
ARTICLE

PSMD11 loss-of-function variants correlate with a neurobehavioral
phenotype, obesity, and increased interferon response
Graphical abstract
Deb et al., 2024, The American Journal of Human Genetics 111,
July 11, 2024 � 2024 American Society of Human Genetics.
https://doi.org/10.1016/j.ajhg.2024.05.016
Authors

Wallid Deb, Cory Rosenfelt,

Virginie Vignard, ..., Elke Krüger,
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Martin Wendlandt,4 Maja Studencka-Turski,4 Benjamin Cogné,1,2 Thomas Besnard,1,2 Léa Ruffier,2
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Summary
Primary proteasomopathies have recently emerged as a new class of rare early-onset neurodevelopmental disorders (NDDs) caused by

pathogenic variants in the PSMB1, PSMC1, PSMC3, or PSMD12 proteasome genes. Proteasomes are large multi-subunit protein com-

plexes that maintain cellular protein homeostasis by clearing ubiquitin-tagged damaged, misfolded, or unnecessary proteins. In this

study, we have identified PSMD11 as an additional proteasome gene in which pathogenic variation is associated with an NDD-causing

proteasomopathy. PSMD11 loss-of-function variants caused early-onset syndromic intellectual disability and neurodevelopmental delay

with recurrent obesity in 10 unrelated children. Our findings demonstrate that the cognitive impairment observed in these individuals

could be recapitulated in Drosophila melanogaster with depletion of the PMSD11 ortholog Rpn6, which compromised reversal learning.

Our investigations in subject samples further revealed that PSMD11 loss of function resulted in impaired 26S proteasome assembly and

the acquisition of a persistent type I interferon (IFN) gene signature, mediated by the integrated stress response (ISR) protein kinase R

(PKR). In summary, these data identify PSMD11 as an additional member of the growing family of genes associated with neurodevelop-

mental proteasomopathies and provide insights into proteasomal biology in human health.
Introduction

Since their initial characterization in the 1980s,1–3 protea-

somes have been the focus of intense investigations across

a wide range of research domains. Their remarkable capac-

ity to swiftly eliminate protein substrates tagged with ubiq-

uitin chains as degradation signals makes them essential to
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the regulation of nearly all fundamental cellular pro-

cesses.4 As ubiquitination may selectively target virtually

all proteins in response to damage, misfolding, or physio-

logical stimuli, proteasomes are indeed involved in a vast

array of processes that include protein quality control,

gene expression, signal transduction, and major histocom-

patibility complex (MHC) class I antigen presentation.5
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The standard functional form of proteasomes is the 26S

proteasome, a multi-subunit complex consisting of at least

2 distinct multi-subunit assemblies, namely a 19S regulato-

ry particle (RP) and a 20S core particle (CP).6,7 While the

19S RP is responsible for recognition, deubiquitinating,

and unfolding protein substrates, the 20S CP enables their

cleavage into small peptides thanks to its catalytic chymo-

trypsin-, trypsin-, and caspase-like activities.8,9 About 50

genes contribute to distinct proteasome isoforms assembly,

structure, and function, the large majority of them encod-

ing subunits of the 19S RP (PSMC1 to 6 and PSMD1 to 14)

and 20S CP (PSMA1 to 7 and PSMB1 to 10).10 The ubiqui-

tous and indispensable nature of 26S complexes renders

the cell particularly vulnerable to any form of proteasome

dysfunction. During aging, a decline in proteasome activ-

ity is commonly observed, which, when it falls below a

pathological threshold, contributes to late-onset neurode-

generation.11 Proteasome defects typically disrupt protein

homeostasis, leading to the uncontrolled accumulation

of ubiquitin-positive protein aggregates, as seen in the

brains of individuals with neurodegenerative diseases.12

Recent evidence has revealed that proteasome dysfunction

is not solely limited to aging and neurodegenerative

conditions. It can also be observed in young individuals

harboring genomic alterations in proteasome genes.

Importantly, rare proteasomopathies are associated

with 2 distinct clinical phenotypes: proteasome-associated

autoinflammatory syndromes (PRAASs) including PRAAS1

(MIM: 256040), PRAAS2 (MIM: 618048), PRAAS3 (MIM:

617591), PRAAS4 (MIM: 619183), and PRAAS5 (MIM:

619175) or neurodevelopmental delay with cognitive

impairment and rare inflammatory symptoms, notably en-

compassing Stankiewicz-Isidor syndrome (STISS) (MIM:

617516).13 So far, groundbreaking research in this field

has shown that recessive variants of POMP (MIM:

613386), PSMG2 (MIM: 609702), PSMA3 (MIM: 176843),

PSMA5 (MIM: 176844), PSMB4 (MIM: 602177), PSMB8

(MIM: 177046), PSMB9 (MIM: 177045), PSMB10 (MIM:

176847), and/or PSMC5 (MIM: 601681), mainly encoding

subunits of the 20S CP or assembly helper proteins thereof,

were associated with typical signs of autoinflammation

such as skin lesions, lipodystrophy, basal ganglia calcifica-

tions, and recurrent episodes of fever.14–23 By contrast, in-

dividuals with de novo alterations in PSMB1 (MIM:

602017), PSMD12 (MIM: 604450), PSMC1 (MIM:

602706), and PSMC3 (MIM: 186852), mainly encoding

for protein subunits of the 19S RP, were mostly character-

ized by NDD symptoms ranging from syndromic intellec-

tual disability, skeletal malformations, and failure to thrive

to hearing loss or absence of speech without any observ-

able signs of inflammation.24–30 An emerging view on

this conundrum suggests, however, that both PRAASs

andNDD share similarities in their molecular pathogenesis

with the induction of proteotoxic stress markers and dysre-

gulated type I interferon (IFN) signaling.31–33

Here, we strengthen the causal relationship between 19S

defects and the development of neurological phenotypes
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by pinpointing PSMD11 (MIM: 604449) as a candidate in

10 unrelated subjects exhibiting characteristic manifesta-

tions of neurodevelopmental delay. Our findings show

that PSMD11 loss of function correlates with decreased

cognitive flexibility in Drosophila melanogaster, reduced

amounts of 26S proteasome complexes, and the induction

of a type I IFN gene signature in T cells from affected indi-

viduals, which can be alleviated by small-molecule inhibi-

tors targeting the integrated stress response (ISR).
Material and methods

Genetic studies and ethics statement
This study was approved by the CHU de Nantes ethics committee

(research program ‘‘Génétique Médicale DC-2011-1399). Written

informed consent was obtained for all study participants, pro-

bands, and healthy parents. All affected individuals were initially

referred for isolated or syndromic developmental delay and/or in-

tellectual disability. They had been evaluated by at least 1 expert

clinical geneticist or neurologist in each recruiting center. Variants

in PSMD11 were identified in a research or diagnostic setting after

routine genetic testing using the methods described in Table S3.

Candidate variants were prioritized and reviewed following the

molecular classification guidelines of the American College of

Medical Genetics (ACMG) and Genomics and the Association

for Molecular Pathology.34 Upon identification of the first 2

PSMD11 variants, several subjects were recruited through the on-

line-based platform Genematcher.35 Variant annotation was

made using the free software MobiDetails.36 The deletion found

in subject 10 was identified from single whole-exome sequencing

(WES) data using a copy-number variation (CNV) detection algo-

rithm and validated using qPCR probes targeting exons 2 and 14

of PSMD11. Read depth for each captured genomic region was

calculated with bedtools (version 2.26.0) with a MapQ quality

threshold of 20. CNVs were then called using CANOES algorithm

on R (v.3.5.2) with default parameters.37

Behavioral studies
Drosophila melanogaster flies were reared on a conventional corn-

meal-yeast medium developed at Cold Spring Harbor Laboratory.

