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Pathogenic Variants in NUP214
Cause “Plugged” Nuclear Pore Channels
and Acute Febrile Encephalopathy

Boris Fichtman,!® Tamar Harel,2° Nitzan Biran,.? Fadia Zagairy,! Carolyn D. Applegate,3
Yuval Salzberg,! Tal Gilboa,> Somaya Salah,? Avraham Shaag,%¢ Natalia Simanovsky,”

Houriya Ayoubieh,3# Nara Sobreira,# Giuseppe Punzi,® Ciro Leonardo Pierri,® Ada Hamosh,3+
Orly Elpeleg,2¢ Amnon Harel,’.* and Simon Edvardson>.©

We report biallelic missense and frameshift pathogenic variants in the gene encoding human nucleoporin NUP214 causing acute febrile
encephalopathy. Clinical symptoms include neurodevelopmental regression, seizures, myoclonic jerks, progressive microcephaly, and
cerebellar atrophy. NUP214 and NUP8S protein levels were reduced in primary skin fibroblasts derived from affected individuals, while
the total number and density of nuclear pore complexes remained normal. Nuclear transport assays exhibited defects in the classical
protein import and mRNA export pathways in affected cells. Direct surface imaging of fibroblast nuclei by scanning electron microscopy
revealed a large increase in the presence of central particles (known as “plugs”) in the nuclear pore channels of affected cells. This obser-
vation suggests that large transport cargoes may be delayed in passage through the nuclear pore channel, affecting its selective barrier
function. Exposure of fibroblasts from affected individuals to heat shock resulted in a marked delay in their stress response, followed by a
surge in apoptotic cell death. This suggests a mechanistic link between decreased cell survival in cell culture and severe fever-induced
brain damage in affected individuals. Our study provides evidence by direct imaging at the single nuclear pore level of functional

changes linked to a human disease.

Introduction

The hallmark of eukaryotic cells is a membrane-bound nu-
cleus that physically separates the major steps in the gene
expression pathway. Nuclear pore complexes (NPCs) are
massive gateways embedded within the double mem-
branes of the nuclear envelope that control molecular
traffic into and out of the nucleus."? NPCs are composed
of multiple copies of ~30 different proteins called nucleo-
porins (Nups), which are generally conserved at the struc-
tural level between different eukaryotic organisms.”* Only
a small number of inherited human diseases have been re-
ported to be caused by pathogenic variants in Nup-coding
genes,” ' but these form part of a broader group termed
nuclear envelopathies.'* Nuclear envelopathies are caused
by pathogenic variants in the genes encoding nuclear lam-
ins and their close interactors, inner and outer nuclear
membrane proteins and NPC components. Surprisingly,
although many of these proteins are ubiquitously ex-
pressed, most of the disease phenotypes are highly tissue
specific with a particular emphasis on muscle and
neuronal cells.'*'*

The cytoplasmic facade of the NPC is characterized by
distinct architectural features including a cytoplasmic

ring and eight free-ended proteinaceous filaments that
protrude from it.""'® This distinctive structural element
contains a subset of asymmetrically localized Nups that
are not present in the nuclear ring and basket on the other
side of the NPC.>'%"!1® NUP214 (MIM: 114350), localized
to the base of the cytoplasmic filaments, plays a critical
role in CRM1-mediated nuclear export and interacts with
the essential DEAD box protein DBPS, which is critical
for mRNA export.'”?* NUP214, together with its close
partner NUP88 (MIM: 602552), are thought to anchor
the cytoplasmic filaments containing NUP358 to the cyto-
plasmic ring.'®

Here we describe a rare neurodegenerative disease
involving severe damage to the central nervous system
and associated with two types of pathogenic variants in
human NUP214. Affected individuals presented with
febrile encephalopathy. Although the major affected tis-
sues remain out of reach, we used primary skin fibroblasts
derived from affected individuals to determine a set of
distinct phenotypic changes at the single-cell level. These
range from changes in the response to apoptotic signals
to defects in nuclear transport and a dramatic increase in
the presence of large particles, known as “central plugs,”
in the NPC channel.
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Material and Methods

Affected Individuals

Informed consent was obtained from all the parents for research
analysis of clinical exomes and for sharing MRI images and skin
biopsy after IRB review at Johns Hopkins University and Hadas-
sah-Hebrew University Medical Center.

Exome Analysis

After informed consent, exome analysis was pursued on DNA ex-
tracted from whole blood of individual III-3 and of III-12 in fam-
ily A (Figure 1A). Exonic sequences from DNA were enriched with
the SureSelect Human All Exon 50 Mb V4 and V5 Kits for III-3
and III-12, respectively (Agilent Technologies). Sequences were
generated on a HiSeq2500 (Illumina) as 60-bp and 125-bp (for
II-3 and III-12, respectively) paired-end runs. Read alignment
and variant calling were performed with DNAnexus using default
parameters with the human genome assembly hg19 (GRCh37) as
reference. Exome analysis of the proband (III-3) yielded 126.3
million mapped reads with a mean coverage of 129x and of
II-12 yielded 49.2 million reads with mean coverage of 83X.
Following alignment to the reference genome (hg19) and variant
calling, variants were filtered out if the total read depth was less
than 8 x and if they were off-target (>8 bp from splice junction),
were synonymous, were predicted benign by Mutation Taster, or
had minor allele frequency (MAF) > 0.01 in the ExAC database
(Exome Aggregation Consortium, Cambridge, MA). For family B
(Figure 1A), quad exome analysis was performed by GeneDx, us-
ing their standard protocol.”* Research analysis was performed by
the BHCMG using PhenoDB and candidate genes were entered
into GeneMatcher.”*

Segregation Analysis

Amplicons containing the potential pathogenic variant in
NUP214 were amplified by conventional PCR of genomic DNA
from available family members. PCR products were purified and
analyzed by Sanger di-deoxy nucleotide sequencing.

Sequence Analysis and Comparative Modeling

NUP214 orthologs were sampled from mammalia. The crystallized
structure of the NUP214 N-terminal domain was available under
the PDB: 3fhc.pdb.?” The retrieved sequences, including the pro-
posed crystallized structures (GenBank: NP_005076.3), were
aligned using ClustalW. PyMOL was used to generate a 3D model
of the human NUP214_R38C mutant (N-terminal domain) pro-
tein according to established protocols.”> The obtained 3D
comparative model was energetically minimized by using the
biochemical/computational tools of Chimera. PyMOL was used
for manual inspection of the investigated 3D models and for
generating figures.”

Cell Culture

Primary fibroblast cell cultures were established from skin biopsies
from three affected individuals and three unrelated unaffected
control subjects, as well as the two unaffected parents from family
B, according to IRB guidelines. Cultures were routinely propagated
in high-glucose Dulbecco’s Modified Eagle Medium supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL
penicillin, 100 mg/mL streptomycin, and 1 mM sodium pyruvate
(Biological Industries). All of the experiments were performed with
control and affected individual fibroblasts from identical or highly

similar passage numbers and in all cases the passage number did
not exceed 15. For the experiments testing the effect of transcrip-
tion or translation inhibitors on the prevalence of central NPC
channel particles in cells from an affected individual, cyclohexi-
mide and actinomycin D (Sigma-Aldrich) were dissolved in
dimethyl sulfoxide (DMSO) and diluted at 1:1,000 into the
growth medium. Cells were pre-treated with 5 pg/mL cyclohexi-
mide, 1 pg/mL actinomycin D, or DMSO only (mock treatment)
for 24 h before the exposure of nuclei for FESEM imaging.

