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Bi-allelic Loss-of-Function Variants in NUP188
Cause a Recognizable Syndrome Characterized
by Neurologic, Ocular, and Cardiac Abnormalities

Alison M. Muir,1,13 Jennifer L. Cohen,2,12,13 Sarah E. Sheppard,2 Pavithran Guttipatti,3,4 Tsz Y. Lo,3,4

Natalie Weed,1 Dan Doherty,1,5,6 Danielle DeMarzo,7 Christina R. Fagerberg,8 Lars Kjærsgaard,9

Martin J. Larsen,8 Patrick Rump,10 Katharina Löhner,10 Yoel Hirsch,11 David A. Zeevi,11

Elaine H. Zackai,2 Elizabeth Bhoj,2 Yuanquan Song,3,4,14,* and Heather C. Mefford1,5,6,14,*

Nucleoporins (NUPs) are an essential component of the nuclear-pore complex, which regulates nucleocytoplasmic transport of macro-

molecules. Pathogenic variants in NUP genes have been linked to several inherited human diseases, including a number with progressive

neurological degeneration. We present six affected individuals with bi-allelic truncating variants in NUP188 and strikingly similar phe-

notypes and clinical courses, representing a recognizable genetic syndrome; the individuals are from four unrelated families. Key clinical

features include congenital cataracts, hypotonia, prenatal-onset ventriculomegaly, white-matter abnormalities, hypoplastic corpus cal-

losum, congenital heart defects, and central hypoventilation. Characteristic dysmorphic features include small palpebral fissures, a wide

nasal bridge and nose, micrognathia, and digital anomalies. All affected individuals died as a result of respiratory failure, and five of them

died within the first year of life. Nuclear import of proteins was decreased in affected individuals’ fibroblasts, supporting a possible dis-

ease mechanism. CRISPR-mediated knockout of NUP188 in Drosophila revealed motor deficits and seizure susceptibility, partially reca-

pitulating the neurological phenotype seen in affected individuals. Removal of NUP188 also resulted in aberrant dendrite tiling, suggest-

ing a potential role of NUP188 in dendritic development. Two of the NUP188 pathogenic variants are enriched in the Ashkenazi Jewish

population in gnomAD, a findingwe confirmedwith a separate targeted population screen of an international sampling of 3,225 healthy

Ashkenazi Jewish individuals. Taken together, our results implicate bi-allelic loss-of-function NUP188 variants in a recessive syndrome

characterized by a distinct neurologic, ophthalmologic, and facial phenotype.
Introduction

The nuclear pore complex (NPC) is a massive channel that

spans the nuclear envelope and controls the flow of mRNA

and proteins between the cytoplasm and the nucleus.

NPCs are macromolecular assemblies composed of �30

proteins called nucleoporins (NUPs).1 Although complete

loss of nuclear pore function is hypothesized to be incom-

patible with cell viability, pathogenic variants in a number

of nucleoporins resulting in partial loss of pore function

have been implicated in inherited human disorders

including nephrotic syndromes,2–4 triple A syndrome

(adrenal insufficiency, achalasia, and alacrima with a vari-

able neurologic phenotype),5 fetal akinesia deformation

sequence,6 and progressive neurologic disease.7–10

NUP188 (MIM: 615587) is a scaffold nucleoporin and a

NUP93 (MIM: 614351) subcomplex member that forms

the inner ring of the NPC.1 Disruption of NUP188 in yeast

has been shown to inhibit both mRNA export and protein

trafficking through the NPC.11 NUP188 has also been
1Department of Pediatrics, Division of Genetic Medicine, University ofWashing

pital of Philadelphia, Philadelphia, PA 19104, USA; 3Raymond G. Perelman C

delphia, Philadelphia, PA 19104, USA; 4Department of Pathology and Laborato

attle Children’s Hospital, Seattle, WA 98105, USA; 6Brotman Baty Institute fo

University of Oklahoma, Oklahoma City, OK 73104, USA; 8Department of Cli

dersen Children’s Hospital, Odense University Hospital, Denmark; 10Departme

gen, Groningen, the Netherlands; 11The Committee for Prevention of Jewish
12Present address: Division of Medical Genetics, Department of Pediatrics, Du
13These authors contributed equally to this work
14These authors contributed equally to this work

*Correspondence: hmefford@uw.edu (H.C.M.), songy2@email.chop.edu (Y.S.)

https://doi.org/10.1016/j.ajhg.2020.03.009.