For the behavioral experiments, we selected Drosophila adult

flies from different lines, namely w1118 2202U (2U), Elav-Gal4,

and a UAS-RNAi line that targeted PMSD11 ortholog Rpn6. The

UAS-Rpn6 RNAi (TRiP) line 29385 was acquired from the Bloo-

mingtonDrosophila Stock Center. To achieve pan-neuronal expres-

sion of the RNAi targeting the Drosophila ortholog Rpn6, we em-

ployed the Gal4-UAS system, a widely used spatial restricted

expression system. The pan-neuronal driver Elav was utilized to

drive the expression of the RNAi construct. Female Drosophila

adult flies, either Elav-Gal4 or wild-type 2U, were crossed with

male UAS-Rpn6 Drosophila adult flies.

Following established methods,38 the Drosophila were trained

using classical olfactory conditioning to associate an odor with a

foot-shock. Our experiment involved placing 100 Drosophila adult

flies into a training chamber where they were exposed to an odor

(odor 1) accompanied by a simultaneous foot-shock for a duration

of 60 s. Following a short break, the Drosophila were then exposed

to a second odor (odor 2) without any shock before being pre-

sented with a choice in a t-maze between the 2 odors for a period

of 2 min. The number of Drosophila adult flies on each side of the
n Journal of Human Genetics 111, 1352–1369, July 11, 2024 1353



t-maze was recorded. This process was repeated with a new set of

100 Drosophila of the same genotype, associating the second

odor with the shock. To evaluate performance, we calculated a per-

formance index by dividing the number ofDrosophila that avoided

the shocked odor by the total number of Drosophila. For the

reversal learning phase, we adopted a similar methodology as

described previously.39 Reversal learning followed a comparable

setup and protocol, with the addition of reintroducing the second

odor after a 45-s interval, now paired with the shock. This was fol-

lowed by presenting the first odor without the shock 45 s later and

finally the t-maze choice between the 2 odors. Statistical analysis

was conducted using ANOVA, followed by Tukey tests using the

JMP computer program (purchased from SAS Institute Inc.).
Molecular modeling
To map the different amino acid substitutions of PSMD11 (previ-

ously called Rpn6) within proteasome complexes, we utilized

the structure of the 19S RP (PDB: 5LN3) as a reference. This map-

ping process was performed using the freely accessible Swiss PDB-

Viewer software.
Cell culture
The peripheral blood mononuclear cells (PBMCs) utilized in this

study were obtained from blood samples collected from healthy

controls as well as affected individuals along with their parents,

if applicable. The isolation of PBMCs involved performing

gradient centrifugation using PBMC spin medium (pluriSelect).

The isolated PBMCs were then washed 3 times with PBS, frozen

in fetal bovine serum (FBS) containing 10% DMSO, and stored

in liquid nitrogen for future experimentation. In certain experi-

ments, the collected PBMCs were expanded in U-bottom 96-well

plates along with irradiated feeder cells. This T cell expansion

was carried out using RPMI 1640 supplemented with 10% human

AB serum (both obtained from PAN-Biotech GmbH), interleukin-2

(IL-2) at a concentration of 150 U/ml (Miltenyi Biotec), and L-PHA

at a concentration of 1 mg/mL (Sigma) following the procedure of

Fonteneau et al.40 After a culture period of 3–4 weeks, the resting

T cells were washed and frozen as dry pellets for further investiga-

tions. HEK293T cells, a laboratory stock, were cultured in DMEM

supplemented with 10% human AB serum and 1% penicillin/

streptomycin. In some experiments, T cells were treated with

1 mg/mL puromycin (Thermo Fisher Scientific) for 3 h.
SDS-PAGE and western blot analysis
Cell pellets from resting T cells isolated from affected individuals,

related controls, and healthy individuals were lysed in equal

amounts of standard radioimmunoprecipitation assay (RIPA)

buffer (50 mM Tris pH 7.5, 150 mM NaCl, 2 mM EDTA, 1 mM

N-ethylmaleimide, 10 mMMG-132, 1%NP40, 0.1% SDS), and pro-

tein lysates were separated by 10% or 12.5% SDS-PAGE prior to

transfer to polyvinylidene fluoride (PVDF) membranes (200 V

for 1h). After blocking (20-min exposure to 13 Roti-Block at

room temperature), membranes were probed with anti-PSMD11

(clone AT1F4, Santa Cruz Biotechnology), anti-PSMD12 (clone

H3, Santa Cruz Biotechnology), anti-PSMC5 (clone p45-110,

Enzo Life Sciences), anti-PSMA2 (clone MCP21, Enzo Life Sci-

ences), anti-PSME1 (K232/1, laboratory stock), anti-ubiquitin

(clone D9D5, Cell Signaling Technology), and anti-GAPDH (clone

14C10, Cell Signaling Technology) primary antibodies overnight

at 4�C under shaking. Subsequently, membranes underwent 3

rounds of washing with PBS/0.2% Tween and were incubated
1354 The American Journal of Human Genetics 111, 1352–1369, July
with secondary antibodies (1/5,000 dilution) conjugated to horse-

radish peroxidase (HRP) targeting either mouse or rabbit antigens

for 1 h at room temperature. Proteins were then visualized using a

detection kit based on enhanced chemiluminescence (ECL; Bio-

rad). Immunoreactive signals were quantified using ImageJ.

Native-PAGE and western blotting
Cell pellets obtained from both affected individuals and controls,

consisting of resting T cells, were lysed by employing a native

TSDG buffer. The lysis buffer composition included 10 mM Tris

pH 7.0, 10 mM NaCl, 25 mM KCl, 1.1 mM MgCl2, 0.1 mM

EDTA, 2mMDTT, 2mMATP, and 20% glycerol. Protein extraction

was conducted using a non-denaturing approach, which involved

subjecting the samples to 5 cycles of freeze/thawing in liquid ni-

trogen. Soluble whole-cell extracts were obtained, and their pro-

tein content was quantified using a standard Bradford assay.

Twenty micrograms of protein lysates were loaded onto 3%–12%

gradient Bis-Tris gels (Thermo Fisher Scientific) and electrophor-

esed at 45 V overnight at 4�C in a mixture of 50 mM BisTris and

50 mM Tricine (pH 6.8). For proteasome detection, an in-gel over-

lay assay was conducted by exposing the gels to 0.1 mMof the suc-

LLVY-AMC fluorogenic peptide (Bachem) at 37�C for 20 min in an

overlay buffer (20 mM Tris, 5 mM MgCl2, pH 7.0). The bands cor-

responding to the proteasomewere visualized under UV light with

a wavelength of 360 nm and captured using an Imager at 460 nm.

Subsequently, the native protein complexes were transferred to

PVDF membranes (200 V for 1 h), which were then blocked and

probed with primary antibodies that specifically target a6 (clone

MC20, Enzo Life Sciences) and PSME1 (K232/1, laboratory stock).

Immunoreactive signals were quantified using the ImageJ

software.

