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Neurobeachin (NBEA)was initially identified as a candidate gene for autism. Recently, variants inNBEA have been
associated with neurodevelopmental delay and childhood epilepsy. Here, we report on a novel NBEA missense
variant (c.5899G > A, p.Gly1967Arg) in the Domain of Unknown Function 1088 (DUF1088) identified in a
child enrolled in the Undiagnosed Diseases Network (UDN), who presented with neurodevelopmental delay
and seizures.Modeling of this variant in the Caenorhabditis elegans NBEA ortholog, sel-2, indicated that the variant
was damaging to in vivo function as evidenced by altered cell fate determination and trafficking of potassium
channels in neurons. The variant effect was indistinguishable from that of the reference null mutation suggesting
that the variant is a strong hypomorph or a complete loss-of-function. Our experimental data provide strong sup-
port for the molecular diagnosis and pathogenicity of the NBEA p.Gly1967Arg variant and the importance of the
DUF1088 for NBEA function.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Neurobeachin, encoded by the NBEA gene, is a large (327 kDa),
brain-enriched, multi-domain protein, that has been widely conserved
during evolution. In Drosophila, mutants in the NBEA ortholog, rugose,
have associative odor learning defects and abnormal synaptic architec-
ture and physiology at larval neuromuscular junctions [1,2]. In
zebrafish, Neurobeachin is required for both electrical and chemical
synapse formation, and to maintain dendritic complexity [3]. In mam-
mals, Neurobeachin has been implicated in vesicle trafficking and syn-
aptic structure and function [3–7]. Nbea knockout neurons in vitro fail
to develop a normal number of dendritic spines [5]. Neurobeachin con-
tributes to the trafficking of membrane proteins to pre- and post-
synaptic sites [8]. Notably, Neurobeachin binds the MAGUK protein
e co-first authors

. This is an open access article under
SAP102 which is involved in trafficking of the ionotropic glutamate
AMPA- and NMDA-type receptors during synaptogenesis [6] and Nbea
knockout neurons are defective in glutamatergic and GABAergic synap-
tic transmission [9].

NBEAwas initially identified as a candidate gene for autism based on
linkage studies and the identification of structural variants (chromo-
somal microdeletions and reciprocal balanced translocations) at
13q13 in patients with autism [10–12]. Recently, NBEAwas established
as a rare cause of a complex neurodevelopmental disease associated
with neurodevelopmental delay (NDD) and early generalized epilepsy
based on the study of 24 affected individuals with de novo heterozygous
variants (NEDEGE, OMIM #619157) [13]. Twenty of the 24 described
caseswere apparentheterozygous loss of function (8nonsense, 5 frame-
shift, 5 intragenic deletions, 1 splice site, and 1 multigene deletion),
which is congruentwithNBEA being a haplo-insufficient gene (ClinGen;
gnomAD v2.11). Four different NBEA de novo missense variants were
also reported in this previous study [13], however, it is unclear to
what extent gene function is disrupted as they are considered variants
of uncertain significance (VUS). While clinical significance assessment
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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is challenging in such n-of-1 cases, experimental studies in model sys-
tems can provide important information on whether the missense var-
iant disrupts gene function in vivo [14–16].

Here we report a proband admitted at the Undiagnosed Diseases
Network (UDN) [17–19] with a novel NBEA missense variant (p.
Gly1967Arg) in the Domain of Unknown Function 1088 (DUF1088) of
Neurobeachin. Our proband had a neurodevelopmental disorder that
presented with seizures and intellectual disability that was accompa-
nied by pancreatitis and colitis. To determine the extent to which this
novel variant disrupts gene activity, we performed in vivo functional
analysis in the model organism Caenorhabditis elegans (C. elegans). We
introduced the patient missense change into sel-2, the ortholog of
Neurobeachin in C. elegans, using CRISPR/Cas9 gene editing and
assessed the impact of sel-2 Gly1514Arg, corresponding to NBEA
p.Gly1967Arg, using two in vivo assays that test the functionality of
SEL-2. We provide data demonstrating that sel-2 Gly1514Arg is func-
tionally damaging and most likely a loss-of-function mutation [20],
lending strong support for the molecular diagnosis and pathogenicity
of the NBEA p.Gly1967Arg variant.

