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inNAE1, which encodes the NEDD8-

activating enzyme E1 regulatory

subunit and is essential for

neddylation. By focusing on the

biology underlying the rarest

observed clinical features, they

unveil the importance of

neddylation for skeletal

development and for maintaining

cellular integrity during stress.
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ARTICLE

Bi-allelic variants in NAE1 cause intellectual
disability, ischiopubic hypoplasia, stress-mediated
lymphopenia and neurodegeneration

Irena J.J. Muffels,1,4 Imre F. Schene,1 Holger Rehmann,2 Maarten P.G. Massink,3 Maria M. van der Wal,4

Corinna Bauder,5,6 Martha Labeur,5 Natalia G. Armando,7 Maarten H. Lequin,8 Michiel L. Houben,9

Jaques C. Giltay,3 Saskia Haitjema,10 Albert Huisman,10 Fleur Vansenne,11 Judith Bluvstein,12

John Pappas,13 Lala V. Shailee,14 Yuri A. Zarate,15 Michal Mokry,16 Gijs W. van Haaften,17

Edward E.S. Nieuwenhuis,18 Damian Refojo,7,19,20 Femke van Wijk,3,20 Sabine A. Fuchs,1,20

and Peter M. van Hasselt1,*
Summary
Neddylation has been implicated in various cellular pathways and in the pathophysiology of numerous diseases. We identified four

individuals with bi-allelic variants in NAE1, which encodes the neddylation E1 enzyme. Pathogenicity was supported by decreased

NAE1 abundance and overlapping clinical and cellular phenotypes. To delineate how cellular consequences of NAE1 deficiency would

lead to the clinical phenotype, we focused primarily on the rarest phenotypic features, based on the assumption that these would best

reflect the pathophysiology at stake. Two of the rarest features, neuronal loss and lymphopenia worsening during infections, suggest that

NAE1 is required during cellular stress caused by infections to protect against cell death. In support, we found that stressing the protea-

some system with MG132—requiring upregulation of neddylation to restore proteasomal function and proteasomal stress—led to

increased cell death in fibroblasts of individuals with NAE1 genetic variants. Additionally, we found decreased lymphocyte counts after

CD3/CD28 stimulation and decreased NF-kB translocation in individuals with NAE1 variants. The rarest phenotypic feature—delayed

closure of the ischiopubic rami—correlated with significant downregulation of RUN2X and SOX9 expression in transcriptomic data

of fibroblasts. Both genes are involved in the pathophysiology of ischiopubic hypoplasia. Thus, we show that NAE1 plays a major

role in (skeletal) development and cellular homeostasis during stress. Our approach suggests that a focus on rare phenotypic features

is able to provide significant pathophysiological insights in diseases caused by mutations in genes with pleiotropic effects.
Introduction

Covalent attachment of ubiquitin, NEDD8, and SUMO

proteins to target proteins (called ubiquitination, neddyla-

tion, and sumoylation, respectively) is an importantmech-

anism for eukaryotic protein regulation.1 Neddylation

involves the attachment of NEDD8 to a protein target

through a sequential, three-step process, that is facilitated

by so-called E1, E2, and E3 enzymes.2–4 The E1 complex

consists of APPBP1—encoded by NAE1 (MIM: 603385)—

and UBA3.5–7 While UBA3 acts as the activating enzyme,

APPBP1 accelerates the kinetics of this first step.6 The E2
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enzyme aids a consecutive transthiolation reaction of

NEDD8. E3 enzymes catalyze the transfer of NEDD8

from the E2 enzyme onto the neddylation target. The

best-known targets of neddylation are cullins, that

form cullin-RING ligase complexes upon neddylation

(CRLs),8,9 which can tag proteins for degradation via the

26S proteasome. Additionally, non-cullin neddylation tar-

gets have been described.2,10

Neddylation is thought to be involved in the pathophys-

iology of many diseases, including Alzheimer disease,11,12

Parkinsondisease,13 certain auto-immunediseases,14malig-

nancies,15–17 and hepatic fibrosis.18 This is not surprising,
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given that neddylation is a key regulator of a wide array of

essential intracellular pathways, including NF-kB,14,19 HIF-

1a,20 b-catenin,21 and XPC.22,23 Despite neddylation’s

broad involvement in disease, the exact pathophysiological

role of neddylation in these diseases remains elusive, partly

due to the large variety of cellular pathways affected by

neddylation.

Through GeneMatcher,24 we identified four individuals

harboring NAE1 genetic variants, that led to decreased

NAE1 abundance and altered neddylation dynamics.

Next, we aimed to study the cellular impact, but the large

variety of cellular pathways that could be affected by faulty

neddylation called for prioritization. Based on the ratio-

nale of information theory, which states that the informa-

tion content of rare events is highest,25 we studied the

underlying cellular mechanisms of phenotypic features

that were present in all individuals but rarely present in

individuals with other genetic diseases.26

The three rarest phenotypic features consisted of

ischiopubic synchondrosis hypoplasia, infection-triggered

lymphopenia, and infection-triggered neurodegeneration.

In vitro biochemical analysis of these features helped to

delineate the most important functions of NAE1 for

human health: facilitating (skeletal) development and

maintaining homeostasis during cellular stress, through a

subset of regulatory pathways.
Material and methods

Ethics
Individuals 1 and 2 were recruited in the Wilhelmina Children’s

Hospital Utrecht. Informed consent was obtained to use residual

material collected for diagnostic purposes, to include in the Wil-

helmina Children’s Hospital metabolic biobank (TCBio 19-489/

B, https://tcbio.umcutrecht.nl). By using the same biobank, we

included residual material of pediatric healthy fibroblast lines.

