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Abstract
Nuclear pore complexes (NPCs) are the gateways of the nuclear envelope mediating transport between cytoplasm and nucleus.
They form huge complexes of 125MDa in vertebrates and consist of about 30 different nucleoporins present in multiple copies in
each complex. Here, we describe pathogenic variants in the nucleoporin 93 (NUP93) associated with an autosomal recessive
form of congenital ataxia. Two rare compound heterozygous variants of NUP93 were identified by whole exome sequencing in
two brothers with isolated cerebellar atrophy: one missense variant (p.R537W) results in a protein which does not localize to
NPCs and cannot functionally replace the wild type protein, whereas the variant (p.F699L) apparently supports NPC assembly. In
addition to its recently described pathological role in steroid-resistant nephrotic syndrome, our work identifies NUP93 as a
candidate gene for non-progressive congenital ataxia.
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Introduction

Non-progressive congenital ataxias (CAs) are a clinically and
genetically heterogeneous group of disorders characterized by
early onset cerebellar ataxia and other signs of cerebellar dys-
function, which do not progress or even show improvement on
follow-up [1]. They account for 10% of non-progressive enceph-
alopathies in the pediatric population. Cerebellar atrophy or

hypoplasia is generally detected by neuroimaging. Dominant,
recessive, and X-linked forms of non-progressive CA have been
reported with over 30 genes identified to date (reviewed in [2, 3],
Table S3). To find additional genes that cause non-progressive
CA, we performed whole exome sequencing in a family with
two affected brothers with non-progressive CA associated with
cerebellar atrophy. We report here the identification of biallelic
variants in the nuclear pore complex (NPC) protein encoding
gene nucleoporin 93 (NUP93).

NPCs are large multiprotein complexes that form transport
gates in the double membrane structure of the nuclear enve-
lope. They restrict the diffusion of macromolecules and medi-
ate the highly efficient directed transport of proteins, nucleic
acids, and RNA-protein complexes between the cytoplasm
and the nucleoplasm [4]. NPCs consists of about 30 different
proteins, nucleoporins (NUPs), which assemble in multiple
copies into NPCs forming a structure of 125 MDa in verte-
brates (reviewed in [5]). In addition, some nucleoporins are
involved in a variety of other cellular processes such as kinet-
ochore organization, cell cycle regulation, DNA repair, and
gene expression (reviewed in [6]). The NPC structural scaf-
fold can be viewed as a stack of three rings: the cytoplasmic
and nucleoplasmic rings that are formed by the evolutionary
conserved NUP107–NUP160-complex and the inner ring,
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which is mainly formed by multiple copies of the NUP93-
complex. The central channel of the pore is occupied by
nucleoporins with highly repetitive phenylalanine-glycine
(FG)-repeats forming a gel-like structure important for the
exclusion and transport capabilities of NPCs. The NUP93-
complex is composed of NUP93, NUP155, and NUP53 (also
known as NUP35) and the two orthologous NUP205 and
NUP188 (for review, see [7]). The NUP93-complex occupies
a central position in the NPC architecture, serving as a link
between the different nucleoporin subcomplexes including the
channel nucleoporins NUP62 (also known as nuclear pore
glycoprotein p62), NUP58, NUP54, and NUP45 [8, 9] and
connecting the NPC to the pore membrane via direct mem-
brane binding of NUP53 and NUP155 and interaction with
transmembrane nucleoporins Ndc1 and Pom121 [10–14].

Recently, biallelic variants in NUP93, NUP205 [15] and in
the NUP107–160 complex components NUP107, NUP85,
NUP133, and NUP160 [16–18] have been identified in pa-
tients with isolated steroid-resistant nephrotic syndrome
(OMIM#616892; OMIM#614352) . Mutat ions in
nucleoporins are also emerging as causes of human neurolog-
ical disorders: pathogenic variants in NUP107, a nucleoporin
of the cytoplasmic and nucleoplasmic rings have been identi-
fied in nephrotic syndrome associated with microcephaly,
simplified gyral patterns and underdeveloped frontal lobes
(OMIM#616730) [19]. Similarly, pathogenic variants in
NUP133 have been recently associated to Galloway-Mowat
syndrome (OMIM#251300) characterized by early onset ne-
phrotic syndrome, microcephaly and brain anomalies [20].
Mutations in NUP37, another nucleoporin of the cytoplasmic
and nucleoplasmic rings, were found in patients with micro-
cephaly and intellectual disability [16]. Mutations in NUP62
cause autosomal recessive infantile bilateral striatal necrosis
(OMIM#271930) [21] whereas mutations in the WD-repeat
nucleoporin ALADIN are associated with the AAA-syndrome
(OMIM#231550), characterized by adrenal insufficiency, ab-
normal development of the autonomic nervous system, and
late-onset progressive neurological symptoms including cere-
bellar ataxia, neuropathy, and dementia [22].