2. Materials and methods

2.1. Proband evaluation and consent

Informed consent for the participation in the study, clinical data and
specimen collection, genetic analysis and publication of relevant find-
ings was obtained from parents of the subject. Procedures were
followed in accordance with guidelines specified by Institutional Re-
view Boards (IRB) and Ethics Committees of each institution. The Undi-
agnosed Diseases Network (UDN) protocol, 15-HG-0130, was approved
by the National Human Genome Research Institute IRB. Permission to
publish photographs was provided. The proband was seen at the NIH
Undiagnosed Diseases Program, one of the clinical sites of the UDN.

2.2. Genome sequencing

Genomic DNA was prepared from peripheral blood obtained from
the proband and members of his family, using approved clinical
methods. Clinical genome sequencing was performed by Hudson
Alpha (Huntsville, AL) using the Illumina HiSeq X sequencing platform.
After sequencing, reads were generated using Illumina's bcl2fastq and
data were aligned to hg19 (GRCh37). Patient sequence variants were
loaded into a custom software analysis application, Carpe Novo, for in-
terpretation. Within Carpe Novo all sequence variants are annotated
with relevant reference information from established data sources to
provide support for interpretation. For research analysis, fastq sequenc-
ing data were aligned to human reference assembly hg19 (GRCh37),
followed by variant calling and joint genotyping using the Illumina
DRAGEN Biosingle bondIT Platform (v2.6). The VCF file was annotated
using the Variant Effect Predictor (VEP v95) and vcfanno (v0.2.9), and
Gemini (v0.20.1) was used to query variants of interest. Each variant
wasfiltered for gnomADpopulation frequency< 1%. Sanger sequencing
was performed to validate findings. Of note, research reanalysis was
performed during the time of the initial publication when the NBEA
was associated with epilepsy in 2018.

2.3. C. elegans genetics

Worms were raised at 20 °C on nematode growth medium and fed
Escherichia coli OP50 [21]. Strains generated for this study are listed in
Supplementary Table S1. sel-2 and lin-12 are tightly linked (~1 cM).
Cis double recombinants of sel-2 udn# allele and lin-12(n302) were re-
covered by generating trans-heterozygotes and screening F2 segregants
for the recombinant molecular genotype. Strains containing sel-2 udn#
allele (chromosome III) and egl-23::wrmScarlet (chromosome IV) were
generated by standard segregation analysis.
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2.4. Orthology

In vertebrate species, NBEA has a paralog called LRBA, where the
gene duplication arose at the split between the vertebrate and inverte-
brate lineages [22]. While sel-2 is ancestral in sequence to both NBEA
and LRBA, it is orthologous to NBEA based on a number of sequence re-
latedness metrics (14/15 DIOPT score and best forward and reverse
score; https://www.flyrnai.org/diopt), suggesting that LRBA diverged
after the duplication. NBEA primarily functions in the nervous system,
while LRBA primarily functions outside the nervous system [23]. sel-2
is apparently also ancestral in site of action as it functions in both the
nervous system in ion channel localization (this study) and functions
outside the nervous system in the regulation of cell fate [24].

2.5. Molecular biology

Single-strand oligonucleotides used for this study are described in
Supplementary Table 2. Whole-genome sequencing was performed on
purified genomic DNA (DNEasy, Qiagen) by a commercial service pro-
vider (GATC Biotech) using Illumina HiSeq sequencing technology. An
in-house software pipeline was used to analyze raw sequencing data
and predict deleterious polymorphisms.