Healthy adult donor peripheral blood mononuclear cells

(PBMCs) were obtained through the Minidonor Service, an ethics

review board-approved blood donation facility at the UMC

Utrecht (protocol number 18-774). To compare the clinical pheno-

type of individuals with NAE1 variants to a pediatric reference

population, clinical data from the Utrecht Patient-Oriented Data-

base (UPOD) was used. UPOD is an infrastructure of relational

databases comprising data on affected individuals that visited

the University Medical Center Utrecht (UMC Utrecht) since

2004. UPOD data acquisition and management are in accordance

with Dutch regulations concerning privacy and ethics. The struc-

ture and content of UPOD have been described in more detail

elsewhere.27 Pelvic X-rays were analyzed using the picture

archiving and communication system (PACS IDS7 22.1.5). The

storage and handling of medical data was recorded in a data man-

agement plan which can be consulted via https://dmponline.dcc.

ac.uk/plans/66973. Individual 3 was recruited via the Dravet Cen-

ter and Comprehensive Epilepsy Center in New York, and individ-

ual 4 was recruited via the University of Arkansas for Medical

Sciences. They were recruited through the PhenomeCentral repos-

itory. Funding for PhenomeCentral was provided by Genome

Canada and Canadian Institute of Health Research (CIHR).28

From all four individuals, informed consent was obtained for pub-
The Americ
lication of facial images and medical information. All procedures

performed in studies involving human participants are in accor-

dance with national and local institutional review boards (IRBs)

of the participating centers.

Whole-exome sequencing
Exomes were enriched using Agilent SureSelect XT Human All

Exon kit V5 and sequenced on a HiSeq sequencing system (Illu-

mina). Reads were aligned to hg19 using a Burrows-Wheeler

Aligner. Variants were called using Genome Analysis Toolkit

Variant Caller and annotated, filtered, and prioritized using the

Bench NGS Lab platform (Agilent-Cartagenia) and/or an in-house

designed ‘‘variant interface’’ and manual curation. The minimal

coverage of the full target was >15 3 95%. All common polymor-

phisms with aminor allele frequency (MAF) higher than 0.25 were

filtered out using several public databases including 1,000

genomes database,29 Ensembl GRCh37 genome browser,30 exome

aggregation consortium database (ExAC),31 genome aggregation

database (gnomAD),32 and database of single nucleotide polymor-

phisms (dbSNP). Variant calling was performed using the com-

plete human reference genome (hg19, NCBI release GRCh37).33

RNA sequencing
RNA sequencing was performed as previously described.34 Briefly,

total RNA was isolated from fibroblast cultures using Trizol LS

reagent (Invitrogen). mRNA was isolated using Poly(A) Beads

(NEXTflex). Sequencing libraries were prepared using the Rapid

Directional RNA-Seq Kit (NEXTflex) and sequenced on a

NextSeq500 (Illumina) to produce 75 base long reads (Utrecht

DNA Sequencing Facility). Sequencing reads were mapped against

the reference genome (hg19 assembly, NCBI37) using BWA35 pack-

age (mem–t 7 –c 100 –M–R). RPKMvalueswere calculated using the

rnaseq_countgeneread function from Cisgenome v.233 and log2

transformed for further analysis. To perform statistical enrichment

ina rankedgene list, thedifferential geneexpressionscorewas calcu-

lated: (overall mean RPKM) 3 abs(log2 FC) 3 –log10(adjusted p

value). Subsequent analysis was performed using the Gene Set

Enrichment Analysis (GSEA) tool from Broad Institute with the

following settings: GSEA pre-ranked, 1000 permutations, GO v.7.1

(updated on: 30-Mar-2021) and KEGG cellular processes.36

Statistical overrepresentation in Gene Ontology (GO) terms

among differentially expressed downregulated genes (Log2Fold

<�2 and adjusted p value < 0.05) were analyzed using R (v.4.0.3)

and R Studio (v.1.3.1093) using the ClusterProfiler package.37 A

list of all expressed genes within control subjects and the affected

individuals with a base mean >2 was used as background.

Plasmid cloning of NAE1 shRNA and NAE1 rescue

construct
Restriction enzymes (Age1, EoRi-Hf, Nhe1, Mlu1) were purchased

from New England Biosciences. NAE1 shRNA was cloned into

Tet-pLKO-puro (Addgene). Targeting sequences were obtained

using the TRC sequencing database38 and can be found in

Table S4. To generate shRNA-expressing plasmids, the stuffer

DNA was removed from pLKO-Tet-On by an AgeI/EcoRI digest

and replaced with double-stranded oligonucleotides encoding

the desired shRNA and AgeI/EcoRI sites. This product was trans-

formed to Stellar competent bacteria (Takara Bio). The bacteria

were midi prepped according to the manufacturer’s protocol (Invi-

trogen) to obtain plasmid DNA. The sequence was verified by

sequencing the entire insert. Lentiviruses were generated by
an Journal of Human Genetics 110, 146–160, January 5, 2023 147
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co-transfecting HEK293 cells with 6 mg of the NAE1 shRNA-encod-

ing plasmid and lentiviral packaging plasmids pMD2.G (Addgene)

and psPAX (Addgene). After three days, lentiviruses were obtained

by spinning down the filtered HEK293 medium at 50,000 3 g for

120 min. The pellet contained the lentiviruses. Fibroblasts were

transduced by incubation of 8 mg/mL polybrene with lentivirus

containing medium for 24 h. The transduced fibroblasts with

build-in construct were selected with Puromycin (Santa Cruz

Biotechnology). shRNA expression was induced by addition of

1 mg/mL doxycycline (Sigma) for 7 days.39,40

The WT NAE1 cDNA of isoform a (GenBank: NM_003905.4) was

cloned from human cDNA using flanking primers that contained

complimentary 50 and 30 coding sequences and either Mlu1 or

Nhe1 restriction sites, respectively. The pLenti CMV Puro vector

(Addgene) was digested with Nhe1 and Mlu1 and then ligated with

the insert. Plasmid DNA and lentiviruses were generated similar to

the generation of NAE1 shRNA-containing plasmids.
Fibroblast viability assays
Fibroblasts were obtained from individual 1, individual 2, both

parents of individual 1, and healthy control subjects. Cells were

cultured in fibroblast culture medium (HAM F12 with 10%

fetal bovine serum, penicillin [100 UI/mL] and streptomycin

[100 mg/mL]), in a humidified incubator at 37�C and 5% CO2.

Medium was changed every 3–4 days. Cells were split at 80%

confluency.