Antibodies

Commercially obtained antibodies included anti-nuclear pore
complex proteins mAb414 (MMS-120P; Covance), anti-NUP214
(ab-70497, Abcam), anti-importin B (ab-36775, Abcam), anti-
NUP88 (ab-79785, Abcam), anti-tubulin (sc-8035; Santa Cruz
Biotechnology), and anti-cleaved caspase 3 (Aspl75; #9661, Cell
Signaling). Secondary antibodies for immunofluorescent staining
were TRITC goat anti-rabbit (Jackson ImmunoResearch) and
Alexa Fluor 488-donkey anti-mouse IgG (Invitrogen). Affinity
purified anti-NUP133 polyclonal antibody has been previously
described.”®

Western Immunoblotting

To prepare total cell lysates, fibroblasts were grown in 10 cm
tissue culture dishes to ~70% confluence. Prior to lysis, cells
were washed three times in ice-cold PBS and lysed in 1 mL of
RIPA-SDS lysis buffer supplemented with a protease inhibitor
cocktail (Pierce-88665; Thermo Fisher Scientific), on ice. Lysates
were passed three times through an 18-gauge needle and centri-
fuged for 5 min at 20,000 x g 4°C, to precipitate debris. Super-
natants were mixed with SDS-PAGE loading buffer. SDS-PAGE
and immunoblotting were performed using PVDF membranes
(Millipore) and standard techniques. Quantification of band
intensities was performed with the Gels sub-menu of Image], us-
ing importin B or a-tubulin as general loading controls and
normalizing specific bands of interest to the samples from con-
trol fibroblasts.

Fluorescence Microscopy

For indirect immunofluorescence, cells were grown on poly-
lysine-coated coverslips for 24 h, fixed with 3.7% paraformalde-
hyde for 30 min, permeabilized with PBS/0.1% Triton X-100 for
3 min on ice, and blocked 30 min with PBS/5% fetal bovine
serum, followed by the application of primary and secondary
antibodies according to the manufacturer’s instructions. Cover-
slips were mounted in Fluoromount-G (SouthernBiotech). Images
were acquired on (1) a fully motorized wide-field Zeiss
AxioObserver Z1 driven by ZEN software (Figures 3 and 5A); (2)
an Olympus BX61TRF motorized microscope, equipped with a
DP70 digital camera and driven by DP Controller and Manager
software (Olympus; Figures 4A and 5B); or (3) a Zeiss upright
Axio Imager.M2 with ApoTome 2.0 equipped with an Orca Flash
4.0 V3 digital CMOS camera (Hamamatsu; Figures 7 and 8).
Quantification of the average staining intensity per nucleus or
per cell was performed by ZEN or Image] software. The
draw spline contour or polygon selection tool were used to
delineate areas of interest and measure intensity mean values.
For measuring anti-Nup staining intensity or nuclear import, im-
ages were acquired after focus correction for the mid-plane of the
nucleus and 5 x 5 tile merging, with background subtraction
performed after delineation of cell or nuclear boundaries. For
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(A) Pedigrees of family A, indicating genotypes of the individuals who were available for testing as regards the c.112C>T (p.Arg38Cys)
variant, and family B, indicating siblings compound heterozygous for the c.1574delC and ¢.1159C>T variants. Shapes shaded in black
indicate affected individuals. Multiple loops of consanguinity can be appreciated in family A.

(B) Axial T-2 weighted MRI for family A. (a—f) Individual Al: family A, individual III-3. Progressive cerebellar atrophy and interval
changes in basal ganglia, internal capsula, subcortical white matter, and cerebral cortex with hyperintense foci at the age of 3.5 years
(a, ¢, e) and 8 years (b, d, f). (g and h) Individual A2: family A, individual III-12. Occipital edema at age 5.5 months (g) and progressive
atrophic changes with dilatation of the CSF spaces between the ages of 5.5 months (g) and 6.5 months (h). (i-1) Sagittal T-1 weighted MRI
for family B. (i and j) Individual B3: family B, individual II-1. Progressive supratentorial and infratentorial parenchymal volume loss with
ex vacuo dilatation of the entire ventricular system at 16 months (i) and 26 months (j). (k and 1) Individual B4: family B, individual II-2.
Progressive supra- and infratentorial atrophy similar to sibling with progression from 24 months (k) to 31 months (I).

both mRNA export and cleaved caspase measurements, back-
ground subtraction was performed on nearby areas outside cells.
In mRNA export experiments, both cytoplasmic and nuclear
compartments were defined and normalization was to the
cytoplasmic/nuclear ratio in control cells not expressing GFP. In

rescue experiments measuring cleaved caspase 3, the cellular
signal was normalized to control fibroblasts transfected with an
empty vector. To analyze NPC density by light microscopy,
tangential views of mAb 414 staining of the nuclear surface
were used to measure fluorescent puncta per unit area.
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Scanning Electron Microscopy

To expose fibroblast nuclei for direct surface imaging by FESEM,
we used our previously published methods.?”-*® Briefly, cells
were grown to 80% confluency, detached by trypsinization, sub-
jected to hypotonic treatment without the addition of detergents,
and passed through a 21-gauge needle. The cells were then gently
centrifuged onto the surface of 5 X 5 mm? silicon chips, fixed, and
further processed for electron microscopy including dehydration
through a graded series of ethanol solutions and critical-point
drying using a K850 apparatus (Quorum Technologies). Samples
were coated with a ~1 nm thick layer of iridium using a Q150T
turbo-pumped sputter coater (Quorum Technologies) and imaged
on a Merlin scanning electron microscope (Zeiss) equipped with a
secondary electron in-lens detector.

Nuclear Transport Assays

Nuclear import was assayed in digitonin-permeabilized fibroblasts
supplemented with exogenous cytosol according to established
protocols.”’ Briefly, cells were grown for 24 h on 12 mm round
coverslips placed in 24-well culture plates (50,000 cells per well)
with 1 mL of growth medium. The coverslips were washed once
in cold PBS, once in cold transport buffer (TB; 20 mM HEPES
[pH 7.3], 110 mM potassium acetate, 2 mM magnesium acetate,
1 mM EDTA, 2 mM DTT, 1 mM PMFS, and 1 pg/mL each of apro-
tinin and leupeptin) and the cells were permeabilized in 50 uL TB
supplemented with 0.005% digitonin (CAS 11024-24-1, Calbio-
chem) for 7 min on ice. Reaction mixtures (20 pL) contained
Xenopus egg cytosol supplemented with an ATP regeneration sys-
tem and TRITC-NLS-BSA as a cargo-reporter molecule.?® Alterna-
tively, rabbit reticulocyte lysate (L4151, Promega) was used as an
exogenous source of cytosol. Nuclear import was terminated at
different time points by a brief wash in cold TB and fixation
with 3.7% paraformaldehyde in PBS for 10 min. Quantification
of the accumulated fluorescent signal is described above.