2.6. CRISPR/Cas9-based gene editing and miniMos transgenesis

sel-2 variant-edited alleles udn20-22 and control-edited alleles
udn23-24 were generated by RNP-based CRISPR/Cas9 gene editing
[25] using the crRNA, TTTATTGAGCTTGTGAACGA, and single-strand ol-
igonucleotide repair templates oUDN173 and oUDN174 for variant and
control edits, respectively (Supplementary Fig. S2 and Supplementary
Table S2). udn20-24 alleles were genotyped using SpeI restriction length
polymorphism of a 449 bp-long oTB700/oTB701 PCR fragment (Supple-
mentary Table S2). Sanger sequencing was used to verify each of the
edited alleles. Observing essentially identical phenotypes in the vulval
cell fate determination and potassium channel trafficking assays for
the independent variant-edited lines, while failing to observe a pheno-
type in the control-edited lines, demonstrates that the damaging phe-
notype can be specifically attributed to the variant edit.

The transcriptional reporter blnTi1 labeling IL1DL/R and IL1VL/R
was generated using miniMos transgenesis [26] with the plasmid
pSEM159, which drives expression of GFP using a 584 bp long promotor
fragment of flp-3 spanning from 5′-agaaactctggccgcaataaaagag-3′ to
5′-gatatcgttggtggttatggtggtgttac-3′.

The N-terminal translational reporter fusion allele sel-2(bln344
[wrmScarlet::sel-2]) was generated using the CRpSEM94 single-guide
RNA (TTTTTCAGAGATTATTTGAA) expression vector [27] and pSEM115
repair template, which contains a wrmScarlet-3xFLAG cDNA sequence
and a self-excising selection cassette [28]. The proband variant G1514R
and synonymous changes in udn20-22were engineered into this back-
ground by CRISPR/Cas9-based gene editing using the same reagents as
above (Supplementary Fig. S2 and Supplementary Table S2) to produce
sel-2(bln344bln893).

2.7. Visual screen for mutants with altered EGL-23 enrichment in IL1
neurons

egl-23::TagRFP-T (JIP1175)wormsweremutagenizedwith EMS, and
single F1 progenywere cloned to fresh plates. In the F2 generation, one-
day old adult hermaphrodites were transferred to 24-well plates (2%
agarose in water, 1% sodium azide, per well) and screened on an
AZ100 macroscope (Nikon) equipped with a Flash 4.0 CMOS camera
(Hamamatsu Photonics). Candidate mutants with defects in EGL-23-
TagRFP-T enrichment in IL1 dendrites were subsequently isolated
from the F1 clonal plate and causative mutations in sel-2 identified by
whole-genome sequencing.

https://www.flyrnai.org/diopt
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2.8. Quantification of EGL-23 enrichment in IL neurons

EGL-23-wrmScarlet fluorescence was measured using an AZ100
macroscope (Nikon) equipped with a Flash 4 CMOS camera (Hamama-
tsu). Worms were immobilized using polystyrene beads (2%, in M9
buffer) on dry 2% agarose pads. Identical regions of interest (ROI)
were selected in all genotypes, corresponding to the most anterior por-
tion of the IL dendrites, and total fluorescence measured with identical
imaging settings. Background fluorescencewas subtracted by averaging
the fluorescence intensity of equivalent ROIs surrounding the tip of the
head of each worm.

2.9. Confocal microscopy

Confocal imaging was performed using an inverted confocal micro-
scope (Olympus IX83) equipped with a CSU spinning-disk scan head
(Yogokawa) and an EMCCD camera (iXon ultra 888). Worms were im-
aged on 2% fresh agar pads mounted in M9 solution containing 50 mM
sodium azide.

2.10. Data availability statement

The data that support the findings of this study are available from
the corresponding author upon request.

