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Abstract

Proteasome 26S, the eukaryotic proteasome, serves as the machinery for cellular
protein degradation. It is composed of the 20S core particle and one or two 19S reg-
ulatory particles, composed of a base and a lid. To date, several human diseases have
been associated with mutations within the 26S proteasome subunits; only one of
them affects a base subunit. We now delineate an autosomal recessive syndrome of
failure to thrive, severe developmental delay and intellectual disability, spastic tetra-
plegia with central hypotonia, chorea, hearing loss, micropenis and undescended
testes, as well as mild elevation of liver enzymes. None of the affected individuals
achieved verbal communication or ambulation. Ventriculomegaly was evident on
MRI. Homozygosity mapping combined with exome sequencing revealed a disease-
associated p.I328T PSMC1 variant. Protein modeling demonstrated that the PSMC1
variant is located at the highly conserved putative ATP binding and hydrolysis
domain, and is suggested to interrupt a hydrophobic core within the protein. Fruit
flies in which we silenced the Drosophila ortholog Rpt2 specifically in the eye exhib-
ited an apparent phenotype that was highly rescued by the human wild-type PSMC1,
yet only partly by the mutant PSMC1, proving the functional effect of the p.I328T

disease-causing variant.
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1 | INTRODUCTION
Proteasomes are present in eukaryotes, archaea, and some of the bacte-
ria.2 They serve as the machinery for protein degradation, a key compo-
nent in protein homeostasis and turnover, and influence the regulation of
most cellular processes.>® Proteasome 265 is the eukaryotic protea-
some, composed of a 20S core particle (CP) and one or two 19S regula-
tory particles (RP), also known as PA700,”® which is highly conserved
among eukaryotes and unique to them.* The 205 is a barrel-shaped cata-
lytic core assembled from two identical inner rings consisting of seven
different B subunits, as well as two identical outer rings consisting of
seven a subunits.” The proteolytic activity is carried out by three types of
the p subunits, with caspase-like, trypsin-like, and chymotrypsin-like activ-
ity.10 RP consists of two subcomplexes, the base and the lid; both are
composed of further subunits.>*° The lid, whose principal activity is pro-
posed to be deubiquitylation, is composed of nine non-ATPase subunits:
PSMD3, PSMD6-PSMD9, and PSMD11-PSMD14.5%12 The base com-
prises six paralogous AAA+ ATPases (ATPases associated with diverse
cellular activities) termed PSMC1-PSMC6 and three non-ATPases termed
PSMD1/Rpn2, PSMD2/Rpn1, and ADRM/Rpn13; the last two function
as a ubiquitin receptor. Another ubiquitin receptor is Rpn10, which is
located between the lid and base.> In brief, proteins are tagged by the
polyubiquitin chain, which starts with ubiquitin activation by a ubiquitin-
activating enzyme (also known as E1). Next, the activated ubiquitin is
transferred to an ubiquitin carrier protein (E2) and finally transferred
to the target protein by ubiquitin-protein ligase (E3).1% After the first
ubiquitin attachment, the process continues to create a polyubiquitin
chain upon the protein, while the attachment is usually on Lys48 of the
previous ubiquitin.’* Proteins with a chain of at least four ubiquitins are
delivered to the proteasome®® and bind directly to it by the ubiquitin
receptors of the RP.}® Tagged proteins can also be introduced by
adaptors that bind both the proteasome and the ubiquitin chain.'” The
ubiquitinated protein undergoes deubiquitylation by PSMD14/ Rpn11.1¢
Next, the AAA+ ATPases ring motor engages with the initiation region of
the substrate and, by the use of ATP hydrolysis, initiates unfolding and
translocation toward the catalytic core,*® where it undergoes degradation
into short peptide.'®

