporated (NonEp)

were recorded.

D Representative traces showing mEPSCs in Prgl’/‘ (white circle), Prgl rescued (grey

. T .
circle), and Prg1” %% (green circle) electroporated neurons.

E Reexpression of Prgl in Prgl'/' neurons significantly decreased mEPSC when com-
pared to neighboring Prgl'/' neurons, which corresponds to a functional rescue as shown
previously (Trimbuch et al, 2009). However, no differences in mEPSCs frequencies were ob-
served between neighboring knockout Prgl'/' neurons and Prglp'T300$ electroporated CA1l
pyramidal cells. mEPSC frequencies are plotted for Prgl'/' neurons and in-utero electro-

porated Prgl"/" neurons expressing Prgl, and Prg1” ™%

respectively. The n-numbers of in-
vestigated neurons of the respective genotypes are printed on the bars. Error bars depict the

SEM.

F-G  Also in hippocampal area CA3 the mEPSC frequency was significantly higher in Prgl'/'
mice as compared to wildtype mice. Representative traces of wildtype (black circle) and

Prgl'/' mice (white circle).
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Supplementary table 01: Panel of 350 genes that are known to be associated with a Mendelian trait that involves cerebral seizures (sorted in
alphabetical order). The chromosomal positions refer to genome build GRCh37.p11 (hg19/Ensembl 72).

GENE DESCRIPTION CHR| POS START POS END

ABCC8 ATP-binding cassette, sub-family C (CFTR/MRP), member 8 11| 17.498.449| 17.414.432
ACY1 aminoacylase 1 3| 52.023.218| 52.017.300
ADCK3 aarF domain containing kinase 3 1(227.175.246| 227.084.589
ADSL adenylosuccinate lyase 22| 40.762.577| 40.742.504
AGA aspartylglucosaminidase 4]178.363.657( 178.351.928
AHI1 Abelson helper integration site 1 6 135.818.903| 135.604.670
ALDH4A1 |aldehyde dehydrogenase 4 family, member Al 1| 19.229.293| 19.197.924
ALDH5A1 |aldehyde dehydrogenase 5 family, member A1 6| 24.537.435| 24.495.197
ALDH7A1 |aldehyde dehydrogenase 7 family, member Al 5[125.931.104| 125.877.533
ALG1 ALG1, chitobiosyldiphosphodolichol beta-mannosyltransferase 16| 5.137.380| 5.121.810
ALG12 ALG12, alpha-1,6-mannosyltransferase 22| 50.312.106| 50.296.852
ALG13 ALG13, UDP-N-acetylglucosaminyltransferase subunit 23| 110924346| 111003877
ALG2 ALG2, alpha-1,3/1,6-mannosyltransferase 9] 101.984.246| 101.978.707
ALG3 ALG3, alpha-1,3- mannosyltransferase 3[183.967.313| 183.960.117
ALG6 ALGS, alpha-1,3-glucosyltransferase 1| 63.904.233| 63.833.261
ALG8 ALGS, alpha-1,3-glucosyltransferase 11| 77.850.699| 77.811.988
ALG9 ALG9, alpha-1,2-mannosyltransferase 11| 111.742.305|111.652.919
AMT aminomethyltransferase 3| 49.460.111| 49.454.211
APTX aprataxin 9| 33.001.639| 32.972.604
ARFGEF2  |ADP-ribosylation factor guanine nucleotide-exchange factor 2 (brefeldin A-inhibited) 20| 47.653.230| 47.538.250
ARG1 arginase 1 6]131.905.472( 131.894.344
ARHGEF9 |Cdc42 guanine nucleotide exchange factor (GEF) 9 23| 63.005.426| 62.854.847
ARL13B ADP-ribosylation factor-like 13B 3| 93.774.522| 93.698.983
ARSA arylsulfatase A 22| 51.066.601| 51.061.182
ARSB arylsulfatase B 5| 78.282.357| 78.073.032
ARX aristaless related homeobox 23| 25.034.065( 25.021.811
ASPA aspartoacylase 17 3.402.700 3.377.404
ASPM asp (abnormal spindle) homolog, microcephaly associated (Drosophila) 1| 197.115.824| 197.053.257
ATIC 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase 2(216.214.496| 216.176.679