For the viability assays, cells were seeded (2,000 cells/well) in a

96-well plate. The following day, normal culture medium was

removed, and medium with different stressors—MG132 (Cayman

Chemicals) or MLN4924 (Focus Biomolecules)—was added at the

indicated concentrations. After 24 h, culture mediumwas removed

and replacedwith 1:2,000HOECHST33342 (Sigma) and 1:20propi-

dium iodine (ThermoFisher). Fluorescent images were obtained

with the EVOS XL Imaging System (ThermoFisher). The percentage

of dead cells was calculated by dividing the number of PI-positive

cells by the number of HOECHST-positive cells.
Western blotting
Western blots of cullin 1, cullin 3, and NAE1 were performed in the

Max Planck Institute. Cell lysateswere prepared by adding RIPA lysis

buffer (50 mM TrisHCl [pH 8.0], 150 mM NaCl, 1% NP-40, 0.5%

sodiumdeoxycholate,0.1%SDS) supplementedwithprotease inhib-

itors (Sigma),Phosphostop (Roche), 20mMN-ethylmaleimide (NEM)

(Sigma-Aldrich), and 1,10-orthophenathroline (OPT) (Sigma-

Aldrich) to the cells, scraping into a 1.5 mL tube, sonicating, and

centrifuging. Protein concentrations were determined by Bradford

protein assay (Biorad). Equal amounts of protein (6 mg) were loaded

into each lane of an8%–15%SDS-PAGEgel, subjected to electropho-

resis, and transferred onto a PVDFmembrane (Millipore). Binding of

secondary horseradish peroxidase-conjugated antibodieswas visual-

ized by chemiluminescent substrate (Millipore). Western blotting

membraneswereprobedwithNAE1(dilution1:1,000,NovusBiolog-

icals), cullin 1 (dilution 1:1,000, Thermofisher Scientific), cullin 3

(dilution 1:1,000, Cell Signaling Technology), b-actin (dilution

1:1,000, Cell Signaling Technology). The intensity values

were normalized against total protein using stain-free detection

gels (Bio Rad). Western blots of NAE1 in fibroblasts transduced

with NAE1 shRNA or cDNA were performed in the UMC Utrecht,

as described previously.41 b-actin (dilution 1:1,000, Cell Signaling

Technology) or HSP90 (dilution 1:1,000, Cell Signaling Technology)

were used as a housekeeper for normalization.
148 The American Journal of Human Genetics 110, 146–160, January
Flow cytometry
PBMC’swere isolated fromthewhole blood fractionusingFicoll (GE

Healthcare). CD3þ cells were separated from the PBMC fraction us-

ing Pan Tcell isolation kit (Miltenyi). Cellswere stimulatedwith sol-

uble anti-CD3þ (Life Technologies, clone OKT3) and anti-CD28þ

(Thermofisher) at 1 mg/mL for 1 day. Cells were stained with CD3

(dilution 1:50, Biolegend), CD4 (dilution 1:200, eBioscience), CD8

(dilution 1:25, BD), CD45RA (dilution 1:500, Biolegend), CD45RO

(dilution 1:12.5, Beckman Coulter) for 20 min at 4�C, followed by

incubation with Annexin-V and 7-AAD (dilution 1:20, BD Biosci-

ences) for 15 min at room temperature.

For the analysis of double-negative (CD3þ, CD4�, CD8�) T cell

counts, number of naive T cells, and the MLN4924 assay, PBMCs

were cultured in RPMI with 10% heat-inactivated FCS, 1% peni-

cillin/streptomycin, and 1% L-glutamine for 1 day with or without

MLN4924, on a plate coated with 0.1 mg/mL anti-CD3. Afterward,

cells were stained with CD3, CD4, CD8, CD45RA, CD45RO,

Fixable Viability Dye eFluor 506, fixed with formaldehyde, and

permeabilized with methanol. Cells were immediately analyzed

using BD LSRFortessa. Flow cytometry analysis was performed us-

ing FlowJo (v.10.6.2, Becton, Dickinson and Company; 2019).

Gating strategy is shown in Figure S2.

Imagestream NF-kB translocation
CD3þ Tcellswere stimulatedwith anti-CD3þ/CD28þ at 2 mg/mL for

the indicated timepoints (0,15, and35min).After stimulation, cells

were fixed immediately using 4% paraformaldehyde. Fixed cells

were permeabilized with 0.1% Triton X-100 for 10 min and stained

with p65 (dilution 1:16,000, Cell Signaling Technology) and

DRAQ5 (dilution 1:8,000, Biolegend) antibodies for 20 min at 4�C,
followed by incubation with FITC-anti Rabbit (Jackson) for 20 min

at 4�C. Data were collected with Amnis ImagestreamMkII Imaging

Flow Cytometrer (Luminex) and data analysis was performed with

IDEAS v.6.0 software. Nuclear area was determined using the

morphology mask. Cells with a similarity score>0 were considered

translocated. Gating strategy can be found in Figure S3.

Data analysis
Statistical analysis was performed using GraphPad Prism v.6 for

Windos (GraphPad Software). Final counts are presented as the

mean percentages 5 SEM; one- or two-way ANOVA were per-

formed for multiple comparisons. As post hoc, uncorrected

Fisher’s least discriminant analysis was used. To assess normality,

Shapiro-Wilk test was used. Unpaired two-tailed Student’s t tests

or Mann-Whitney U were used for dual comparisons. p < 0.05

was considered significant: *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.

Occurrence ratio
The occurrence ratio was calculated by dividing the percentage of

individuals showing a rare trait by the number of associated genes,

extracted from the Human Phenotype Ontology database (HPO)

at 20-02-2021.42
Results

Clinical features of individuals with NAE1 variants

The index proband (individual 1) was born as the second

child to healthy non-consanguineous parents. She pre-

sented with a ventricular septal defect, coarctation of
5, 2023



the aorta, and failure to thrive. At one year of age, she

was admitted to the ICU with a severe viral respiratory

tract infection that led to subsequent loss of develop-

mental milestones and profound therapy-resistant epi-

lepsy. Brain MRI before ICU admission was normal, but

after the ICU admission it showed brain atrophy, as evi-

denced by enlarged ventricles and diminished white

matter volume. A subsequent viral respiratory infection

a year later resulted in a similar loss of milestones. Dur-

ing these and other infections, she exhibited lymphope-

nia, which normalized upon recovery. Pelvic X-ray taken

at age four showed absence of the os pubis ramus inferior

and hip dysplasia. Extensive etiological workup did

not lead to a diagnosis. Whole-exome sequencing re-

vealed several genetic variants of uncertain significance

(Table S1). Of these variants, the NAE1 variant was

considered the most promising candidate, based on con-

servation, constraint metrics, and predictions: GenBank:

NM_003905.4: c.[147G>C]; [254G>A], p.[Leu49Phe];

[Arg85Gln].