Nuclear export of mRNA was monitored by in situ hybridization
to poly(A)* on fixed cells. Fibroblasts were grown on 12 mm round
coverslips, as above, to ~80% confluency, transfected with a
PEGFP-C1 empty plasmid, and grown for a further 24 h. The cells
were then fixed with 3.7% paraformaldehyde in PBS for 20 min on
ice, washed in cold PBS, and permeabilized with 0.5% Triton
X-100 in PBS for 10 min on ice. Following washes with cold 2x
SSC (300 mM NaCl, 3 mM sodium citrate) containing RNase in-
hibitor (RNasin, Promega), the cells were blocked for 1 h at 37°C
in 2x SSC containing 1% BSA, 10% dextran sulfate, 50% form-
amide, 10 mg/mL tRNA (Roche), and 1 mM RNasin. Hybridization
was overnight at 37°C with the same hybridization buffer supple-
mented with 1 ng/mL oligo-dT-Cy3 probe (Syntezza Bioscience).
GFP-expressing and non-expressing cells were compared in both
categories (control and affected fibroblasts) and the cytoplasmic/
nuclear ratio of the signal was quantified in > 30 cells in each
group, as described above.

Plasmids and Transfection

Plasmids encoding the full-length wild-type hNUP214 and
hNUP88 with C-terminally fused GFP reporters cloned in
PEGFP-C1 were a kind gift from Birthe Fahrenkrog (Université
Libre de Bruxelles, Belgium) and Ralph Kehlenbach (Georg-
August-University of Gottingen, Germany). The same pEGFP-C1
vector, optimized for high expression levels in human cells of an
intron-less mRNA encoding GFP, was used in the mRNA
export assay. Transient cell transfections were performed by

electroporation, using the human dermal fibroblast nucleofector
kit and the Nucleofector 2b Device (Lonza) according to the man-
ufacturer’s instructions.

Cellular Stress and Apoptosis

To expose cells to heat shock stress, fibroblasts were first grown at
37°C in dishes, 24-well culture plates, or 96-well ELISA micro-
plates, as appropriate for the different assays. The growth medium
was exchanged with pre-warmed medium and the cells were
moved into a 43°C incubator calibrated by direct measurements
inside growth media, using a traceable digital thermometer (Fisher
Scientific), to ensure the correct temperature and length of expo-
sure. Cell viability was determined by Trypan blue staining
(Biological Industries). To provide a positive control for the induc-
tion of apoptosis, 2 mM H,O, was added to the growth medium
for 6-8 h and then replaced by fresh medium for overnight growth
at 37°C. To measure cleaved caspase activity, the Caspase-Glo 3/7
assay (Promega) was used according to the manufacturer’s instruc-
tions and luminescence was measured on an Infinite M1000
microplate reader (Tecan). For rescue experiments, cells were elec-
troporated as described above and incubated at 37°C for 48 h,
moved to 43°C for 2 h, and returned to 37°C for 6 h recovery
before being fixed and processed for indirect immunofluorescence
with anti-cleaved caspase 3.

Statistical Analysis

Except where otherwise indicated, data are presented as mean =+
SEM, and the p values were determined by two-tailed Student’s
t tests. p values < 0.05 were considered to be statistically signifi-
cant. For the quantitative analysis in Figures 6 and S4, the occur-
rence of central channel particles was scored blindly.

Results

Clinical Summary

Our propositus was an undiagnosed male (family A, I1I-3 in
Figure 1A and Table 1), the third of eight children born to
first-cousin parents of Palestinian descent, who presented
with ataxia, mental retardation, and intractable epilepsy
and died at 11 years of presumed septic shock. The pro-
band (henceforward called individual A1) exhibited minor
developmental delay from infancy. At 21 months of age,
and subsequently on several occasions, he suffered
deterioration in association with febrile illnesses. These
episodes caused transient encephalopathy and ataxia
that was only partially reversible. Psychomotor develop-
ment stagnated and regressed after peaking at age
3 when he was able to run and speak in sentences.
Intractable epilepsy manifested around 6 years of age
and included short non-provoked generalized tonic-clonic
seizures and myoclonic jerks. Interictal EEG revealed bilat-
eral nonsynchronous spikes. The major deterioration
occurred abruptly during a febrile episode caused by influ-
enza A at age 7 years. By age 11 years, he had lost voluntary
mobility, was fed by gastrostomy, and could not verbalize
although he seemed to understand simple commands.
Examination revealed microcephaly (head circumference
48 cm at 7 years, —3 SD), normal weight (30 kg at 11 years,
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Table 1. Clinical Features of Affected Individuals

Family A Individual

Family A Individual

Family B Individual Family B Individual

-3 (A1) m-12 (A2) 11-1 (B3) 11-2 (B4)

Age at last examination 11 years (exitus) 7.5 months 6 years 7 months 3 years 3 months
Gender M M F F

Parental consanguinity + + - —
Developmental delay + + + +
Developmental regression + + + +
Febrile-induced regression + + + +

First episode of regression 21 months 5.5 months 15 months 30 months
Epilepsy + - + +
Progressive microcephaly + + + +
Hypotonia - + + 4
Appendicular spasticity + — - _

Ataxia + NR + +
Myoclonic jerks — + + +
Cerebellar atrophy + + + +

Basal ganglia involvement + — - _
Hyponatremia upon acute + + + +

presentation

NUP214 variant c.112C>T (p.Arg38Cys)

[hom] [hom]

c.112C>T (p.Arg38Cys)

c.1159C>T (p.Pro387Ser);
c.1574delC (p.Pro525fs)

c.1159C>T (p.Pro387Ser);
c.1574delC (p.Pro525fs)

Abbreviations: F, female; M, male; NR, not relevant.

5™_10™ percentile), and severe truncal ataxia with appen-
dicular spasticity requiring propped sitting. Brain magnetic
resonance imaging (MRI) at age 3.5 years showed cerebellar
atrophy (Figure 1B; a, ¢, and e) and repeat MRI at age
8 years, after the severe encephalopathic episode, demon-
strated further atrophy along with symmetrical T2-prolon-
gation in the thalami, hippocampi, and brainstem
(Figure 1B; b, d, and f). Extensive metabolic investigations
and muscle biopsy were normal, prompting evaluation by
exome sequencing.

The male cousin of the proband (family A, III-12 in
Figure 1A, henceforward called individual A2) presented
at 5.5 months with partially reversible encephalopathy
and developmental regression after a febrile illness. Devel-
opmental milestones were age appropriate preceding the
illness; he was communicative, had a social smile, and
rolled over. Notably, microcephaly with a closed anterior
fontanelle was noted upon initial exam (40 cm, below
3™ percentile). Encephalopathy, axial hypotonia alter-
nating with episodes of increased tone, tongue thrusting,
and later constant myoclonic jerks of the distal extremities
and episodes of downward gaze deviation were evident
though epileptiform activity was not present on EEG. In-
fectious workup identified HHV6 in the CSF and blood
by polymerase chain reaction (PCR), which may have
triggered the infection-induced neurodegeneration. Brain
MRI at 5.5 months showed cortical edema in the occipital

region. Subsequent MRI at 6.5 months showed supratento-
rial and infratentorial (not shown) atrophy and widening
of the CSF spaces (Figure 1B; g and h). Two months after
the initial episode, he had right esotropia, abnormal move-
ments of the hands had significantly decreased, and he
could roll over independently.