ATP1A2 ATPase, Na+/K+ transporting, alpha 2 polypeptide 1]/160.113.381| 160.085.520
ATP2A2 ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 12| 110.788.898| 110.719.032
ATP6AP2 ATPase, H+ transporting, lysosomal accessory protein 2 23| 40.465.889( 40.440.141
ATP6VOA2 |ATPase, H+ transporting, lysosomal VO subunit a2 12| 124.246.302| 124.196.865
ATPAF2 ATP synthase mitochondrial F1 complex assembly factor 2 17| 17.942.483| 17.921.334
ATR ataxia telangiectasia and Rad3 related 3[142.297.668| 142.168.077
ATRX alpha thalassemia/mental retardation syndrome X-linked 23| 77.041.755| 76.760.356
B4GALT1 UDP-Gal:betaGIcNAc beta 1,4- galactosyltransferase, polypeptide 1 9| 33.167.356| 33.110.636
BCKDK branched chain ketoacid dehydrogenase kinase 16| 31.124.112| 31.119.615
BCS1L BC1 (ubiquinol-cytochrome c reductase) synthesis-like 2(219.528.166| 219.524.379
BOLA3 bolA family member 3 2| 74.375.039| 74.362.528
BRAF v-raf murine sarcoma viral oncogene homolog B 7]140.624.564( 140.415.749
BRD2 bromodomain containing 2 6| 32.949.282| 32.936.437
BTD biotinidase 3| 15.689.147| 15.642.864
BUB1B BUB1 mitotic checkpoint serine/threonine kinase B 15| 40.513.337| 40.453.210
C12orf65 chromosome 12 open reading frame 65 12(123.742.651| 123.717.844
CACNA1A |calcium channel, voltage-dependent, P/Q type, alpha 1A subunit 19| 13.617.274| 13.317.256
CACNA1H |calcium channel, voltage-dependent, T type, alpha 1H subunit 16 1.271.772 1.203.241
CACNA2D2 |calcium channel, voltage-dependent, alpha 2/delta subunit 2 3| 50.540.892| 50.400.230
CACNB4 calcium channel, voltage-dependent, beta 4 subunit 2|152.955.593( 152.689.285
CARS2 cysteinyl-tRNA synthetase 2, mitochondrial (putative) 13| 111293757| 111358480
CASK calcium/calmodulin-dependent serine protein kinase (MAGUK family) 23| 41.782.415| 41.374.187
CASR calcium-sensing receptor 3[122.005.350| 121.902.530
CBL Cbl proto-oncogene, E3 ubiquitin protein ligase 11]119.178.859| 119.076.986
CC2D2A coiled-coil and C2 domain containing 2A 4| 15.603.594| 15.471.489
CCDC88C |coiled-coil domain containing 88C 14| 91.884.188| 91.737.667
CDK5RAP2 |CDKS5 regulatory subunit associated protein 2 9]123.342.448(123.151.147
CDKL5 cyclin-dependent kinase-like 5 23| 18.671.749| 18.443.725
CENPJ centromere protein J 13| 25.497.027| 25.456.412
CEP152 centrosomal protein 152kDa 15| 49.104.092| 49.030.135
CEP290 centrosomal protein 290kDa 12| 88.535.993| 88.442.790
CHD2 chromodomain helicase DNA binding protein 2 15| 93442286| 93571237
CHRNA2 cholinergic receptor, nicotinic, alpha 2 (neuronal) 8| 27.336.813| 27.317.278
CHRNA4 cholinergic receptor, nicotinic, alpha 4 (neuronal) 20| 62.009.487| 61.974.662
CHRNB2 cholinergic receptor, nicotinic, beta 2 (neuronal) 1| 154.552.354| 154.540.257
CLCN2 chloride channel, voltage-sensitive 2 3|184.079.439( 184.063.973
CLCNKA chloride channel, voltage-sensitive Ka 1| 16.360.548| 16.348.486
CLCNKB chloride channel, voltage-sensitive Kb 1 16.383.821| 16.370.231
CLN3 ceroid-lipofuscinosis, neuronal 3 16| 28.505.897| 28.488.600
CLN5 ceroid-lipofuscinosis, neuronal 5 13| 77.576.652| 77.566.059
CLN6 ceroid-lipofuscinosis, neuronal 6, late infantile, variant 15| 68.522.081| 68.499.330
CLN8 ceroid-lipofuscinosis, neuronal 8 (epilepsy, progressive with mental retardation) 8 1.734.736 1.703.944
CNTNAP2 |[contactin associated protein-like 2 7(148.118.090| 145.813.453
COG1 component of oligomeric golgi complex 1 17| 71.204.646| 71.189.070