To date, several human diseases have been associated with variants
within the 26S proteasome subunits: chronic atypical neutrophilic
dermatosis with lipodystrophy and elevated temperature (CANDLE)
syndrome, known also as the proteasome-associated autoinflammatory
syndrome (PRAAS), is an autoinflammatory disease characterized by
early recurrent fever, nodular skin rashes, panniculitis-induced lipody-
strophy, and multisystem inflammation.'*2° CANDLE has been shown
to be associated with mutations in PSMA3, encoding the a7 subunit of
the CP, in PSMBS8, a gene member of the immunoproteasome, in PSMB4,
as well as in PSMB9 in a single patient. Most CANDLE patients
described to date are homozygous or compound heterozygous for
PSMB8 mutations, but others are compound heterozygous for PSMB4,
or are heterozygous for combinations such as PSMA3/PSMB8, PSMB9/
PSMB4, or PSMB8/PSMB4.2° In the latter situation, a digenic inheritance
is suggested causing additive proteasome defects. Patients with digenic

inheritance have variable proteolytic defects.?° Biallelic mutations in

another component of the CP, PSMB1, of the 6 subunit, have been
associated with a neurodevelopmental disorder of microcephaly, intel-
lectual disability, severe developmental delay and hypotonia.?* As for
the RP, 10 individuals with de novo heterozygous loss-of-function geno-
mic deletions or point mutations in PSMD12 (encoding an RP lid subunit)
were shown to have a syndrome of intellectual disability with congenital
malformations, ophthalmologic anomalies, feeding difficulties, deafness,
and subtle dysmorphic facial features.2? Only one of the base subunits
of the RP has been associated with a human disease: a biallelic deep
intronic variant with a predicted splicing effect in PSMC3, encoding one
of the ATPase subunits, was shown to cause a neurosensory syndrome
combining neurodevelopmental anomalies (autism, ataxia, mild intellec-
tual disability) and mild facial dysmorphism, with early-onset deafness,
cataracts, and subcutaneous deposits.?> Here, through genetic and
in vivo studies, we delineate a novel complex neurological syndrome
caused by a missense variant in PSMC1, a member of the base unit of

the RP of the proteasome.

2 | MATERIALS AND METHODS

2.1 | Clinical phenotyping

Twelve family members of consanguineous Bedouin kindred were
studied. Clinical phenotyping was determined by an experienced team
of senior pediatric neurologist, geneticist and endocrinologist. DNA
samples were obtained following informed consent and approval of

the Soroka Medical Center Internal Review Board (IRB).

2.2 | DNA extraction from whole blood

Blood samples (~10 ml in 0.1 EDTA 0.5 M pH 8) were obtained from
patients and healthy family members. Total DNA was extracted from
leukocytes of peripheral blood samples using the E.Z.N.A SQ blood
DNA Extraction Kit (Omega, GA, USA) according to the manufac-
turer's instructions. DNA concentrations were determined by spectro-
photometer at OD540 and ran on 1% agarose gel in TBE to validate its

integrity (expected to be ~20 kbs in size).

2.3 | RNA extraction and cDNA synthesis

Total RNA was extracted from whole-blood using GENzol™ Tri RNA
Pure Kit (Geneaid Biotech Ltd.) according to the manufacturer's
instructions. Single-stranded cDNA libraries were prepared using the
Verso cDNA Synthesis Kit (Thermo Scientific).

2.4 | Linkage analysis

Genome-wide linkage analysis was performed for the whole

family using single nucleotide polymorphism (SNPs) microarrays.
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Illumina Omni Express Beadchip with >750K SNP loci per sample
(llumina, San Diego, CA, USA) was used. Homozygosity mapping
analysis was carried out using Homozygosity-Mapper (http://www.
homozygositymapper.org), and Multipoint Logarithm of Odds (LOD)
score was calculated via SUPERLINK ONLINE SNP 1.1 (https://cbl-hap.
cs.technion.ac.il).

2.5 | Whole exome sequencing

Whole exome sequencing (WES) trio analysis of the proband and his
parents was performed by CeGat (Tubingen, Germany). Paired-end
sequencing (2 x 100 bp) was performed using state-of-the-art lllu-
mina NovaSeq6000 Sequencing Systems (San Diego, CA). Data were
analyzed using QIAGEN's Ingenuity Variant Analysis software (www.
giagen.com/ingenuity, QIAGEN, USA). We excluded common variants
with an observed allele frequency of more than 0.5% in 1000
Genomes Project (http://www.internationalgenome.org), genome
Aggregation Database (gnomAD) (https://gnomad.broadinstitute.org),
the Allele Frequency Community (AFC), or variants appearing in a
homozygous state in our in-house WES database of 553 controls. We
then proceeded to filtration by keeping the predicted deleterious vari-
ants, as listed in HGMD® or ClinVar, classified as a disease associated
(pathogenic or likely pathogenic) according to computed American
College of Medical Genetics and Genomics (ACMG) guidelines classifica-
tion or associated with loss-of-function of a gene (by causing frameshift,
in-frame indel, start/stop codon change, missense, or splice site loss up to
as predicted by MaxEntScan). All variants appearing in a homozygous state
in the proband and a heterozygous state in his parents were selected.
Those remaining variants were first prioritized using the functional annota-
tions and were then further filtered based on the relevant genomic loca-
tion, as determined by the linkage analysis. For verification of the variants,
we used the BAM file loaded on the Integrative Genomics Viewer (IGV),2

enabling direct visualization of the variants.

