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Biallelic NDCT variants that interfere with ALADIN
binding are associated with neuropathy
and triple A-like syndrome
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Summary

Nuclear pore complexes (NPCs) regulate nucleocytoplasmic transport and are anchored in the nuclear envelope by the transmembrane
nucleoporin NDC1. NDCl1 is essential for post-mitotic NPC assembly and the recruitment of ALADIN to the nuclear envelope. While no
human disorder has been associated to one of the three transmembrane nucleoporins, biallelic variants in AAAS, encoding ALADIN,
cause triple A syndrome (Allgrove syndrome). Triple A syndrome, characterized by alacrima, achalasia, and adrenal insufficiency, often
includes progressive demyelinating polyneuropathy and other neurological complaints. In this report, diagnostic exome and/or RNA
sequencing was performed in seven individuals from four unrelated consanguineous families with AAAS-negative triple A syndrome.
Molecular and clinical studies followed to elucidate the pathogenic mechanism. The affected individuals presented with intellectual
disability, motor impairment, severe demyelinating with secondary axonal polyneuropathy, alacrima, and achalasia. None of the
affected individuals has adrenal insufficiency. All individuals presented with biallelic NDC1 in-frame deletions or missense variants
that affect amino acids and protein domains required for ALADIN binding. No other significant variants associated with the phenotypic
features were reported. Skin fibroblasts derived from affected individuals show decreased recruitment of ALADIN to the NE and decreased
post-mitotic NPC insertion, confirming pathogenicity of the variants. Taken together, our results implicate biallelic NDC1 variants in the
pathogenesis of polyneuropathy and a triple A-like disorder without adrenal insufficiency, by interfering with physiological NDC1 func-
tions, including the recruitment of ALADIN to the NPC.

Introduction such as transcriptional regulation, chromatin organiza-

tion, and mitotic progression.®

The nuclear envelope (NE) is a specialized membrane that
separates the nucleus from the cytoplasm. At sites where
the inner and outer nuclear membrane fuse, nuclear pore
complexes (NPCs) are embedded in the NE. The NPC
consist of several multiprotein subcomplexes that are
anchored in the membrane via three transmembrane nu-
cleoporins: NDC1, POM121, and GP210." Altogether, the
NPC subcomplexes form a cylindrical ring structure, which
is essential for their most important functions: facilitating
nucleocytoplasmic transport of proteins, RNAs, and other
signaling molecules.” In addition, transmembrane nucleo-

Given their diverse functions, variants in genes encoding
nucleoporins have been associated with a wide variety of
disorders, including infantile bilateral striatal necrosis,
nephrotic syndrome, and neurodevelopmental disorders.*°
No disease-related variants have been described for the three
essential transmembrane nucleoporins NDC1, POM121, and
GP210. However, their upregulation is associated with
various cancer types, including non-small cell lung cancer,
cervical cancer, and esophageal squamous cell carcinoma.” ™’
Increased NDC1 expression and mislocalization is also
described in ventricular cardiac tissue of ischemic cardiomy-

porins are involved in multiple other cellular processes opathy and dilated cardiomyopathy patients.'’ In mice, a

1Department of Clinical Genetics, Erasmus University Medical Center, Dr. Molewaterplein 40, 3015 GD Rotterdam, the Netherlands; 2Division of Pediatric
Neurology, Barrow Neurological Institute, Phoenix Children’s Hospital, Phoenix, AZ 85016, USA; 3Departmen‘cs of Child Health, Neurology, Cellular & Mo-
lecular Medicine and Program in Genetics, University of Arizona College of Medicine - Phoenix, Phoenix, AZ 85004, USA; 4Department of Pediatrics, Fac-
ulty of Medicine and University Hospital Carl Gustav Carus, Technische Universitit Dresden, Dresden, Germany; *Department of Neuropediatrics and
NeuroCure Clinical Research Center, Charité-Universitdtsmedizin Berlin, Berlin, Germany; SNeuroscience Research Center, Faculty of Medicine, Golestan
University of Medical Sciences, Gorgan, Iran; ’Clinical Research Development Unit (CRDU), Sayad Shirazi Hospital, Golestan University of Medical Sci-
ences, Gorgan, Iran; 8lranian Center of Neurological Research, Neuroscience Institute, Tehran University of Medical Sciences, Tehran, Iran; 9Skin and
Stem Cell Research Center, Tehran University of Medical Sciences, Tehran, Iran; 10Sydney Medical School, Faculty of Medicine and Health, The University
of Sydney, Sydney, NSW, Australia; !'Cerebral Palsy Alliance Research Institute, Faculty of Medicine and Health, The University of Sydney, Sydney, NSW,
Australia; 12Department of Clinical Genetics, Children’s Hospital at Westmead, Sydney Children’s Hospitals Network, Westmead, NSW, Australia; 13Spe—
cialty of Genomic Medicine, Faculty of Medicine and Health, University of Sydney, Sydney, NSW, Australia; *Department of Neurology, Section of Child
Neurology, Erasmus University Medical Center Rotterdam, Dr. Molewaterplein 40, 3015 GD Rotterdam, the Netherlands

5These authors contributed equally

6] ead contact

*Correspondence: d.smits@erasmusmc.nl

https://doi.org/10.1016/j.xhgg.2024.100327.

© 2024 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

.m Human Genetics and Genomics Advances 5, 100327, October 10, 2024 1


mailto:d.smits@erasmusmc.nl
https://doi.org/10.1016/j.xhgg.2024.100327
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xhgg.2024.100327&domain=pdf
http://creativecommons.org/licenses/by/4.0/

variant in NDC1 resulted in gametogenesis defects and skel-
etal malformations.""