COG7 component of oligomeric golgi complex 7 16| 23.464.583| 23.399.814
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GENE DESCRIPTION CHR| POS START POS END

COG8 component of oligomeric golgi complex 8 16| 69.373.526| 69.362.524
COL18A1 collagen, type XVIII, alpha 1 21| 46.933.634| 46.825.058
COL4A1 collagen, type IV, alpha 1 13| 110.959.496| 110.801.310
coQ2 coenzyme Q2 4-hydroxybenzoate polyprenyltransferase 4| 84.206.067| 84.184.972
c€oQ9 coenzyme Q9 16| 57.495.187| 57.481.337
COX10 cytochrome c oxidase assembly homolog 10 (yeast) 17| 14.111.996| 13.972.719
COX15 cytochrome c oxidase assembly homolog 15 (yeast) 10| 101.492.423| 101.455.886
CPT2 carnitine palmitoyltransferase 2 1| 53.679.869| 53.662.101
CSTB cystatin B (stefin B) 21| 45.196.256| 45.193.546
CTSA cathepsin A 20( 44.527.459| 44.519.591
CTSD cathepsin D 11 1.785.222 1.773.982
cuL4B cullin 4B 23(119.709.684| 119.658.444
DCX doublecortin 23(110.655.460| 110.537.007
DEPDC5 DEP domain containing 5 22( 32.303.020| 32.149.937
DLD dihydrolipoamide dehydrogenase 7| 107.561.643| 107.531.586
DNAJC5 DnalJ (Hsp40) homolog, subfamily C, member 5 20| 62.567.384| 62.526.455
DOLK dolichol kinase 9] 131.710.012| 131.707.809
DPAGT1 dolichyl-phosphate (UDP-N-acetylglucosamine) N-acetylglucosaminephosphotransferase 1 (GIcNAc-1-P transferase) 11(118.973.124| 118.967.213
DPM1 dolichyl-phosphate mannosyltransferase polypeptide 1, catalytic subunit 20| 49.575.081| 49.551.404
DPM3 dolichyl-phosphate mannosyltransferase polypeptide 3 1] 155.112.996| 155.112.367
DPYD dihydropyrimidine dehydrogenase 1| 98.386.615| 97.543.299
EFHC1 EF-hand domain (C-terminal) containing 1 6| 52.360.583| 52.284.994
EIF2B1 eukaryotic translation initiation factor 2B, subunit 1 alpha, 26kDa 12| 124.118.323| 124.105.570
EIF2B2 eukaryotic translation initiation factor 2B, subunit 2 beta, 39kDa 14| 75.476.294| 75.469.612
EIF2B3 eukaryotic translation initiation factor 2B, subunit 3 gamma, 58kDa 1| 45.452.394| 45.316.194
EIF2B4 eukaryotic translation initiation factor 2B, subunit 4 delta, 67kDa 2| 27.593.324| 27.587.219
EIF2B5 eukaryotic translation initiation factor 2B, subunit 5 epsilon, 82kDa 3[183.863.099| 183.852.810
EMX2 empty spiracles homeobox 2 10{ 119.309.057| 119.301.956
EOMES eomesodermin 3| 27.764.206| 27.757.440
EPM2A epilepsy, progressive myoclonus type 2A, Lafora disease (laforin) 6(146.057.128| 145.946.440
ETFA electron-transfer-flavoprotein, alpha polypeptide 15| 76.603.810| 76.508.628
ETFB electron-transfer-flavoprotein, beta polypeptide 19| 51.869.672| 51.848.409
ETFDH electron-transferring-flavoprotein dehydrogenase 4]159.629.842( 159.593.277
FGD1 FYVE, RhoGEF and PH domain containing 1 23| 54.522.599| 54.471.887
FGF8 fibroblast growth factor 8 (androgen-induced) 10| 103.540.126| 103.529.887
FGFR3 fibroblast growth factor receptor 3 4 1.810.599 1.795.039
FH fumarate hydratase 1] 241.683.085| 241.660.857
FKRP fukutin related protein 19| 47.261.832| 47.249.303
FKTN fukutin 9] 108.403.399| 108.320.411
FLNA filamin A, alpha 23(153.603.006| 153.576.900
FOLR1 folate receptor 1 (adult) 11| 71.907.367| 71.900.602
FOXG1 forkhead box G1 14| 29.239.483| 29.236.278
FUCA1 fucosidase, alpha-L- 1, tissue 1| 24.194.859| 24.171.567
GABRA1 gamma-aminobutyric acid (GABA) A receptor, alpha 1 5(161.326.965| 161.274.197

GABRB3 gamma-aminobutyric acid (GABA) A receptor, beta 3 15| 27.018.935| 26.788.693

[

GABRD gamma-aminobutyric acid (GABA) A receptor, delta 1.962.192| 1.950.768

GABRG2 gamma-aminobutyric acid (GABA!

S

A receptor, gamma 2 161.582.545| 161.494.648

GALC galactosylceramidase 14| 88.460.009| 88.304.164
GALNS galactosamine (N-acetyl)-6-sulfate sulfatase 16| 88.923.374| 88.880.142
GAMT guanidinoacetate N-methyltransferase 19| 1.401.569| 1.397.025
GCDH glutaryl-CoA dehydrogenase 19| 13.010.813| 13.001.943
GCSH glycine cleavage system protein H (aminomethyl carrier) 16| 81.129.980| 81.115.552
GFAP glial fibrillary acidic protein 17| 42.992.920| 42.982.994
GLB1 galactosidase, beta 1 3| 33.138.694| 33.038.100
GLDC glycine dehydrogenase (decarboxylating) 9| 6.645.692 6.532.464
GLI2 GLI family zinc finger 2 2|121.750.229( 121.493.441
GLI3 GLI family zinc finger 3 7| 42.277.469| 42.000.547
GLRA1 glycine receptor, alpha 1 5[ 151.304.397( 151.202.074
GLRB glycine receptor, beta 4]158.093.251( 157.997.277
GLUL glutamate-ammonia ligase 1] 182.361.341| 182.350.839
GNE glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine kinase 9| 36.277.053| 36.214.438
GNPTAB N-acetylglucosamine-1-phosphate transferase, alpha and beta subunits 12| 102.224.645| 102.139.275
GNPTG N-acetylglucosamine-1-phosphate transferase, gamma subunit 16 1.413.352 1.401.900
GNS glucosamine (N-acetyl)-6-sulfatase 12| 65.153.226| 65.107.222
GPC3 glypican 3 23(133.119.673| 132.669.773
GPHN gephyrin 14| 67.648.525| 66.974.125
GPR56 G protein-coupled receptor 56 16| 57.698.944| 57.653.442
GPR98 G protein-coupled receptor 98 5| 90.460.254| 89.854.617
GRIA3 glutamate receptor, ionotropic, AMPA 3 23(122.624.766| 122.317.996
GRIN1 glutamate receptor, ionotropic, N-methyl D-aspartate 1 9| 140033609| 140063214
GRIN2A glutamate receptor, ionotropic, N-methyl D-aspartate 2A 16| 10.276.611| 9.847.265
GRIN2B glutamate receptor, ionotropic, N-methyl D-aspartate 2B 12| 14.133.022| 13.713.684
GUSB glucuronidase, beta 7| 65.447.301| 65.425.671
HCN1 hyperpolarization activated cyclic nucleotide-gated potassium channel 1 5| 45255052 45696220
HEXA hexosaminidase A (alpha polypeptide) 15| 72.669.474| 72.635.778
HEXB hexosaminidase B (beta polypeptide) 5| 74.017.113| 73.935.547
HGSNAT heparan-alpha-glucosaminide N-acetyltransferase 8| 43.057.970| 42.995.592