The Ame

� 2020 American Society of Human Genetics.
implicated in a diverse range of cellular functions outside

of its role in nuclear transport; such functions include cil-

iogenesis,12 chromatin organization,13 transcriptional

regulation,13 and chromosome segregation.14 A rare

NUP188 duplication was reported in an individual with

heterotaxy, and knockdown of Nup188 disrupted left-right

patterning in Xenopus.15

We present a series of six individuals who come from

four unrelated families and who show multisystem

involvement characterized by cardiorespiratory, neuro-

logic, and ophthalmologic abnormalities along with dys-

morphic features due to bi-allelic pathogenic variants in

NUP188.
Subjects and Methods

Cohort
Affected individuals were identified in the clinical setting,

and pathogenic variants were identified through exome

sequencing on a research or clinical basis. GeneMatcher16
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facilitated identification of unrelated cases at four institutions. Par-

ents or legal guardians of each individual gave informed consent

for participation in this study. The study was performed according

to the standards of the ethics committees and the institutional

review boards at each center.

Carrier Screening of the Ashkenazi Jewish Population
To determine the carrier frequency of the p.Ile302Valfs*7 and

p.Tyr1048* variants in NUP188 within the Jewish population,

we screened a total of 4,815 Jewish individuals as follows: 3,225

Ashkenazi individuals, 815 Sephardi individuals, and 775 individ-

uals of mixed Ashkenazi and Sephardic descent; classification was

by self-identification. Anonymous blood samples were obtained

from worldwide Dor Yeshorim screening program17 locations,

including the United States of America (New York, New Jersey,

Maryland, California, Illinois, Florida, Ohio, and Michigan), Can-

ada, Mexico, Argentina, Brazil, the United Kingdom, Belgium,

France, Switzerland, Austria, Australia, South Africa, and Israel.

All participants provided written consent for their samples to be

used for research purposes. The consent form noted that patient

material would be used for clinical testing and that excess material

would be de-identified and used for research purposes to charac-

terize single-gene disorders in the Ashkenazi Jewish population.

Genomic DNA was extracted, and a multiplex PCR assay was

used for separately targeting each of the two aforementioned

NUP188 variants in barcode-indexed samples via high-throughput

sequencing on a MiSeq instrument (Illumina). Resultant

sequencing reads were aligned to the reference genome (hg38),

and relevant NUP188 variants were genotyped via the ‘‘emit_all_

sites’’ flag within the GATK UnifiedGenotyper package (Broad

Institute). The assay was validated with positive-control blood

samples from the heterozygous mother and heterozygous father

of affected individual 3 from our cohort.

Cell Culture
Primary fibroblast cultures were established from skin biopsies for

individuals 1 and 2, as well as from skin biopsies for two unrelated,

unaffected control subjects. Fibroblasts were maintained in

DMEM supplemented with 10% fetal bovine serum and 1% peni-

cillin-streptomycin. All experiments were performed on cells

whose passage number did not exceed 8.

Immunoblotting of Cell Nuclei
To prepare nuclear lysates for immunoblotting, we grew fibroblasts

to 80%–90% confluence and performed nuclei isolation as previ-

ously described.18 SDS-PAGE and immunoblotting were per-

formed with polyvinylidene fluoride (PVDF) membranes (Milli-

pore) and standard techniques. Blots were probed with anti-

NUP188 (1:150, Abcam) and anti-laminin (1:1000, Abcam). All

immunoblots were performed in triplicate.

Immunofluorescence Microscopy
Fibroblasts were plated on glass coverslips and grown to 80%–90%

confluence before fixation with 2% paraformaldehyde. Immuno-

staining was performed according to standard protocols. Primary

and secondary antibodies were incubated for 1 h at room temper-

ature. The primary antibodies used were anti-NUP188 (1:150, Ab-

cam), anti-actTUB (1:2000, Sigma-Aldrich), and anti-eGFP (1:500,

ThermoFisher Scientific). The secondary antibodies used were

Alexa 488-conjugated goat anti-rabbit IgG (1:1000, ThermoFisher

Scientific) and Alexa 568-conjugated goat anti-mouse IgG (1:1000,
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ThermoFisher Scientific). DAPI (4’,6-diamidino-2-phenylindole)

was used to visualize the nuclei. Fluorescent images were captured

using a Zeiss LSM 880 laser scanning microscope equipped with

Airyscan technology. All immunostaining was performed in

triplicate.
Real-Time PCR
RNA was extracted from fibroblast cell lines with Trizol (Ambion)

and the RNA Clean and Concentrator kit (Zymo Research). 500 ng

of RNA was reverse transcribed with oligo(dT) nucleotides and

SuperScript II (Invitrogen) according to the manufacturer’s in-

structions. Real-time PCR was performed with primers for

NUP188 (50-GCACAGCACAGACACCTAGT-30, forward; and 50-AC
TGCGTTGAGGCACTGTAA-30, reverse) and GAPDH (50-CTTTG
TCAAGCTCATTTCCTGG-30, forward; and 50-TCTTCCTCTTGT