RNA interference
Non-targeting control small interfering RNA (siRNA) (D-001810-

10-05) as well as siRNA specific for PSMD11 (L-011367-01-0005)

were purchased from Horizon Discovery Biosciences Limited.

The siRNA duplexes were dissolved in 13 siRNA buffer provided

by the manufacturer to a final concentration of 20 mM, incubated

at room temperature with gentle shaking for 30 min, and then

stored at �20�C. Briefly, siRNAs were transiently introduced into

HEK293T cells at a final concentration of 50 nM using the

JetPRIME transfection reagent (Polyplus) following the supplier’s

instructions. After 5 days of culture, cells were collected, frozen

as dry cell pellets, and stored at �80�C until further use.

Gene expression analysis by NanoString
Total RNA, amounting to 100 ng, was extracted from T cells ob-

tained from both control and affected samples. The extracted

RNA was subjected to hybridization using the NanoString

nCounter Human AutoImmune Profiling Panel. Subsequently,

gene expression quantification was carried out according to the

manufacturer’s instructions. The obtained data were then normal-

ized to housekeeping genes as per the manufacturer’s guidelines.

RNA isolation, reverse transcription, and PCR analysis
Resting T cells were subjected to total RNA isolation with the kit

provided by Analytic Jena AG following the manufacturer’s in-

structions. For subsequent real-time PCR analysis, 100–500 ng of

the isolated total RNA was reverse-transcribed using moloney mu-

rine leukemia virus (M-MLV) reverse transcriptase from Promega.

qPCR was conducted using Premix Ex Taq (probe qPCR purchased
11, 2024



from TaKaRa) in duplicate to determine the mRNA expression

levels of each IFN-stimulated gene (ISG). FAM-tagged TaqMan

Gene Expression Assays obtained from Thermo Fisher Scientific

were used for ISG quantification, including IFI27, IFI44, IFI44L,

IFIT1, ISG15, RSAD2, IFI44, andMX1. The real-time PCR reactions

were performed following themanufacturer’s instructions. The cy-

cle threshold (Ct) values for the target genes were transformed into

relative expression values using the relative quantification (RQ)

method (2�DDCt). The expression of the target genes was normal-

ized to the Ct values of GAPDH. In some experiments, qPCR reac-

tions were performed using self-designed SYBR Green primers to

amplify PSMD11. Standard thermal cycling and melting curve

conditions were employed in a QuantStudio qPCR system

(Thermo Fisher) with parallel amplification of GAPDH used to

calculate RQ.

Statistical analyses
All charts and statistical analyses were generated using GraphPad

Prism v.8. A p value < 0.05 was considered significant.

Sanger sequencing
Primers were designed to PCR amplify the regions covering the

c.268C>T (p.Arg90*) and c.612dup (p.Lys205*) variants on

PSMD11 (RefSeq transcript; GenBank: NM_002815.4) generated

from total RNA extracted from T cells of subjects 1 and 4. Bidirec-

tional sequencing of the purified PCR products was outsourced to

Eurofins Genomics (Nantes, France).
Results

PSMD11 variants cause a neurobehavioral phenotype

combining mild developmental delay/intellectual

disability and obesity

Ten unrelated subjects presenting with an NDDunderwent

routine genetic testing, as described in materials and

methods. As illustrated in Figure 1A, sequencing analyses

across the 10 families revealed the presence of 10 distinct

genomic alterations in PSMD11 (GenBank: NM_002815.

4), giving rise to previously undescribed protein changes

in the non-ATPase PSMD11 (previously called Rpn6) sub-

unit of the 26S proteasome. Subjects harboring PSMD11

variants displayed variable degrees of developmental delay,

with motor and speech delays almost consistently

observed (9/10 individuals). Language developmental dis-

order was indeed highly observed regardless of the degree

of other developmental delays and cognitive phenotype

(Table 1). In cases where cognitive and adaptive skill assess-

ments were conducted and available, a majority of affected

individuals (4/5) exhibited mild to moderate intellectual

disability; notably, subject 9 was described as having a

‘‘borderline intellectual disability.’’ It is noteworthy that

the father of subject 1, transmitting the c.268C>T

(p.Arg90*) variant, and the mother of subject 7, harboring

the c.788þ2T>C splice variant, were reported by clinicians

and/or relatives to have experienced developmental de-

lays, mild cognitive impairment, learning disabilities, or

psychiatric disorders. The father of subject 2, carrying the

c.268C>T (p.Arg90*) variant, was reported by relatives as
The America
having a mild intellectual disability with learning diffi-

culties and slow speech (Table S1).

Subject 6 exhibited the most severe presentation,

possibly influenced in part by premature birth and associ-

ated comorbidities. Notably, West syndrome was also diag-

nosed, which exacerbated during multiple infectious epi-

sodes. Brain imaging was conducted for only 3 subjects,

revealing various anomalies in 2 cases. In particular, sub-

ject 6 exhibited germinal matrix and intraventricular hem-

orrhage, which have been associated to his premature

birth, and a pontocerebellar hypoplasia, not found in

other explored individuals. Cerebral imaging was not indi-

cated in the remaining subjects.

As depicted in Table 1, abnormal behavior emerged as a

predominant neuropsychiatric symptomwithin our series,

affecting 8 out of 10 subjects. Specifically, autism spectrum

disorder (ASD) was observed in nearly half of the cases,

affecting 4 of 10 subjects. Among the cohort of affected in-

dividuals, only 1 exhibited short stature (height <2 stan-

dard deviations [SDs]), while 5 out of 10 were affected by

overweight (1/5) or obesity (4/5).

Interestingly, there was no discernible correlation be-

tween short stature and body mass index (BMI). Neverthe-

less, the overall median SD in height for the series was rela-

tively low at �1.37 SD, indicating a tendency toward

shorter stature (Center for Disease Control height-for-age

growth chart, https://www.cdc.gov/growthcharts/index.

htm). Remarkably, hyperphagia was observed in subject 1

and likely played a significant role in contributing to the

observed weight, yet it was not reported that other subjects

affected by obesity showed an abnormal consumption

behavior. Besides obesity, the 5 subjects exhibited various

endocrinological features, including conditions such as dia-

betes, dysthyroidism, and early puberty (subsequent to

obesity for the latter). The presence of early insulin resis-

tance, type 2 diabetes, and/or hypertension in subjects 1

and 8, respectively, aged 15 and 14 years, underscored the

severity of obesity (Table 1 and Table S1). Although several

distinctive facial featureswere noted, they didnot provide a

clear basis for identifying a common facial dysmorphism, as

illustrated in Table S2. Importantly, nodistinct commonor-

gan abnormalities, malformations, or neurosensorial fea-

tures were identified among the subjects. Manifestations

of Bardet-Biedl syndrome (MIM: 615986) in subject 2, as

seen in Table S1, were typical and were not included in

the description of the PSMD11-relatedNDD.Milder pheno-

type observed in the father only carrying the p.Arg90*

variant seems more consistent with the rest of the individ-

uals described (see supplemental note: case reports).