https://doi.org/10.1101/282871

bioRxiv preprint doi: https://doi.org/10.1101/282871; this version posted March 15, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

GENE DESCRIPTION CHR| POS START POS END

HPD 4-hydroxyphenylpyruvate dioxygenase 12]122.326.517| 122.277.433
HRAS Harvey rat sarcoma viral oncogene homolog 11 535.561 532.242
HSD17B10 |hydroxysteroid (17-beta) dehydrogenase 10 23| 53.461.323| 53.458.206
HYAL1 hyaluronoglucosaminidase 1 3| 50.349.812| 50.337.320
IDS iduronate 2-sulfatase 23| 148.586.884 [ 148.560.295
IDUA iduronidase, alpha-L- 4 998.317 980.785
INPP5E inositol polyphosphate-5-phosphatase, 72 kDa 9] 139.334.305( 139.323.067
KAT6B K(lysine) acetyltransferase 6B 10| 76.792.380| 76.584.685
KCNA1 potassium voltage-gated channel, shaker-related subfamily, member 1 (episodic ataxia with myokymia) 12| 5.027.422| 5.019.073
KCNC1 potassium voltage-gated channel, Shaw-related subfamily, member 1 11 17757495 17804602
KCNJ1 potassium inwardly-rectifying channel, subfamily J, member 1 11| 128.737.268| 128.707.909
KCNJ10 potassium inwardly-rectifying channel, subfamily J, member 10 1| 160.040.051| 160.007.257
KCNMA1 potassium large conductance calcium-activated channel, subfamily M, alpha member 1 10| 79.397.577| 78.629.359
KCNQ2 potassium voltage-gated channel, KQT-like subfamily, member 2 20| 62.103.993| 62.031.561
KCNQ3 potassium voltage-gated channel, KQT-like subfamily, member 3 8| 133.493.004 133.133.105
KCNT1 potassium channel, subfamily T, member 1 9] 138.684.993| 138.594.031
KCTD7 potassium channel tetramerization domain containing 7 7| 66.113.964| 66.093.868
KDM5C lysine (K)-specific demethylase 5C 23| 53.254.604| 53.220.503
KIAA1279 |KIAA1279 10| 70.776.739| 70.748.477
KRAS Kirsten rat sarcoma viral oncogene homolog 12| 25.403.870| 25.358.180
L2HGDH L-2-hydroxyglutarate dehydrogenase 14| 50.778.947| 50.704.285
LAMA2 laminin, alpha 2 6]129.837.711| 129.204.286
LARGE like-glycosyltransferase 22| 34.316.464| 33.668.509
LBR lamin B receptor 1[225.616.557| 225.589.204
LGI1 leucine-rich, glioma inactivated 1 10| 95.557.916| 95.517.566
LIG4 ligase IV, DNA, ATP-dependent 13]108.870.716| 108.859.790
LRPPRC leucine-rich pentatricopeptide repeat containing 2| 44.223.144| 44.113.363
MAGI2 membrane associated guanylate kinase, WW and PDZ domain containing 2 7| 79.083.121| 77.646.374
MAP2K1 mitogen-activated protein kinase kinase 1 15| 66.783.882| 66.679.182
MAP2K2 mitogen-activated protein kinase kinase 2 19| 4.124.126| 4.090.319
MAPK10 mitogen-activated protein kinase 10 4| 87.374.283| 86.933.452
MBD5 methyl-CpG binding domain protein 5 2(149.271.046| 148.778.580
MCOLN1 mucolipin 1 19 7.598.895 7.587.496
MCPH1 microcephalin 1 8 6.501.140 6.264.113
ME2 malic enzyme 2, NAD(+)-dependent, mitochondrial 18| 48.476.165| 48.405.432
MECP2 methyl CpG binding protein 2 (Rett syndrome) 23] 153.363.188( 153.287.025
MED12 mediator complex subunit 12 23| 70.362.304| 70.338.406
MED17 mediator complex subunit 17 11| 93.546.496| 93.517.405
MFSD8 major facilitator superfamily domain containing 8 4]128.887.185( 128.838.960
MGAT2 mannosyl (alpha-1,6-)-glycoprotein beta-1,2-N-acetylglucosaminyltransferase 14| 50.090.199| 50.087.460
MLC1 megalencephalic leukoencephalopathy with subcortical cysts 1 22| 50.524.358| 50.497.820
MOCSs1 molybdenum cofactor synthesis 1 6 39.902.290| 39.872.034
MOCS2 molybdenum cofactor synthesis 2 5| 52.405.602| 52.391.509
MOGS mannosyl-oligosaccharide glucosidase 2| 74.692.537| 74.688.184
MPDU1 mannose-P-dolichol utilization defect 1 17| 7.491.530| 7.486.965
MPI mannose phosphate isomerase 15| 75.190.581| 75.182.377
MTHFR methylenetetrahydrofolate reductase (NAD(P)H) 1| 11.866.160| 11.845.787
NAGLU N-acetylglucosaminidase, alpha 17| 40.696.467| 40.687.951