GCTCTTGC-30, reverse).
Nuclear-Import Assay
Nuclear import was assayed with a protocol adapted from yeast.11

A lentiviral vector containing three GFP molecules attached to the

SV40 nuclear localization signal (NLS) (pHAGE-EFS-PCP-

3XGFPnls) was obtained as gift from Thoru Pederson (Addgene

plasmid #75385).19 To generate GFP constructs with no NLSs

and to generate the hnRNPA1 NLS, double-stranded DNA oligos

(50-5Phos/GCCGCCGCCTAA-30 and 50-5Phos/TCAAATTTTGGAC

CCATGAAGGGAGGAAATTTTGGAGGCAGAAGCTCTGGCCCCT

ATTAA-30, respectively) were cloned into pHAGE-EFS-PCP-

3XGFPnls between the XhoI and XbaI sites. Fibroblasts from indi-

vidual 1, individual 2, and control individuals were infected with

GFP-SV40-NLS, GFP-hnRNPA1-NLS, or GFP-no-NLS virus. It was

determined via live-cell imaging that on the sixth day after infec-

tion, GFP signal was visible in the cytoplasm and nuclei of infected

cells. At this point, cells were incubated with Alexa 555-conju-

gated wheat germ agglutinin to stain cell membranes (Thermo-

Fisher Scientific) and fixed in 2% paraformaldehyde for immuno-

fluorescence microscopy. 2D images of individual cells were

manually captured using a Zeiss LSM 880 laser scanning micro-

scope, and images were quantified using ImageJ software. DAPI

was used for defining the nuclei, and wheat germ agglutinin was

used for defining the cell boundaries. After background subtrac-

tion, total GFP fluorescent intensity was measured in the nuclei

and cytoplasm of infected cells and normalized to the respective

cell compartment area before calculation of the ratio of nuclear

to cytoplasmic GFP intensity.
Generation of Nup188KO Flies
Genomic DNA of vas-Cas9 flies was used as a template for PCR of

the Nup188 genomic fragments. The fragments upstream of the

Nup188 encoding region were amplified with the primers

‘‘Nup188 gDNA 50 forward’’ (50-TTGATCTCACGAGCATTTCG-30),
and ‘‘Nup188 gDNA 50 reverse’’ (50-GTCCAATCTGCCTTTTC

TGC-30) via PCR. The resulting template sequence was used to

select target ‘‘Nup188 50gRNA’’ (50�GCACCGATTGGAAGC

GCCTGTGG-30). For gRNA synthesis, ‘‘Nup188 50 sense oligo’’

(50-5Phos/CTTCGCACCGATTGGAAGCGCCTG-30) and ‘‘Nup188

50 antisense oligo’’ (50/5Phos/AAACCAGGCGCTTCCAATCGG

TGC-30) were annealed and ligated into a BbsI-digested pU6-BbsI

chiRNA vector. The overhang sequences 50-CTTC-30 (sense oligo)

and 50-AAAC-30 (anti-sense oligo) are complementary to the over-

hangs generated by BbsI digestion. The ‘‘Nup188 50 gRNA’’ was
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injected into vas-Cas9 flies, and the resultant potential mutants

were screened and verified by PCR.20
Live Imaging of Drosophila Larvae
Live imaging was performed as described.21,22 Embryos were

collected for 2–24 h on yeasted grape juice agar plates and were

aged at 25�C. At the appropriate time, a single larva was mounted

in 90% glycerol under coverslips sealed with grease, imaged with a

Zeiss LSM 880 microscope, and returned to grape juice agar plates

between imaging sessions.
Behavioral Analyses in Adult Flies
Wild-type (WT) adults and Nup18810B homozygous adult survi-

vors were collected daily from crosses, with males and females

stored in separate vials. To prevent confounding effects on loco-

motor performance, we gave flies 72 h to recover from the CO2

used during handling. Negative geotaxis was tested 3 days after

eclosion.23 Males and females from each group were placed in

separate 20 cm vials, which were then secured in the geotaxis

apparatus. The apparatus was tapped against a table three times

so that flies would be knocked to the bottom of their vials. The

response of the flies was recorded by video. The average height

climbed by the flies in each vial 3 s after tapping was scored via Im-

ageJ. Each vial was assayed 8–10 times and averaged. Each vial con-

tained fewer than 30 flies.