NDC1 is a transmembrane nucleoporin that is essential
for post-mitotic NE formation and NPC assembly.'*"* Dur-
ing the first steps of NE/NPC assembly, NDC1 is anchored
in the NE via six transmembrane domains. Both its N and
C termini face the NPC channel and facilitate the recruit-
ment of other nucleoporins and membrane remodeling
factors. The highly conserved large C-terminal tail of
NDC1 recruits the nucleoporin ALADIN. At the NPC,
ALADIN regulates selective nuclear import and is therefore
essential for cellular homeostasis. Variants in AAAS, encod-
ing for ALADIN, cause triple A syndrome, also known as
Allgrove syndrome (OMIM: 231550). Triple A syndrome
is an autosomal recessive disorder characterized by
ACTH-resistant adrenal insufficiency, alacrima, achalasia,
and a variety of neurological disturbances.'*"'® In individ-
uals with triple A syndrome, mislocalization of ALADIN is
observed and is thought to be the main pathogenic mech-
anism underlying the disease.'” %'

Here, we describe the first cohort of seven individuals,
from four unrelated families, with biallelic variants in
NDC1. The affected individuals present with alacrima,
achalasia, and neurological features including develop-
mental delay/intellectual disability, demyelinating and
secondary axonal polyneuropathy, facial weakness, tongue
fasciculation, and hypotonia, resembling the features
observed in triple A syndrome. Cell biological studies
were performed to provide insights into the molecular
mechanisms contributing to disease pathogenesis.

Material and methods

Standard protocol approvals, registrations, and patient
consents

The study was approved by the local ethics boards/IRBs. Clinical
data from affected individuals were recruited through Gene-
Matcher.?> Written informed consent to participate in this study
was obtained from all affected individuals or their parents/care-
takers. Written informed consent for publication of photographs
was obtained as applicable. Fibroblasts from affected individuals
were obtained from skin biopsies previously sampled for routine
diagnostics.

Exome sequencing

Exome sequencing was performed on DNA isolated from blood
derived from probands and family members in different labora-
tories. Whole exome sequencing (WES) data are deposited inter-
nally in each medical institute, in respect to the privacy of the fam-
ilies. Details of sequencing and analysis pipelines are described in
the supplemental methods.

RNA sequencing

The RNA sequencing pipeline used for family 1, individuals 1-I
and 1-II, is described in Dekker et al.>* In short, skin biopsy-
derived fibroblasts were cultured in Ham'’s F10 medium containing
15% (v/v) fetal calf serum and 1% (v/v) penicillin/streptomycin.
Fibroblast cultures for RNA sequencing were either untreated or

treated with 100 pg/mL cycloheximide (Sigma-Aldrich) for 24 h.
At a confluency of 70%-80%, RNA was isolated and RNA samples
were enriched for polyadenylated RNA, followed by cDNA synthe-
sis. Strand-specific sequencing was performed on an Illumina
NovaSeq 6000 with 150 bp paired-end reads and unique molecular
identifier-adaptors, generating a minimum of 40 million reads.
Mapped RNA sequencing reads were visualized in the Integrative
Genomics Viewer (IGV, v.2.14.5) using hg19 as reference genome.

Minigene assay

To confirm effects on splicing, a minigene exon-trapping assay
was performed. NDC1 exon 9 and surrounding intronic sequences
(~100 bp upstream and downstream of splice donor and acceptor
site) were amplified from genomic DNA and cloned into the
pSPL3 vector (Thermo Fisher Scientific, Invitrogen) using Gibson as-
sembly. HEK293T cells (70%-90% confluent) growing in a 12-well
plate were transfected with 1 pg of the minigene constructed
using 5 pg polyethyleneimine. After 24 and 48 h incubation, RNA
was isolated using an RNeasy mini kit (QIAGEN, Venlo, the
Netherlands), according to the manufacturer’s protocol, followed
by cDNA synthesis using the iScript cDNA synthesis kit (Bio-Rad).
Transcribed products from the vector were amplified using a stan-
dard set of primers. These RT-PCR products were visualized by
agarose gel electrophoresis and confirmed by Sanger sequencing.

Immunofluorescence

Fibroblast cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% (v/v) fetal calf serum and 1% (v/v) peni-
cillin/streptomycin. Cells were regularly checked for mycoplasma
infections. For immunostainings, fibroblast cells were grown on
24 mm coverslips (Thermo Fisher Scientific). Cells were fixed in
4% paraformaldehyde for 20 min on ice. After fixation, coverslips
were blocked for 1.5 h on ice in blocking buffer containing 50 mM
Tris-HCI (pH 7.4), 0.9% NaCl, 0.25% gelatin, 0.5% Triton X-100.
Primary antibodies were diluted in blocking buffer and incubated
overnight at 4°C. The next day, cells were incubated for 45 min
with secondary antibodies and mounted on microscopy slides
with ProLong Gold Antifade Reagent with DAPI (Thermo Fisher
Scientific).

Antibodies
Primary antibodies: mouse anti-ALADIN (1:100, Santa Cruz, sc-
374073), mouse anti-414 (MMS-120P, 1:500, BioLegend), and rab-
bit anti-CDT1 (D10F11, 1:200, Cell Signaling Technologies).
Secondary antibodies: goat anti-rabbit IgG (H + L) Alexa Fluor
488 (1:200, Thermo Fisher Scientific, A11088), Cy3 AffiniPure
donkey anti-mouse IgG (H + L) (1:100, Jackson Laboratory, 715-
165-150).

Confocal microscopy

Confocal fluorescent z stack images were acquired with the Broad-
band Leica TCS SPS, using Leica LAS AF application (Leica Micro-
systems). Lasers with 405, 488, and 561 nm excitation wavelength
were used to visualize fluorescent secondary antibodies. Maximal
projections of z stack images were processed with Fiji Image]J
software.

Super-resolution 3D-SIM microscopy was performed with the
Elyra Zeiss PS1. Images were acquired using a 63 x 1.4 NA oil objec-
tive, 405, 488, and 561 nm diode lasers with appropriate filters.
The grating present in the light path was modulated in five phases
and five rotations, and multiple z slices with an interval of 110 nm
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were recorded on an Andor iXon DU 885, 1002 x 1004 EMCCD
camera. Raw images were reconstructed using the Zeiss Zen soft-
ware and subsequently analyzed with Fiji Image] software.

Results

Genomic analysis, through WES or RNA sequencing, de-
tected homozygous NDC1 variants in a cohort of seven
individuals from four unrelated families (Figure 1A).
Phenotypic features were very similar and are summarized
in Table 1, while detailed clinical reports and additional in-
formation on the genomic alterations are provided in the
supplemental information and Tables S1 and S2.