NDUFA2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2, 8kDa

w

140.027.370( 140.024.948

NDUFAF6 |NADH dehydrogenase (ubiquinone) complex |, assembly factor 6 8| 96.115.685| 96.037.209
NDUFS1 NADH dehydrogenase (ubiquinone) Fe-S protein 1, 75kDa (NADH-coenzyme Q reductase) 2|207.024.243| 206.987.803
NDUFS3 NADH dehydrogenase (ubiquinone) Fe-S protein 3, 30kDa (NADH-coenzyme Q reductase) 11| 47.606.115| 47.600.562
NDUFS4 NADH dehydrogenase (ubiquinone) Fe-S protein 4, 18kDa (NADH-coenzyme Q reductase) 5| 52.979.171| 52.856.464
NDUFS7 NADH dehydrogenase (ubiquinone) Fe-S protein 7, 20kDa (NADH-coenzyme Q reductase) 19 1.395.588 1.383.526
NDUFS8 NADH dehydrogenase (ubiquinone) Fe-S protein 8, 23kDa (NADH-coenzyme Q reductase) 11| 67.804.114| 67.798.084
NDUFV1 NADH dehydrogenase (ubiquinone) flavoprotein 1, 51kDa 11| 67.380.012| 67.374.323
NEU1 sialidase 1 (lysosomal sialidase) 6| 31.830.709| 31.826.829
NF1 neurofibromin 1 17| 29.704.695| 29.421.945
NHEJ1 nonhomologous end-joining factor 1 2|220.025.587| 219.940.046
NHLRC1 NHL repeat containing E3 ubiquitin protein ligase 1 6| 18.122.851| 18.120.718
NIPBL Nipped-B homolog (Drosophila) 5| 37.065.926| 36.876.861
NKAIN2 Na+/K+ transporting ATPase interacting 2 6(125.146.786| 124.124.991
NOTCH3 notch 3 19| 15.311.792| 15.270.444
NPC1 Niemann-Pick disease, type C1 18| 21.166.581| 21.086.148
NPC2 Niemann-Pick disease, type C2 14| 74.960.084| 74.942.900
NPHP1 nephronophthisis 1 (juvenile) 2(110.962.639| 110.880.913
NRAS neuroblastoma RAS viral (v-ras) oncogene homolog 1] 115.259.515| 115.247.085
NRXN1 neurexin 1 2| 51.259.674( 50.145.643
OFD1 oral-facial-digital syndrome 1 23| 13.787.480| 13.733.549
OPHN1 oligophrenin 1 23| 67.653.369| 67.262.186
PAFAH1B1 |platelet-activating factor acetylhydrolase 1b, regulatory subunit 1 (45kDa) 17| 2.588.909| 2.496.923
PAK3 p21 protein (Cdc42/Rac)-activated kinase 3 23]110.470.590( 110.187.513
PANK2 pantothenate kinase 2 20| 3.904.538| 3.869.486
PAX6 paired box 6 11| 31.839.509| 31.806.340
PC pyruvate carboxylase 11| 66.725.847| 66.615.993
PCDH19 protocadherin 19 23( 99.665.271| 99.546.642