PSMD11 variants impairing neurodevelopment are

mainly loss of function

Remarkably, aside from2 inherited compoundmissense var-

iants c.788C>T (p.Thr263Ile) and c.914C>T p.(Ala305

Val) identified in subject 6, all other alterations displayed a

consistent pattern of dominant loss-of-function variants

arising from protein truncation or deletion. Indeed, 7 out
n Journal of Human Genetics 111, 1352–1369, July 11, 2024 1355

https://www.cdc.gov/growthcharts/index.htm
https://www.cdc.gov/growthcharts/index.htm


Figure 1. Family pedigrees and cross-species alignment of the regions of the PSMD11 proteasome subunit subjected to missense
variants
(A) Pedigrees of the 10 affected families carrying variants in PSMD11. Male and females are indicated by squares and circles, respectively.
Affected individuals are denoted by filled symbols. Healthy heterozygous carriers are highlighted by a half-filled symbol.
(B) Schematic representation of the PSMD11 protein primary structure showing the distribution and localization of the residues sub-
jected to missense (purple) or loss-of-function (red) variants. Exon 7 is predicted to be abnormally spliced in subject 7, marked in
red. The proteasome component (PCI) domain is marked in dark green. The lower panel shows multiple sequence alignment of
PSMD11 regions prone to amino acid substitutions across species.
of 10 of the PSMD11 lesions led to a premature termination

codon. These included c.268C>T (p.Arg90*), inherited

from mildly affected fathers in both subjects 1 and 2, and

de novo unique alterations c.559C>T (p.Arg187*), c.612dup

(p.Lys205*), c.619C>T (p.Gln207*), c.851_854del (p.Thr

284Lysfs*3), and c.1009C>T (p.Arg337*) in subjects 3, 4, 5,

8, and 9, respectively. Other variants included (1) the in-

tronicalterationc.788þ2T>Cinsubject7,predicted to result

in the skipping of exon 7 and a frameshift in the coding

sequence and found in themother showing aneurobehavio-

ral and psychiatric disorder, as detailed in Table S1; and (2) a

deletion encompassing the entire gene in subject 10. Inaddi-

tion, subject 1 also carried a likely pathogenic variant in

PSMC5, while subject 2was diagnosedwithBardet-Biedl syn-

drome, attributable to the identification of a homozygous

pathogenic variant in BBS9 (MIM: 607968), which partly

contributes to the phenotype.
1356 The American Journal of Human Genetics 111, 1352–1369, July
As PSMD11 is predicted to be highly intolerant to loss-of-

function variants, with a probability of being loss-of-func-

tion intolerant (pLI) ¼ 1 (GnomAD v.4, thresholdR 0.90);

observed/expected (o/e) ratio¼ 0.02 ([0.01–0.08] 90% con-

fidence interval [CI], threshold <0.35), the aforemen-

tioned variants were selected as prime candidates likely

causing the phenotype in the affected individuals.

ACMG criteria for each variant are detailed in Table S2.

As depicted in Figure 1B, most of these alterations were

distributed throughout the PSMD11 primary structure,

and the affected amino acids and/or regions showed a

high evolutionary conservation across species from hu-

man to zebrafish. The de novo 17q11.2 deletion identified

in subject 10, which excludedNF1 (MIM: 613113), encom-

passed 3 non-OMIM morbid genes (Figure S1), with

PSMD11 emerging as a robust candidate (highest

pLI, lowest o/e ratio, and predicted haploinsufficiency).
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Table 1. Clinical recap of main features in 10 individuals carrying a PSMD11 variant

Sex F ¼ 8 M ¼ 2

Age 2 years, 2 months–22 years

Growth

Low birth weight (<10 percentile) 2

Microcephaly (%�2 SD) 1

Macrocephaly (R2 SD) 1

Short stature (%�2 SD) 1

Overweight (>85 percentile/age) 5

Obesity (>95 percentile/age) 4

Neurobehavioral

Intellectual disability (/assessed) 5/8

Borderline/mild 1

Moderate 3

Severe/profound 1

Developmental delay 10

Motor delay 9

Speech delay 9

Abnormal behavior 8

Autism/ASD 4

ADHD 3

Hyperphagia 1

Seizures 2

Developmental regression 2

Abnormal brain imaging (/assessed) 3/4

Other miscellaneous findings

Ophthalmologicala 3

Early puberty F ¼ 2 M ¼ 0

Diabetes/insulin resistance 2

Dysthyroidya 2

Constipation 2

aExcluding subject 2 (BBS9-related Bardet-Biedl syndrome).
Two overlapping deletions affecting the same 3 genes

(PSMD11, CDK5R1 [MIM: 603460], and MYO1D [MIM:

606539]) have been documented. One instance is cata-

loged in the Control Database of Genomic Variation

(DGV; ID: nsv519839), while another is reported in the

literature and linked to autism.41

Structural mapping predicts disruptive effects of

PSMD11 variants on 26S proteasome complex assembly

To assess the structural implications of the 10 identified

PSMD11 variants on the 26S proteasome, we analyzed

the spatial arrangement of the affected protein regions us-

ing the structure generated by Schweitzer et al. (PDB:

5LN3).42 As shown in Figure 2A, the PSMD11 subunit
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was positioned on the outer surface of the 26S complex, ex-

tending notably toward both the 20S and 19S particles and

acting as molecular clamp.43 Our three-dimensional in sil-

ico mapping revealed that the regions undergoing alter-

ations included interaction sites enabling the precise

docking of PSMD11 onto the a-ring of the 20S CP

(Figure 2B), as well as onto specific ATPase subunits of

the base (Figure 2C) and non-ATPase subunits of the lid

(Figure 2D) within the 19S RP.

As depicted in Figure S2, PSMD11 was positioned in

close proximity to the PSMA2, PSMD12, PSMD6, PSMC4,

and PSMC5 subunits of the 26S complex. A detailed

examination of the 26S proteasome structure revealed

that the interaction between PSMD11 and its neighboring
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Figure 2. In silico protein structure analysis of the PSMD11 subunit affected regions within proteasome complexes
(A) Cryo-electron microscopy (EM) structure of the human 26S proteasome without imposed symmetry (PDB ID: 5LN3) containing the
PSMD11 subunit marked in orange. Right: the lid and the base of the 19S regulatory particle are shown in ribbon colored in light blue
and green. The a- and b-rings of the upper half of the 20S core particle are shown in ribbon colored in pink and brown, respectively.
(B–D) Bottom: lateral view of the PSMD11 subunit interacting with the upper a-ring (B), base (C), and lid (D) of the 19S regulatory par-
ticle, as indicated.
PSMD12 and PSMD6 subunits of the lid was primarily

mediated by the very C-terminal segment of the PSMD11

full-length protein (Figure S2). This suggests that all 7 trun-

cating alterations in PSMD11, occurring downstream of

this binding region, are predicted to disrupt these interac-

tions, provided that these variants evade nonsense-medi-

ated mRNA decay (NMD) and sustain stable expression at

the protein level.
PSMD11 nonsense and frameshift variants do not evade

NMD in subject-derived cells

To investigate whether the truncating PSMD11 variants

are subjected to NMD, we subsequently PCR-amplified

PSMD11 from subjects 1 and 4 expressing the c.268C>T

(p.Arg90*) nonsense and c.612dup (p.Lys205*) frameshift

variants, respectively, followed by Sanger sequencing. As

illustrated in Figure S3A, both subjects exhibited reduced

levels of PSMD11 transcripts compared to healthy individ-

uals, as determined by RT-qPCR. Strikingly, sequencing

analysis revealed that the expressed PSMD11 mRNA in

both subjects was of wild-type nature (Figure S3B), suggest-

ing that only the intact allele was expressed, while tran-

scripts carrying the c.268C>Tand c.612dup alterations, en-

coded by the damaged alleles, were directly targeted for
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NMD. To further validate the involvement of NMD in this