Through GeneMatcher,24 three additional individuals

with similar phenotypic features, harboring homozygous

variants in NAE1, were identified (Table 1). Additionally,

individual 4 has a pathogenic genetic variant in SCN1A

(MIM: 182389) and displays phenotypic features associ-

ated with Dravet syndrome43 (MIM: 607208) as well as

NAE1 deficiency (Table S2).

All individuals showed similar facial features (Figure 1):

broad forehead (individuals 1, 2, 4), downslant palpebral

fissures (individuals 1, 2, 3), epicanthus/telecanthus (indi-

viduals 1, 3), round face (individuals 1, 3), prominent

cheeks (individuals 1, 3, 4), broad nasal tip (individuals

1, 3, 4), pointed chin (individuals 1, 2, 4), and full lower

lip (individuals 2, 4).

All individuals developed epilepsy and experienced exac-

erbationof epilepsyand/ordevelopmentaldeclineduring in-

fectious periods. All individuals showed moderate to severe

developmental delay. All individuals showed underdevel-

oped corpus callosum and enlarged lateral ventricles in

MRI. During infancy, three out of four individuals showed

splenomegaly. All individuals had frequent infections,

which were mostly respiratory tract infections, but urinary

tract infections (2/4) and skin infections (2/4) were also

observed. Three out of four individuals had documented

lymphopenia during infections, that normalized during

recovery. All individuals showed hypoplastic ischiopubic

rami and decreased bone mineral density (assessed using

dual energyX-ray absorptiometry [DEXA] scans). Fibroblasts

and PBMCswere obtained from two individuals (individuals

1 and 2) for biochemical analyses. A summary of clinical

features can be found in Table 1 and the supplemental note.

NAE1 abundance and the ratio of neddylated to non-

neddylated cullin are altered in individuals with NAE1

variants

The amino acid positions where the NAE1 missense vari-

ants are located are highly conserved in other species
The Americ
(Figure S5). All variants cluster together in the three-

dimensional structure of the protein, even though they

are located at the N- and C-terminal portions of the protein

(Figure 1B). Leu49 (individual 1) is part of the hydrophobic

core of NAE1 (Figure 1C). A phenylalanine at this position

is sterically not tolerated and is expected to result in (local)

perturbation of the fold. This may reduce the ability of

NAE1 to interact with UBA3 and impacts the positioning

of Arg15. Arg15 is in close proximity to the UBA3-bond

ATP and is required for efficient catalysis. Arg85 is partially

surface exposed but the guanidine group is engaged in

hydrogen bonds with Asp61 and Asp69. Substitution of

Arg85 by glutamine (individual 1 and 2) disturbs this

network of hydrogen bonds, which would destabilize the

local fold, which may extend to the interaction surface

with UBA3 in proximity to Asp69 (Figure 1D). Cys294 (in-

dividual 4) points into the hydrophobic core (Figure 1E). A

substitution by a sterically very demanding tryptophan is

incompatible with the local fold and would result in desta-

bilization of the entire protein.

The side chain of Arg430 (individual 3) points inwards,

and a substitution by a glutamine might thus destabilize

the local fold (Figure 1F).

Westernblot analysis of fibroblasts from individuals 1 and

2 with NAE1 genetic variants showed a reduction of NAE1

by almost 80% compared to healthy control subjects

(Figures 2A, S4E, and S4F), whereas heterozygous carriers

ofNAE1 variants (parents of individual 1) exhibited a reduc-

tion of approximately 50% of NAE1 abundance (Figure 2A).

Next, we quantified both neddylated (cullinNEDD8) and

non-neddylated cullin 1 and cullin 3 ( Figure 2B). Even

though the amount of neddylated cullins was normal, the

ratio of neddylated to non-neddylated cullin 1 was signifi-

cantly decreased in individual 1 and showed a trend toward

a decreased ratio in individual 2 (Figures 2A, S4E, and S4F).

The ratio of cullin 3 similarly showed a trend toward a

decreased ratio in both individuals (Figures 2A, S4E, and

S4F). CUL1 and CUL3 mRNA levels were unchanged, indi-

cating that the altered ratio does not result from transcrip-

tional upregulation (Figures S4C and S4D). These results

indicate that NAE1 deficiency appears to alter the neddy-

lated to non-neddylated cullin ratio.

To determine the effects of the altered neddylated to non-

neddylated cullin ratio on proteasome function, we studied

the transcriptomic profile of dermal fibroblast lines of indi-

viduals with NAE1 variants and healthy pediatric dermal

fibroblast lines (Figure S1, Table S5). Four out of ten most

significantly upregulated enriched pathways (highest false

discovery rate) found with gene set enrichment analysis

included pathways involved in protein degradation. This

is probably the result of proteasome dysfunction, causing

compensatory upregulation of alternative cellular protein

degradation pathways (Figure 2C). Functionally, this was

evidenced by increased sensitivity to proteasome inhibitor

MG132 (Figures 2D and S7). Addition of a wild-type NAE1

cDNA expressing plasmid to cells from individuals with

NAE1 variants decreased MG132 sensitivity (Figures 2E
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Table 1. Overview of symptoms of individuals with NAE1 variants

NAE1 variant

Individual 1
c.[147G>C];
[254G>A]p.
[Leu49Phe];
[Arg85Gln]

Individual
2c.[254G>A];
[254G>A]p.
[Arg85Gln];
[Arg85Gln]

Individual
3 c.[1289 G>A];
[1289G>A]
p.[Arg430Gln];
[Arg430Gln]