2.6 | Segregation and variant screening

Segregation analysis within the family and screening of 84 ethnically
matched controls of the PSMC1 variant were done by restriction frag-
ment length polymorphism (RFLP) analysis using genomic DNA. The
PSMC1 variant region was amplified using PCR primers: forward
5-ATCAGTTGAGTCTTCATTCCTTCC-3' and reverse 5-AAGCAG-
CAAGTTCTTGAGG-3, producing a 462 bp fragment. Restriction anal-
ysis was done using the Ncol-HF enzyme (New England Biolabs),
based on a restriction site-specific to the variant yet not the wild-type
sequence: the mutant (MUT) allele yielded two fragments, 318 and
144 bp, while the wild-type allele remained uncut. To further validate
segregation of the PSMC1 variant within the affected kindred, Sanger
sequencing was performed using cDNA of the proband, his parents,
and unaffected control, as an intronic indel SNP adjacent to the
variant (rs71117332) was disrupting the clarity of the sequencing.
Amplification of the variant was performed using the following

primers: forward 5-TTCTCTATGGTCCACCTGG-3' and reverse 5'-
AACTCAATCTTCCTGTCAATGC-3/, generating a 391 bp amplicon.

2.7 | Multiple sequence alignment

Ortholog of PSMC1 were identified using HomoloGene by NCBI (https://
www.ncbi.nlm.nih.gov/homologene), and multiple sequence alignment
(MSA) was performed by Clustal Omega (https://www.ebi.ac.uk/Tools/
msa/clustalo/) with the following RefSeq sequence accession number:
Homo sapiens; NP_002793.2, Mus musculus; NP_032973.1, Drosophila
melanogaster; NP_524469.2, Caenorhabditis elegans; NP_504558.1,
Arabidopsis thaliana; NP_179604.1, Oryza sativa; NP_001060719.1,
and Saccharomyces cerevisiae; NP_010277.1. Identity was calculated
via the Basic Local Alignment Search Tool (BLAST) (https://blast.

ncbi.nim.nih.gov/Blast.cgi).

2.8 | Protein modeling

NP_002793.2 was used for modeling PSMC1. Domains were identi-
fied using InterPro (www.ebi.ac.uk/interpro/) and a schematic protein
model was generated using prosite (https://prosite.expasy.org/
mydomains/). Prediction of protein structure was performed via
PyMOL using Protein Data Bank (PDB) ID 6MSB (https://www.rcsb.
org/structure/6MSB).

2.9 | Cloning and generation of transgenic flies

In order to generate pUASt-PSMC1 constructs, first, the entire coding
region of PSMC1 (NM_001330212.2) was amplified from the proband
and WT control, using the following primers: forward 5'-ATGGAGGAA-
GAATTCATTAGAAATCAGG-3' and reverse 5-TTAGAGATACAGCC
CCTCAGGGGTGC-3'. The amplicon was cloned into pJET vector and
sequenced for validation. For insertion in to pUASt-attB, it was linearized
by digestion with Xbal and EcoRl enzymes (New England Biolabs).
PSMC1 WT and MUT were amplified from pJET-PSMC1 using forward
5'-AAGAGAACTCTGAATAGGGAATTGGGAATTCATGGAGGAAGAATT
CATTAGAAATCAGG-3' and reverse 5'-AAGTAAGGTTCCTTCACAAA-
GATCCTCTAGATTAGAGATACAGCCCCTCAGGGGTGC-3, followed by
Gibson assembly. To ensure similar expression level, 3rd chromosome
attP docking site (P{CaryP}attP2) for phiC31 integrase-mediated transfor-
mation was used for generating transgenic flies. P-element-mediated
germline transformation of these constructs was carried out by BestGene
(Chino Hills, CA, USA).