3. Results

3.1. Clinical report

Our proband is a six-year-old female who presented with epilepsy,
global developmental delay, and ataxia. Shewas enrolled in the Undiag-
nosed Diseases Network protocol, 15-HG-0130, which is approved by
the NIH National Human Genome Research Institute Institutional Re-
view Board (IRB), and was seen at the NIH Clinical Center. Informed
consent for this studywas obtained from theproband's parent. Compre-
hensive biochemical and genetic workup, including metabolic screen-
ing, mitochondrial studies and DNA analysis, multiple gene panel
sequencing, and clinical exome sequencing did not provide a diagnosis.
During admission, pertinent neurological findings included left ptosis,
dysarthria, and appendicular hypotonia. She had mild to moderate in-
tellectual disability and because of the suspicion of autism spectrumdis-
order (ASD), a formal psychological evaluation concluded that she did
not meet the criteria for ASD. On brain magnetic resonance imaging
(MRI), she had mild cortical atrophy and punctate sub-cortical white
matter T2 hyperintensities (Fig. 1a, Supplementary Fig. S1). Further de-
tails of the clinical history andfindings are presented in the Supplemen-
tary Clinical Report. Clinical genome sequencing of DNA from the
proband and her parents were also nondiagnostic. Of note, clinical ge-
nome sequencing was performed in 2016. Research reanalysis in 2018
revealed a de novo missense variant (c.5899G > A, p.Gly1967Arg) in
NBEA, which was later confirmed by Sanger sequencing by a clinical di-
agnostic laboratory.

3.2. Conservation of Gly1967 and the DUF1088 domain in C. elegans

To evaluate the effect of p.Gly1967Arg on NBEA activity in our UDN
proband,we tested the functional impact of this variant in themodel or-
ganism, C. elegans. The C. elegans ortholog of NBEA is sel-2. It shares all
the known protein domains of vertebrate Neurobeachin (Fig. 1b) and
has high overall sequence conservation ranging from 35% to 65% iden-
tity in recognizable protein domains [24]. The Gly1967Arg variant is lo-
cated at theN-terminus of theDUF1088 domain.Overall conservationof
theDUF1088 domain is high, in particular aroundGly1967 (Fig. 1c). This
allowed us to precisely reproduce the Gly1967Arg variant in the corre-
sponding C. elegans residue (Gly1514) of SEL-2 using CRISPR/Cas9-
based gene editing. As part of our editing strategy, we also introduced
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synonymous changes that block Cas9 re-cleavage following
homology-directed repair and generate a restriction enzyme cleavage
site used for allele genotyping (Fig. S2). Therefore, to use as controls,
we generated lines that only contain the synonymous and restriction
enzyme changes, but not the proband's variant. In total, we generated
three independent alleles with the variant edit and two independent
control edit alleles that do not change the variant residue (Supplemen-
tary Table S1). All of these edited lineswere superficiallywild-type, sim-
ilar to sel-2 null mutants.

3.3. SEL-2 Gly1514Arg disrupts cell fate induction via the notch signaling
pathway

InC. elegans, SEL-2 plays amodulatory role in LIN-12/Notch signaling
during cell fate decisions leading to the proper formation of the vulva.
Notch signaling promotes the secondary vulval cell fate [29], and SEL-
2 acts as a negative regulator by restricting the Notch receptor to the
apical membrane of epidermal cells that can undergo vulval cell fate
specification [24]. This negative regulatory function can be revealed by
a genetic interaction test using the weak lin-12 gain-of-function allele,
n302. The lin-12(n302) allele is almost completely wild-type on its
own (Fig. 2a, top left panel and Table 1). However, when it is combined
with the sel-2 canonical null mutation (ar219), worms display ectopic
secondary vulval cell fate specification leading to a characteristic
multi-vulva (Muv) phenotype [24] (yellow arrowheads, Fig. 2a, bottom
left panel and Table 1).