process, we subsequently treated subject-derived T cells

with puromycin, a translation inhibitor recognized for its

capacity to suppressNMD.44Ourdata showthatpuromycin

treatment restored the supply of mRNA encoding the

c.268C>T (p.Arg90*) and c.612dup (p.Lys205*) PSMD11

variants in subjects 1 and 4, respectively, as confirmed by

Sanger sequencing analysis (Figure S3B). These datademon-

strate that the c.268C>T and c.612dup mRNA variants un-

dergoNMD, leading to PSMD11 haploinsufficiency. Conse-

quently, any potential structural impacts of the truncating

variants on the 26S proteasome complex are relevant solely

in the context of impaired NMD.
PSMD11 silencing is associated with impaired

proteasome function

Considering the haploinsufficiency nature of the PSMD11

truncating variants, our next objective was to assess the ef-

fects of insufficient PSMD11 protein levels on proteasome

function. To achieve this, we employed a siRNA-based

strategy to silence PSMD11 in HEK293T cells before pro-

ceeding with protein extraction and the analysis of protea-

some contents and activities. As depicted in Figure S4, cells

subjected to PSMD11 knockdown exhibited decreased
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chymotrypsin-like activity in their 30S, 26S, and 20S pro-

teasome complexes, as assessed by in-gel overlay analysis.

This correlated with a decrease in the levels of the 26S pro-

teasome complexes, as indicated by staining the gel against

the constitutive PSMD12 proteasome subunit of the lid. As

expected, the reduced proteasome pools were associated

with an increased accumulation of ubiquitin-modified pro-

teins (Figure S4). Altogether, these data conclusively

demonstrate that the PSMD11 subunit is essential for pro-

teasome assembly to maintain protein homeostasis.

Reversal learning memory is impaired in Drosophila with

a knockdown of Rpn6

Given the neurological manifestations associated with

PSMD11 variants, we sought to investigate the potential

role of the corresponding subunit in cognitive function.

To address this question in vivo, we evaluated the learning

performance ofDrosophila in which the expression of Rpn6

(the Drosophila ortholog of human PSMD11) was sup-

pressed using RNAi silencing. This approach, which has

been proven reliable for efficient and specific Rpn6 knock-

down,45 was driven by the neuron-specific embryonic le-

thal abnormal visual system (Elav) promoter. As depicted

in Figure 3A, the experimental setup consisted of a widely

recognized olfactory classical conditioning in which the

animals were trained to learn the contingency between 1

specific odor (4-methylcyclohexanol, MCH) and the aver-

sive effects of an electric shock, as previously described.29

To confirm that the avoidance response was triggered

by the shock itself rather than the odor of a peculiar prod-

uct, we conducted a repeat experiment with a separate

group ofDrosophila exposed to a different odor, specifically

3-octanol (OCT).

Interestingly, our data show that Rpn6-depleted

Drosophila performed in a comparable manner to their

wild-type counterparts during the initial discrimination

task (Figure 3B). However, the former displayed a signifi-

cant decline in their ability to adapt their behavior to in-

verted odor-shock pairing (Figure 3C), indicating that

Rpn6 loss of function interferes with the process of reversal

learning. These findings support the inference that the

PSMD11 ortholog, Rpn6, is essential in behavioral flexi-

bility in Drosophila.

PSMD11 variants impair proteasome activity and

assembly

To further explore the pathogenicity of the PSMD11 vari-

ants, we analyzed T cells from subjects 4, 7, and 6 to assess

their proteasome content and activity using in-gel fluores-

cence assay followed by western blotting on native-PAGE.

As illustrated in Figures 4A and 4B, aside from subject 7,

whose chymotrypsin-like activity of the 26S and 20S pro-

teasome complexes was reduced compared to controls,

no discernible differences were observed in the ability of

proteasomes to hydrolyze the LLVY-AMC fluorogenic pep-

tide between affected individuals and controls. Subsequent

western blot analysis using antibodies specific to the a6
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and PA28-a subunits revealed that the decreased 26S activ-

ity observed in subject 7 was attributable to a reduced

amount of 26S and/or hybrid proteasomes (Figure 4A).

Remarkably, the pool of these complexes was also dimin-

ished in all T cell samples carrying PSMD11 variants,

including those derived from subject 6’s parents, who

were clinically healthy (Table S1). As shown in Figure 4A,

the lowest levels of 26S and hybrid proteasomes were

evident in T cells from subjects 7 and 6. Intriguingly, these

reductions coincided with a slight upregulation of their

20S and 20S-PA28 proteasomes (Figure 4A). With the

exception of these 2 subjects, PSMD11 variants predomi-

nantly influenced 26S and/or hybrid proteasome com-

plexes, with minimal to no impact on latent or 20S-PA28

proteasomes. Densitometric analysis revealed that individ-

uals with PSMD11 variants exhibited an average reduction

of approximately 50% in 26S and hybrid proteasome levels

compared to healthy donor controls. In summary, these

findings strongly suggest that the identified PSMD11

genomic alterations were loss-of-function variants that

primarily affect the intracellular abundance of functional

26S and hybrid proteasomes by perturbed proteasome

assembly.

PSMD11 variants differentially impact PSMD11 subunit

steady-state expression and phosphorylation pattern

To investigate whether proteasome deficiencies associated

with the PSMD11 variants were attributed to defects in sub-

unit expression, we assessed T cells for their proteasome

subunit contents by SDS-PAGE andwestern blotting. Stain-

ing for PSMD11 revealed a double band, indicative of post-

translational modifications (Figure 5A). This accumulation

pattern aligns with previous studies, wherein increased

phosphorylation is suggestive of augmented proteasome

assembly and/or activity.46,47 Notably, the steady-state

expression of unmodified and/or phosphorylated (p)

PSMD11 was severely affected in T cell samples harboring

PSMD11 variants. While truncating variants of subjects 7

and 4 were associated with reduced levels of unmodified

PSMD11, possibly due to amonoallelic PSMD11 accumula-

tion, missense variants in subject 6 and her parents led to

decreased phosphorylation of PSMD11 (Figures 5A and

5B). Moreover, the effects on (p)PSMD11 were more pro-

nounced for the biallelic variants in subject 6 than for

the monoallelic variants in subject 6’s father and mother

(Figures 5A and 5B). No endogenous truncated species

were detected in the subject samples carrying nonsense

mutations, likely due to NMD and/or the fact that the

anti-PSMD11 antibody used in this study targets the C-ter-

minal region of the full-length protein.