Clinical description

All described individuals were born after uncomplicated
pregnancies with growth measurements within the
normal range. In all, symptoms started in the first year of
life, characterized by delayed motor development in
most individuals. The individuals from family 3 initially
presented with vomiting and recurrent aspiration, but
also experienced delayed motor development in early
childhood. All individuals had intellectual disability, with
variable severity. Speech development was affected and
ranged between normal and non-verbal. Nasal speech
was frequently described (4/7), and often associated with
facial weakness (Figure 1B). Feeding difficulties were
described for 5/7 affected individuals, and were character-
ized by dysphagia and near chocking. In one individual
achalasia was radiologically confirmed and treated with
surgery.

Physical examination showed the involvement of the
peripheral, central, and autonomic nervous system. Clin-
ical signs of peripheral neuropathy were observed in all
but one individual, and were confirmed with EMG in three
individuals. EMG recordings showed a motor demyelin-
ating polyneuropathy with secondary axonal injury. The
most frequently reported peripheral neurological features
were hypotonia, muscle atrophy, decreased muscle
strength, and decreased deep tendon reflexes. Other lower
motor neuron signs included facial weakness (5/7), tongue
atrophy, and tongue fasciculations (4/7). Exceptionally, in-
dividual 4-I presented with increased muscle tone, contrac-
tures of the knees, elbows, and ankles. He also developed
epilepsy in the first year of life, characterized by atonic/
tonic episodes or head drops. Epilepsy was also reported
for individual 3-II. Dysfunction of the autonomic nervous
system was seen in 5/7 individuals. Alacrima or hypola-
crima was the most frequent autonomic feature and
present in 5/7 individuals. In addition, limited heart rate
variability was observed in two individuals.

The most frequently described facial features are related
to facial muscle weakness, with downslant of the eyelids, a
long thin nose, a high arched palate and a pre-auricular tag
(Figure 1B). Examination of the hands and feet showed
tapered fingers (3/7), hypotrophy of the muscles on the

hands and feet (4/7), and hyperkeratosis (2/7). Remarkably,
none of the affected individuals had adrenal insufficiency.
Baseline cortisol levels were normal and normal responses
to ACTH stimulation were observed. Brain MRI showed no
major structural abnormalities except mild dilatation of
the ventricles and prominent perivascular spaces in two in-
dividuals. Muscle CT in individual 1-I showed normal
musculature of neck and shoulder, mild atrophy of the
pelvis muscles, moderate atrophy of the hamstrings, and
severe atrophy with fatty infiltration of the gastrocnemius
and soleus muscles.

Genomic analysis

In family 1, diagnostic WES and SNP arrays did not identify
pathogenic variants in both siblings, which could explain
the phenotype (Table S3). SNP array showed multiple regions
of homozygosity and a maternally inherited 215 kb duplica-
tion on chromosome 3q13, most likely unrelated to the
phenotype. Diagnostic RNA sequencing analysis on both
siblings of the overlapping ROH revealed reduced expression
of exon 9 of NM_018087.4 (NDC1) (Figures 2A, S1A, and
S1B). Skipping of exon 9 was observed in ~60% of the
reads. This exon 9 skip would result in an in-frame deletion
of 30 amino acids (r.892_984del, p.Ala298_Lys328del)
(Figures 1C and 2B). Re-analysis of WES data revealed an in-
tronic homozygous variant in intron 8 of NDCI, c.892-
21G>A, in both siblings. This variant is absent in gnomAD
(v.2.1.1)** and both parents were heterozygous carriers.
Splice prediction software predicted that this variant results
in a loss of the canonical splice acceptor site (SpliceAl: A
score = 0.27; A score > 0.2 indicates potential effect on
splicing, likely by creating an AG dinucleotide in the
polypyrimidine tract between the splice acceptor and
branchpoint, an alteration able to disrupt the canonical
splice acceptor site) (Table S2; Figure S1C).>> A minigene
assay confirmed that the c.892-21G>A variant indeed
caused skipping of exon 9 (Figure 2C). In family 2, WES
identified the same homozygous variant as identified in fam-
ily 1 (NM_018087.4(NDC1):c.892-21G>A, 1r.892_984del,
p-Ala298_Lys328del). Homozygosity for this variant was
confirmed by segregation analysis of both parents and the
healthy sister, who were all heterozygous.

In families 3 and 4 homozygous missense variants
were identified. In family 3, WES identified a homozygous
missense variant in NDCI (NM_018087.5(NDC1):
¢.1706C>T, p.Ser569Leu in both affected siblings within a
large region of autozygosity (Figure 1C). The CADD (com-
bined annotation-dependent depletion) score’® of this
variant was 28.7 and the variant was predicted to be probably
damaging by PolyPhen2,** benign by MutationTastet, and
tolerated by SIFT (Table S2). The variant is absent in gno-
mAD. In family 4, WES identified a homozygous missense
variant in NDCI: NM_018087.5(NDC1): ¢.1720G>A,
p.Ala574Thr (Figure 1C). The variant is absent in gnomAD?*’
and its CADD score is 27.1. The pathogenicity prediction
program PolyPhen2 reports probably damaging effects, and
SIFT classifies the variant as “tolerated” (Table S2).
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Figure 1. Clinical features of affected individuals with NDCT variants

(A) Pedigrees of four families with biallelic NDC1 variants. Affected individuals are depicted in black.

(B) Facial features of affected individuals 1-I, 1-II, 3-I, and 3-II. The lower panel in individual 1-I shows tongue fasciculations.