We found that the proband's variant strongly enhanced the lin-12
(n302) multi-vulva phenotype (81–82%) (Fig. 2a, bottom right panel
and Table 1). Notably, it did so to a similar extent as the null allele sel-
2(ar219) (71%, Table 1). In contrast, the control-edited allele did not en-
hance lin-12(n302) (0%, Table 1). Additionally, as observed for sel-2 null
mutants, the proband's variant did not cause a multi-vulva phenotype
on its own (i.e., in a lin-12(+) wild-type background) (Table 1). These
results clearly indicate that SEL-2 Gly1514Arg is defective in its function
as a negative regulator of LIN-12 signaling. Strikingly, given the similar
magnitude of themulti-vulva phenotype, the proband's variant is as de-
fective as the reference nonsense allele ar219, although it carries only
the single Gly1514Arg amino acid change.

3.4. SEL-2 Gly1514Arg is defective in localization of the two-pore domain
potassium channel EGL-23 to dendritic termini

Two-pore domain potassium (K2P) channels aremembers of a large
family of conserved ion channels that play a central role in the establish-
ment andmaintenance of the restingmembrane potential and therefore
regulate neuronal excitability [30]. The C. elegans genome encodes 47
K2P channel subunits [31], expressed in different cell types. Systematic
tagging of K2P channels using CRISPR/Cas9 gene-editing showed that
the EGL-23 channel was expressed in a subset of polymodal neurons,
called inner labial IL neurons (manuscript in preparation). Specifically,
EGL-23 is expressed prominently in four IL1 (IL1DL/R and IL1VL/R)
and two IL2 (IL2L and IL2R) neurons (Fig. 2b). These neurons are situ-
ated in the head of the worm and project dendrites anteriorly into the
tip of theworm's nose. Tagging EGL-23with the red fluorescent protein,
wrmScarlet [27], revealed that these channels are enriched at the ex-
tremities of these dendrites (Fig. 2b, ROI, dashed squares). This striking
localization prompted us to search for genes that promote dendritic ter-
minal localization using a genetic screen for mutants with decreased
fluorescence levels at dendritic termini. In a pilot screen using random
chemical mutagenesis, we isolated two independent mutants (bln289
and bln291, Fig. 1b) that showed such a phenotype and identified
them as alleles of sel-2/NBEA using whole-genome sequencing.

By fluorescence quantification, we found that the sel-2 mutation
caused an approximate 50% decrease in mean fluorescence intensity at
the tip of sensory dendrites (Fig. 2c). Note that some of the residual
EGL-23-wrmScarlet fluorescence can be explained by the presence of



Fig. 1. Proband with a de novo NBEA variant and conservation of Gly1967 in the DUF1088 domain of human Neurobeachin and C. elegans SEL-2. (a) Left panel shows photographs of the
proband with left ptosis, and absence of distinct facial dysmorphology. Right panel shows representative axial brain magnetic resonance imaging photos (MRI) that demonstrates the T2
hyperintensities (encircled in red, arrow), which are not observed in corresponding T1-weighted images. Also note the presence of mild cortical atrophy, which is more evident in T1-
weighted turbo field echo sequence. These brain MRI photos were taken at the age of 6. (b) Domain composition of Neurobeachin. Proband variant is shown in pink. C. elegans alleles
are shown in dark red. (c) Sequence comparison of human Neurobeachin and C. elegans SEL-2 DUF1088 domains. Residue p.Gly1967 is conserved at position p.Gly1514 in SEL-2.
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EGL-23 in the adjacent IL2 dendrites (Fig. 2b and d), suggesting a reduc-
tion that is likely even higher than 2-fold in affected IL1 neurons.

Using this functional assay, we tested the impact of the Gly1514Arg
variant identified in our proband and control edits by crossing the EGL-
23-wrmScarlet translational reporter into the edited strains (Fig. 2d).
We observed a marked reduction in channel accumulation in the den-
dritic termini of IL1 neurons with all three sel-2 Gly1514Arg alleles
(udn20, udn21, and udn22; Fig. 2d and e). Conversely, the Gly1514Gly
control edits (udn23 and udn24) had no impact on channel accumula-
tion. This 2-fold reduction in EGL-23-wrmScarlet fluorescence in the
variant-edited strains is similar to the effect observed with sel-2 loss-
of-function mutants (Fig. 2c and f).
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Taken together, these results reveal that Gly1514Arg leads to defec-
tive sel-2 function with a severity that is indistinguishable from that of
sel-2 null mutants, lending strong support for the genotype to pheno-
type linkage in the patient. Additionally, this work provides the first ex-
perimental evidence for the importance of the DUF1088 domain for
SEL-2 and likely Neurobeachin function.