The number of flies undergoing a seizure in each vial in the 10 s

after tapping was manually counted. Seizure percentage was

calculated as the number of flies experiencing a seizure divided

by the total of flies in each vial. One-way ANOVA was used for

comparing the average height climbed and percent of flies under-

going a seizure between groups.
Statistical Analysis
All data are expressed as means5 SEM. Student’s t tests were used

for comparing differences between two experimental conditions

unless otherwise noted; one-way ANOVAwas used for comparison

of three or more groups. All statistical tests were two sided. Statis-

tical significance was set at p < 0.05. For all animal experiments, n

R 3 animals were analyzed for each group. For experiments using

cell lines, all experiments were performed in triplicate.
Results

Identification of Bi-allelic NUP188 Variants in Affected

Individuals

We identified six individuals with bi-allelic truncating var-

iants in NUP188 (GenBank: NM_015354.3) by exome

sequencing; the individuals are from four unrelated fam-

ilies (Table 1, Figure 1, Table S1). Three individuals from

two different families are of Ashkenazi Jewish descent,

and all three individuals share the same two compound

heterozygous variants: c.904_907delATTT (p.Ile302Valfs*

7) and c.3144C>G (p.Tyr1048*). Two siblings from family

3 have a homozygous variant predicted to cause a

frameshift and premature truncation: c.5032dupC

(p.Arg1678Profs*13). Individual 6 has compound hetero-

zygous nonsense variants: c.1890G>A (p.Trp630*) and

c.4078C>T (p.Gln1360*).
The Ame
The variants identified in families 1 and 2 are reported

only in the Ashkenazi Jewish population in the heterozy-

gous state in the gnomAD database: c.904_907delATTT

(p.Ile302Valfs*7) (referred to in gnomAD as

c.902_905delTTAT) is present at an allele frequency of

0.075% (n ¼ 5 alleles) and c.3144C>G (p.Tyr1048*) at

0.040% (n ¼ 4 alleles). The c.5032dupC (p.Arg1678-

Profs*13) variant in individuals 4 and 5 is present in a

single non-Finnish European, and the two variants in

individual 6 are not found in gnomAD. There are no

homozygous truncating variants in NUP188 in gnomAD.

We screened an additional cohort of 4,815 healthy

Jewish individuals for the two pathogenic variants

that were restricted to the Ashkenazi Jewish population

in gnomAD. Of the 3,225 Ashkenazi-only individuals,

four were heterozygous carriers for c.904_907delATTT

and five were heterozygous carriers for

c.3144C>G, resulting in the following allele frequencies:

0.124% and 0.155%, respectively, in these additional

Ashkenazi Jewish individuals. No heterozygous carriers

were found among the Sephardi individuals (n ¼ 815)

or the individuals of mixed Ashkenazi and Sephardic

descent (n ¼ 775).

All six affected individuals have strikingly similar clin-

ical features (Figure 1, Table 1, Supplemental Informa-

tion). Prenatally, mild ventriculomegaly or suspected

brain malformation was noted in 4/6 cases. All individ-

uals were small at birth; their growth parameters

measured at <10th percentile for gestational age. Dys-

morphic features included a broad nasal bridge with a

tubular shaped nose, small palpebral fissures, epicanthal

folds, micrognathia, and digital anomalies, including

long, gracile fingers, camptodactyly, and broad halluces.

Congenital cataracts were present in 4/6 individuals,

and an additional individual had vision impairment,

poor eye contact, and myopia (�4.25/�1.25 diopters).

Congenital heart anomalies, which included bicuspid

aortic valve, partial anomalous pulmonary venous re-

turn, and patent ductus arteriosus, were observed in 5/6

individuals. All six individuals presented with congenital

hypotonia and abnormal brain imaging, showing de-

layed myelination and white-matter abnormalities. A

thin or absent corpus callosum was noted in most cases,

and progressive microcephaly with suspicion for a neuro-

degenerative process was noted in at least three cases.