(C) Schematic drawing of the NDC1 protein in the nuclear envelope. The identified NDC1 variants and the interaction sites with
ALADIN are depicted in the C-terminal NDC1 protein structure.
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Table 1. Summary of clinical features observed in individuals with biallelic NDC7 variants

Ind 1-I Ind 1-Il Ind 2-I Ind 2-lI Ind 3-I Ind 3-II Ind 4 % of individuals
Variant in NDC1: c.892-21G>A c.892-21G>A c.892-21G>A c.892-21G>A c.1706C>T c.1706C>T c.1720G>A
NM_018087.5 p-Ala298_Lys328del p-Ala298_Lys328del p-Ala298_Lys328del p-Ala298_Lys328del p-Ser569Leu p-Ser569Leu p.Ala574Thr
Age at last investigation 12 10 13 10 +25 26 12
(years)
ID borderline borderline mild no moderate moderate severe 100
Motor impairment motor delay motor delay motor impairment motor impairment motor motor severe motor 100
impairment impairment impairment
Clinical signs of yes (EMG confirmation) yes (EMG yes (EMG yes, no EMG yes, no EMG yes, no EMG no 86
polyneuropathy/EMG confirmation) confirmation)
Alacrima yes yes yes yes not reported yes no 71
Dysphagia/achalasia dysphagia, recurrent suspect achalasia no no achalasia achalasia dysphagia 71
choking
Facial weakness yes yes yes not reported yes yes not reported 71
Hypotonia yes yes not reported not reported not reported yes yes 57
Tongue fasciculations yes yes yes yes no no no 57
Growth delay no no yes yes yes yes no 57
Epilepsy no no no no no yes yes 28
Other autonomic features no no yes yes no no no 28

EMG, electromyography; ID, intellectual disability.
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Figure 2.

Functional analysis of the variant identified in family 1

(A) Sashimi plot showing partial skipping of exon 9 NDC1 in both affected individuals from family 1. These samples were not treated

with cycloheximide (CHX-).

(B) Schematic representation of the effect of the homozygous NDC1:¢.892-21G>A variant on splicing. In approximately 60% of the

reads skipping of exon 9 is observed.

(C) Minigene assay confirming the effect of the NDC1:¢.892-21G>A variant on splicing. HEK293T cells were transfected with plasmid
DNA isolated from two independent clones containing NDC1 with the ¢.892-21G>A variant, two clones with WT NDC1 sequence, or an
empty vector. RT-PCR of the transcribed minigene was performed showing that the NDC1:¢.892-21G>A induces skipping of exon 9 not

seen in WT samples. NC, negative control.

Pathogenic NDCT variants affect interactions with
ALADIN and NPC assembly

To verify the pathogenic effects of the missense variants
identified in families 3 and 4, we modeled these variants
into the in silico NDC1 protein structure. In addition, we
modeled the interaction of NDC1 with ALADIN, NUP93,
and NUP155 and evaluated the effects of the NDCI
variants on its interactors (Figure 3A). Interestingly,
both missense variants p.Ser569Leu and p.Ala574Thr are
located in the C-terminal domain of NDC1 that interacts
with ALADIN (Figure $2).”** The p.Ala574 residue has
been shown to directly interact with ALADIN. Replace-
ment of the alanine residue with threonine is predicted
to induce steric clashes with ALADIN, thereby decreasing
heterodimer stability (Figure 3B). The p.Ser569 residue
does not directly interact with ALADIN, but forms tight
intramolecular interactions. Substitution with leucine is
predicted to form steric clashes thereby decreasing NDC1
stability and consequently its ability to interact with
ALADIN (Figure 3C). Overall, both variants are located in
close proximity to the NDC1-ALADIN interface, suggesting

that they have a negative effect on heterodimerization and
anchoring of ALADIN in the NPC.

To investigate the effects of the p.Ala298_Lys328del
variant on recruitment of ALADIN to the NPC, we assessed
the localization of endogenous ALADIN in fibroblasts
derived from affected individuals harboring this variant (in-
dividual 1-I + 1-II) by confocal microscopy and compared
this with age-matched control fibroblast lines. Although,
localization of ALADIN to the NE was observed in both con-
trol cell lines, fibroblasts containing the p.Ala298_Lys328-
del variant showed a decrease in ALADIN localization to
the NE, indicative of recruitment defect (Figure 4A). These
results support the pathogenicity of this variant as well as
the importance of the NDC1 C terminus for ALADIN
recruitment to the NE.

NDC1 is known to be essential for post-mitotic NE for-
mation and the assembly of new NPCs."” To evaluate the
effects of our variants on NPC assembly and NE formation
we labeled all NPCs with the mAb414 antibody, which rec-
ognizes FG-repeat-containing NPCs. The NDC1 p.Ala298_
Lys328del variant did not have major effects on NE
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Figure 3.

p-Ala574 are located close to the dimer interface. This panel is adapted from Huang et a

Modeling structural effects of missense variants in NDC1
(A) View of the ALADIN-NDC1 heterodimers of the Xenopus laevis NPC. NDC1-ALADIN heterodimer showing that p.Ser569 and

128

(B) Close-up of p.Ala574 showing that this residue forms direct contacts with the ALADIN subunit (shown in blue space-filled presen-
tation). The bulkier substituted threonine side chain is predicted to cause steric clashes with ALADIN thereby decreasing heterodimer

stability.

(C) Close-up of p.Ser569 showing that this residue forms tight intramolecular interactions (interacting residues shown in stick presen-
tation). The bulkier substituted leucine side chain is anticipated to cause steric clashes thereby decreasing NDC1 stability and conse-
quently its ability to interact with ALADIN. Overall, both variants are located in close proximity to the NDC1-ALADIN interface, suggest-
ing that they have a negative effect on heterodimerization and on the anchoring of the NPC.

morphology and NPC distribution during interphase
(Figure 4B). The number of NPCs was additionally quanti-
fied with 3DSIM high-resolution microscopy. As NPC
assembly can occur post-mitotically and during inter-
phase, we used the post-mitotic marker CDT1 to discrimi-
nate between these two processes. Comparison of NDC1
p-Ala298_Lys328del cell lines with three unrelated age-
matched controls showed an overall decrease of CDT1-
positive NPCs in the NDC1 p.Ala298_Lys328del cell
lines (Figure 4C, mean NDC1 p.Ala298_Lys328del = 4.05
pore/um? mean controls = 4.58 pore/um?, p < 0.002,
two-tailed unpaired t test). These results suggest that
the C-terminal NDC1 p.Ala298_Lys328del variant
affects both ALADIN recruitment and post-mitotic NPC
formation.

Discussion

This report provides evidence that biallelic NDC1 variants
can cause a neurological phenotype similar to triple A syn-
drome. In our series, individuals with homozygous NDC1
variants present with variable alacrima, achalasia, mild
developmental delay/intellectual disability, and peripheral
(motor) polyneuropathy, but without endocrine anoma-
lies. We show that the variant identified in families 1 and
2 interferes with the physiological function of NDC1 as it
decreases the recruitment of ALADIN to the nuclear rim
and impairs post-mitotic NPC insertion.