3.5. SEL-2 null and variant-edited mutants are weakly haplo-insufficient

Dominant loss of function presentation [13] and strong selection
against heterozygous loss of function variants in the human population
(gnomAD v2.11) indicates that NBEA NEDEGE (OMIM #619157) cases



Fig. 2.Modeling of NBEA Gly1967 variant in C. elegans SEL-2. (a) sel-2 variants enhance the multi-vulva (Muv) phenotype of lin-12(n302) gain-of-function. Increased LIN-12 signaling in
vulval precursor cells leads to the formation of vulval (black arrowheads) and pseudovulval invaginations (yellow arrowheads), which will give rise to ectopic vulva in adults, in sel-2
reference null (ar219) and variant edit (udn20) animals. lin-12-12(n302) alone or control edits (udn24) combined with lin-12(n302) show little to no phenotype. Nomarski differential
interference contrast microscopy images of mid-L4 stage hermaphrodites, anterior to the left, ventral surface below. Scale bar, 20 μm. (b) SEL-2 is required for EGL-23 accumulation at
the tip of IL1 dendrites. egl-23(bln309) is a C-terminal translational fusion of EGL-23 with wrmScarlet (magenta). blnTi1 is a transgenic reporter expressing GFP exclusively in IL1DL/R
and IL1VL/R using a minimal flp-3 promoter (cyan). In a sel-2 loss-of-function mutant, EGL-23-associated fluorescence is reduced by approx. 50% at dendritic termini (compare
magenta in dashed rectangles; ROI, Region of interest). EGL-23 remains enriched at the termini of IL2L/R neurons. (c) Significant decrease of fluorescence intensity in region of interest
in a sel-2(bln289) loss-of-functionmutant. Each data point represents one animal, n>21. Student's t-test, * P<0.01. (d) The patient variant corresponding to sel-2p.Gly1514Arg decreases
EGL-23 channel density at the tip of IL1 dendrites. EGL-23-wrmScarlet fluorescence is markedly reduced in sel-2(udn20) carrying the variant edit Gly1514Arg compared to the control-
edited sel-2(udn23). Region of interest, dashed square. (e) 2-fold reduction in normalized fluorescence intensity in region of interest of three variant-edited alleles (udn20, udn21,
udn22) compared to control-edited sel-2 alleles (udn23, udn24). Each data point is one animal. n> 28. One-Way Anova, with Tukey HSD test * P < 0.01. (f) Intermediate reduction in nor-
malizedfluorescence intensity for heterozygous ar219 null and udn20 patient variants compared towild-type and homozygousmutants. Each data point is one animal. n>87. Student's t-
testwith Bonferronimultiple comparison adjustment.WT vs. heterozygotes, * P< 0.01. Heterozygotes vs.homozygotes, # P< 0.01. (g)wrmScarlet-SEL-2 expression levels and subcellular
localisation in muscle, neurons and epithelial cells is not altered by the p.Gly1514Arg patient variant. Scale bar, 20 μm.
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Table 1
Quantification of multi-vulva (Muv) phenotype in sel-2 variants.