All six individuals died of respiratory failure or respira-

tory-related illness prior to the age of 3 years. Five of

the six affected individuals died within the first seven

months of life. The sixth individual lived to 2 years

and 7 months; she had severe intellectual disability

and was non-ambulatory. Two individuals underwent

autopsy. Autopsy findings for individual 2 included

diffuse gliosis and patchy depletion of Purkinje cells

in the brain, polysplenia, streak ovaries, and lung hyper-

inflation and congestion. Autopsy for individual 6 re-

vealed streak gonads as well as pulmonary capillary

hemangiomatosis.
rican Journal of Human Genetics 106, 623–631, May 7, 2020 625



Table 1. Summary of Clinical Features of Individuals with Bi-allelic Truncating NUP188 Variants

Family 1 2 3 4

Individual 1 2 3 4 5 6

Variants (NM_015354) p.Ile302Valfs*7 p.Ile302Valfs*7 p.Arg1678Profs*13 (hmz) p.Trp630*

p.Trp1048* p.Trp1048* p.Gln1360*

Gender F F F F F F

Age at death 5 months 5 weeks 7 months 2 years 7 months 2.5 months 1 month

Cause of death respiratory failure respiratory failure respiratory failure respiratory failure respiratory failure respiratory failure

Ophthalmologic abnormalities þ þ þ þ � þ

Congenital fetal nuclear cataracts þ þ þ � � þ

Congenital heart defects þ þ þ not tested þ þ

Respiratory abnormalities þ þ þ þ þ þ

Central hypoventilation þ þ þ � � þ

Neurological abnormalities þ þ þ þ � þ

Hypotonia þ þ þ þ � þ

Seizures � � þ þ � þ

Poor oral co-ordination þ þ þ � � �

MRI abnormalities þ þ þ þ þ þ

Thin corpus callosum þ þ þ þ þ �

Delayed myelination þ þ � þ þ �

Loss of white matter � � þ � þ �

Ventriculomegaly þ þ þ þ � þ

Abbreviations: F, female; hmz, homozygous; þ, present; and �, absent.
Full-Length NUP188 Is Undetectable in Fibroblasts from

Affected Individuals

Individuals 1 and 2 had compound heterozygous NUP188

variants, p.Ile302Valfs*7 and p.Tyr1048*, that were shared

by one other affected individual in our cohort; this individ-

ual was also of Ashkenazi Jewish descent. Immunoblot

analysis of nuclei isolated from fibroblasts from individuals

1 and 2 and a control individual showed that full-length

NUP188 is not present in affected individuals (Figures 2A
626 The American Journal of Human Genetics 106, 623–631, May 7,
and S1A). A smaller faint band present in nuclear lysates

from individual 2 is most likely non-specific because it is

not present in individual 1 or the control individual.

Immunofluorescence studies in fibroblasts show that

NUP188 localizes to the nucleus of control cells but is ab-

sent from cells from affected individuals (Figures 2B and

S1B), suggesting that even if truncated protein product is

present in affected individuals, it does not localize properly

and is unlikely to be functional. Real-time PCR analysis
Figure 1. Facial and Digital Features of
Affected Individuals
Note the high anterior hair line, broad fore-
head, small and downslanting palpebral fis-
sures, wide nasal bridge with bulbous tip,
and down-turned corners of the mouth in
the facial photographs. The feet are notable
for broad halluces, overlapping toes, and
camptodactyly. The hand photographs
show long gracile fingers and camptodac-
tyly, as well as preaxial polydactyly in indi-
vidual 1.
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Figure 2. NUP188 p.Ile302Valfs*7 and
p.Tyr1048* Result in Loss of Full-Length
NUP188
(A) Western blot of nuclei isolated from in-
dividual 1 and control fibroblasts stained
with an antibody against NUP188 reveals
full-length NUP188 (~188 kDa) is undetect-
able in individual 1. LAMB1 is used as a
loading control. Individual 1 has com-
pound heterozygous truncating variants
NUP188 p.Ile302Valfs*7 and p.Tyr1048*.
Experiment was performed in triplicate,
and representative images are shown.
(B) Immunofluorescent staining of NUP188
in fibroblasts from individual 1 and a

control individual. NUP188 (green) localizes to the nucleus in control fibroblasts but is undetectable in fibroblasts from individual 1.
The experiment was performed in triplicate (n ¼ 20 cells each), and representative images are shown. The scale bar represents 20 mm.
Immunoblot and immunofluorescence data for individual 2 corroborate staining patterns seen in individual 1 and can be found in
in Figure S1.
shows that the amount of NUP188 transcript is reduced by

98% in affected individuals compared to controls, suggest-

ing the truncated alleles are targeted by nonsense-medi-

ated decay (Figure S1C).