The third and fourth affected individuals (family B, II-1
and II-2; individuals B3 and B4 in Figure 1A and Table 1)
were sisters born to non-consanguineous parents of
Northern European (non-Finnish) descent. The older sister
(individual B3) had nystagmus at 2 months of age that self-
resolved after 1 month and mild hypotonia, but she was
otherwise meeting milestones appropriately and was
walking at 13 months. At 15 months of age, she developed
a fever that led to a rapid neurological decline, seizures,
and abnormal movements. Initial brain MRI at age
16 months showed cerebellar atrophy (Figure 1B; i). She
was treated with IVIG and steroids for presumed autoim-
mune encephalitis. During a prolonged admission, she
self-extubated and suffered hypoxic injury due to the
inability to re-intubate her. Subsequent MRI showed exten-
sive parenchymal loss and further cerebellar atrophy
(Figure 1B; j). She required tracheostomy and gastrostomy
placement and continued to have a hyperkinetic move-
ment disorder, epilepsy, and hyponatremia requiring
sodium supplementation. At 5 years of age, during an
RSV infection, she went into status epilepticus, requiring

52 The American Journal of Human Genetics 105, 48-64, July 3, 2019



a pentobarbital-induced coma, ketamine infusion, and
ketogenic diet.

The younger sister (individual B4) presented to genetics
clinic at 7 months with failure to thrive and hyponatremia
but was meeting developmental milestones appropriately.
By 24 months of age, she had motor and speech delay,
ataxic gait, and occasional very mild head bobbing. She
had acquired microcephaly. Brain MRI showed cerebellar
hypoplasia at 24 months (Figure 1B; k). At 30 months of
age, she had a first seizure in the setting of hyponatremia
and RSV infection with low-grade fever (38.1°C). A few
days later, she was admitted in status epilepticus in the
setting of a febrile illness. During admission, she lost
central tone and developed myoclonic jerks, persistent
hyponatremia requiring chronic sodium supplementation,
and recurrent seizures requiring multiple anti-convulsants.
A repeat MRI during the admission showed stable
cerebellar atrophy with supratentorial volume loss
(Figure 1B; 1). There was significant developmental regres-
sion during this hospitalization though she was able to
regain some developmental skills, but at 44 months
has not regained all skills that were present prior to hospi-
talization. Clinical exome sequencing done with her sister
and parents as a quad was unrevealing.

Taken together, it became clear that the four affected
individuals all suffered fever-induced, partially reversible
acute encephalopathy and regression, progressive
microcephaly, and brain atrophy. Onset of the first major
developmental regression ranged from 5.5 months to
30 months, and viral triggers were identified in three of
the four case subjects. The identification of different path-
ogens suggested that the trigger was the febrile episode it-
self (i.e., impaired cellular response to heat shock-induced
nuclear damage) rather than a specific pathogen.

Identification of Biallelic Variants in NUP214 in Two
Unrelated Families
To identify an underlying genetic diagnosis in family
A, exome sequencing was pursued on affected individuals
Al and A2. The affected individuals shared two homozy-
gous variants (Table S1). The variant in NUP214
(g.chr9:134002977C>T [hg19]; GenBank: NM_005085.3;
c.112C>T [p.Arg38Cys]) segregated with the disease in
available family members: both affected individuals were
homozygous for the variant, whereas unaffected individ-
uals were either homozygous for the wild-type allele or
heterozygous (Figure 1A). This missense variant affects a
highly conserved arginine residue, is predicted pathogenic
by multiple bioinformatic algorithms, and has an allele fre-
quency of 0.00006904 in the GnomAD database (Table S2),
with no homozygotes. 120 population-matched control
subjects were screened, and none were found to carry the
p-Arg38Cys variant. Notably, within our exome database
comprising 3,000 individuals, with ~50% Palestinians,
no other carriers were identified.

Family B had negative clinical exome sequencing, which
included both affected individuals and their parents. The

exome data were re-analyzed in a research context through
the Baylor-Hopkins Center for Mendelian Genomics
(BHCMG) to identify candidate genes and variants. Both
sisters (individuals B3 and B4) were found to be compound
heterozygous for a frameshift and a missense variant
in NUP214 (g.chr9:134015962C>T [hgl9]; GenBank:
NM_005085.3; c.1159C>T [p.Pro387Ser] and g.chr9:
134019946delC; GenBank: NM_005085.3; c.1574delC
[p.Pro525Leufs*6]). The c.1159C>T variant affects a highly
conserved proline residue, is predicted to be pathogenic
by multiple bioinformatics algorithms, and was observed
only once in gnomAD in the heterozygous state. The
c.1574delC variant leads to a frameshift in exon 12 of 36,
resulting in a stop codon at amino acid 530 of 2,091 resi-
dues and is absent in gnomAD. Segregation analysis
showed the c.1159C>T variant to be maternally inherited,
and the c.1574delC to be paternally inherited. NUP214 was
entered into GeneMatcher,*® a freely accessibly website
designed to facilitate collaboration between clinicians
and researchers with an interest in the same gene, and
matched to family A above.

The NUP214 p.Arg38Cys and p.Pro387Ser Variants Are
Predicted to Alter Protein Structure and Function

To examine the predicted consequence of the p.Arg38Cys
(R38C) and of the p.Pro387Ser (P387S) variants on
NUP214 structure, eight mammalian sequences with
high homology to the human NUP214 were aligned
(Figure S1A). The N-terminal domain of NUP214 orthologs
is highly conserved, suggesting a functional role for this
domain. In the generated 3D model of the wild-type
NUP214 protein, R38 is located at the top portion of the
crystallized domain and is involved in ionic/hydrophilic
interactions with D154, D245, and H304 (Figure S1B).
These residues are highly conserved and may form a gate
at the top portion of NUP214. The replacement of R38
with cysteine is predicted to disturb this ion network and
alter protein conformation (Figure S1B, top row). P387 is
located at the bottom portion of the crystallized domain
at the level of the aromatic residues Y48, W157, W248,
W313, Y369, and W387 found at the base of the channel
protruding toward the proposed gate (Figure S1B, bottom
row). A similar arrangement of aromatic residues has
been suggested to direct and stabilize structural changes
during conformational transitions of membrane pro-
teins.”' Thus, it may be speculated that the cited set of
NUP214 aromatic residues participates in dynamic pro-
tein-protein interactions. Notably, proline residues
located at the same level of the aromatic residues, i.e.,
P387 with P202 and P63 (not shown), may play a critical
role in protein conformational changes through their
kinking and hinging movements.”*** The disturbed
ion network caused by R38C and the altered kinking
motion due to the P387S replacement are predicted to
change protein folding and interfere with protein-protein
interactions with other nucleoporins or shuttling trans-
port receptors.
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Figure 2.

Immunoblot Analysis of Nucleoporin Levels in Fibroblasts Derived from an Affected Individual

Primary fibroblasts derived from affected individual A1l and an unrelated control individual were grown under identical conditions and
total cell lysates were prepared for the analysis of protein content. Three separate preparations of cell lysates were compared by
immunoblotting. Representative immunoblots are shown and a quantitative analysis of multiple blots from the three separate lysate
preparations is shown in the bar charts (see Material and Methods; bars indicate SEM).

(A) Monoclonal antibody mAb414 (directed against five individual FG-repeat Nups, which are members of different NPC sub-complexes)
demonstrates the specific effect of the NUP214 p.Arg38Cys variant.