Methods

Subjects

A non-consanguineous Italian family including two af-
fected brothers was enrolled in this study (Fig. 1b). In
both patients, recessive inheritance history of congenital
non-progressive CA associated with delayed motor mile-
stones with normal cognitive development was ob-
served. Genomic DNA was extracted from peripheral
EDTA-treated blood using the blood genomic extraction
kit (QIAGEN). All the patients underwent a standard

neurologic examination conducted by two qualified
neurologists.

Exome Sequencing and In Silico Analysis
of the Variants

Targeted enrichment was performed using SureSelect All
Exon kit V.4 (Agilent) on genomic DNA extracted from cir-
culating leukocytes from the two affected brothers (II = 1, II =
2) and unaffected parents (I = 1, I = 2). Exome sequencingwas
carried out on a HiSeq 2000 platform (Illumina). For data
analysis, we used an in-house implemented pipeline, which
mainly takes advantage of the Genome Analysis Toolkit
(GATK V.3.6) framework, as previously reported [23–25].
Reads mapping was performed by BWA V.0.7.12 [26] and
GATK tools were used for base quality recalibration and var-
iants calling. SNPs and small INDELs were identified by
means of the GATK’s HaplotypeCaller used in gVCF mode,
followed by family level joint genotyping and phasing, ac-
cording to GATK’s latest best practices. Then, high-quality
variants were filtered against public databases (dbSNP147
and GnomAD) to retain private and clinically associated var-
iants, annotated variants with unknown frequency or having
MAF < 0.1%, and occurring with a frequency < 1% in an in-
house database including frequency data from approximately
1000 population-matched whole-exome sequencing (WES).
SnpEff toolbox (V.4.3) [27] was used to predict the functional
impact of variants, which were filtered to retain only those
variants located in exons with an effect on the coding se-
quence, and splice site regions (variants located from − 3 to
+ 8 with respect to an exon-intron junction). Moreover, func-
tional annotation of variants was performed using SnpEff and
dbNSFP (V.2.9) [28, 29]. The functional impact of variants
was analyzed by combined annotation-dependent depletion
(CADD) V.1.3, algorithm [30]. WES statistics are reported
in Table S1. Variant validation and segregation was performed
by Sanger sequencing.

NUP93 Depletion and Add-Back Assays in Xenopus
laevis Eggs

Nuclear assemblies using X. laevis egg extracts, immunofluo-
rescence on in vitro-assembled nuclei and the generation of
affinity resins, sperm heads, and floated, unlabeled, or DiIC18
(1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine per-
chlorate)-labeled membranes were carried out as described
[31] and results were analyzed on an Olympus FV1000 con-
focal microscope. NUP93 was depleted as in [32] by incubat-
ing high-speed extracts twice with a 1:1.2 bead to cytosol ratio
for 20 min. For rescue experiments, mRNA encoding human
NUP93 (GenBank, NM_014669.4) and the corresponding
variants was prepared using the mMESSAGE mMACHINE
kit (Life Technologies) and added to extracts at a
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concentration of 150–200 ng/μl [13]. The experiment was
repeated three times independently, and 100 nuclei were
counted in each experiment. mAB414 (Covance) was used
in immunofluorescence as a general NPC marker.
Antibodies against NUP93, NUP62, and NUP58 have been
described before [8], MYC antibody (9E10) was obtained
from Merck. DiIC18, secondary antibodies (Alexa Fluor 488
goat α-rabbit IgG and Cy3 goat α-mouse IgG) and DAPI
(4′,6-diamidino-2-phenylindole, dihydrochloride) were ob-
tained from Invitrogen.