Affected Individuals Have a Disruption in Importina-

Importinb1- and Transportin-1-Mediated Nuclear

Import

Protein import into the nucleus occurs through the NPC

and is mediated by carrier proteins that recognize protein

NLS. Loss of NUP188 results in a reduction of nuclear

import in yeast.11 To determine whether nuclear import

is also disrupted in affected individuals, we infected fibro-

blasts from individuals 1 and 2 and unrelated control indi-

viduals with a construct that encodes three sequential GFP

molecules attached to an NLS and measured GFP fluores-

cence intensity in the cytoplasm and nucleus of infected

cells. To test both the ‘‘classic’’ importina-importinb1 nu-

clear import pathway and the transportin-1 pathway, we

created constructs containing the SV40 NLS and hnRNPA1

NLS, respectively.We observed a 33% lower ratio of nuclear

GFP fluorescence intensity to cytoplasmic GFP fluores-

cence intensity in affected individuals compared to control

individuals when the ‘‘classic’’ importina-importinb1 nu-

clear import pathway was used and a 43% lower ratio un-

der the transportin-1 pathway (Figure 3). To account for

differences in the rate of protein diffusion across the nu-

clear membrane, we infected cells with a GFP construct

containing no NLS. Although a small amount of GFP

diffused into nuclei, the rate of diffusion was similar be-

tween affected individuals and control individuals.

Together, these data indicate that disruption of NUP188

in affected individuals is associated with less active protein

transport into the nucleus.

Drosophila Studies

Generation of the Nup188-Knockout (Nup188KO) Alleles

To determine the physiological function of Nup188 in vivo,

we generated two knockout alleles in Drosophila by using

the CRISPR-Cas9 system.20 A guide RNA (gRNA) targeting
The Ame
the Nup188 translation start site (Figure S2) was injected

into Cas9-expressing flies, resulting in a one-nucleotide

insertion (Nup1886A) or a seven-nucleotide deletion

(Nup18810B). Each allele is predicted to cause a frameshift

and produce a nonfunctional protein with early trunca-

tion (Figure S2). When flies were raised at 25�C, homozy-

gosity for either the Nup1886A or the Nup18810B allele

was lethal with homozygous flies dying at the pupal stage.

However, when raised at 22�C, approximately 55% of

Nup1886A and Nup18810B homozygous flies survived.

The lethality phenotype was further confirmed by use

of the deficiency allele �Df(2R)BSC485, which covers the

Nup188 locus. Transheterozygotes of Nup1886A-Df(2R)

BSC485 and Nup18810B-Df(2R)BSC485 showed similar

penetrance to the homozygotes. We then used

Nup18810B in the following analyses to determine the

neural phenotypes.

Nup188 Is Required for Proper Dendrite Tiling

Given the neurological symptoms in affected individuals,

we investigated whether Nup188KO flies have neurodeve-

lopmental deficits. Drosophila dendritic arborization (da)

sensory neurons cover the entire body wall of fly larvae,

show stereotyped dendrite patterning, and have been

extensively used to study neuronal development.24,25 In

particular, class IV da (C4da) neuron dendrites branch

out to completely cover each segment by forming close

interfaces with the arbors of nearby neurons to tile the

body wall (Figure 4). However, in vivo imaging of

Nup18810B larvae revealed large vacant areas at the inter-

face between two subtypes of C4da neurons—ddaC and

v’ada (Figure 4). Quantification revealed a 2-fold larger

vacant area in Nup18810B larvae than in the WT control

(Figure 4). This result suggests an important role for

Nup188 in dendrite tiling and, potentially, neural circuit

formation.

Nup188 Deficiency Leads to Behavioral Deficits

We next inquired as to whether Nup188KO flies show

behavioral phenotypes. Although the majority of the

Nup18810B flies failed to eclose and died at the pupal

stage, a small fraction survived to adulthood as escapees.
rican Journal of Human Genetics 106, 623–631, May 7, 2020 627



Figure 3. Impaired SV40 NLS-GFP and
hnRNPA1 NLS-GFP Import into the Nucleus
in Affected Individuals
Representative immunofluorescent images
showing less GFP (green) transport into
the nuclei of affected individuals’ fibroblasts
compared to the GFP transport into the
nuclei of control fibroblasts. Disruption of
NUP188 in affected individuals inhibited
the ‘‘classic’’ importina-importinb1 nuclear
import pathway (SV40 NLS) and the trans-
portin-1 pathway (hnRNPA1 NLS) but not
the rate of diffusion (no NLS). DAPI (blue)
was used to define the boundaries of the nu-
cleus, and wheat-germ agglutinin (not
shown) was used to define the cell bound-
aries for quantification of the ratio of nu-
clear GFP fluorescent intensity to cyto-
plasmic GFP fluorescent intensity. Error
bars represent SEM. The scale bar represents
20 mm. The experiment was performed in
triplicate with a combined n ¼ 47–70 per
condition, representative images shown. **
p < 0.01, ****p < 0.0001 by two-tailed un-
paired Student’s t test.
Given the hypotonia present in affected individuals,