Triple A syndrome is characterized by the triad of esopha-
geal achalasia, alacrima, and adrenal insufficiency and is
associated with biallelic AAAS variants. The disease pheno-

type is variable, the complete triad is observed in 70% of
affected individuals, and disease onset is often in first decade
of life.'>?!*? Adrenal failure is common and may be life
threatening, but individuals without adrenal failure have
also been described.””** In addition, various neurological
symptoms are reported. Upper and lower motor neuron le-
sions can cause bulbar symptoms, spasticity, intellectual
disability, cognitive decline, and cranial neuropathy.®!*®
Progressive peripheral neuropathy of motor and sensory
nerves, often demyelinating with secondary axonal degener-
ation, is one of the hallmarks, but its presence has not been
systematically investigated in all subjects with AAAS vari-
ants.?"*>3% In contrast to the individuals reported in this pa-
per, nearly all triple A syndrome patients present with the
pathognomonic sign of marked hyperreflexia without other
signs of spasticity. Additional autonomic dysfunction is
observed in 33% of affected individuals, and is characterized
by postural hypotension, abnormal cardiovascular re-
sponses, anisocoria, abnormal pupillary reflexes, impotence,
and alacrima. The name “4A-syndrome” has been intro-
duced for the clinical variant with autonomic dysfunction.®”

Interestingly, the individuals with biallelic NDC1 vari-
ants showed high phenotypic overlap with those having
variants in AAAS (Table 2). The majority of the examined
individuals with NDC1 variants presented with alacrima
and symptoms of achalasia or dysphagia, recurrent
vomiting or inability to swallow hard texture food. The
formal diagnosis of achalasia was made in two of the indi-
viduals (individuals 3-1 + 3-II). Progression of milder
dysphagia into achalasia during adolescence should be
considered in younger cases, as this is frequently seen in
individuals with AAAS variants.*® Notably, signs of adrenal
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Figure 4. NDC1 variants interfere with
ALADIN recruitment and NPC insertion

(A) Cell lines were stained with anti-ALADIN
antibodies (red) and its localization was eval-
uated with confocal microscopy. n = 2 inde-
pendent experiments, >10 fields per cell line
were evaluated, n = 2 NDCI1 individuals;
family 1-I and family 1-1I.

(B) The number of NPCs was examined
upon staining with the Mab-414 antibody
(red). Nuclei were counterstained with
DAPI. The structure of the NE and NPC local-
ization were evaluated with confocal micro-

scopy.
(C) Quantification of the number of NPCs in

post mitotic cells (CDT1+) with 3D SIM mi-
croscopy after staining with the Mab-414
antibody (red). n = 3 experiments, n = 2
NDC1 individuals, n = 2 controls, two tailed
unpaired t test, error bars represent the stan-
dard error of the mean (SEM)). **p < 0.01.

ascertainment bias due to the age of
onset and initial symptomatology.

Compared with individuals reported
with AAAS variants, individuals with
NDC1 variants presented with promi-
nent neurological symptoms; however,
this could be biased given that AAAS
variant cases are often ascertained based
on the endocrinological problems. All
NDC1 individuals had neurological fea-
tures from early childhood, while the
neurological symptoms in AAAS-related
triple A syndrome usually occur at the
end of the first, or the beginning of the
second decade of life.'*'>*® Like in triple
A syndrome, the neurological defects
observed in NDC1 cases affect the cen-
tral, peripheral, and autonomic nervous
system. The most commonly observed
features were hypotonia, developmental
delay/intellectual disability, demyelin-
ating motor neuropathy with secondary
axonal injury, alacrima, and tongue
fasciculations.'*'®*?  Alacrima  was
frequent, but no other autonomic distur-
bances were observed in the NDC1
cohort except for limited heart rate
variability in one individual. Peripheral
nerve involvement is described in
many individuals with triple A syn-
drome, and is predominantly character-
ized as a motor axonal neuropathy,
which frequently affects the wulnar
nerve.l(i,4(),4l

insufficiency were not observed in any of the individuals The transmembrane nucleoporin NDC1 anchors various
with NDCI variants, while endocrine disorders are cytoplasmic nucleoporins in the NE with its N-terminal
observed in about 80% of individuals with triple A syn- and C-terminal protein tails.'*?’ All variants identified in

drome.>®

*? However, this percentage could reflect an the affected individuals are located in the C-terminal tail
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Table 2. Comparison of the clinical features observed in
individuals with NDCT and AAAS variants
Clinical manifestations NDCT AAAS
Adrenal insufficiency - +
Neurological features
Dysphagia/achalasia + +
Clinical signs of polyneuropathy + +/—
Hypotonia +/— +/—
Hyporeflexia + -
Muscular atrophy + +/—
Hypertonia +/- +
Tongue fasciculations/atrophy +/- +/—
Epilepsy +/— +/—=
Facial weakness +/— +/—
Developmental delay + +
Dysautonomia
Alacrima + +
Postural hypotension - +/—
Abnormal heart responses +/- +/—
Sexual dysfunction - +/—
Dermatological manifestations
Hyperpigmentation - +/=
Hyperkeratosis +/— +/—
Cutis anserine - +/—

- indicates never reported, +/— indicates reported in some individuals, + re-
ported >50%.'*16/18:32:33

of NDC1, which binds ALADIN and NUP155. The identi-
fied missense variants (p.Ser569Leu and p.Ala574Thr) are
located in a region that interacts with ALADIN, explaining
their deleterious effects. The ¢.892-21G>A variant results
in the frame loss of exon 9 (p.Ala298_Lys328del) in
about 60% of NDCI transcript. This deletion includes a
known ALADIN binding site (Figure S2) and results in
reduced ALADIN localization to the NE. This is reminiscent
of experimental NDC1 knockdown, which also causes
reduced ALADIN NE localization and being consistent
with a loss of function mechanism of the human vari-
ants.””??  Similarly, pathogenic missense variants in
AAAS result in aberrant ALADIN localization. Therefore,
decreased recruitment of ALADIN to the NE has been
advocated as the main mechanism underlying AAAS-
related triple A syndrome.'?*%*2

NDC1 also has a well-established role in post-mitotic
NPC assembly and NE formation.** Both the N-terminal
and C-terminal tails of NDC1 are indispensable for
NPC insertion."® Fibroblasts containing the C-terminal
p-Ala298_Lys328del variant showed a lower number of
post-mitotically inserted NPCs. Interestingly, we did not
observe major anomalies in the structure of the NE in these
cell lines during interphase, as previously seen upon

siNDC1.** These data support the involvement of C-termi-
nal NDC1 in NPC assembly and show that the p.Ala298_
Lys328del variant interferes with established NDC1
functions. This variant probably does not induce major
structural NE anomalies during interphase since it does
not directly affect the NDC1 transmembrane domains.
This will enable the integration of NDC1 into the NPC
membrane and could as well allow the establishment of
physiological protein interactions required for membrane
deforming capacities.'’