Individual
4 c.[882C>G];
[882C>G]p.
[Cys294Trp];
[Cys294Trp]

Other variants identified
with WES

full list in Table S1 no no SCN1A:c.[1624C>T]; [¼],
p.[Arg542*]; [¼],

Current age (years) 12 19 4 9

Gender F M M F

Pregnancy term (weeks) 40 36 37 40

Birth weight (g) 2,615 (�1.8 SDS) 2,767 (0.05 SDS) 2,140 (�1.6 SDS) 2,300 (�2.48 SDS)

Head circumference (cm) 51 (�0.47 SDS) (8 y) 54 (�0.59 SDS) (13 y) 47.3 (�1.5 SDS) (2 y 5 m) 48.7 (�1.73 SDS) (6 y 6 m)

Height (cm) 116 (�2.53 SDS) (8 y) 150 (�1.5 SDS) (13 y) 91 (�1 SDS) (2 y 5 m) 97 (�5.9 SDS) (7 y)

Cleft palate – þ – –

Asymmetrical palate þ þ – N/A

Heart defects þ ventricular septal defect
and coarctation of the aorta

– – –

Developmental delay severe moderate moderate severe

Seizures þ – þ þ

Hypotonia during infancy þ – þ þ

Underdeveloped corpus
callosum

þ þ þ þ

Decreased myelination þ þ þ þ

Enlarged ventricles þ – þ þ

Loss of milestones after
infections

þ þ þ þ

Neurodegeneration þ þ þ þ

Decreased bone density
(DEXA scan)

þ þ þ þ

Joint dislocation þ þ – –

Joint hyperextensibility þ þ – þ

Joint stiffness – – – þ

Resistant to sunburns þ þ þ –

Recurrent infections þ respiratory, urinary tract,
skin

þ respiratory, skin þ respiratory þ respiratory, urinary tract

Hepatomegaly at infancy þ – þ –

Splenomegaly at infancy þ þ þ –

Decreased amount of
immunoglobulins

þ IgG þ IgG, IgM – –

Leukopenia þ þ – þ

Periodic lymphopenia þ þ – þ

AST/ALT increase þ during infections – – –

Delayed closure of
ischiopubic rami

þ þ N/A N/A

Increased size of
ischiopubic rami

þ þ þ þ
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Figure 1. Facial features of the cohort and structural analysis of NAE1 variants
(A) Representative photographs illustrating facial features of individuals with NAE1 variants.
(B) Graphical representation of UBA3 (space filling, yellow) in complex with NAE1 (light gray), the E2 of neddylation (EM2, blue), and
two molecules of NEDD8 (light and dark green). The positions of Leu49, Arg85, Arg430, and Cys294 are marked in red. ATP is space
filling in magenta. The color coding is used throughout the entire figure.
(C) The local environment of Leu49. NAE1 is represented in part as space filling and in part as backbone trace.
(D–F). Local environments of Arg85, Arg430, and Cys294. Dotted lines indicate hydrogen bonds. Figures were generated by use of pro-
grams Molscript and Raster3D.44,45
and S4B), while addition of NAE1-shRNA to cells from het-

erozygous carriers mimicked the phenotype of individuals

with NAE1 variants (Figures 2F and S4A). These results sug-

gest that proteasome function might be affected as a result

of decreased NAE1 abundance.

Characterization of rare phenotypic features in

individuals with NAE1 variants

After determining the pathogenicity of NAE1 variants, we

studied the cellular and clinical consequences of NAE1

deficiency. To specify our search, we delineated the rarest

phenotypic features by calculating the occurrence ratio
The Americ
of all phenotypic traits. The occurrence ratio takes both

the prevalence within the cohort and the rareness of a

feature within the population into account.26 This

approach identified the three rarest phenotypic features,

shared by at least 75% of the cohort: hypoplastic ischiopu-

bic rami, infection-associated lymphopenia, and neurode-

velopmental setback during infections (Figure 3, Table S3).

Individuals withNAE1 variants show hypoplasia of the os

pubis ramus inferior

In individual 1, we observed increased size of the ischiopu-

bic synchondrosis (Figure 4A), which prompted us to study
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Figure 2. NAE1 abundance and neddylated to non-neddylated cullin ratio are reduced in individuals with NAE1 variants
(A) Western blots showing NAE1, neddylated, and non-neddylated cullin 1/cullin 3 abundance in dermal fibroblasts of healthy control
subjects (2 healthy controls [C1 and C2]; 2 biological replicates per healthy control [C1.1, C1.2, C2.1, C2.2]; 6 technical replicates each),
heterozygous carriers (father and mother of individual 1; 5 technical replicates each), and the fibroblasts of individual 1 with bi-allelic
NAE1 genetic variants (6 technical replicates). Bar graphs represent the average band intensity of all technical replicates per donor 5
SEM. All band intensities were normalized to total protein content. Quantification was performed using ImageJ. One way ANOVA,
Post-hoc: Dunnet’s multiple comparisons test (**p < 0.01, ***p < 0.001).
(B) Graphic showing the neddylation and deneddylation cycles of cullins.
(C) Gene set enrichment analysis of the pre-ranked (based on differential expression score) transcriptomic dataset of individual 1- and
2-derived fibroblasts compared to 3 healthy control fibroblast lines. For this analysis, all genes were taken into account. The top 10 most
significantly enriched (based on FDR (Q-value); blue, downregulated; red, upregulated) pathways are shown. Pathways in bold are asso-
ciated with protein degradation and proteasome function. Pathways were aligned to the GO Ontology database (https://doi.org/10.
5281/zenodo.4495804, released 2021-02-01).
(D) Cell death in fibroblasts derived from individuals 1 and 2, parents of individual 1, and healthy control subjects, after treatment with
MG132 for 24 h at the indicated concentrations (in mM). Cell death was assessed by dividing the amount of PI-positive cells by the total
amount of cells. Error bars represent SEM of 3 technical replicates of 2 donors for each group. two-way ANOVA. Post-hoc: Fisher’s least
significance difference test (LSD) (****p < 0.0001).
(E) Cell death in fibroblasts derived from individuals 1 and 2 (NAE1�/�) with and without a vector expressing WT NAE1 after treatment
with MG132 for 24 h at the indicated concentrations (in mM). Cell death was assessed by dividing the amount of PI-positive cells by the
total amount of cells. Errors bars represent SEM of 3 technical replicates of 2 donors for each group. Two-way ANOVA. Post-hoc: Fisher’s
LSD (****p < 0.0001).
(F) Cell death in fibroblasts derived from parents of individual 1 (NAE1þ/�) with and without addition of NAE1 shRNA after treatment
with MG132 for 24 h at the indicated concentrations (in mM). Cell death was assessed by dividing the amount of PI-positive cells by the
total amount of cells. Error bars represent SEM of 3 technical replicates of 2 donors for each group. Two-way ANOVA. Post-hoc: Fisher’s
LSD (**p < 0.01).
the pelvic X-rays of the rest of the cohort. For comparison,