(B) Additional protein specific Nup antibodies were used for confirmation and staining of NUP214, NUP88, NUP133 (a central scaffold

Nup), and importin B, which was used as a loading control.

A consistent decrease in the levels of NUP214 and NUP88 was observed in all cases.

Fibroblasts from Affected Individuals Exhibit a Decrease
in NUP214 and NUP88 Levels

To check for potential effects of the p.Arg38Cys variant
at the cellular level, we set out to test the total protein
levels and sub-cellular localization of several nucleopor-
ins in primary skin fibroblasts derived from affected indi-
vidual Al. Total cell lysates were prepared from the pri-
mary fibroblasts and compared by immunoblotting to
control fibroblast lysates from an unrelated, unaffected
control individual. Representative immunoblots and
quantitative summaries from multiple experiments are
shown in Figure 2. Both NUP214 and its immediate
neighbor and sub-complex partner protein NUP88'®3*
were consistently decreased in individual A1l cells to
less than 50% of their levels in control fibroblasts. Note
that the monoclonal antibody mAb414, which recog-
nizes several FG-repeat Nups, provides an internal con-
trol for the specific decrease in NUP214 levels
(Figure 2A; see Figure 2B for additional antibodies).
Once affected individuals B3 and B4 in family B were
identified, the immunoblot analysis was extended to
include total cell lysates from additional control

fibroblasts, two unaffected parents and the three avail-
able affected individuals (Figure S2). A comparison of
NUP214 levels in total cell lysates between the three
available affected individuals and three unrelated control
subjects shows a reduction of about 50% in all of the
affected fibroblasts (Figure S2).

To test the intracellular localization of NUP214 and
NUP88 within fibroblasts, we used indirect immunofluo-
rescent staining on individual Al cells and compared
them to control fibroblasts. Wide-field fluorescence mi-
croscopy was deliberately chosen, to test whether specific
Nups were mislocalized to the cytoplasm, or whether
their levels were reduced in one or more of the cellular
compartments. Algorithms for unified illumination, focus
correction, and tiling and stitching enabled us to analyze
large fields of cells and quantify the average cellular stain-
ing intensity for different Nups (Figure 3, bar charts on
the right). All four of the primary anti-Nup antibodies
used here generated the pronounced nuclear rim staining
pattern typical of NPCs, with some background cyto-
plasmic staining. Both mAb414 (directed against multiple
FG-repeat Nups) and anti-NUP133 (a central NPC scaffold
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Immunofluorescent Staining of Nucleoporins in Control and Affected Fibroblasts

Primary fibroblasts derived from affected individual A1 and an unrelated control individual were analyzed by indirect immunofluores-
cence with focus correction for the mid-plane of the nucleus and images captured as 5x5 tiles and merged into wider fields to allow
quantitative analysis. Representative images of staining with several Nup-specific antibodies are shown on the left. Quantitative
summaries of the average staining intensity per cell, derived from multiple fields and >100 cells in each category, are shown on the right.
NUP214 and NUPS8S staining intensity was reduced in the affected individual’s fibroblasts both at the nuclear rim and in the total cellular
signal. Bars indicate SEM. See Material and Methods for further details.

component) showed no significant differences between
control and affected fibroblasts. By contrast, nuclear rim
staining by anti-NUP214 and anti-NUP88 was clearly
diminished in the affected fibroblasts. Moreover, quanti-
tative analysis showed that the total cellular signal for
NUP214 and NUP88 was significantly reduced in the
affected cells.

Taken together, our results suggest that the p.Arg38Cys
missense variant destabilizes some of the interactions
of NUP214 with its nearest neighbors at the NPC,
resulting in a decrease in the overall steady-state levels
of both NUP214 and NUPS8S8, as well as their occurrence
on the cytoplasmic side of affected cell NPCs. The
levels of several other nucleoporins do not appear to
be affected, as judged by immunoblotting and immuno-
fluorescence (mAb414 and anti-NUP133 in Figures 2
and 3).

The Number and Density of NPCs Remain Unchanged in
Affected Fibroblasts

The highly specific staining of monoclonal antibody
mAb414 is often used as a first approximation for assessing
the distribution of NPCs in the nuclear envelope by light
microscopy.”?> Tangential views of mAb414 staining
punctae on the nuclear surface show no difference between
cells from control and affected individuals (Figure 4A), sug-
gesting that the number and distribution of NPCs remain
unchanged. To verify this conclusion, we used direct
surface imaging of fibroblast nuclei by field emission scan-
ning electron microscopy (FESEM)?” and compared large
expanses of exposed nuclear envelopes between control
and affected nuclei (Figure 4B). Individual NPCs were
clearly detectable and a quantitative analysis indicated
there was no significant difference in the average density
of NPCs between control and affected cells (12.8 = 2.5
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versus 12.1 + 2 pores/umz). This conclusion correlates
well with the previous results from immunoblots and
immunofluorescence and hints at a partial occupancy of
NUP214 and NUP88 on the cytoplasmic face of NPCs in
the cells of affected individuals.

Disruption of Specific Nuclear Transport Pathways in
Fibroblasts from Affected Individuals

To assess the functional consequences of a decreased occu-
pancy of NUP214 and NUP88 in NPCs at the single-cell
level, we first tested nuclear protein import. Nuclear
import in the classical NLS (nuclear localization signal)
importin o/B-mediated pathway was assayed in digi-
tonin-permeabilized fibroblasts with a standard protein
import substrate reporter (NLS-conjugated bovine serum
albumin). A summary of three independent experiments,
performed with two different sources of cytosolic extract
(Xenopus egg cytosol and rabbit reticulocyte lysate), is
shown in Figure 5A. In each individual experiment the
affected cell nuclei accumulated significantly less import
substrate compared to control nuclei at a short incubation
time-point of 2.5 min. We note that at longer incubation
times, the difference between control and affected fibro-
blasts was diminished and affected cells caught up with
the controls. Thus, nuclear import in the classical pathway
was significantly delayed, though not completely dysfunc-
tional, in this widely used permeabilized cell assay.

Next, we tested global mRNA export from fibroblast
nuclei using in situ hybridization to poly(A)* RNA in fixed
cells. Initial observations suggested that there was no
difference between fibroblasts derived from affected and
unaffected individuals under normal conditions (data

Figure 4. A Comparison of NPC Density in
Control and Affected Cells

(A) Primary fibroblasts derived from individ-
ual Al and a control individual were
analyzed by indirect immunofluorescence
as in Figure 3. Tangential views of mAb414
staining (left) were used to estimate the
average density of NPCs on the surface of
nuclei from control and affected cells.
Quantification of these signals from multi-
ple images (right) suggests that there is no
significant difference in the density of
NPCs. Bars indicate SEM.