For the experiments combining different NUP93 variants
in the in vitro reconstitution assay (Fig. S3), the mRNA
encoding human NUP93 and the corresponding variants were
translated in 40 μl NUP93-depleted egg extracts in the pres-
ence of 1 μl FluoroTect™ GreenLys tRNA or Transcend™
tRNA (Promega) resulting in BODIPY-labeled or lysine-
biotinylated NUP93 variants, respectively. After 1 h of incu-
bation at 20 °C, the in vitro translation was stopped by addi-
tion of 50 μg/ml cycloheximide. For nuclear assembly two
10-μl samples of the different in vitro translation reactions
were combined and processed as described above. Lysine-
biotinylated NUP93 variants were detected by addition of
0.1 μg/ml of Alexa Fluor 546-labeled streptavidin to the nu-
clear assembly reaction 5 min prior to fixation.

Coimmunoprecipitation Assays

For immunoprecipitations, EGFP-NUP93 constructs were
transfected into HEK293 cells using jetPRIME (polyplus
transfection). Then, 24 h post-transfection cells were harvest-
ed and lysed in lysis buffer (50 mM TRIS-HCl pH 7.5,
150 mM NaCl, 1 mM EDTA, 10% glycerol, and 0.1%
Triton X-100 supplemented with protease inhibitors
(2 μg/ml leupeptin, 1 μg/ml pepstatin, 2 μg/ml aprotinin,
0.1 mg/ml AEBSF final concentration) for 30 min at 4 °C.
After centrifugation for 15 min at 15,000×g, the supernatant
was pre-cleaned by passage over sepharose beads and
immunoprecipitated with GFP-Trap beads (Chromotek) for
2 h, washed 5× with lysis buffer, 2× with lysis buffer supple-
mented with 500 mM NaCl, 2× with lysis buffer, and 1× with
lysis buffer without Triton X-100 and finally eluted with SDS-
sample buffer. Eluates and lysed cells (corresponding to 5% of
the eluates) were analyzed using anti-EGFP antibodies
(Roche, 11814460001), NUP205, NUP188, and NUP98 anti-
bodies have been described before [8, 32].

Fibroblast Cell Cultures

Skin biopsy was obtained after informed consent from patient
II = 1. Fibroblast were grown in 25-ml culture flasks in
DMEM and 10% fetal calf serum. Then, 5–6000 cells from
the primary culture were transferred to 35-mm Petri dishes
2 days prior to fusion.

Expression of NUP93 Transcripts in Human Tissues
and Fibroblasts

For testing, the expression levels of the NUP93 variants
by qPCR total RNA was isolated from 1 × 107 mutated
and wild type fibroblasts with QIAGEN RNeasy® Mini
Kit according the manufacturer’s instruction (Fig. S2A).
Reverse transcription of the first-strand cDNA was done
using ThermoFisher RevertAid First Strand cDNA
Synthesis kit (Cat No./ID: 1621). qPCR was performed
using allele specific PCR with a blocking reagent [33].
All primers and probes as well as blockers were obtain-
ed from Integrated DNA Technologies (Table S2).
Triplex TaqMan PCR was done in a volume of 10 μl
with 5 μl PrimeTime® Gene Expression Master Mix
(Integrated DNA Technologies), 500 nM primers,
250 nM probe, and 2000 nM blocker. The qPCR was
carried out in a QIAGEN RotorGene with TaqMan
thermocycling conditions: 10 min at 95 °C, 50 cycles
of 15 s at 95 °C, 20 s at 60 °C, and 20 s at 72 °C. All
PCR assays were run as triplicates.

Isolation of RNA was performed by QIAGEN RNeasy®
Mini Kit (Cat No./ID: 74104) following standard protocol.
Expression of NUP93 transcript was analyzed by RT-PCR in
human fetal brain, adult brain, and cerebellum (Fig. S2B).

Molecular Modeling

Analysis of the effects of the R537W and F699L variants in
NUP93weremade employing the structure of the inner ring of
the human nuclear pore complex (Protein Data Bank id 5IJN,
5th model, chain C [34]. Side chains were constructed with
SIDEpro [35].