we determined the size of the ischiopubic synchondrosis at

different ages using pelvic X-rays of a pediatric reference

population (Figures 4A and 4B). All individuals with

NAE1 variants showed increased size of the ischiopubic

synchondrosis compared to the reference population. In

transcriptomic data, Gene Ontologies (Biological Func-

tion) aligned to significantly downregulated genes (>2-

fold, adjusted p value < 0.05) in fibroblasts of individuals

with NAE1 variants compared to healthy control fibro-

blasts and were enriched for cartilage development, ossifi-
152 The American Journal of Human Genetics 110, 146–160, January
cation, and chondrocyte differentiation (Figure 4C).

Two of the main drivers for these pathways included

SOX9 (MIM: 608160) (log2fold change �2, adjusted

p value ¼ 0.03) and RUNX2 (MIM: 600211) (log2fold

change �2.3, adjusted p value ¼ 0.002) (Figure 4D). Both

SOX9 and RUNX2 are associated with congenital skeletal

disorders (campomelic and cleidocranial dysplasia [MIM:

114290 and MIM:119600]) that result in hypoplastic

ischiopubic rami.46–48 Thus, NAE1 might influence

expression of these genes, resulting in altered endochon-

dral bone development.
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Figure 3. Rarest clinical features in individuals with NAE1 variants
Dot plot showing features with occurrence ratio >0.5 in individuals with NAE1 variants. Color coding refers to the percentage of indi-
viduals in our cohort experiencing a specific symptom. Dot size refers to the number of associated genes in HPO, transformed
with �10log to give features with the lowest amount of associated genes the largest dot size. The occurrence ratio was calculated by
dividing the percentage of individuals experiencing a specific symptom by the number of associated genes.
Individuals with NAE1 variants experience lymphopenia

and decreased NF-kB translocation during infections

The second rarest phenotypic feature was the lymphope-

nia, which worsened during infections (Figure 5A). This

clinical observation could be mimicked in vitro, where we

found that individuals with NAE1 variants showed a trend

toward decreased CD3þ T cell counts without stimulation,

which became significant during stimulation with CD3/

CD28 for 24 h (Figure 5B). We found the lymphopenia

was not the result of a proliferation defect, as the prolifer-

ation rates of T cells in healthy control subjects and

affected individuals were similar (Figure S6).

Neddylation is an important regulator of NF-kB,19,49

a signaling molecule known to promote lymphocyte

survival.50 Therefore, we studied NF-kB activation by mea-

suring p65 nuclear translocation in CD3þ Tcells upon stim-

ulation with anti-CD3/CD28. Indeed, p65 nuclear translo-

cation in response to CD3/CD28 stimulation was reduced

in individuals with NAE1 variants (Figure 5C).

Another rare feature involved the significantly decreased

percentages of naive (CD45RA-positive) CD4þ cells in

steady-state conditions (Figures 5D and 5E). Additionally,

when performing the gating of CD4 and CD8 subpopula-
The Americ
tions within CD3, we noticed increased percentages (40%)

of double-negative (CD4�CD8�) CD3þ cells (Figure 5F).

Double-negative T cells are immature thymic T cells which

are normally found in low (<10%)percentages inperipheral

blood, and their physiological role remains poorly under-

stood.51 Gene set enrichment analysis using the KEGG

database showed several pathways that could potentially

link neddylation dysfunction to the observed immunologic

phenotype, including downregulated WNT/b-catenin and

MAP-kinase signaling (Figure S1).

Together, these findings indicate that lymphocytes of in-

dividuals withNAE1 variants have different immunological

characteristics atbaseline, indicatedby their decreasednaive

Tcell percentages and increaseddouble-negative cell counts.

Additionally, their defective neddylation leads to perturbed

NF-kBsignalingduring infections,whichmight limitNF-kB-

mediated lymphocyte survival, causing lymphopenia.

Individuals with NAE1 variants experience

neurodegeneration and increased seizure frequency

during infections

All individualswithNAE1variants showedbrain loss andset-

backs in development, mostly related to major hospital
an Journal of Human Genetics 110, 146–160, January 5, 2023 153



Figure 4. Individuals with NAE1 variants show hypoplasia of the ischiopubic synchondrosis
(A) Size of the ischiopubic synchondrosis was measured in n ¼ 200 pediatric individuals that had pelvic X-rays taken (black dots). The
blue line represents the mean size of the ischiopubic synchondrosis in this population with a 95% confidence interval depicted in gray.
Red/pink colored dots are the values of the individuals with NAE1 variants.
(B) Pelvic X-rays of individuals with NAE1 variants showing increased size of the ischiopubic synchondrosis.
(C) Graph showing the 23 most overrepresented pathways in fibroblasts of individuals with NAE1 variants using significantly downre-
gulated genes (adjusted p value < 0.05, log2foldchange >2 and <2, Table S5) as input. Five out of nine pathways (bold) that are signif-
icantly enriched are involved in endochondral bone development and might explain delayed closure of ischiopubic synchondrosis in
individuals withNAE1 variants. The X axis shows the GeneRatio, defined as the number of genes associated with the pathway divided by
the total number of selected genes.
(D) Volcano plot showing differentially expressed genes in individual 1 and 2 fibroblasts versus three healthy age-matched control
subjects. RUNX2 and SOX9 (in purple) are involved in bone development and are linked to disease presenting with os pubis ramus infe-
rior hypoplasia and are both downregulated in individuals with NAE1 variants.
admissions due to severe viral respiratory tract infections