On the other hand, the steady-state accumulation levels

of PSMD12 remained relatively consistent between

affected individuals and controls, suggesting that the sup-

ply of 19S regulatory subunits of the lid was unaffected by

any of the 5 investigated PSMD11 variants under these

conditions. Likewise, none of the PSMD11 variants exerted

a discernible effect on the intracellular content of PA28a,
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Figure 3. Rpn6 knockdown (KD) affects reversal learning in Drosophila
(A) Schematic of olfactory learning and reversal learning. Classical olfactory conditioning consisted of 100 Drosophila learning the con-
tingency between odor 1 being paired with electric shock and odor 2 with no shock (1/2 n). Another 100 naive Drosophila were then
trained with the reverse odor and shock pairing to counter any odor preference (1/2 n). Combining these 2 results was considered
n ¼ 1. Reversal learning consisted of the same initial training cycle but added a second training cycle immediately after that would
reverse the odor and shock pairing from the first training.
(B) For learning, the learning performance index (PI) of wild-type and pan-neuronal (Elav) Rpn6-KDDrosophila did not differ significantly
(N ¼ 4; t test, p ¼ 0.1136).
(C) Conversely, Rpn6-KD Drosophila performed significantly worse than wild-type Drosophila on the reversal learning paradigm (N ¼ 4; t
test; p ¼ 0.0314).
indicating that the reduced levels of hybrid proteasomes in

these subjects resulted from an assembly defect rather than

a shortage of PA28 subunits. Interestingly, the levels of free

PSMC5 and PSMA2 remained intact in subjects 4 and 6,

whereas they were severely reduced in subject 7 compared

to controls. These data indicate that the decreased levels of

26S proteasomes in subjects 4 and 6 were due to the failure

of these cells to assemble such complexes, whereas those of

subject 7 were additionally due to a reduced production of

the individual subunits of the 20S CP and ATPases of the

base of the 19S RP. Collectively, these findings highlight

that the mechanisms by which PSMD11 variants interfere

with the pools of 26S and hybrid proteasomes follow

distinct paths.

PSMD11 variants induce a type I IFN gene signature in

sterile conditions in T cells from affected individuals

We next sought to determine whether the identified

PSMD11 alterations aligned with previously described pro-

teasome loss-of-function variants in their ability to

generate specific type I IFN gene signatures, as shown for

proteasomopathies.13 To address this point, we utilized

the Nanostring nCounter Human AutoImmune Profiling

Panel to assess the immune transcriptome of Tcells derived
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from subjects 7 and 4 to that of 3 unrelated healthy indi-

viduals. As depicted in Figure 6A, we identified 30 differen-

tially expressed genes between control and subject sam-

ples, including a group of 10 ISGs (IFI27 [MIM: 600009],

IFI35 [MIM: 600735], IFI44 [MIM: 610468], IFI44L [MIM:

613975], IFIT1 [MIM: 147690], ISG15 [MIM: 147571],

MX1 [MIM: 147150], OAS1 [MIM: 164350], OAS2 [MIM:

603350], and RSAD2 [MIM: 607810]) consistently upregu-

lated in individuals with PSMD11 variants. Other genes

with constitutively induced transcription rates in subject

T cells included components of the IL-27 signaling

pathway, such as IL27RA (MIM: 605350) and IL6ST

(MIM: 600694), as well as AHR (MIM: 600253), encoding

ligand-activated transcription factor AhR of the xenobiotic

response (Figure 6A). Remarkably, PSMD11 loss of function

was also associated with a strong downregulation of his-

tone gene expression, particularly concerning genes of

the core histones H2A, H2B, H3, and H4 (Figure 6A), sug-

gesting potential genomic instability.

To confirm the association of PSMD11 variants with the

emergence of type I IFN responses, we further analyzed the

transcription rate of 7 ISGs in subjects 1, 4, 6, and 7 by

quantitative PCR, as previously described.26,29 All 4 inves-

tigated subjects exhibited at least a 4-fold increase in their
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Figure 4. T cells carrying PSMD11 variants exhibit reduced amounts of 26S, hybrid, and 30S proteasome complexes
(A) Twentymicrograms of Tcell lysates from subjects 2, 4, and 6 as well as both parents of subject 6 and 2 unrelated healthy donors (HDs)
were separated by 3%–12% native-PAGE. Proteasome chymotrypsin-like activity was assessed in gels using the LLVY-AMC fluorogenic
reporter substrate, as indicated. Gels were subsequently subjected to western blotting using antibodies specific for PSMA1 and PSME1, as
indicated. The left schematic illustrates the proteasome complexes (30S, hybrid, 26S, 20S-PA28, and 20S) and free regulators (19S and
PA28) detected using the 2 antibodies.
(B) Quantification of the LLVY-AMC fluorescent signals and PSMA1 and PSME1 immunoreactive bands in 20S, 20S-PA28, 26S, hybrid,
and/or 30S proteasome complexes by densitometry, as indicated. Data are presented as activity (LLVY-AMC) and protein (PSMA1 and
PSME1) fold changes in subjects 2,4, and 6 as well as both parents of subject 6 vs. healthy donors (HDs) whose densitometric measure-
ments were set to 1 (gridline), as indicated. Columns indicate the fold changemean values5 SEM calculated from the 5 normalizations.
Statistical significance was assessed by unpaired Student’s test (*p < 0.05, **p < 0.01).
ISG mRNA levels compared to healthy individual controls

(Figure 6B). Specifically, the most strongly upregulated

genes across all subjects included IFIT1, IFI27, IFI44, and

IFI44L, whereas ISG15, MX1, and RSAD2 showed only

modest induction. Interestingly, subjects 7 and 4 displayed

the most potent type I IFN signatures, showing a 25- and

40-fold ISG upregulation, respectively, followed by sub-

jects 1 and 6, whose ISG increase did not exceed 5-fold

compared to healthy donors (Figure 6B). Remarkably, our

data also revealed that subject 6’s parents, who carried

monoallelic missense variants in PSMD11 and were clini-

cally healthy, developed an IFN signature comparable to

that of their offspring (Figure 6B). This suggests a potential

role of these variants in inducing type I IFN responses,

even in individuals without apparent clinical symptoms.

The type I IFN signature generated in T cells with

PSMD11 variants is triggered by the ISR

To refine our assessment of the propensity of T cells with

PSMD11 variants to generate a type I IFN gene signature,

we calculated and compared the IFN scores of affected in-

dividuals and their related controls to those of T cells iso-

lated from 6 healthy donors. The calculation of IFN scores

followed the established procedure outlined in Rice et al.’s

study.48 As shown in Figure 7A, all 4 investigated subjects

were endowed with higher IFN scores than those of the 6
The America
unrelated healthy individuals, which were far below the

cut-off value of 2.466. Consistent with our previous obser-

vations, we noted that both parents of subject 6

(Figure 7A), despite being clinically asymptomatic, dis-

played positive IFN scores. This finding further reinforces

the potential role of PSMD11 variants in driving the activa-

tion of type I IFN responses, regardless of whether individ-

uals develop overt clinical symptoms.