The consequences of impaired ALADIN recruitment to
the NPC on cellular homeostasis are unknown. Several
studies indicate that NDCl-mediated anchoring of
ALADIN at the NPC is essential for selective nuclear import
of DNA repair proteins (ligase 1; APRATAXIN) and ferritin
heavy chain 1, a protein that protects against nuclear
oxidative stress.****> Consequently, ALADIN-depleted cells
have an altered response to oxidative stress and increased
levels of reactive oxygen species.””***> Moreover, roles
for ALADIN unrelated to the NPC have been described.
ALADIN assists in mitotic spindle formation by altering
the localization of Aurora A,*® and it interacts with proges-
terone receptor membrane component 2, which regulates
the activity of cytochrome P450.*” Moreover, a recent
report focusing on adrenal glands showed a role for
ALADIN in the nucleocytoplasmatic transport of cyclic
AMP-dependent protein kinase and subsequent dysregula-
tion of the steroidogenic pathway.*® The overlap in pheno-
types caused by NDCI and AAAS variants suggests that
impaired recruitment of ALADIN to the NPC contributes
to the clinical features shared among the two groups of
affected individuals, e.g., alacrima, achalasia, and neuro-
logical defects. Possibly, functions of ALADIN unrelated
to the NPC could be contributing to distinguishing fea-
tures such as adrenal insufficiency.

Dysregulation of oxidative stress is one of the mecha-
nisms that could contribute to the neurological features
observed. While the pathophysiological mechanisms un-
derlying the clinical features observed in triple A syndrome
are not completely understood, oxidative stress is often
causally related to peripheral neuropathy, and is impli-
cated in several neurodegenerative and neurodevelopmen-
tal disorders.””*” Previous studies have suggested that
the triple A-related peripheral neuropathy might result
from a defect of ACTH receptors on neurons or glia with
secondary demyelination.'”*® However, our results, as
well as several AAAS case descriptions, do not support
this hypothesis as the subjects here reported did show
demyelinating neuropathy without endocrine anomalies.

Although about 80% of individuals with triple A syn-
drome have an AAAS mutation, evidence for genetic hetero-
geneity has been reported for over two decades.”>*® A syn-
drome of alacrima, achalasia, and mental retardation
(OMIM: 615510) has been linked to biallelic variants in
the guanosine diphosphate-mannose pyrophosphorylase
A (GMPPA) gene.”' The GMPPA protein inhibits guanosine
diphosphate-mannose pyrophosphorylase B, which results
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in increased GDP-mannose levels and imbalanced glycosyl-
ation reactions.’> Moreover, variants in TRAPPC11 cause
cerebral atrophy, intellectual disability and movement dis-
orders, scoliosis, achalasia, and alacrima. The TRAPPC11
variants were also reported to influence protein glycosyla-
tion.>* Similar to individuals with pathogenic NDC1 vari-
ants, the distinguishing feature of the disorder related to
these variants is the absence of adrenocortical dysfunction.
Interestingly, the consequences of the variants in GMPPA
and TRAPPC11 seem to be unrelated to the NPC structure,
which suggests that the molecular mechanism causing
the features observed in triple A-related disease are not
only directly related to the NPC, but also to secondary
defects, for example, alterations in selective nuclear
trafficking.

Our observation shows that NDC1 variants should be
considered in individuals with alacrima, achalasia, and
neurological defects, mostly severe peripheral neuropathy.
The variants identified here in the affected individuals all
seem to have an effect on the interaction with ALADIN, ex-
plaining the high phenotypic overlap with AAAS-related
triple A syndrome. The future description and evaluation
of additional individuals with NDC1 variants is essential
to better define the associated phenotype and gain more
insight into the underlying disease mechanisms.

Statistics

Statistical analysis was performed using GraphPad Prism
v.9.0. All datasets were checked for normality and outliers.
All error bars represent the standard error of the mean. De-
tails about the statistical tests are available in the figure
legends.
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study have not been deposited in a public repository out of
respect for the patients’ privacy, but data are available from
the corresponding author on request.
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Supplemental methods

Whole exome sequencing

Family 1: Trio exome capturing was carried out using Agilent SureSelect Target Enrichment Clinical
Research Exome V2 (Agilent Technologies, Santa Clara, CA, USA). Sequencing (paired-end 150bp) was
performed by the lllumina HiSeq 4000 platform (lllumina, San Diego, CA, USA). Data was
demultiplexed by Illumina Software CASAVA. Reads are mapped to the genome (build hg19/GRCh37)

with the program BWA (reference: http://bio-bwa.sourceforge.net/). Variants are detected with the

Genome Analysis Toolkit (reference: http://www.broadinstitute.org/gatk/). Subsequently, variants

were filtered with the Alissa Interpret software package (Agilent technologies) on quality (read depth
>10), frequency in databases (21% in 200 alleles in dbSNP, ESP6500, the 1000 Genome project or the
ExAC database) and location (within an exon or first/last 10 bp of introns). Variants were further
selected based on three inheritance models (de novo autosomal dominant, autosomal recessive and

X-linked recessive).