210 | Drosophila stocks

The following transgenic flies were used: RNAI-Rpt2 (the fly ortholog
of PSMC1) (Vienna Drosophila RNAi Center; V22052). M{UAS-
fTub60D.ORF}ZH-86Fb was used as a transgenic fly control.?®
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Pedigree, linkage analysis, and PSMC1 variant. (A) Pedigree of the Bedouin studied kindred. Affected individuals are marked in

FIGURE 1
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black. (B) Sanger sequencing demonstrating the c.983T>C, p.I328T PSMC1 missense variant: unaffected individual (V:1), obligatory carrier (IV:1),
and affected individual (V:2). (C) Homozygosity Mapper plot showing single homozygosity locus shared by affected individuals, marked in red.
(D) LOD score analysis plot of chromosome 14 [Colour figure can be viewed at wileyonlinelibrary.com]

Eye expression was induced under the control of GMR-Gal4 driver. Folli-
cle cell expression was induced under the control of traffic jam-(tj) Gal4.

The Gal4 lines were obtained from the Bloomington Stock Center.

211 | Scanning electron microscope

Zero- and five-day Drosophila flies were fixed and dehydrated by
immersing them in increasing ethanol concentrations (30%, 70%, and
twice in 100%; 10 min each). The flies were then completely dehy-
drated using increasing hexamethyldisilazane (HMDS) concentrations
in ethanol (30%, 70%, and twice in 100%; 90 min each). The samples
were air-dried overnight, placed on stubs, and coated with gold. The
specimens were examined with a scanning electron microscope (SEM;
Verios XHR 460 L).

3 | RESULTS

3.1 | Clinical phenotyping and laboratory
investigations

Twelve family members of consanguineous Bedouin kindred were stud-

ied. Clinical phenotyping was determined by an experienced team of

senior pediatric neurologist, geneticist and endocrinologist. DNA sam-
ples were obtained following informed consent and approval of the
Soroka Medical Center Internal Review Board (IRB). Three of the 10 off-
spring of healthy consanguineous parents of Bedouin Israeli ancestry
(Figure 1A) were affected with a similar phenotype of failure to thrive,
developmental delay and severe intellectual disability, spastic tetraple-
gia with central hypotonia, chorea, as well as hearing loss (details in
Table 1). None of the three achieved verbal communication or ambula-
tion (sitting / standing) at any age. They had mild dysmorphism of bor-
derline dolichocephaly and microcephaly, prominent bushy eyebrows,
flat midface, long nasal bridge and micrognathia. All three had micrope-
nis with undescended testes. V10 (as a toddler) underwent thorough
endocrinological analysis: testosterone and gonadotropin levels were
low. Evaluation of other anterior pituitary hormone axes revealed no
abnormalities. Karyotype and SRY were normal. All three affected sub-
jects had mild-to-moderate macrocytic anemia. B12, folic acid and TSH
levels were normal. Two of the affected individuals (V10, V2) had cho-
lestatic jaundice that resolved within months after birth, with residual
persistent augmented liver enzyme blood levels. Otherwise, blood
chemistry was normal. One individual (V10) had a duplicated renal col-
lecting system and a muscular ventricular septal defect, which might
not be related to the PSMC1 mutation. Brain MRI (V10 as a toddler;
V2 at early adolescence) was normal except for global mild to moderate

ventriculomegaly and broadened extra-axial space. Notably, pituitary
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TABLE 1 Disease phenotype of affected individuals

Patient V-2 V-8 V-10
Age at last exam (years) 20 8 3
Verbal communication = _ _

Ambulation (ability to sit / stand) — _ _

Chorea n/a + +
Hearing loss + + +
Visual tracking — + Ak
Spastic tetraplegia with central hypotonia + + +
Knee reflexes - - —
Babinski sign Negative Negative Negative
Micropenis + + +
Undescended testes —+ + +
Mild dysmorphism + (Mostly evident at earlier age) + +
Cholestatic jaundice that resolved within months + - +
after birth, with residual persistent augmented
liver enzyme blood levels
Feeding through PEG aF aF =
Duplicated renal collecting system and a muscular — - +
ventricular septal defect
Abbreviations: n/a, data not available; PEG, percutaneous endoscopic gastrostomy.
(A) Identity (B)
H. Sapiens 100%  FDSRGDVKYINMATNRIETL p.1328T
M. musculus  100%  FDSRGDVKYIMATNRIETL \
D. melanogaster 91.36% FDSRGDVKVIMATNRIETL ——
C. elegans 83.07% FDSRGDVKYLNMATNRIESL
A. thaliana 77.20%  FDSRGDVKYIJATNRIESL 1 100 200 300 400
0. sativa 75.89%  FDSRGDVKYIJATNRIESL  iebebebeiet —— |
S. cerevisiae 71.36% FDDRGDVKVIMATNKIETL