In an effort to pinpoint the mechanisms by which the

loss of PSMD11 function triggered sterile type I IFN re-

sponses, we next tested a series of small-molecule inhibi-

tors on T cells derived from subjects 1, 6, and 7. Based on

previous studies that pointed to the roles of the unfolded

protein response (UPR) and ISR in conferring type I IFN

gene signatures in response to proteasome dysfunc-

tion,29,31,49 we tested the impact of specific inhibitors of

these pathways. The inhibitors used in our study included

4m8C and C16, selectively targeting IRE1a (ERN1 [MIM:

604033]) within the unfolded protein response (UPR),

and protein kinase R (PKR) (EIF2AK2 [MIM: 176871])

within the ISR, respectively. In addition, considering that

proteasome dysfunction has been shown to influence the

turnover of mitochondria,50 potentially leading to the

release of mitochondrial DNA into the cytosol, we further

explored the effects of H-151, an inhibitor of the cytosolic

DNA sensor STING (STING1 [MIM: 612374]). Remarkably,
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Figure 5. PSMD11 variants affect the steady-state expression level of unmodified and/or phosphorylated PSMD11 proteins
(A) Five to 20micrograms of RIPA lysates from Tcells isolated from subjects 2, 4, and 6 as well as both parents of subject 6 and 3 unrelated
healthy donors (HDs) were separated by SDS-PAGE followed by western blotting using antibodies specific for PSMD11, PSMD12, PSMC5,
PSMA2, PSME1, and GAPDH (loading control), as indicated.
(B) Quantification of the western blots by densitometry. Data are presented as fold changes in subjects 4, 6, and 7 as well as both parents
of subject 6 vs. healthy donors (HDs) whose densitometric measurements were set to 1 (gridline), as indicated. Columns indicate the fold
change mean values 5 SEM calculated from the 5 normalizations.
while the ISG expression profile of PSMD11 subjects did

not substantially vary following treatment with IRE1a in-

hibition by 4m8C, it was severely reduced by the PKR inhib-

itor C16, clearly indicating the involvement of PKR in the

induction of type I IFN-driven gene signatures (Figure 7B).

Inhibition of STING by H-151 resulted in a decrease of the

IFN score, but this was less pronounced compared to PKR

inhibition, suggesting that cytosolic DNAmakes only ami-

nor contribution to IFN production under these condi-

tions. These data implicate the ISR in the development of

type I IFN response upon proteasome dysfunction caused

by PSMD11 loss-of-function variants.
Discussion

In this study, we identified PSMD11 as an additional mem-

ber of the growing family of proteasome genes associated

with neurodevelopmental phenotypes, alongside PSMB1,

PSMC1, PSMC3, and PSMD12. The phenotype of individ-

uals with PSMD11 variants differed from those reported

previously in other autosomal-dominant proteasome-asso-

ciated NDDs, including those caused by variants in

PSMD12 or PSMC3.24,25,29 This expands the phenotypic

spectrum of the neurodevelopmental proteasomopathies

initially described by Cuinat et al.33

In this series, the disorder associated with PSMD11 vari-

ants generally did not involve multiple systems, except for

subject 2, who presented with manifestations related to

Bardet-Biedl syndrome (Table S1). Of note, subject 1 and

2 both carried a second molecular event explaining part

of their phenotype. With the implementation of whole-

genome sequencing andWES as a first-line tool in the diag-

nosis of NDDs, the establishment of a dual molecular diag-

nosis has become more common. This ‘‘dual diagnosis,’’ or
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multilocus pathogenic variation (MPV), often accounts for

entangled or atypical presentations,51–53 as seen in subject

2, who displayed obvious Bardet-Biedl syndrome manifes-

tations. The presence of the PSMD11 variant in the respec-

tive fathers of subjects 1 and 2, without second event and

presenting with a mild non-syndromic intellectual

disability, was consistent with the findings in other

described subjects. Furthermore, the molecular in vitro

impact of the c.268C>T (p.Arg90*) variant, as inferred

from the tests on T cells from subject 1’s father, aligned

with the results obtained for the other tested PSMD11

variants.

We did not detect concurrent cardiac, renal, genital, or

skeletal congenital abnormalities in any PSMD11 subjects,

nor did we observe hearing loss, which were frequently

observed in individuals with PSMD12 or PSMC3 vari-

ants.26,29 Similarly, ophthalmological findings were both

less prevalent and less severe, primarily manifesting as stra-

bismus, in cases with PSMD11 variants (4/10) as opposed

to those with PSMD12 variants.24,26 While there was

evident phenotypic variability among individuals, certain

consistent features of this disorder emerged. Notably, all

subjects exhibited impaired neurodevelopment, character-

ized by speech delay, motor delay, and behavioral issues

(Table 1). However, the cognitive phenotype observed in

this study appeared to be milder in comparison to previ-

ously described neurodevelopmental proteasomopathies.

Hence, the proportion of variants inherited from a mildly

affected parent was higher than what has been observed

in PSMC3-related disorders and PSMD12-related disorders

(STISS).24,26,29

Another noteworthy characteristic of this disorder was

overweight body habitus in 50% of cases, with an occur-

rence of a severe early-onset obesity affecting 4 out of 10

cases (Table 1). Intriguingly, changes in lipid metabolism
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Figure 6. T cells from subjects with PSMD11 variants develop a type I interferon (IFN) gene signature
(A) Non-clustered heatmap visualization of gene expression in T cells isolated from subjects 4 and 7 carrying PSMD11 variants and 3
unrelated healthy donors (HDs). Each column represents 1 individual subject or control and each row represents 1 gene. Color indicates
normalized counts of each transcript, with red representing higher expression and yellow relatively lower expression.
(B) Gene expression of 7 IFN-stimulated genes (ISG, namely IFIT1, IFI27, IFI44, IFI44L, ISG15,MX1, and RSAD2) was assayed by RT-qPCR
on T cells derived from subjects 1, 4, 6, and 7 as well as both parents from subject 6 and healthy donor (HD) controls. Expression levels
were normalized to GAPDH and relative quantifications (RQs) are presented as fold change over controls. Shown is also the median fold
expression of the 7 ISG over healthy donors (HDs). Statistical significance was assessed by ratio paired t test where * indicates p < 0.05,
** indicates p < 0.01 and *** indicates p < 0.001.
have not been documented in previously reported cases of

neurodevelopmental proteasomopathies. Nonetheless,

given the limited sample size of subjects, the assessment

of weight-related health issues requires additional confir-

mation. This is particularly relevant considering that lipid

metabolism is clearly affected in PRAAS, leading to the

onset of conditions like lipodystrophy and metabolic syn-

drome in certain cases.15,20,54

Our study unequivocally shows that PSMD11 loss-of-

function variants in these cells lead to proteasome mal-

functions, culminating in a discernible type I IFN gene

signature (Figure 6). This not only reinforces earlier obser-

vations associating NDD caused by 19S RP variants with

type I interferonopathies26,29 but also establishes a poten-

tial connection with metabolic regulation, as type I IFN

serves as a prominent regulator of processes related to

obesity, including the regulation of adipocyte and hepato-

cyte inflammation, stress response, and modulation of

food intake.55–58 IFN response also has a major role in

the appearance of the remodeling of adipose and hepatic

tissue involved in insulin sensitivity and resistance, which
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contributes to the elevated risk of type 2 diabetes in