Family 2: For whole exome sequencing exonic sequences were enriched from the individual (2-1) using
NimbleGen SeqCap EZ human exome library v2.0 and sequenced on a HiSeq2000 (Illumina) with read
length of paired-end 2x100 bp and average coverage of >50 fold. FASTQ-files (FASTA format sequences
bundled with their quality data) were aligned to the human GRCh37.p11 (hg19) reference sequence
using the BWA-MEM V.0.7.1 aligner. Co-segregations of the NDC1 mutation in family F2 was verified
by Sanger sequencing using an ABI 3130XL genetic analyzer and BigDye Terminator Cycle Sequencing

Kit 1.1 (Applied Biosystems).

Family 3 & Family 4:_The samples from family 3 underwent sequencing at Yale Center of Genome
Analysis (YCGA) using illumina NovaSeq6000 sequencer and the IDT xGen Exome V2 kit. Family 4's

samples were processed at Beijing Genomics Institute (BGI) with the MGISEQ-2000 sequencer.

WES data was analyzed in Phoenix Children’s Hospital (PCH). The sequenced reads were aligned to the
reference genome, GRCh37, using BWA-MEM and further processed using GATK Best Practice
workflows, which include duplication marking, indel realignment and base quality recalibration.
Single-nucleotide variants and small indels were called with GATK HaplotypeCaller and annotated
using ANNOVAR , dbSNP(v138), 1000 Genomes (August 2015), NHLBI Exome Variant Server (EVS) and
the Exome Aggregation Consortium v3 (EXAC). MetaSVM and CADD (v1.3) algorithms were used to
predict deleteriousness of missense variants (D-Mis, defined as MetaSVM-deleterious or CADD > 20).
Inferred LoF variants consist of stop-gain, stop-loss, frameshift insertions/deletions, canonical splice

sites and start-loss. LoF and deleterious missense mutations were considered ‘damaging’.


https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fbio-bwa.sourceforge.net%2F&data=05%7C01%7Cd.smits%40erasmusmc.nl%7C5d06aa75d23047cfe72908db029c9d84%7C526638ba6af34b0fa532a1a511f4ac80%7C0%7C0%7C638106643927230877%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=r8UwDQU4hrGZ2yrLEzFfPhrDPLO4tGRvgchU0AnUp40%3D&reserved=0
https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.broadinstitute.org%2Fgatk%2F&data=05%7C01%7Cd.smits%40erasmusmc.nl%7C5d06aa75d23047cfe72908db029c9d84%7C526638ba6af34b0fa532a1a511f4ac80%7C0%7C0%7C638106643927387092%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=bZUv9kl7B4l3oHDfYBYkp4f08YU3CrIfw%2BNOW8lE7UM%3D&reserved=0

The recessive variants were filtered for rare (MAF < 10-3 across all samples in 1000 Genomes, EVS
and ExAC) variants that exhibited high-quality sequence reads (pass GATK variant score quality
recalibration) and had a minimum of 8 total reads for the proband. Only LoF variants (stop-gain, stop-
loss, canonical splice-site, frameshift indels and start-loss), D-Mis (MetaSVM = D or CADD 2 20) and

non-frameshift indels were considered potentially damaging to protein function.

De novo variants were called using the TrioDenovo program and filtered using stringent hard cutoffs.
These filters include: MAF £ 5 x 10-4 in EXAC; a minimum of 10 total reads, 5 alternate allele reads,
and a minimum 20% alternate allele ratio in the probands. If alternate allele reads 210 or, if alternate
allele reads were <10, a minimum 28% alternate ratio; a minimum depth of 10 reference reads and

alternate allele ratio < 3.5% in parents; and exonic or canonical splice-site variants.

For the X-linked hemizygous variants, we filtered for rarity (MAF < 5 x 10-5 across all samples in 1000
Genomes, EVS and ExAC) and high-quality heterozygotes (pass GATK variant score quality
recalibration, a minimum of 8 total reads, genotype quality score 220, mapping quality score 240, and
a minimum 20% alternate allele ratio in the proband if alternate allele reads >10 or, if alternate allele

reads were <10, a minimum 28% alternate ratio).

The Autozygosity mapping results for families 3 and 4 indicate that c.1706C>T (p.(Ser569Leu)) and
€.1720G>A (p.(Ala574Thr)) variants are located within 11.35 Mb and 9.5 Mb regions of homozygosity,

respectively.



Supplemental note: case reports

Case report family 1: Two affected siblings were born to Turkish consanguineous healthy parents after
uneventful deliveries (Figure 1A). The oldest affected female sibling (individual 1 - I) presented with a
delay in motor development from birth. She started walking around 2 years of age. Speech
development was normal, although from the beginning nasality was observed. Her total IQ was
measured at 75. Since birth, she experiences progressive difficulties with chewing and swallowing. She
cried without tears and experiences choking episodes daily. Last examination at the age of 11 years
showed fasciculation and atrophy of the tongue, facial weakness, nasal speech, dysarthria and
dysmorphic features including down slanting palpebral fissures, and a thin long nose (Figure 1B). The
skin was pale and thin with visible superficial veins. Further examination revealed generalized
hypotonia, moderate distal > proximal limb muscle weakness, intact sensibility diminished symmetric
deep tendon reflexes (DTRs), abnormal Trendelenburg gait pattern with feet in exorotation. No signs
of autonomic dysfunction, besides alacrima, were observed. The patient reported fatigue, occasionally
chest pain, and uses a wheelchair for longer distances. Brain magnetic resonance imaging (MRI),
obtained at the age of 4 years, showed normal neuroanatomy. Electromyography (EMG) showed a
pure motor demyelinating polyneuropathy with secondary axonal injury, with motor nerve conduction
velocities around 25-30 m/sec without evidence of blocks. Muscle computer tomography (CT) showed
normal musculature of neck and shoulder musculature, mild atrophy of the pelvis muscles, moderate
atrophy of the hamstrings, and severe atrophy with fatty infiltration of the gastrocnemius and soleus
muscles. Because of dysphagia, fluoroscopic swallowing studies were performed and showed slower
passage through the upper esophageal sphincter but no overt achalasia. Respiratory and heart

function are normal. Morning cortisol level was normal at 11 years old.