Allele type Genotype %Muv†,§ Avg # pseudo-vulvae‡ Sample size

a wild-type sel-2(+) lin-12(n302) 1 0.04 100
b null allele sel-2(ar219[stop])lin-12(n302) 71 3.19 100
c control edit sel-2(udn24[G > G])lin-12(n302) 0 0 100
d variant edit #1 sel-2(udn20[G > R])lin-12(n302) 81 3.09 117
e variant edit #2 sel-2(udn21[G > R])lin-12(n302) 82 2.58 100

variant edit #1 sel-2(udn20[G > R])lin-12(+) 0 0 >100
variant edit #2 sel-2(udn21[G > R])lin-12(+) 0 0 >100

† Muv= 2 or more pseudovulvae, scored as 1-day old adults.
‡ Total number of pseudovulvae divided by number of worms.
§ a-b Muv comparison, significantly different p < 0.00001, Chi-squared test.
§ a-c Muv comparison, not significant.
§ c-dMuv comparison, significantly different p < 0.00001.
§ c-e Muv comparison, significantly different p < 0.00001.
§ d-eMuv comparison, not significant.
The cis recombinant between sel-2(udn22) and lin-12(n302) was not generated, and thus not analyzed.
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arise by a haploinsufficient genetic mechanism. However, it is possible
that p.Gly1967Arg may act by a dominant negative mechanism. We,
therefore, used the EGL-23-wrmScarlet fluorescence assay to compare
heterozygotes and homozygotes for null and proband alleles (Fig. 2f).
We found that the level of fluorescence in null mutant heterozygotes
(ar219/+)was significantly less thanwild-type butmore than in homo-
zygousmutants (Fig. 2f), indicating that sel-2 is a haploinsufficient gene
in C. elegans, as is its ortholog in humans. If the variant results in a dom-
inant negative effect, we expect variant heterozygotes to show a further
reduction in fluorescence level compared to null heterozygotes. Instead,
we found that variant heterozygotes (udn20/+) were indistinguishable
in the level of fluorescence reduction from the null heterozygotes
(ar219/+) (Fig. 2f), consistent with the variant being a strong
hypomorph or complete loss of function, rather than a dominant
negative.

3.6. SEL-2 protein levels and subcellular localisation are unchanged by
Gly1514Arg

The subcellular localisation and expression levels of SEL-2 have not
been reported to date. To visualize SEL-2 in vivo, we used gene editing
to produce a translational knockin line in which wrmScarlet is fused
to the amino terminus of SEL-2 (Fig. 2g, Supplementary Fig. S3). Consis-
tentwith single-cell RNAseq data [32], we found that SEL-2was broadly
expressed in muscles, neurons and epithelial cells. In neurons and epi-
thelial seam cells, we observed diffuse fluorescence, in addition to dis-
crete fluorescent puncta in the soma (Fig. 2g). To determine the
impact of the patient variant on SEL-2 protein levels or subcellular dis-
tribution, we used gene editing to incorporate the Gly1514Arg patient
variant into this SEL-2 translational reporter. Overall expression and
specific enrichment in somatic puncta were unchanged in thesemutant
lines compared to wild-type, indicating that the Gly1514Arg mutation
does not lead to a destabilization of SEL-2 or alteration of its expression
level (Fig. 2g). These data suggest that the patient mutation may inter-
fere with a specific function of the DUF1088 domain.

4. Discussion

Trio exome sequencing identified the NBEA heterozygous de novo
missense p.Gly1967Arg variant of uncertain significance in case
UDN438089, who presented with NDD and epilepsy phenotypes that
are similar to those previously described for loss of function variants
in NBEA [13]. Here we report robust experimental data from modeling
p.Gly1967Arg in the C. elegans ortholog sel-2 that the variant is damag-
ing to function in vivo. Employing two distinct biological readouts, the
variant effect is indistinguishable from complete sel-2 loss-of-function.
By extension, the functional data suggests that NBEA p.Gly1967Arg is
damaging, likely resulting in strong hypomorphic or complete loss of
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function. The functional data, combined with the in silico prediction of
likely deleterious (CADD score 31), the absence of variants at residue
p.Gly1967 in control population databases (gnomAD v2.11 and
1000G), and UDN438089 presentation that overlaps with previous re-
ports, are all consistent with an haplo-insufficient mechanism for the
NDD and epilepsy phenotypes in NBEA disease [13,33].