(B) Control and affected fibroblasts were
subjected to hypotonic treatment and pre-
pared for direct surface imaging of exposed
nuclei by FESEM as described in Material
and Methods. Representative flat areas
from two nuclei demonstrate that NPC den-
sity is similar in both cell types. A quantita-
tive summary of >60 different 1x1 pm flat
areas from >30 nuclei in each category indi-
cated a density of 12.8 * 2.5 pores/um? in
control cells and 12.1 + 2 pores/um? in
the affected individual’s cells.

not shown); however, when we added a simple 24 h
transfection with a plasmid overexpressing GFP, a clear
difference emerged (Figure 5B). Presumably, the mRNA
export machinery in transfected cells is challenged by a
large excess of GFP-coding transcripts (see Figure S3 for a
quantification of GFP expression levels in control and
affected cells after transfection). This excess does not
alter the cytoplasmic/nuclear ratio of poly(A)" RNA in
control fibroblasts (Figure 5B, top rows and bar
chart), while in transfected fibroblasts from an affected in-
dividual the cytoplasmic/nuclear ratio dropped signifi-
cantly (Figure 5B, bottom row and bar chart). The results
demonstrate a second instance of decreased nuclear trans-
port in fibroblasts derived from affected individual Al and
also hint that the full effect of biallelic NUP214 variants at
the cellular level may only be appreciated by studying per-
turbations in homeostasis.

Nuclear Pore Channels in Affected Cells Contain More
“Central Plugs”

To test the effects of the NUP214 p.Arg38Cys pathogenic
variant at the single NPC level, we used high-resolution
FESEM imaging and compared a large number of high-
magnification images of NPCs from control and affected
fibroblast nuclei (Figure 6). This analysis revealed a striking
difference between the NPCs from the unaffected control
and individual Al-derived cells: while in control cell nuclei
roughly half of the NPCs had an open central channel,
nearly 80% of the affected individual’s NPCs contained
large particles in their channels. As shown in the gallery
of individual NPC images at the bottom of Figure 6, these
particles are not homogeneous and vary in size and in their
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orientation with respect to the central pore channel.
Central channel particles, also known as “central plugs,”
have long been thought to represent large cargo caught
in transit through the NPC channel but have not yet
been characterized by molecular means.'>*° Thus, our
observations suggest that large cargoes may be delayed in
passage through NPC channels in the cells of affected
individuals. The shift from a ~1:1 to a ~4:1 ratio in
occupied versus open pore channels implies that the
steady-state level of general transport in affected cell
NPCs might be changed and likely relates to the changes
we observed in specific import and export assays (Figures
5A and 5B).

We next sought to extend this analysis to additional pri-
mary fibroblasts, especially those derived from the two
compound heterozygous individuals B3 and B4 (family B,
II-1 and II-2 in Figure 1A). The extended FESEM analysis

Omin  2.5min
[l Control 1 Ml Individual A1
Time of import (min)

Figure 5. Functional Analysis of Specific
Nuclear Import and Export Pathways in
Affected Fibroblasts

(A) Primary fibroblasts derived from individ-
ual Al and an unrelated control individual
were permeabilized by digitonin and then
supplemented with cytosol, an ATP regener-
ating system, and a TRITC-NLS-BSA import
substrate to follow import in the classical
pathway. Nuclear accumulation of the fluo-
rescent substrate at different time points
was monitored by fluorescence microscopy,
as in Figure 3. The upper panel shows large
fields stitched together from 5x5 individual
tiles at the 2.5 min time point. Specific areas
are enlarged in the lower panel. A quantita-
tive summary (bottom right) is shown for 3
independent experiments, each derived
from multiple stitched fields acquired at
time O and 2.5 min. The combined data
and each of the individual experiments all
show a significant delay in the accumulation
of the substrate in the affected cell nuclei in
comparison to control cells. Bars indicate
SEM.

(B) Overexpression of GFP by transient 24 h
transfection causes an increased accumula-
tion of mRNA in the nuclei of affected cells.
In situ hybridization to poly(A)" was per-
formed on fixed cells and compared between
GFP-expressing and non-expressing cells in
control and affected individual fibroblasts.
Representative images are shown on the
left and quantification of the cytoplasmic/
nuclear ratio of poly(A)* RNA in >30 indi-
vidual cells in each group is shown on the
right. Bars indicate SEM. See Material and
Methods for further details and Figure S3
for a quantitative comparison of GFP expres-
sion levels in control and affected individual
A1 cells.

NoGFP  GFP
Control 1

Cytosol/nucleus ratio of Poly(A)* RNA

P<0.001

including three unrelated control
subjects, the two unaffected parents
from family B, and the three avail-
able affected individuals, is shown in
Figure S4. Importantly, the results present a clear separa-
tion between the fibroblasts derived from unaffected indi-
viduals (three control subjects and two parents) and those
derived from all three affected individuals, based on the
prevalence of central channel particles (Figure S4). The
“plugged” pore channel phenotype can therefore be
considered to be a distinguishing feature of both types of
the pathogenic variants of NUP214 identified in our study.

Finally, we tested the effect of pre-treatment with tran-
scription and translation inhibitors on the prevalence of
central channel particles in the cells derived from affected
individual Al. As shown in Figure S5, the protein transla-
tion inhibitor cycloheximide had only a marginal effect,
while the transcription inhibitor actinomycin D reduced
the occurrence of “plugged” NPCs from 79% to 52% in
individual A1 fibroblasts (Figure S5). This strongly suggests
that messenger ribonucleoprotein complexes (mRNPs)

TN GFP
Individual A1

GFP

Cytosol/nucleus ratio of Poly(A)* RNA
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Figure 6. Direct Surface Imaging and Analysis of “Central Plugs” in NPC Channels

Nuclei from control and affected individual-derived fibroblasts were exposed by hypotonic treatment and prepared for FESEM imaging as
in Figure 4B. Two representative flat areas of nuclear envelopes with NPCs are shown on the left and a gallery of enlarged, individual NPC
images from both categories is shown below. Individual NPCs were scored as having either an open central channel (yellow arrows, O in
gallery images) or a channel occupied by a recognizable particle (blue arrows, P in gallery images). A quantitative summary is shown for
>1,000 NPCs from >30 nuclei, in each category, analyzed from multiple randomly chosen flat areas of 1x1 pm. Individual Al-derived
nuclei are characterized by a larger fraction of NPCs containing a particle in their central channel. Bars indicate SEM. See Figure S4 for an
extended analysis of nuclei from unaffected individuals and three affected individuals from both families.

account for most of the excess central channel particles
observed in affected cell nuclei (see Discussion).

An Increased Sensitivity to Heat Shock Is Observed in
Affected Fibroblasts

To further explore the effect of perturbations in homeosta-
sis, we subjected control and affected fibroblasts to stress in
the form of heat shock (HS). We first tested the response of
these primary fibroblasts to different periods of time of
exposure to a temperature of 43°C (Figure S6). The 2-hour
exposure treatment was chosen for further investigation
and cell survival was assessed at 72 h intervals from 1 to
18 days after this HS stress. As shown in Figure 7A, only
46% of individual A1 cells survived on average, 1 day after
the treatment, compared to 63.8% in the unaffected con-
trol and a difference in the number of viable cells persisted
in the cell cultures for up to 18 days after HS. Figure 7B
shows a marked difference between control and affected
cells in the apoptotic response to HS stress, as determined
by a caspase-3/7 activity assay. Control fibroblasts re-
sponded more quickly and their caspase activity peaked be-
tween 2 and 4 h after HS. By contrast, the peak in caspase
activity of individual Al-derived fibroblasts was only
observed after 6 h, but it reached more than 2-fold higher

levels compared to the control. Caspase-3/7 activity was
quickly shut off in control fibroblasts and it was back to
normal levels 10 h after HS, while high caspase activity per-
sisted in the affected individual’s fibroblasts 24 h after HS
stress (Figure 7B). Indirect immunofluorescent staining
with anti-cleaved caspase-3 was performed in control and
affected fibroblasts, 6 h after exposure to HS. As shown in
Figure 7C, strong cytoplasmic staining of the cleaved
caspase was detected in affected cells at this time point, con-
firming the results of the luminescent activity assay. Over-
night exposure to strong oxidative stress (2 mM H,O,)
was used as a positive control and caused a similar level of
cleaved caspase staining in both control and affected indi-
vidual’s cells (Figure 7C, middle columns). Thus, our results
demonstrate a marked difference in the timing and effi-
ciency of the cellular response to HS stress between primary
fibroblasts derived from control and affected individuals.
The end result is increased apoptotic cell death of the
affected cells under the cell culture conditions of this assay.