(Figures6Aand6B). Similarly, seizure frequencyworsenedaf-

ter these severe infections. Neddylation is upregulated dur-

ing several types of cellular stress, including DNA dam-

age,52,53 hypoxia,54 and proteotoxic stress.55 Therefore, we

hypothesized that neddylation is sufficient in homeostatic

conditions in individuals with NAE1 variants, but insuffi-

cient in conditions that require upregulated neddylation

such as physical stress caused by infections, and attempted

to test this hypothesis in fibroblasts. It proved difficult to

mimic infectious conditions in fibroblasts, and therefore

we tried to downregulate the neddylation system instead,

to a level where it would already be impaired in homeostatic

conditions. We did so by using the neddylation inhibitor

MLN4924.We found thatNAE1deficiency leads to increased

sensitivity toMLN4924-mediated cell death infibroblasts. In

PBMCs,we found thatwhileMLN4924 causeddecreased cell

counts in all donors, this resulted in significantly lower cell

count only in individuals with NAE1 genetic variants

(Figures 6Cand6D).The increasedMLN4924 sensitivity sug-
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gests that individuals withNAE1 variants cannot adequately

upregulate their neddylation.
Discussion

In this work we describe four unrelated individuals with in-

tellectual disability harboring bi-allelic variants in NAE1.

Reduced NAE1 abundance and decreased ratios of neddy-

lated to non-neddylated cullins in fibroblasts supported

pathogenicity. Subsequent phenotypic specificity analysis

revealed ischiopubic synchondrosis hypoplasia, infec-

tion-triggered lymphopenia, and infection-triggered neu-

rodegeneration as the rarest phenotypic features. We

found several pathways involved in endochondral bone

remodeling that showed altered expression and downregu-

lated RUNX2 and SOX9 expression. Moreover, we found

enhanced cell death in fibroblasts after stressing the system

with MG132 and MLN4924. In contrast to healthy con-

trols subject, CD3/CD28 signaling led to decreased
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Figure 5. Individuals with NAE1 variants experience lymphopenia during inflammation
(A) Lymphocyte counts (combined B cell and T cell counts) during outpatient clinic visits and during infections for which individuals
visited the emergency room (ER visits). All counts were normalized to the lower reference value of the corresponding age and depicted as
a percentage. Individual data points of individuals (dots) are shown, line and error bars reflect the mean 5 SD, two-way ANOVA. Post
Hoc: uncorrected Fisher’s LSD (*p < 0.05, **p < 0.01, ***p < 0.001).
(B) Flow cytometry analysis of absolute CD3þ counts after treatment for 1 day with 1 mg/ml anti-CD3/CD28 of individuals with NAE1
variants (�/�) (2 donors, 1 technical replicate) versus healthy controls (3 donors, 1 technical replicate). Bars represent mean value5 SD
two-way ANOVA, Fisher’s LSD (**p < 0.01).
(C) Percentage of NF-kB (p65) nuclear translocation in individuals with NAE1 variants (2 donors, 1 technical replicate) and healthy con-
trols (3 donors, 1 technical replicate) CD3þ cells after stimulation with 2 mg/ml anti-CD3/CD28 for different timepoints (minutes)
measured with Imagestream. Lines representmean5 SD two-way ANOVA repeatedmeasurement, without correction. Post-Hoc: Fisher’s
LSD (**p< 0.01). The images on the right show an example of cytoplasmic (untranslocated) and nuclear (translocated) location of p65 in
the cell. The graph shows how translocation was quantified, by using the similarity score (pixel similarity p65/nucleus). All cells with
similarity scores higher than zero were considered as ‘‘translocated’’ cells.
(D) Graph showing the intensity of CD45RA (Y axis) and CD45RO (X axis) of all cells within the CD4þ population in healthy controls
(3 donors, 1 technical replicate) and individuals with NAE1 variants (2 donors, 1 technical replicate) without anti-CD3/CD28
stimulation.
(E) Bar graph showing the percentages of CD45RA positive cells within the CD4 population in the healthy control (3 donors, 1 technical
replicate) and individuals withNAE1 variants (2 donors, 1 technical replicate), bar graph represents themean value5SD Students’ T-test
(*p < 0.05).
(F) Bar graphs showing percentage of CD3 positive but CD4 and CD8 negative T cells in individuals with NAE1 variants (2 donors, 1
technical replicate) and healthy controls (4 donors, 1 technical replicate each) without anti-CD3/CD28 stimulation, bars represent
mean 5 SD; Student’s t test (**p < 0.01).
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Figure 6. Individuals with NAE1 variants experience neurodegeneration and seizure frequency during infections
(A) Timeline showing the development and seizure frequency (red line) in individual 1 and 2. Development and seizure frequency were
quantified by parents of individuals 1 and 2 (arbitrary units). If the red line drops below the 0-point (the black line), this indicates that
development decelerated. Circles indicate infections, massive red circles indicate infections requiring admissions. The bigger the circle,
the longer the time of admission.
(B) MRI images of individual 1, individual 3, and individual 4 are shown. For individual 1, MRI was taken at 10 months of age and at
20 months of age (after ICU admission). Note the brain loss occurring between this time. The MRI of individual 3 was taken at approx-
imately 29 months of age, 6–7 months after his seizures began which were treated with ACTH. For individual 4, brain MRI was obtained
at the age of 2.5 years, showing severe brain loss, resulting from multiple severe infections.
(C) Bar graph showing the lymphocyte count after 1 day of anti-CD3 (0.1 mg/mL) stimulation with and without the addition of
MLN4924 (200 nM) in healthy controls (3 donors, 1 technical replicate each) and lymphocytes of individuals with NAE1 variants (2 do-
nors, 1 technical replicate each). Bars represent mean value 5 SD, two-way ANOVA, post hoc: Fisher’s LSD (*p < 0.05).
(D) Bar graph showing the percentage of death cells (PI positive) over the total amount of cells (counted using Hoechst) in fibroblasts,
with or without MLN4924 treatment (500 nM) in healthy controls (3 donors, 1 technical replicate each, gray bars) and individuals with
NAE1 variants (2 donors, 1 technical replicate each, black bars). Bars represent mean value 5 SD, two-way ANOVA, post hoc: Fisher’s
LSD. (not significant, p > 0.05).
lymphocyte counts in individuals with NAE1 variants,

which was accompanied by decreased NF-kB translocation.