PCNT pericentrin 21| 47.865.682| 47.743.976
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PDHA1 pyruvate dehydrogenase (lipoamide) alpha 1 23| 19.379.825| 19.362.011
PDSS1 prenyl (decaprenyl) diphosphate synthase, subunit 1 10| 27.035.727| 26.986.353
PDSS2 prenyl (decaprenyl) diphosphate synthase, subunit 2 6 107.780.779| 107.473.761
PEX1 peroxisomal biogenesis factor 1 7| 92.157.845( 92.116.337
PEX12 peroxisomal biogenesis factor 12 17| 33.905.656| 33.901.814
PEX14 peroxisomal biogenesis factor 14 1| 10.690.815| 10.535.003
PEX2 peroxisomal biogenesis factor 2 8| 77.913.280| 77.892.494
PEX26 peroxisomal biogenesis factor 26 22| 18.573.797| 18.560.686
PEX3 peroxisomal biogenesis factor 3 6(143.811.753| 143.771.918
PEX5 peroxisomal biogenesis factor 5 12| 7.371.170| 7.341.759
PEX6 peroxisomal biogenesis factor 6 6| 42.946.981| 42.931.611
PEX7 peroxisomal biogenesis factor 7 6(137.235.072| 137.143.702
PGK1 phosphoglycerate kinase 1 23| 77.382.324| 77.359.666
PHF6 PHD finger protein 6 23(133.562.822| 133.507.324
PHGDH phosphoglycerate dehydrogenase 1] 120.286.849| 120.254.419
PIGV phosphatidylinositol glycan anchor biosynthesis, class V 1| 27.124.894| 27.113.739
PLA2G6 phospholipase A2, group VI (cytosolic, calcium-independent) 22| 38.577.857| 38.507.502
PLCB1 phospholipase C, beta 1 (phosphoinositide-specific) 20| 8.865.547| 8.112.912
PLP1 proteolipid protein 1 23] 103.047.548( 103.031.439
PMM2 phosphomannomutase 2 16| 8.943.194| 8.891.670
PNKP polynucleotide kinase 3'-phosphatase 19| 50.370.840| 50.364.460
PNPO pyridoxamine 5'-phosphate oxidase 17| 46.026.674| 46.018.889
POLG polymerase (DNA directed), gamma 15| 89.878.026| 89.859.536
POMGNT1 |protein O-linked mannose N-acetylglucosaminyltransferase 1 (beta 1,2-) 1| 46.685.977| 46.654.353
POMT1 protein-O-mannosyltransferase 1 9] 134.399.193| 134.378.282
POMT2 protein-O-mannosyltransferase 2 14| 77.787.225| 77.741.299
PPT1 palmitoyl-protein thioesterase 1 1| 40.563.142| 40.538.382
PQBP1 polyglutamine binding protein 1 23| 48.760.422| 48.755.160
PRICKLE1 |prickle homolog 1 (Drosophila) 12| 42.983.572| 42.852.140
PRICKLE2 |prickle homolog 2 (Drosophila) 3| 64.253.859| 64.079.526
PRODH proline dehydrogenase (oxidase) 1 22| 18.924.066| 18.900.206
PRRT2 proline-rich transmembrane protein 2 16| 29.827.202| 29.823.409
PSAP prosaposin 10| 73.611.082| 73.576.055
PTCH1 patched 1 9| 98.279.247| 98.205.264
PTPN11 protein tyrosine phosphatase, non-receptor type 11 12)|112.947.717| 112.856.536
QDPR quinoid dihydropteridine reductase 4| 17.513.857| 17.488.016
RAB39B RAB39B, member RAS oncogene family 23| 154.493.852( 154.487.526
RAB3GAP1 |RAB3 GTPase activating protein subunit 1 (catalytic) 2[135.928.280| 135.809.835
RAF1 v-raf-1 murine leukemia viral oncogene homolog 1 3| 12.705.700| 12.625.100
RAI1 retinoic acid induced 1 17| 17.714.767| 17.584.787
RARS2 arginyl-tRNA synthetase 2, mitochondrial 6| 88.299.735| 88.223.656
RBFOX1 RNA binding protein, fox-1 homolog (C. elegans) 1 16| 7.763.342 5.289.469
RELN reelin 7]103.629.963( 103.112.231
RFT1 RFT1 homolog (S. cerevisiae) 3| 53.164.480| 53.122.499
RNASEH2A (ribonuclease H2, subunit A 19| 12.924.462| 12.912.863
RNASEH2B (ribonuclease H2, subunit B 13| 51.544.596| 51.483.814
RNASEH2C |ribonuclease H2, subunit C 11| 65.488.409| 65.485.144
RPGRIP1L |RPGRIP1-like 16| 53.737.771| 53.633.818
SAMHD1 SAM domain and HD domain 1 20( 35.580.246| 35.519.285
SCARB2 scavenger receptor class B, member 2 4| 77.135.052| 77.079.890
SCN1A sodium channel, voltage-gated, type |, alpha subunit 2| 167.005.642| 166.845.670
SCN1B sodium channel, voltage-gated, type |, beta subunit 19| 35.531.353| 35.521.555
SCN2A sodium channel, voltage-gated, type I, alpha subunit 2| 166.248.820| 165.986.659
SCNSA sodium channel, voltage gated, type VIlI, alpha subunit 12| 52.206.648| 51.984.050
SCN9A sodium channel, voltage-gated, type IX, alpha subunit 2|167.232.497| 167.051.695
5co2 SCO2 cytochrome c oxidase assembly protein 22| 50.964.868| 50.961.997
SDHA succinate dehydrogenase complex, subunit A, flavoprotein (Fp) 5 256.815 218.338
SERPINI1 serpin peptidase inhibitor, clade | (neuroserpin), member 1 3[167.543.357| 167.453.432
SETBP1 SET binding protein 1 18| 42.648.475| 42.258.849
SGSH N-sulfoglucosamine sulfohydrolase 17| 78.194.199| 78.180.515
SHH sonic hedgehog 7| 155.604.967| 155.595.558
SHOC2 soc-2 suppressor of clear homolog (C. elegans) 10| 112.773.425| 112.679.301
SIX3 SIX homeobox 3 2| 45.173.216| 45.169.037
SLC17A5 solute carrier family 17 (acidic sugar transporter), member 5 6| 74.363.737| 74.303.102
SLC19A3 solute carrier family 19 (thiamine transporter), member 3 2|228.582.814| 228.549.926
SLC25A15 |solute carrier family 25 (mitochondrial carrier; ornithine transporter) member 15 13| 41.386.601| 41.363.547
SLC25A19 |solute carrier family 25 (mitochondrial thiamine pyrophosphate carrier), member 19 17| 73.285.530| 73.269.061
SLC25A22 |solute carrier family 25 (mitochondrial carrier: glutamate), member 22 11 798.269 790.475
SLC2A1 solute carrier family 2 (facilitated glucose transporter), member 1 1| 43.424.847| 43.391.046
SLC35A1 solute carrier family 35 (CMP-sialic acid transporter), member Al 6| 88.222.057| 88.182.637
SLC35C1 solute carrier family 35 (GDP-fucose transporter), member C1 11| 45.834.568| 45.825.623
SLC46A1 solute carrier family 46 (folate transporter), member 1 17| 26.733.230| 26.721.661
SLC4A10 solute carrier family 4, sodium bicarbonate transporter, member 10 2| 162.841.786| 162.480.699
SLC6A5 solute carrier family 6 (neurotransmitter transporter), member 5 11| 20.676.610| 20.620.946
SLC6A8 solute carrier family 6 (neurotransmitter transporter), member 8 23[152.962.048 152.953.752
SLC9A6 solute carrier family 9, subfamily A (NHES6, cation proton antiporter 6), member 6 23] 135.129.428( 135.067.583
SMCIA structural maintenance of chromosomes 1A 23| 53.449.677| 53.401.070
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SMC3 structural maintenance of chromosomes 3 10| 112.364.392| 112.327.449
SMPD1 sphingomyelin phosphodiesterase 1, acid lysosomal 11 6.416.228| 6.411.644
SMS spermine synthase 23| 22.025.798| 21.958.691
SNAP29 synaptosomal-associated protein, 29kDa 22| 21.245.502| 21.213.292
S0S1 son of sevenless homolog 1 (Drosophila) 2| 39.347.686| 39.208.690
SPRED1 sprouty-related, EVH1 domain containing 1 15| 38.649.450| 38.544.925
SPTAN1 spectrin, alpha, non-erythrocytic 1 9] 131.395.944(131.314.837