¥k kxkkkF . [Rokk . kx ok

(C) (D)

FIGURE 2 PSMC1 conservation and structure. (A) Protein multiple sequence alignment (MSA) for PSMC1. Black rectangle marks the
p.1328 isoleucine residue. (B) Schematic model of PSMC1. In orange, an oligonucleotide binding (OB) domain, in green AAA+4 motor
domain (AAA). Red flag marks the location of the amino acid substitution. (C) Structure of the PSMC ring of the regulatory particle (19S).
PSMC1 is marked in green. Gray arrow indicates on the hydrophobic core, where the substitution is located. (D) Zoom-in on the
hydrophobic core. The p.1328T substitution of isoleucine to threonine is labeled in blue; oxygen is marked in red [Colour figure can be
viewed at wileyonlinelibrary.com]
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structure was normal. EEG was normal. The eldest affected individual
(V2), last examined at 20 years of age, had severe intellectual disability
with no verbal contact or comprehension, spastic quadriplegia, and was
fully nonambulatory, fed through gastrostomy, with severe failure to
thrive (weight 13 kg). Blood chemistry was normal with borderline
mildly elevated liver enzymes.

3.2 | Genetic analysis

Karyotype, SRY sequencing, and chromosomal microarray analysis of
the proband (V10) were normal (data not shown). Genome-wide linkage
analysis for all 12 family members identified a single ~1.14 Mb homo-
zygous segment shared exclusively by all affected individuals
(Figure 1A). The disease-associated haplotype of a chromosome
14 locus between SNPs rs10083415 and rs1286459 (positioned,
respectively, at 89464163 and 90608806 in the GRCh38/Hg38 assem-
bly), segregated within the family as expected for autosomal recessive
heredity. The maximal multipoint LOD score for the pedigree was 1.95
(Figure 1D). Only two rare homozygous variants were found in this
locus: in TTC7B and in PSMC1. The TTC7B variant (rs145554922;

NM_001010854.2, c.2416G>A, p.E721K) is predicted by PolyPhen-22¢
as benign and tolerated by SIFT.2% Furthermore, this variant had a prev-
alence of 1.266% in our in-house WES control database and was found
in a homozygous state in a control not affected with a similar pheno-
type. Thus, this variant was ruled out. The PSMC1 variant
(NM_001330212.1, c.764T>C, p.I255T / NM_002802.3, c.983T>C,
p.1328T) was predicted as damaging and possibly damaging by SIFT2¢
and by PolyPhen-2,%” respectively. The variant was not found in our
553 WES database (mainly of the Bedouin community) nor in public
databases (1000 Genomes, gnomAD, and AFC). The missense variant in
PSMC1 was demonstrated via RFLP and Sanger sequencing to fully seg-
regate within the family as expected for recessive heredity (Figure 1B).
Screening of 84 nonaffected individuals belonging to the same tribe of
this family was performed by RFLP and did not identify any homozy-

gous or heterozygous carriers of the PSMC1 variant.

3.3 | Conservation and modeling

PSMC1 (transcript variant 1: NM_002802.3) encodes a 440 amino acid
protein  (NP_002793.2) which is highly conserved throughout

GMR-Gal4+Rpt2-RNAi+ GMR-Gal4+Rpt2-RNAi+ GMR-Gal4+Rpt2-RNAi+

GMR-Gal4+p-tubulin
(A)