Results

Clinical Evaluation of Patients

The clinical features of the two affected brothers (aged
20 and 23) born to healthy non-consanguineous parents,
consisted of developmental delay, neonatal hypotonia,
and early onset (within the first years of life) nonpro-
gressive cerebellar symptoms: nystagmus, ataxia, and
dysarthria. Head circumference and cognitive develop-
ment were normal. EEG, metabolic, and renal workup
were repeatedly normal. Karyotype and array-SNP anal-
ysis were negative. Neuroimaging studies performed at
10 and 13 years of age, respectively, revealed a global
cerebellar atrophy with normal cortex and brainstem
(Fig. 1a–d).
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Exome Sequencing and In Silico Analysis
of the Variants

Whole exome sequencing identified two rare missense vari-
ants in NUP93 (NM_014669.4:c.1609C > T);(p.R537W);
rs371707121 with a frequency of 1.62466e-05 in the
GnomAD database whereas the second var ian t
(NM_014669.4:c.2097T>G); (p.F699L) is not reported in ge-
nomic databases. The mutated residues of NUP93 are both
well conserved across different species (Fig. 2, upper panel).
Both pathogenic variants were predicted to be damaging by in
silico prediction tools (Polyphen 2, SIFT, and PROVEAN for
R537W, SIFT and PROVEAN for F699L). Segregation anal-
ysis by Sanger sequencing in the family confirmed autosomal
recessive inheritance (Fig. 1b). A third rare missense variant
was found in the ARAF gene (NM_001654.4:c.1198C>T); (p.
R400C); rs754803899. This X-linked variant was inherited
from the mother and was the only X-linked gene satisfying
the co-segregation criterion. It was excluded as disease caus-
ing because a variant affecting the same residue p.R400H
(rs764255925) was reported in a male control individual in
the Geno2MP database (http://geno2mp.gs.washington.edu).
Moreover, the amino acid change in ARAF did not show an
impact on protein stability or substrate phosphorylation
(Supplementary data).

Localization of NUP93 Variants to NPCs and NPCs
Assembly

In order to explore the impact of the two missense variants on
NUP93 function, we assessed the subcellular localization and
the capability of the NUP93 variants to recruit other
nucleoporins and integrate into NPCs. We transfected HeLa
cells with EGFP-NUP93 fusion constructs. The wild type ver-
sion and the F699L variant localized to the nuclear envelope
and co-stained with mAB414, an antibody which recognizes
NPCs (Fig. 3a). In contrast, the R537W variant showed a
nuclear localization but no co-staining with mAB414 at the
nuclear envelope. This indicates that this variant does not
integrate into NPCs. Next, we checked whether the pathogen-
ic variant affected known NUP93 interactions to other
nucleoporins. For this, we transfected HEK293 cells with
the different EGFP-NUP93 fusion constructs, generated cel-
lular extracts and performed EGFP-pulldown experiments
testing by Western blotting for co-precipitation of other
nucleoporins (Fig. 3b). Interaction with NUP188 and

NUP205, which bind NUP93 in a mutual exclusive manner
[32], was not affected by the NUP93 variants.

NUP93 is found in fibroblasts obtained from patients at the
nuclear envelope in a typical NPC staining pattern (Fig. S1A).
Western blotting indicated that the protein is indeed present in
patient fibroblasts (Fig. S1B). qRT-PCR indicated that in these
cells both NUP93 variants are equally expressed summing up
to approximately the same levels as in age and sex-matched
biallelic wild type control (Fig. S2A).

Interference of NUP93 Variants with Nuclear Envelope
Integrity

To further evaluate the interference of the two identified var-
iants with nuclear envelope integrity, we performed a
depletion-addback assay in X, laevis egg extracts where for-
mation of a functional nuclear envelope including NPCs can
be faithfully reconstituted [31, 36]. Importantly, in this in vitro
system, also lethal mutations can be individually and conve-
niently tested [15]. NUP93 can be efficiently depleted using
specific antibodies without affecting the levels of other
nucleoporins as indicated by the signal for the central channel
nucleoporin NUP62 (Fig. 4a). Sperm DNAwere incubated in
mock-treated extracts, forming a closed nuclear envelope (in-
dicated by the membrane staining Fig. 4b, first row; see
Fig. 4c for quantitation) with NPCs (labeled with the antibody
mAB414, Fig. 4b, third row). Depletion of NUP93 blocked
nuclear envelope and pore formation as previously reported
[8, 32, 37]. This phenotype was restored upon addition of
mRNA expressing myc-tagged versions of wild type NUP93
(Fig. 4b, third column) which was added in amounts to restore
approximately endogenous NUP93 levels (Fig. 4a). In these
assays, the myc-tagged F699L variant (Fig. 4b, fifth column)
but not the myc-tagged R537W variant (Fig. 4b, fourth col-
umn) was able to replace the wild type protein.