The HS Response Phenotype Can Be Rescued by
Transfection with Nup-Coding Constructs

To ask whether the sensitivity to HS stress is directly related
to the homozygous p.Arg38Cys variant in NUP214, we
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Figure 7. The Response to Heat Shock (HS) Stress in Affected Individual Fibroblasts

(A) Cell survival after HS stress over a duration of 18 days. Control and affected individual Al-derived primary fibroblasts were grown
under identical conditions, subjected to HS of 43°C for 2 h and then returned to normal growth conditions at 37°C for 18 days. Cell
viability was determined by Trypan blue staining. Bars represent mean + SEM for three independent experiments.

(B) The apoptotic response to HS was determined by measuring cleaved caspase activity, following a 43°C, 2 h HS stress exposure, using
the Caspase-Glo 3/7 Assay. Control and affected fibroblasts were compared. Bars represent mean + SEM relative luminescence from
three independent experiments, compared to untreated (no heat shock) controls.

(C) Immunostaining for cleaved caspase-3 in control and affected individual-derived fibroblasts after HS stress. Cells were subjected to
43°C, 2 h HS stress and returned to normal growth conditions at 37°C for 6 h, fixed, and processed for indirect immufluorescence with
an anti-cleaved caspase-3 antibody. Overnight exposure to oxidative stress (2 mM H,0O,) was used as a positive control for an apoptotic
response in both cell types. DNA was stained with Hoechst 33258. Scale bar: 50 pm.

designed specific rescue experiments in cell culture. Con-
structs encoding the full-length wild-type hNUP214 and
hNUP88 with C-terminally fused GFP reporters were used
for transient transfection of fibroblasts and followed by
the 2 h HS-6 h recovery treatment scheme described above.
We compared control and individual Al-derived fibro-
blasts transfected by an empty GFP-expressing vector,
hNUP214-GFP, hNUP88-GFP, or a combined transfection
with hNUP214-GFP and hNUP88-GFP. Immunostaining
of cleaved caspase-3 was quantified in GFP-expressing cells

and compared across all the experimental conditions, as
summarized in the bar chart (Figure 8, bottom). The top
part of Figure 8 shows representative images of the double
NUP214/NUPS88 transfection and empty vector control.
The strongest anti-cleaved caspase-3 staining was observed
in the affected individual’s cells transfected by the empty
GFP-expressing vector, while the double NUP214/NUP88
transfection caused a significant decrease in this staining.
Overall, as summarized in the bar chart, transfection
with either of the wild-type hNUP214 or hNUP88 coding
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Figure 8. Rescue of the Stress Response Phenotype by Transient Transfection of Nup-Coding Constructs into Affected Fibroblasts

Control and affected individual Al-derived fibroblasts were transfected by electroporation with constructs encoding the full-length wild-
type hNUP214-GFP, hNUP88-GFP, a combination of both constructs or an empty GFP-expressing vector as a control. HS exposure was
performed 48 h after transfection, for 2 h 43°C, followed by a 6 h recovery period. Cells were then fixed and immunostained for cleaved
caspase-3 as in Figure 7. Representative images from one experiment are shown for the double NUP214/NUP88 transfection and empty
vector control in control and affected individual-derived fibroblasts. DNA was stained with Hoechst 33258. Scale bar: 50 um. A quanti-
tative summary of cleaved caspase-3 staining intensity in GFP-expressing cells measured in three independent experiments is shown at
the bottom. Cell borders were delineated from DIC images by the ZEN software and anti-cleaved caspase-3 staining was measured per cell
and normalized to control fibroblasts transfected with the empty GFP-expressing vector. Each bar represents at least 90 cells from 3 in-
dependent experiments, showing the mean intensity = SEM.

sequences was able to reduce the apoptotic response of that the overall transfection efficiency in these experi-
affected individual fibroblasts while the double NUP214/ ments was low and the relative expression levels or poten-
NUPS88 transfection had the strongest effect. We note tial co-regulatory effects of the two nucleoporins could not
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be assessed. We conclude that the pathogenic variant-asso-
ciated phenotype involving the apoptotic response to HS
stress in fibroblasts can be reversed by overexpression of
the wild-type coding sequences of human NUP214 and/
or NUPS8S8.

Discussion

Here we describe four individuals from two families, who
presented with a distinct phenotype of febrile encephalop-
athy causing neurodevelopmental regression, seizures,
myoclonic jerks, progressive microcephaly, and cerebellar
atrophy with variable involvement of the basal ganglia.
Whole-exome sequencing identified NUP214 as the candi-
date gene in both families. Affected individuals in family A
were found to be homozygous for a missense variant,
p-Arg38Cys, that segregated appropriately in the family.
Affected individuals in family B were found to be com-
pound heterozygous for a paternally inherited frameshift
variant, p.Pro525Leufs*6, and a maternally inherited
missense variant, p.Pro387Ser.

Modeling of the N-terminal domain of wild-type versus
mutant forms, p.Arg38Cys and p.Pro387Ser, of NUP214
suggested that the replacement of Arg38 by cysteine per-
turbs a local ion network that may behave as a gate for
protein-protein interactions. The disturbed ion network
is predicted to alter the protein structure, leading to incor-
rect folding and affecting local interactions. Notably, the
p-Pro387Ser variant is spatially located among Y369
3.5 A distance) and W313 (3.9 A distance) and would be
predicted to seriously alter conformational changes and a
putative interaction interface. These changes are proposed
to impair interactions with neighboring Nups as well as the
nuclear transport machinery. In particular, interactions
with the NUP214 sub-complex partner NUP88 and dock-
ing onto the NPC scaffold might be impaired,'®*” as well
as the known interactions with CRM1 and DBP5.?"**

Collectively, functional studies of the NUP214
p-Arg38Cys variant in primary skin fibroblasts derived
from affected individual Al support the pathogenicity of
this variant. First, immunoblot analysis showed that total
cellular levels of NUP214, and its sub-complex partner
NUP88, were significantly decreased in the affected fibro-
blasts compared to controls. This reduction reflected a
decrease of at least 50% in the immunostaining intensity
of these two nucleoporins in situ, at the nuclear envelope.
Other nucleoporins tested by immunoblotting and immu-
nofluorescence appeared unaffected, while the number
and density of NPCs in affected individual cell nuclei re-
mained normal as evident from direct FESEM imaging.
These observations suggested that the p.Arg38Cys variant
may affect nuclear transport through the NPC, rather
than an overall change in its structure.