SRGAP2 SLIT-ROBO Rho GTPase activating protein 2

=

206.135.657| 206.135.293

SRGAP2 SLIT-ROBO Rho GTPase activating protein 2 1[206.637.783| 206.516.197
SRPX2 sushi-repeat containing protein, X-linked 2 23| 99.926.296| 99.899.163
STIL SCL/TALL interrupting locus 1| 47.779.819| 47.715.811
STX1B syntaxin 1B 16 31000577 31021829
STXBP1 syntaxin binding protein 1 9]130.454.995( 130.374.486
SUMF1 sulfatase modifying factor 1 3| 4.508.966| 4.402.829
suox sulfite oxidase 12| 56.399.309| 56.391.043
SURF1 surfeit 1 9] 136.223.361| 136.218.660
SYNGAP1 |[synaptic Ras GTPase activating protein 1 6| 33.421.466| 33.387.847
SYyp synaptophysin 23| 49.056.661| 49.044.263
TACO1 translational activator of mitochondrially encoded cytochrome c oxidase | 17| 61.685.725| 61.678.231
TBC1D24 TBC1 domain family, member 24 16 2.555.734 2.525.146
TBCE tubulin folding cofactor E 1] 235.612.280] 235.530.728
TBX1 T-box 1 22( 19.771.116| 19.744.226
TCF4 transcription factor 4 18| 53.303.252| 52.889.562
TGIF1 TGFB-induced factor homeobox 1 18| 3.458.409 3.411.925
TMEM216 [transmembrane protein 216 11| 61.166.335| 61.159.832
TMEM67 transmembrane protein 67 8| 94.831.462| 94.767.072
TMEM70 transmembrane protein 70 8| 74.895.018| 74.888.377
TPP1 tripeptidyl peptidase | 11 6.640.692 6.633.997
TREX1 three prime repair exonuclease 1 3| 48.509.044| 48.506.919
TSC1 tuberous sclerosis 1 9] 135.820.094 135.766.735
TSC2 tuberous sclerosis 2 16| 2.138.713| 2.097.472
TSEN2 TSEN2 tRNA splicing endonuclease subunit 3| 12.580.672| 12.517.748
TSEN34 TSEN34 tRNA splicing endonuclease subunit 19| 54.698.394| 54.694.112
TSEN54 TSENS54 tRNA splicing endonuclease subunit 17| 73.520.821| 73.512.609
TUBA1A tubulin, alpha 1a 12| 49.583.107| 49.578.578
TUBA8 tubulin, alpha 8 22( 18.614.498| 18.593.453
TUBB2B tubulin, beta 2B class llb 6 3.227.968 3.224.495
UBE3A ubiquitin protein ligase E3A 15| 25.684.190| 25.582.394
VDAC1 voltage-dependent anion channel 1 5[ 133.341.300( 133.307.566
VPS13A vacuolar protein sorting 13 homolog A (S. cerevisiae) 9| 80.032.399| 79.792.269
VPS13B vacuolar protein sorting 13 homolog B (yeast) 8| 100.890.447 100.025.299
VRK1 vaccinia related kinase 1 14| 97.347.951| 97.263.684
WDR62 WD repeat domain 62 19| 36.596.012| 36.545.783
ZEB2 zinc finger E-box binding homeobox 2 2| 145.277.958| 145.141.942