NUP93 functions in linking the pore membrane to the cen-
tral channel nucleoporins [8, 9]. Consistent with this, deple-
tion of NUP93 abolishes staining of NUP58, a component of
the NUP62-NUP58-NUP54/45 complex, which forms a large
part of this central channel. Interestingly, in contrast to the
R537W variant, the F699L variant was able to restore
NUP58 staining. Together, these data indicate that the
F699L variant is able to function in NPC assembly whereas
the R537W variant cannot fulfill this task.

When mRNAs expressing both NUP93 variants, R537W
and F699L, were added to NUP93-depleted extracts, only the
F699L version was located to NPCs (Supplemental Fig. S3).
When co-expressing with wild type NUP93, F699L together
with the wild type NUP93 was found at NPCs but not R537W.
This supports the hypothesis, that R537W is a functional null
mutation whereas the F699L mutation does not prevent NPC
assembly.
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�Fig. 1 Pedigree structure, electropherograms, and brain MRI studies of
NUP93-mutated patients. a Upper panel = Neuroimaging studies: T1
weighted mid-sagittal section (A, C) and T1 weighted coronal section
(B, D) of the mutated patients, showing global cerebellar atrophy without
cortical or brainstem involvement. b Middle panel = pedigree of the
family. Lower panel = chromatograms of the two NUP93 pathogenic
variants
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Molecular 3D Modeling

The available structure of the inner ring of the human NPC
was used to model the possible structural and functional

consequences of the NUP93 variants [34]. The R537W vari-
ant affects a highly conserved arginine residue that contributes
to the structure of NUP93 by forming salt-bridges with the
proximal E540 and E572 residues (Fig. 2, lower panel). The
replacement of the cationic arginine with the large and un-
charged tryptophan residue thus disrupts these intramolecular
binding networks in the model. In addition, as indicated in the
detailed view, the R537 residue of the NUP93 monomer is
located at the interface of the protein with a NUP205 chain,
which leads us to envisage a structural perturbation introduced
by the arginine to tryptophan substitution with possible impact
on NPC assembly. The F699L change occurs within a cluster
of hydrophobic residues and the replacement of phenylalanine
with another hydrophobic residue may not generate important
structural changes, which is consistent with the collected data
indicating the absence of any relevant consequences of the
phenylalanine to leucine substitution on NPC assembly and
interaction with NUP205. However, the site affected by this
variant is surrounded by several residues shown to undergo

Fig. 3 The NUP93 p.R537W
variant interferes with integration
into nuclear pore complexes. a
HeLa cells were transfected with
different EGFP-NUP93 fusion
constructs, fixed 24 h post trans-
fection and stained with the NPC
marker mAB414 (red) and DAPI.
The EGFP-NUP93 signal is
shown in green. Scale bar 10 μm.
b HEK297 cells were mock
transfected or with indicated
EGFP-NUP93 fusion constructs.
Immunoprecipitates and 5% of
the inputs from cell lysates gen-
erated 24 h post-transfection were
analyzed by western blotting for
the NUP93 interactors NUP188
and NUP205. NUP98 served as a
negative control for a non-
interacting nucleoporin
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�Fig. 2 Molecular 3D modeling of the NUP93 variants. Upper panel =
Sequence alignment of NUP93 proteins among species around the sites of
the R537Wand F699L variants (invariant residues are indicated in gray).
Lower panel, left = Structure of the inner ring of the human nuclear pore
complex (from PDB structure 5IJN). The distinct NUP93 monomers are
represented in different colors, other nuclear pore complex components
(NUP155, NUP205, NUP54, NUP58, and the nuclear pore glycoprotein
p62, also referred to as NUP62) in gray. Enlarged views of the regions
affected by the R573W and F699L variants are shown for the NUP93
monomer encircled by the dashed line (for clarity, in these representations
only NUP93, cyan, and NUP205, red, are shown). Lower panel, right =
Scheme of the NUP93 protein indicating missense variants and their
related phenotypes (the ataxia variants reported in this study are in red,
and the previously published nephrotic syndrome variants in azure) and
putative interaction regions of NUP93 with neighboring the nuclear pore
complex proteins (indicated in the labels), based on the PDB structure
5IJN of the human nuclear pore complex inner ring scaffold



post-translational modifications including phosphorylation of
serines: S647, S654, and S658 (yellow sticks, been shown to
have an important function in regulating nucleoporin protein-
protein interactions [38, 39].