Defects in nuclear transport pathways were observed in
standard functional assays, including a clear delay in clas-
sical NLS-mediated nuclear import and an accumulation of

mRNA in affected cell nuclei. It is important to note that
the complete inhibition of any major nuclear import or
export pathway is expected to be lethal in all cell types.
Thus, the changes in transport observed under normal
growth conditions likely indicate that irreversible damage
can occur under stress conditions or in particularly sensi-
tive tissues such as the brain. The most striking cellular
phenotype was obtained by high-resolution imaging of
individual NPCs on the cytoplasmic face of the nuclear
envelope of exposed fibroblast nuclei. FESEM imaging re-
vealed a large increase in the presence of central particles
in the pore channel of NPCs in cells derived from affected
individuals compared to unaffected control subjects. This
analysis was extended to include fibroblasts derived
from affected individuals from both families, demon-
strating that the “plugged” pore channel phenotype is
a distinguishing feature of both the homozygous
p-Arg38Cys pathogenic variant and the compound hetero-
zygous p.Pro387Ser/p.Pro525Leufs*6 condition. Thus, a
distinct change observed in the nanometric scale, at the
single-NPC level, is linked to human disease-causing vari-
ants. A logical interpretation of this finding is that large
transport cargoes are delayed in passage through NPC
channels in cells from affected individuals, causing a par-
tial physical blockage or affecting the properties of the
permeability barrier. Clearly, nuclear transport is still
occurring in affected fibroblasts, but this represents a sig-
nificant deviation from homeostasis. The strong effect of
actinomycin D on central channel particles in affected in-
dividual cells implicates mRNPs as key molecular players in
this novel disease phenotype. Together with the effect of
excess GFP-coding transcripts on the export assay in
affected cells and the known interactions of NUP214
with the DEAD box protein DBPS, this suggests that the
mRNA export pathway is a major affected target of the
pathogenic variants.

Our results showing a difference in the degree and
timing of the cellular response to heat shock between con-
trol and affected fibroblasts suggest a possible disease
mechanism for the fever-induced neurodegeneration
seen in affected individuals. Fibroblasts derived from
affected individual A1 had a delayed, exaggerated, and
prolonged cellular response to heat shock compared to
control fibroblasts. Additionally, affected cell survival was
decreased and led to a permanent lag in relative survival
compared to control cells. These results suggest that
changes in nucleocytoplasmic transport resulting from
abnormal functioning of NUP214 affect the timing and
efficiency of the cellular response to heat shock stress,
eventually leading to greater apoptotic cell death. In partic-
ular, it appears that the affected individual’s cells are
unable to quickly shut off the apoptotic response in the re-
covery from heat shock. We hypothesize that the neurons
of affected individuals with pathogenic variants in NUP214
are more susceptible to apoptosis in the setting of a febrile
illness. This in turn leads to the clinical manifestations of
developmental regression, progressive microcephaly, and
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cerebellar atrophy. Although the identification of different
viral pathogens in three of the affected individuals points
to the febrile episode itself as the trigger, an alternative
(but not mutually exclusive) explanation might be that
viral infections compound the effect of compromised nu-
cleocytoplasmic trafficking caused by the genetic variants.

Recently, a neurodegenerative disease of infantile onset,
affecting mainly the central white matter, accompanied by
fever-induced systemic cytokine storm (hypomyelinating
leukodystrophy-13 [MIM: 616881]), was reported in associ-
ation with a homozygous missense variant in HIKESHI/
C110RF73.?% Interestingly, the encoded transport factor
Hikeshi interacts with nucleoporins via its N-terminal
domain and regulates the import of heat-shock proteins
from the Hsp70 family into the nucleus under stress condi-
tions,*”*° suggesting a potential pathomechanistic link
between these diseases.

NUP214 has previously been noted for its involvement
in chromosomal translocations leading to acute myeloid
leukemia and other hematopoietic malignancies.*'** The
mouse ortholog of human NUP214 was the first nucleo-
porin gene to be disrupted in higher eukaryotes, with the
knockout proving to be non-viable and the embryos dying
in utero after the depletion of the maternal protein pool.**
Recent work on recessive variants unmasked by chromo-
somal deletions has pointed to a single base-pair deletion
in human NUP214 as a candidate disease-causing patho-
genic variant in the case of a neurodevelopmental disor-
der.** Another recent report*> describes a similar clinical
phenotype to the one in our study, consisting of severe en-
cephalopathy and microcephaly and associated with a
different biallelic variant in NUP214. An intriguing new
study by Bonin et al. identifies biallelic variants in human
NUPS8S as a novel cause of lethal fetal akinesia deformation
sequence (FADS [MIM: 208150]) in two families.*® The
authors present a zebrafish model in which the disruption
of nup88 causes similar developmental defects to those
observed in affected human fetuses.*

As mentioned above, only a small number of inherited
human diseases have been linked to nucleoporins and these
affect different tissues: two types of nephrotic syndrome
(type 11 [MIM: 616730] and type 13 [MIM: 616893]),° tri-
ple A syndrome (MIM: 231550) consisting of adrenal insuf-
ficiency, achalasia, and alacrima,” XX gonadal dysgenesis
(ovarian dysgenesis 6 [MIM: 618078]),'° as well as atrial
fibrillation and early sudden cardiac death (atrial fibrillation
15 [MIM: 615770])."" Two central nervous system disorders
have been linked to pathogenic variants in the genes encod-
ing NUP358/RanBP2 (MIM: 601181) and NUP62 (MIM:
605815). NUP358/RanBP2 has been reported to cause auto-
somal-dominant susceptibility to infection-induced, acute
encephalopathy 3 (MIM: 608033). Affected individuals pre-
sent with infection-induced encephalopathy characterized
by seizures, changes in mental status including coma, and
gait abnormalities, as well as brain MRI findings of T2 signal
abnormalities most commonly in the pons, thalami, and
brainstem.”’ Infantile striatonigral degeneration (MIM:

271930) is caused by biallelic variants in NUP62 and
results in developmental arrest during late infancy, chor-
eoathetosis, dysphagia, pendular nystagmus, and severe
basal ganglia atrophy on MRI.>"** In some cases, the devel-
opmental arrest and neurodegeneration occurred in the
setting of a febrile illness.

The most clinically striking phenotypic feature in the
four affected individuals we describe is the acute encepha-
lopathy that occurs in the setting of a febrile illness. The
differential diagnosis for an individual with this clinical
presentation includes autoimmune encephalopathy,
meningoencephalitis, inborn errors of metabolism, and
immunodeficiency. Thus far, the clinical manifestations
of the affected individuals described here are limited to
the central nervous system, which can be a factor that dif-
ferentiates this disorder from other causes of acute enceph-
alopathy. For instance, inborn errors of metabolism may
have liver and/or kidney involvement, and in the setting
of immunodeficiency, infections may be present in other
organ systems. Here we propose that germline variants in
the genes encoding nucleoporins may be a new category
of disease genes that cause infection- and/or fever-induced
encephalopathy.

The combined insight from the clinical and experi-
mental aspects of the current study will guide future
attempts to decipher the molecular mechanisms underly-
ing nucleoporin-associated disorders, as well as a com-
parison to other neurodegenerative diseases that have
recently been linked to NPCs and the nuclear transport
machinery.*’ >
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