we investigated whether these Nup18810B escapees dis-

played weaker motor function. Showing a negative

geotaxis response, WT adult flies crawl up the walls of a

vial in response to being tapped to the bottom. The

height climbed in a given time has been used as an assay

of locomotor activity.23,26 We found that Nup18810B flies

climbed a shorter distance than WT flies (Figures 5A

and 5B and Video S1), suggestive of motor deficits.

Furthermore, mechanical stimuli such as tapping are
Figure 4. Nup188 Deficiency Results in Impaired Sensory
Dendrite Tiling
Representative images of the interface between C4da neurons ddaC
and v’ada. C4da neurons are genetically labeledwith ppk-CD4tdGFP.
The WT image on the left shows extensive dendrite tiling; a mini-
mal vacant area between the dendrite arbors is outlined in purple.
On the right is the Nup18810B mutant, and a larger vacant area is
outlined in red. The scale bar represents 20 mm. The vacant area
at the interface not covered by dendrites (the area inside the
outline) is quantified. Error bars, SEM. n ¼ 10 neurons from four
larvae. ***p < 0.001 by two-tailed unpaired Student’s t test.
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known to trigger paralysis and

seizures in certain mutant flies.27,28

We observed seizures, during which

flies twitched and spun on their
backs (Video S1), in Nup18810B flies after tapping

(Figure 5C).

Discussion

Here, we describe a disorder caused by bi-allelic truncating

variants in NUP188 and characterized by hypotonia,

congenital cataracts, microcephaly, abnormal brain imag-

ing, and early death due to respiratory failure, usually

within the first year after birth. All five pathogenic

NUP188 variants identified in this study were truncating

variants. NUP188 is intolerant to loss of function variants

(pLI ¼ 0.95, probability of being loss-of-function intol-

erant),29 and there are no homozygous truncating variants

in NUP188 in gnomAD. Immunoblot and immunofluores-

cence analysis of fibroblasts carrying NUP188 p.Ile302-

Valfs*7 and p.Tyr1048* indicates that these variants result

in either complete loss of NUP188 or a nonfunctional trun-

cated product. The other bi-allelic truncating variants iden-

tified in the study most likely represent complete loss of

NUP188 function in the affected individuals as well.

Further studies of additional families with affected individ-

uals will be needed if we are to determine whether bi-allelic

missense variants or variants causing only a partial reduc-

tion in NUP188 function result in a similar phenotype.

Of the four unrelated families we identified in this study,

two were of Ashkenazi Jewish descent. The three affected

individuals from these two unrelated Ashkenazi Jewish

families presented with the same two pathogenic

NUP188 variants, p.Ile302Valfs*7 and p.Tyr1048*, each
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Figure 5. Nup188 Deficiency Leads to Decreased Negative Geotaxis and Seizures
(A) Schematic depiction of the negative geotaxis apparatus. Vials containing flies are secured in the red container, which is then tapped
downward so that flies are knocked to the bottom. The response of flies is video recorded.
(B) The average height climbed up from the bottom of the vial by the flies was measured three seconds after tapping. Males (M) and
females (F) in each group were tested separately. WT flies climbed significantly farther up the vial than Nup18810B flies.
(C) The average percent of flies showing seizure activity in a 10 s period after tapping. WT males ¼ 9 vials, 210 flies total; Nup18810B

males ¼ 9 vials, 205 flies total; WT females ¼ 6 vials, 149 flies total; Nup18810B females ¼ 6 vials, 119 flies total. Error bars, SEM.
**p < 0.01, ***p < 0.001 by one-way ANOVA followed by Tukey’s test.
of which was restricted to the Ashkenazi Jewish population

in gnomAD. These variants are present in the Ashkenazi

Jewish population at allele frequencies in gnomAD of

0.075% and 0.040%, respectively—allele frequencies that

are higher than those seen for any other NUP188 trun-

cating variant in other populations. The higher prevalence

of these two variants in the Ashkenazi Jewish population

was confirmed by additional targeted screening of a large

internationally diverse cohort of Ashkenazi (and Sephardi)

healthy Jewish individuals (n ¼ 4,815). This genetic disor-

der, therefore, will most likely be more prevalent in indi-

viduals of Ashkenazi Jewish descent than in the other pop-

ulations and might have implications for future updates to

Ashkenazi Jewish carrier screening.