Discussion

NPCs play a crucial role in all nucleated cells mediating the
essential transport between cytosol and nuclear interior.
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Consistent with their important function, mutations in NPC
components can cause human disorders [40]. Here, we iden-
tify patients with non-progressive congenital ataxia, associat-
ed with biallelicNUP93 pathogenic variants. NUP93 is highly
conserved in all eukaryotic phyla [41] and is essential for
cellular nuclear transport (for review, see [7]). It is highly
expressed in human brain and cerebellum (Supplemental
Fig. S2B). It plays a crucial structural function in NPCs acting
as an interaction hub within the inner ring ref. [8, 32, 42].
Consistently, NUP93 depletion blocks NPC assembly in
X. laevis egg extracts [8, 37] and Fig. 4). We showed that
the R537W variant cannot replace the wild type protein in
NPC assembly acting as a functional null mutation, whereas
the F699L variant localizes to NPCs and enables NPC assem-
bly when replacing wild type NUP93 in in vitro nuclear as-
sembly assays. Indeed, if both proteins were present in the
in vitro assembly reaction, only the F699L variant localizes
to NPCs (Supplemental Fig. S3). Given the crucial function of
NUP93 conserved during evolution and the failure of R537W
variant to allow NPC assembly, it is likely that the F699L
variant ensures NPC function and hence survival in patient
cells, since two loss-of-function NUP93 mutations would be
embryonic lethal and have therefore never been observed in
human patients [16]. Interestingly, we have observed a similar
pattern when analyzing NUP93 variants in steroid-resistant
nephrotic syndrome (SRNS). In those patients, one allele be-
haves as a functional null similarly to the R537W variant
whereas the second one supported NPCs assembly. The ho-
mozygous, compound heterozygous missense or truncating
variants of NUP93 detected in SRNS families where a com-
bination of a loss of function variant with a hypomorphic
variant not affecting nuclear envelope integrity or NPC assem-
bly [15]. In the in vitro nuclear assembly assay, combinations
of two non-functional variants (R537W, identified in this
work, and R388W found in SNRS patients [15]) did not allow
for NPC assembly (Supplemental Fig. S3). In contrast, NPCs
assembled whenever wild type NUP93 or the functional
F699L or G591V variants, identified in this work or linked

to SNRS [15], respectively (see also Fig. 2), were present.
This indicates that neither R537W nor R388W act as domi-
nant negatives consistent with their recessive inheritance
pattern.

The NUP93 variants described here do not abrogate the
interaction with NUP205 or NUP188 similarly to the
NUP93 mutations linked to SNRS. Interestingly, the position
F699 in NUP93 is surrounded by several conserved serines
that are predicted to undergo phosphorylation. Nucleoporin
phosphorylation have important functions in regulating
protein-protein interactions in this network: NUP98 and
NUP53 are phosphorylated at the onset of mitosis, which is
important for breaking up nucleoporins interactions and in-
duces NPC disassembly [38, 39]. Thus, it is tempting to spec-
ulate that the F699L change could impact NUP93 interactions
to other nucleoporins or shuttling proteins in a cell cycle-
dependent manner.

Monogenic mutations in genes encoding other NPC com-
ponents have been described in other human diseases:
pathogenetic variants in NUP93, NUP205, NUP107,
NUP85, NUP133, and NUP160 have been reported in
SNRS as discussed above. NUP107 and NUP133 have been
associated to nephrotic syndrome with microcephaly and cor-
tical dysgenesis [16, 19, 20] whereas NUP37 and NUP62
have been associated with congenital microcephaly, intellec-
tual disability, or bilateral striatal necrosis, respectively, with-
out renal involvement [16, 21]. The nucleoporin ALADIN is
mutated in syndromic cerebellar ataxia with neuropathy and
adrenal insufficiency; compound heterozygous loss of func-
tion and hypomorphic variants have been reported in this
syndrome [22, 43]. Despite the universal and essential func-
tion of NPCs in all nucleated cells, biallelic mutations in
nucleoporins seem to have specific consequences causing dis-
tinct cellular and organ phenotypes. In the case of NUP93, the
different mutations cause distinct cerebellar or renal disease
phenotype. As the age of onset of SNRS is variable ranging
from 0 to 3 months to adult age, we cannot exclude that the
patients will later develop a renal disease although their urine
analysis have been repeatedly normal. It will be an interesting
and challenging research path to define how these different
mutations in the same essential nucleoporin affect the different
organs leading to diverse pathologies.
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