These results provide in-depth support for the pathoge-

nicity of the genetic variants and suggest that NAE1 defi-

ciency impairs homeostasis during cellular stress and leads

to disturbances in (skeletal) development.

The pathogenicity of the NAE1 variants was supported

by the significant reduction of NAE1 abundance, resulting

in a lower cullin 1NEDD8/cullin 1 ratio. The unaltered

CUL1mRNA levels argue against transcriptional regulation,

and thus provide indirect support for increased stability of

non-neddylated cullins, which are exposed to fewer neddy-

lation cycles.56 Since cullin function is controlled by cycles

of cullin neddylation and deneddylation, maintaining a

proper cullin 1NEDD8/cullin 1 ratio is crucial to ensure

cullin-mediated functions.57 As fibroblasts of individuals

with NAE1 genetic variants were more sensitive to MG132

treatment, we speculate that the altered cullin 1NEDD8/cullin

1 ratio results in proteasome dysfunction. However, it

should be noted that non-cullin neddylation targets, which

we did not study in this research, might also be involved in

the pathophysiology.
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Both the neurological and immunological phenotype of

individuals with NAE1 variants reflect impairments in

development and stress response. During routine outpa-

tient clinic visits, we found low to normal lymphocyte

counts, but during infections, lymphopenia became

more obvious. Lymphocyte survival in resting and acti-

vated conditions is partially regulated by NF-kB activation,

which in turn is regulated by neddylation.50 In lympho-

cytes of individuals with NAE1 variants, NF-kB activation

was severely decreased, which might explain the decreased

lymphocyte counts both in resting and activated condi-

tions. Anti-CD3/CD28 signaling requires upregulation of

neddylation, which in turn influences activity of many

other pathways in T cells.58 One example is WNT/b-cate-

nin signaling, important for thymic function.21,59,60

Defective WNT signaling can explain the decreased

numbers of naive T cells, as WNT signaling can keep

T cells in a naive state, corresponding with low expression

of AXIN2 in memory T cells.61 Moreover, defective WNT

signaling and subsequent thymic dysfunction can explain

the increased percentages of double-negative (CD4�CD8�)
T cells, which might represent immature T cells leaving the
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thymus prior to complete maturation. Thus, similar to the

neurodegeneration, the lymphocyte phenotype might be

the result of developmental and stress-mediated defects.

While the stress-mediated neurodegeneration was the

most severe phenotypic feature in our cohort, additional

neurodevelopmental abnormalities were seen, not related

to neurodegeneration. This is not surprising, given the

fact that recent evidence indicates that NAE1 is essential

for development, maintenance, and outgrowth of neuronal

spines.10,59,62,63 Regarding the infection-mediated neurode-

generation, several mechanisms might be involved. First,

during cellular stress caused by infections, unfolded pro-

teins accumulate, requiring neddylation-mediated Parkin

and PINK1 activation13,64 to break down these unfolded

proteins and prevent neuronal apoptosis and brain damage.

Dysfunction of these pathways has been implicated in

the pathophysiology of Alzheimer and Parkinson dis-

ease.11,12,64 Other pathways are also involved in neuronal

integrity, like the neddylation-controlled WNT/b-catenin

pathway.59 Dysfunction of this pathway can result in loss

of cell-cell adhesion and neuronal apoptosis.65 Not only

the integrity but also the excitability of neurons during

stress is under the control of neddylation.63 Mice with

defective neddylation display decreased Nav1.1 stability

during fever, leading to increased neuronal excitability

and epilepsy.66 Finally, in mice, double-negative T cells

can significantly enhance neuroinflammation during brain

injury.67 Therefore, the high numbers of double-negative

T cells found in individuals with NAE1 variants might

have enhanced neuroinflammation. Additional experi-

ments using different stressors—preferably in neurons—

will be an important step to reliably establish the link be-

tween neddylation, stress, and cell death, and how this links

to stress-mediated neurodegeneration.

Currently, there is no gold standard how to elucidate

pathophysiologic cellular mechanisms leading to a spe-

cific phenotype caused by variants of uncertain signifi-

cance (VUSs). As a result, researchers tend to focus on

the most severe clinical phenotypes. Instead, we propose

that focusing on information-dense phenotypes could

provide more insight in the underlying pathophysiology.

In our case, focusing on the most severe phenotypic fea-

tures would have led us to focus on the neurodegenera-

tion and epilepsy, which probably would have given

insight in the mechanism of disease in the brain, but

would have overlooked the influence of faulty neddyla-

tion on the immune system and (bone) development.

Our overarching view led to a clear pattern in lymphocyte

values, that dropped significantly during infections,

which resembled the neurodegeneration, that similarly

worsened during infections. This framework allowed

us to delineate the most important pathophysiological

mechanism: during stress, neddylation needs to be upre-

gulated, protecting cells from stress. We suspect individ-

uals with NAE1 variants are unable to adequately upregu-

late their neddylation for this purpose, resulting in

stress-mediated cell death.
The Americ
Naturally, the complexity and resources needed to

discover the pathophysiology of VUSs limits the number

of genetic diagnoses that can be made. When considering

variants in pleiotropic genes, the wealth of pathways and

phenotypic features that can be studied threatens to

complicate this process even more. Therefore, smart priori-

tization is of the essence. Thiswork exemplifies thepowerof

a focus on the most informative features. If validated on a

larger scale, this approach could be beneficial for complex

VUSs in genes encoding pleiotropically acting proteins.

In conclusion, this study shows that NAE1 deficiency

leads to developmental delay, epilepsy, ischiopubic

synchondrosis hypoplasia, and infection-triggered lym-

phopenia and neurodegeneration. It thereby unveils

the importance of proper NAE1 function in facilitating

development and suggests a crucial role for neddylation

in maintaining cellular homeostasis during cellular stress.
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