ZIc2 Zic family member 2 13] 100.639.019| 100.634.026
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GLI2 GLI family zinc finger 2 #610829 | AD |Holoprosencephaly type 9 Absence of structural abnormalities |ENST00000361492 | 2 | 121.748.048 G>A D1520N 171 46 rs114814747 1083 11 0 1.220 / 121.386
in the brain of the index patient
SCN1A Sodium channel, neuro- |#604403 | AD |Generalized epilepsy with febrile ENST00000409050 | 2 | 166.901.593| T>C N541S 305 50 0 / 121.380
nal type |, alpha-subunit seizures plus, type 2 (GEFSP2)
ACY1 Aminoacylase 1 #609924 | AR |Aminoacylase 1 deficiency Absence of hearing loss and ENST00000458031 | 3 52.023.042( G>A R483H 222 50 rs121912701| 1087 7 0 482 / 120.860
dysmorphic features, normal amino
acid excretion into the urine
PEX6 Peroxisomal biogenesis |#614862 | AR |Peroxysome biogenesis disorder |Absence of clinical features ENST00000304611 | 6 42.932.200( GGC>TGT | P939Q 24 46 rs1129187 46.985 / 120.122
factor 6 type 4b reminiscent of Zellweger syndrome
CDK5RAP2 (CDKS5 regulatory subunit |#604804 | AR |Microphephaly type 3 Absence of microcephaly, hearing ENST00000349780 | 9 | 123.239.643| A>G L571P 126 48 rs41296081 1082 12 0 1.054 / 121.408
associated protein 2 loss, and of structural abnormalities
of the brain
ABCC8 ATP-binding cassette, sub|#610374 | AD [Transient neonatal diabetes Normal blood glucose levels ENST00000389817 | 11 17.414.570 T V15721 164 55 rs8192690 1025 69 0 6.815 / 121.250
family C, member 8 mellitus type 2
ETFA Electron-transfer-flavo- [#231680 [ AR |Glutaric acidemia IIA Normal excretion of organic acids in |[ENST00000559602 | 15 76.578.762 G>A T671 94 51 rs1801591 986 106 2 9.233 / 119.836
protein, a-polypeptide the urine
POLG Polymerase (DNA #613662 | AD |Mitochondrial depletions Absence of ophthalmoplegia, ptosis, |ENST00000268124 | 15 89.861.826 T>C E1143G 95 47 rs2307441 1061 31 2 3.410 / 121.226
directed), gamma AR [syndrome type 4B or of Alpers syndrome
PMM2 Phosphomannomutase 2 [#212065 [ AR |Congenital disorder of Absence of dysmorphic features or  |ENST00000539622 | 16 8.906.914 A>C E114A 131 49 rs34258285 1068 26 0 2.343 / 121.412
glycosylation type 1A of assoicated symptoms seen in the
various CDG syndromes
PEX12 peroxisomal biogenesis |#614859 | AR |Peroxysome biogenesis disorder |Absence of clinical features ENST00000225873 | 17 33.904.286 G>A R151C 217 49 rs138731505| 1093 1 0 251 / 120.956
factor 12 type 3A reminiscent of Zellweger syndrome
TGIF1 TGFB-induced factor #142946 | AD [Holoprosencephaly type 4 Absence of structural abnormalities |ENST00000330513 | 18 3.457.606 T P292S 336 100 rs4468717 1010 82 2 73.106 / 121.356
homeobox 1 in the brain of the index patient
CACNA1A (Calcium channel, voltage-|#141500, | AD |Familial hemiplegic migraine, Absence of migraine, familial ENST00000325084 | 19 13.409.407 T E1015K 197 49 rs16024 1087 7 0 53 / 20.782
dependent, P/Q type, #183086 Spinocerebellarataxis type 6 hemiplegic migraine or ataxia
alpha 1A subunit
COL18A1 |Collagen, type XVIII, #267750 | AR |Knobloch syndrome Absence of encephalocele, alopecia |ENST00000400337 | 21 46.911.188 C>G P706R 100 45 rs79980197 979 112 3 9.883 / 112.752
alpha 1 or of retinal degeneration
PRODH Proline dehydrogenase [#239500 [ AR |Hyperprolinemia type | Normal excretion of amino acids into |[ENSTO0000357068 | 22 18.905.934| A>G L441P 48 52 rs2904551 1091 3 0 688 / 119.540
(oxidase) 1 the urine
ARSA Arylsulfatase A #250100 | AR |Metachromatic leukodystrophy [Absence of leukodystrophy on MRl |ENST00000395619 | 22 51.065.361 C>A W195C 208 59 rs6151415 1050 42 2 6.348 / 118.420
KDM5C Lysine (K)-specific #314690 | XR |X-linked mental retardation Absence of mental retardation ENST00000375401 | 23 53.222.633 G>A R1435C 315 50 rs140506776 107 / 87.472
demethylase 5C

Supplementary table 02: Variants causing an amino acid exchange within a panel of 343 genes associated with seizures that were predicted to be disease causing by the MutationTaster software: All variants only occurred heterozygously. Therefore
diseases with autosomal recessive mode of inheritance could be ruled out. Other disorders could be excluded because the respective variant was present in the 1000 Genome project in heterozygous (HET) state or even homozygously for the minor allele or
because additional symptoms characteristic for the respective disease were absent in the patient. MOI, mode of inheritance; AR, autosomal recessive; AD, autosomal dominant; XR, X-chromosomal recessive; AAE, amino acid exchange, * Frequencies refer
to the genotypes of the 1000 Genome Project
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