Her younger brother (individual 1 — II) showed a similar disease course, and similar facial features, but
is less severely affected than his sister (Figure 1B). At the age of 10 years, his facial weakness and nasal
speech were less pronounced, he could walk longer distances wearing an ankle-knee orthosis, but
often complained of pelvic pain. He walked unsteadily with Trendelenburg gait and limited heel lifting.
He had milder swallowing difficulties compared to the sister, but also cried without tears. Neurologic
examination showed facial and upper and lower limb weakness, with intact sensibility and decreased
DTRs. The skin was of normal pigmentation. Respiratory and heart functions were normal. Unlike his
sister, he developed behavioral problems characterized by angry outbursts and aggressive behavior.
His MRI brain at the age of 3 years was normal. EMG showed demyelinating polyneuropathy with

secondary axonal injury. His Morning cortisol level was also normal.

Genomic analysis family 1: SNP arrays showed multiple regions of homozygosity (ROH) and a

maternally inherited 215 kb duplication on 3q13 (arr[hg19] 3q13.2(112940053_113154905)x3 ). The



duplication includes a part of BOC, WDR52 and WDR52-AS1. This genomic copy number variant is
considered a variant of unknown significance, most likely unrelated to the phenotype. It is not
frequent in control databases, but there are no disease-associated genes within this locus. Diagnostic
exome sequencing using the in house ID panel in trio and followed by full exome analysis did not
identify predicted deleterious homozygous variants in both siblings explaining the phenotype (Table

s2).

Case report family 2: Two affected girls were born in a consanguineous Turkish family after
uncomplicated pregnancies. The older girl (individual 2-1) presented at age 13 years with mild growth
failure (skeletal height at 10. percentile) and developmental delay. Examination showed nasal speech,
myopathic face, tongue fasciculation, peripheral neuropathy, distal muscle weakness, and the
development of ‘stork legs’. She had reduced amplitudes of motor neuron conduction velocities, and
EMG recordings showed loss of motor units. Individual 2-I presented with mild hyperreflexia but
missing achilles tendon reflexes. Her esophageal peristalsis was moderately delayed. X-ray revealed
advanced bone age by 2 years, hypoplastic end phalanx of dig. V and minus variant of the ulna. Her
younger affected sister (2-11) showed mild short stature (skeletal height at 10. percentile) and milder
developmental delay, and attends normal school. She has similar neurological features including nasal
speech, tongue fasciculations, peripheral neuropathy, distal muscle weakness and reduced motor
neuron conduction velocities. She presents with normoreflexia but missing Achilles tendon reflexes
and does not have achalasia. Both girls have hypolacrima, but no other autonomic disturbances and
normal ACTH levels. In individual 2-1l short ACTH stimulation test at age 10 years showed normal basal
and stimulated cortisol levels. Both girls had no clinical or laboratory sign for mineralocortiocoid
deficiency. In addition, both patients were reported with limited heart rate variability, hyperkeratosis

and mineral deficiency of the bones.

Case report family 3: A 27-year-old female from Iran was clinically diagnosed with Triple-A syndrome
(individual 3 -1l1). She was the fifth child from a consanguineous marriage, born at term via caesarian
section with no complications during pregnancy or delivery (Figure 1A). Patient’s symptoms began in
the first year of life, with recurrent vomiting. She was diagnosed with achalasia and underwent surgery
at the age of 3 years. She was globally developmentally delayed and did not walk and talk until she
was 3.5 years old. After she began walking, her parents noticed limping, which progressively
worsened. She developed progressive swallowing difficulties, which reached its maximum intensity at
the age of 26 years. Her parents reported no episodes of hypoglycemic seizures or shock, although

her EEG showed mild slowing and focal epileptiform features at age two.



Physical examination revealed an alert, young woman with intellectual disability, underweight and of
short stature. Bilateral facial muscle weakness was present, with a high-arched palate, nasal speech,
dysphagia, decreased gag reflex, muscle atrophy, decreased strength, increased deep tendon reflexes,
gait abnormality, and coxa vara deformity (Figure 1B). There were no signs of autonomic disturbance,
including abnormal pupillary reflex, diminished heart rate variability, or orthostatic hypotension.
Diagnostic tests were positive for urolithiasis, and bone deformities. Laboratory tests showed no signs
of adrenal insufficiency. The second son in this family (individual 3-1) experienced relatively similar
problems. He was also diagnosed with the same condition after a history of vomiting, recurrent

aspiration and acute pneumonitis, developmental delay, urolithiasis and growth disorder (Figure 1B).

Genomic analysis family 3: SNP array in individual 3-1l showed a normal hybridization pattern. The

SMN copy number was normal.

Case report family 4: This family includes one affected boy that was born at 39 weeks of gestation with
growth measurements within the normal range (Figure 1A, individual 4-1). After birth, he presented
with severe developmental delay. He started walking at 3 years of age and is non-verbal. During the
first years of life he had seizures described as atonic/tonic episodes or head drops and jerks at the
time of waking. Electroencephalogram (EEG) recordings showed epileptic activity in the fronto-central
regions. He had swallowing difficulties, requiring soft texture foods, and cortical blindness. Neurologic
examination showed brisk deep tendon reflexes without obvious muscle weaknesses and increased
muscle tone and contractures at knees, elbows and one ankle. He did not show signs of autonomic
disturbances or adrenal insufficiency. Clinical evaluation at 11 years revealed scoliosis, tapered fingers,
preauricular tag and obesity (>97%p). In addition, he had avascular necrosis of the left hip. Brain MRI
showed mild prominence of the lateral ventricles and extra-axial CSF spaces and nonspecific

prominence of some perivascular spaces with subtle decrease in cerebellar volume.
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Figure S1. Downregulation of NDC1 exon 9 identified with RNA-seq. (A,B) Fragment plots NDC1
of individual 1-1 (A) and individual 1-1l (B). In both individuals NDC1 exon 9 is the only downregulated
exon (red circle). (C) Alamut software splice prediction shows that the NDC17:¢.892-21G>A variant
results in an AG dinucleotide in the polypyrimidine tract.
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Figure S2. ALADIN - binding sites in the NDC1 protein. The image was adapted from Huang et al'.
The image shows the NDC1 protein sequence from different species Xl: xenopus laevis, Hs: homo
sapiens, Rn: rattus norvegicus, Mm: mus musculus. The secondary protein structure is depicted above
the amino acid sequence. Highly conserved amino acids are depicted in red. The location of the
described NDC1 variants is depicted with yellow boxes.
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