obesity.55,57,59,60 Additionally, our findings indicate a close

interrelation between the activation of a type I IFN

response and the ISR, underscored by the marked reduc-

tion in IFN response observed when employing inhibitors

of PKR (Figure 7B). It is worth noting that prior studies

have already established a correlation between the ISR

and obesity,55,58 providing specific evidence implicating

PKR in the onset of this condition.56,61,62 Regarding PKR,

our findings align with a comparable involvement in

the type I IFN response, as observed in individuals with

NDD carrying a PSMC3 variant29 and individuals with

PRAASs.14,15,20,63 Although the mechanism of PKR activa-

tion by proteasomal loss of function has not been thor-

oughly explored, it likely involves the uncontrolled accu-

mulation of ubiquitin-modified proteins, including IL-24,

as previously suggested.49

Another consistent feature of T cells with PSMD11 alter-

ations is their reduced content of 26S and hybrid protea-

somes (Figure 4A), a finding that was also observed

and confirmed using PSMD11-depleted HEK293T cells
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Figure 7. The type I IFN response associ-
ated with PSMD11 variants depends on
PKR in affected individuals T cells
(A) IFN scores for subjects 1, 4, 6, and 7 as
well as both parents of subject 6 and 6 unre-
lated healthy donor (HD) controls were
calculated as the median of the relative
quantifications of the 7 ISGs over a single
calibrator control. Shown are the IFN scores
of each sample (left) and the sample groups,
namely healthy donors (HDs) and subjects
carrying PSMD11 variants, as indicated. Sta-
tistical significance was assessed by unpaired
t test where * indicates p < 0.05.
(B) T cells from subjects 6, 7, and 8 were sub-
jected to a 6-h treatment with DMSO
(vehicle), 4m8C (100 mM), C16 (500 nM), or
H-151 (2 mM) small-molecule inhibitors
before RNA extraction and RT-qPCR for
expression analysis of IFIT1, IFI27, IFI44,
IFI44L, ISG15, MX1, and RSAD2. Transcript
expression was normalized to GAPDH and
data are presented as the fold-change me-
dian values of the 7 ISGs relative to DMSO
(gridline) for each subject in each treatment.
Columns indicate the fold-change mean
values 5 SEM of the subject group (n ¼ 3)
for each treatment. Statistical significance
was assessed by ratio paired t test where
*** indicates p < 0.001.
(Figure S4). This unambiguously classifies the identified

PSMD11 variants as loss of function. This aligns with the

putative role of the PSMD11 subunit in proteasome abun-

dance and assembly rate limitation,64,65 which explains

why highly proteasome-demanding tissues and cell popu-

lations, such as embryonic stem cells (ESCs), are enriched

with PSMD11 proteins.64 Of note, unlike the truncating

PSMD11 variants, which undergo NMD resulting in

PSMD11 haploinsufficiency (Figure S3), the missense vari-

ants c.788C>T (p.Thr263Ile) and c.914C>T (p.Ala305Val)

appeared hypomorphic, as evidenced by their minimal

impact on the steady-state expression level of the

PSMD11 subunit (Figure 5). This observation suggests

that the PSMD11 compound missense variants employ

an alternative mechanism to downregulate 26S protea-

some complexes, distinct from haploinsufficiency. Inter-

estingly, our data suggest that changes in the phosphoryla-

tion of the PSMD11 subunit may play a role in this process.

Indeed, the phosphorylation status of PSMD11, which is

thought to regulate proteasome assembly and activity,46,47

was compromised in all T cells carrying PSMD11 missense

variants, especially the c.788C>T (p.Thr263Ile) variant,

inducing significant decline in (p)PSMD11 (Figure 5).

This indicates that this specific residue may be a key phos-

phorylation site. While recent studies identified Ser14 as a

major phosphorylation target in the heart,66 it is possible

that PSMD11may be phosphorylated on different residues

in various tissues and/or cell types, including Tcells used in
1364 The American Journal of Human Genetics 111, 1352–1369, July
our study. Further studies are needed to establish a causal

relationship between reduced (p)PSMD11 levels and

decreased abundance of 26S proteasome complexes in sub-

jects with NDD.

While we did not establish a clear genotype-phenotype

correlation, our experiments highlighted a milder patho-

genicity of the c.788C>T (p.Thr263Ile) and c.914C>T

(p.Ala305Val) heterozygous variants. Notably, despite their

significant negative in vitro effect on proteasome dysfunc-

tion (Figure 4A), these 2 PSMD11 missense variants did

not result in clinical manifestations in heterozygous par-

ents. In addition, although their (p)PSMD11 expression

level was reduced compared to healthy donor controls, it

remained higher than in their daughter (Figure 5). In the

same way, in unrelated families 1 and 2, the variant

c.268C>T (p.Arg90*) was inherited from fathers who ex-

hibited mild developmental delay (Table S1). By contrast,

the severe phenotype in subjects 1 and 2 can be attributed

to a second event involving different genes (PSMC5 and

BBS9, respectively). These observations suggest that

PSMD11 pathogenic variants may be more common in

adult populations with moderate cognitive, psychiatric,

or mood disorders than initially thought, and subse-

quently the presence of individuals with borderline/mild

intellectual disability and a PSMD11 pathogenic variant

in public databases is not excluded. These phenotypic ele-

ments and the cautiousness in filtering candidate variants

were taken into account in our work, leading us to gather
11, 2024



and explore variants found in the GnomAD database in

rare occurrences (Table S2).

Remarkably, our transcriptomic studies also revealed

that histone genes were consistently downregulated in 2

subjects compared to 3 unrelated healthy individuals.

This expression pattern seems specific to PSMD11 dysfunc-

tion, as it was not observed in NDD subjects with PSMC3 or

PSMC5 variants.29,67 The feature is intriguing considering

that PSMC3, PSMC5, and PSMD11 subunits belong to

the same 19S RP and supports the view that PSMD11

may exert proteasome-independent functions, as previ-

ously suggested.68

Finally, our study also unveils some of the neuronal

consequences of PSMD11 variants. In line with Rpt5

depletion,29 gene silencing of Rpn6 impaired reversal

learning in Drosophila (Figure 3C), indicating that protea-

some loss of function reduces cognitive flexibility. The

molecular mechanisms remain unclear but may reflect

perturbations in neurite asymmetrical body remodeling,

a process reliant on the UPS and critical for sensory

perception, as previously proposed.45 It may also involve

hindered breakdown of key synaptic transmission regula-

tors like Arc/Arg3.1 (Arc).69 As a pivotal player of synaptic

plasticity, the accumulation of Arc could indeed perturb

glutamatergic synapses, thereby impacting cognitive pro-

cesses. Alternatively, variants in 19S RP subunit genes like

PSMD11 might impact cognitive flexibility through a

mechanism independent of proteasome proteolytic activ-

ities. It was indeed recently postulated that 19S RP could

function in synapses as independent complexes not

needing any binding to 20S CP, regulating the trafficking

of AMPA receptors through their intrinsic de-ubiquitinat-

ing activity.70 Eventually, PSMD11 variants might disrupt

interactions between 26S proteasomes and certain pro-

teins responsible for their intracellular distribution

within neurons. Such proteins include, for instance,

PI31, which binds to 20S complexes,71 and ECM29,

which binds to 26S proteasomes.72 These 2 proteins

help 26S complexes to reach synapses73 or endosomal

components74 via microtubules. Compromising these in-

teractions would consequently affect the distribution and

function of 26S proteasomes in neurons.

Altogether, our work expands the group of neurodevelop-

mental proteasomopathies and highlights their consistent

biological defects characterized by proteasome dysfunction,

constitutively activated ISR, and persistent type I IFN

signaling. Our work also expands the phenotypic spectrum

of proteasome-related NDDs, unveiling a potential regula-

tion of metabolism in addition to neurological involve-

ment, in subjects with a milder cognitive impairment. In

this regard, it would be particularly valuable to investigate

whether PSMD11 operates within the context of the protea-

some or functions independently in the development of

dysregulated metabolism and obesity. Future research will

be essential in identifying molecular levers of such patho-

physiological processes in more affected subjects, deter-

mining the contribution of these biomarkers to disease
The America
pathogenesis, with the aim of identifying potential molecu-

lar targets in neurodevelopmental proteasomopathies and

other more common disease entities.
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