A number of NBEAmissense variants have been reported in patients
with autism, NDD or epilepsy [13,34,35], however, they have not been
functionally validated. These in vivo assays in C. elegans will offer a
rapid, inexpensive and quantitative method to ascertain the functional
effect of these and future de novo mutations identified in NBEA.

Given its large size andmodular organization, Neurobeachin is likely
a molecular scaffold that supports numerous protein-protein interac-
tions. As variants from affected individuals are found throughout the
protein, these missense mutations can also provide valuable informa-
tion about key functional domains, since they might disrupt specific
protein-protein interactions, or alter only some functions of the protein,
thus genetically separating the different roles of such large modular
proteins. For example, a single point mutation in the PH domain specif-
ically disrupts the binding of the MAGUK protein and SAP102 to
Neurobeachin [6]. Conversely, it is useful to understand whether pro-
tein domains have specific functionswhen trying to predict the possible
molecular and cellular consequences of variants identified in affected
individuals. Indeed, individual domains are sufficient to restore spine
density andAMPA receptor surface targeting (PH-BEACH),filopodia for-
mation (Armadillo/DUF4704 domain), or negative regulation of
filopodia extension (PKA-binding domain) in Neurobeachin deficient
neurons [36].

Here, we provide the first genetic data in support of the importance
of DUF1088 for SEL-2 and likely Neurobeachin function. DUF1088 do-
mains are exclusively found in Neurobeachins and their homologs, but
there is very limited data about their function. A previous report has
suggested that DUF1088 domains harbor a nuclear localization signal
consisting of a poly-arginine stretch [37]. Gly1967 is not located close
to this sequence in the primary protein sequence, but structural data
is lacking to determine the precise organization of DUF1088. It will be
informative to identify molecular interactors of DUF1088 domains to
better understand if variants in this domain could disrupt specific
Neurobeachin functions.

Our experimental studies in C. elegans showed that sel-2Gly1514Arg
is damaging to function both in negative regulation of LIN-12/Notch sig-
naling in epidermal cells and in terminal dendritic localization of the
EGL-23 K2P channel in IL1 neurons. Interestingly, these functional defi-
cits both involve defective accumulation of transmembrane proteins in
the appropriate subcellular compartment. Indeed, the redistribution of
LIN-12/Notch receptors to the basolateral domain of vulval precursor
cell (VPC) in sel-2 mutants is thought to explain the increase in LIN-
12/Notch signaling and associated cell fate changes [24], although the
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precise cellularmechanism that causes this redistribution remains to be
determined.

In mammals, Neurobeachin has been implicated in vesicle trafficking
and synaptic targeting of ionotropic glutamate, GABA, and glycine
receptors [7,9,36,38]. Our data provide the first functional link between
SEL-2/Neurobeachin and a two-pore domain potassium channel. It is
thuspossible that, in addition to ligand-gated ion channels,Neurobeachin
mayalso regulateK2Pchannels andother classesof ionchannels involved
inneuronal excitability.Notably,mutations inK2Pchannelshave recently
been linkedwith rareneurological diseases. BirkBarel intellectual disabil-
ity with dysmorphism syndrome is caused by a mutation in TASK3/
KCNK9 [39,40]. This maternally transmitted syndrome presents with in-
tellectual disability, hypotonia and specific dysmorphism of the face.

Impairment of broadly-acting cellular regulators such as SEL-2/
Neurobeachin that control the subcellular trafficking and localization
of different ion channels and membrane proteins may therefore im-
pinge onmultiple pathways at once. Additionally, it is possible that spe-
cific missense variants may alter only some Neurobeachin functions,
leading to more restricted clinical presentation. Systematic functional
studies of Neurobeachin variants will be important to develop a better
understanding of the genotype to phenotype relationships in
Neurobeachin disease.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ymgme.2021.07.013.
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