Our results also show that active transport of proteins

into the nucleus via both the ‘‘classic’’ importina-impor-

tinb1 nuclear import pathway and the transportin-1

pathway are lower in affected individuals’ cells. This result

is congruent with the finding that loss of NUP188 results

in a reduction of nuclear import and mRNA export in

yeast.11 In human cells and in yeast, loss of NUP188 did

not result in total absence of nuclear import. However,

because nuclear transport is integral to the central cell pro-

cesses of DNA replication, gene expression, and protein

production, even a modest reduction in transport capacity

could have a major impact on cell homeostasis. Interest-

ingly, NUP214 disruption, which causes susceptibility to

acute febrile encephalopathy, also results in a modest

reduction in nuclear transport in affected individuals’

cells,10 suggesting that this may be a common mechanism

through which disruption of nucleoporins results in hu-

man disease.

Knockdown of Nup188 has been shown to disrupt left-

right patterning in Xenopus.15 NUP188 has also been

associated with other cellular functions, including cilio-

genesis,12 chromatin organization,13 transcriptional regu-
The Ame
lation,13 and chromosome segregation.14 Notably, some

of the patients had clinical features that can be seen in het-

erotaxy or ciliopathies such as polysplenia, pre-axial poly-

dactyly, possible rib anomalies, and cerebellar malforma-

tions. Although we hypothesize that reduction in nuclear

transport is at least partially responsible for the phenotype

of the affected individuals in this study, we cannot rule out

the possibility that disruption of one or more of these

other functions also contributes to disease progression.

Although pathogenic NUP188 variants cause a multi-

system disorder, affected individuals had significant ner-

vous system involvement. Complications included gener-

alized hypotonia, progressive microcephaly, seizures, a

thin corpus callosum, and other abnormal MRI findings.

The early death due to respiratory failure was most likely

secondary to nervous system complications because it

occurred without signs of pulmonary or tracheal disease

in 4/6 affected individuals. Furthermore, loss of Nup188

in fruit flies resulted in pronounced nervous system de-

fects, including a reduced dendritic tiling, motor deficits,

and seizures.

Several other neurological diseases in humans are due to

pathogenic variants in genes encoding nucleoporin pro-

teins. Triple A syndrome (MIM: 231550), caused by bi-allelic

variants inAAAS (MIM: 605378), is characterized by adreno-

corticotropic hormone (ACTH)-resistant adrenal insuffi-

ciency, achalasia, and alacrima with a variable neurologic

phenotype including developmental delay, autonomic

dysfunction, and muscle weakness.5 Recessive infantile

striatonigral degeneration (MIM: 271930), caused by vari-

ants in NUP62 (MIM: 605815), is a progressive neurodegen-

erative disorder characterized by seizures, developmental

delay, and brain atrophy.8 Bi-allelic variants in NUP214

(MIM: 114350) and heterozygous variants in RANBP2

(MIM: 601181) can cause susceptibility to acute infection-

induced encephalopathy (MIM: 618426 and MIM:
rican Journal of Human Genetics 106, 623–631, May 7, 2020 629



608033, respectively) characterized by febrile-induced en-

cephalopathy resulting in neurodevelopmental regression,

seizures, and other neurological abnormalities.7,9,10 Because

most nucleoporins are ubiquitously expressed,30 this sug-

gests that the cells in the nervous system might be particu-

larly susceptible to loss of nuclear-pore function.

All individuals with NUP188-associated disease pre-

sented with a strikingly similar phenotype and poor prog-

nosis. Identification and characterization of additional

affected individuals and additional pathogenic alleles will

be necessary if we are to determine whether the phenotype

is consistently as severe as in the individuals described

here, all of whom experienced early respiratory failure

and death in infancy or early childhood. Recently, homo-

zygous truncating variants in NUP188 were reported in

two additional individuals who had a similar severe

phenotype and who also died of respiratory failure within

the first year of life.31 Evaluation of NUP188 should be

considered in infants with neurologic deficits, congenital

cataracts, congenital heart defects, and unexplained respi-

ratory failure, and particularly heightened attention

should be given to infants of Ashkenazi Jewish descent.
Supplemental Data

Supplemental Data can be found online at https://doi.org/10.

1016/j.ajhg.2020.03.009.
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