GMR-Gal4+Rpt2-RNAi

FIGURE 3

B-tubulin
*

PSMC1 PSMC1-1255T

In vivo Drosophila assay. (A-E) Representative bright-field microscope images of fly eyes displaying eye-specific expression of
GMR-Gal4 in the presence of pUASt -tubulin-60D (A, F, F'), RNAi-Rpt2 (B, G, G'), pUASt B-tubulin-60D and RNAIi-Rpt2 (C, H, H'), RNAIi-Rpt2 and
PSMC1-WT (D, I, I'), and RNAi-Rpt2 and PSMC1-1255T (E, J, J') from flies collected on zero day (same day of hatching). Black spots indicate
necrotic areas and light areas indicate depigmentation. Bars of the whole fly eye represents 100 pm. Zoom-in bars represent 10 pm. [Colour
figure can be viewed at wileyonlinelibrary.com]
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evolution, all the way to O. sativa and S. cerevisiae (Figure 2A). The
PSMC1 variant is located at the AAA-ATPase domain (Figure 2B), the
putative ATP binding site, and the highly conserved region within
the ATPases family.2® The PSMC1 p.1328T missense variant is suggested
to interrupt a hydrophobic core within the protein (Figure 2C, D).
Missense Z score is 3.95 (o/e = 0.28; max score 5) and pLI = 1
(o/e = 0.14; pLI >20.9 considered to be extremely intolerant), with only
five LoF variants, none homozygous, reported to date by gnomAD?’
(for ENST00000261303.8).

3.4 | Invivo Drosophila rescue experiments

PSMC1 is highly conserved across evolution, with 91.36% identity
between the human and D. melanogaster ortholog protein, Rpt2
(Figure 2A). Knock-out of the PSMC1 ortholog in mice was shown to
be embryonic lethal.%° Similarly, silencing the Drosophila PSMC1 ortho-
log, Rpt2, pan-neuronally, resulted in larvae not completing pupa-
tion.3! Utilizing a UAS-Gal4 tissue-specific knock-down system,
Fernandez-Cruz et al.3! have shown that expressing Rpt2-RNAi under
a GMR-Gal4 driver resulted in eye degeneration with severe depig-
mentation and necrosis. We aimed to assess the ability of the wild
type and mutant (p.I255T) human PSMC1 to rescue the eye pheno-
type generated by Rpt2 silencing in Drosophila. As there is significant
divergence between the human construct and the RNAI, there was no
risk of the RNAI targeting the human transgene.®? To that end, we
generated transgenic flies carrying pUASt-PSMC1 or pUASt-
PSMC1-I1255T. Validation of transgenic gene expression in flies was
performed by immunohistochemistry using ovaries from transgenic
pUASt-PSMC1 flies, both WT and MUT, under TJ-Gal4 (traffic-jam-
Gal4): both WT and MUT constructs expressed PSMC1 as expected
in the follicle cells. Next, we generated fly stocks carrying both pUAS-
Rpt2-RNAi and either pUASt-PSMC1 or pUASt-PSMC1-1255T. As
control, we also generated transgenic flies carrying both Rpt2-RNAi
and another unrelated pUASt construct (UAS-pTubé0D) (Figure 3C,
H, H’). Silencing Rpt2 specifically in the eye using GMR-Gal4 resulted
in a severe eye phenotype, including depigmentation, necrosis, disor-
ganization of ommatidia, fusion of ommatidia, irregularity of omma-
tidia shape and size, and loss of interommatidial bristles (Figure 3B, G,
G’). While depigmentation and necrosis were fully rescued by both
the wildtype and mutant human PSMC1 constructs (Figure 3D, E),
other characteristics of the ommatidia that were affected by Rpt2
silencing were nearly fully rescued only with PSMC1-WT (Figure 3lI,
I'); expression of PSMC1-MUT failed to rescue fusion of ommatidia

and extended ommatidia defects and anomalies (Figure 3J, J').

4 | DISCUSSION

We describe a novel autosomal recessive neurological syndrome of
severe developmental delay with spastic paraplegia, chorea, micrope-
nis, and mild dysmorphism. Through homozygosity mapping and WES,
we demonstrated that the disease is caused by a PSMC1 variant that

fully segregated within the family as expected for recessive heredity
and was not found in ethnically matched controls. The disease pheno-
type is different from the CANDLE syndrome seen with mutations in
PSMA3, PSMB4, PSMB8, and PSMB9 encoding components of the
CP,?° yet significantly overlaps the phenotype seen in mutations of
another component of the CP, PSMB1, of the 6 subunit, causing a
neurodevelopmental disorder of microcephaly, intellectual disability,
severe developmental delay and hypotonia. The disease phenotype
we describe also overlaps with that seen with dominant mutations in
PSMD12 (encoding a proeteasome RP lid subunit), causing intellectual
disability with congenital malformations, feeding difficulties, deafness,
and subtle dysmorphic facial features.?> Most notably, major overlap
is seen with the only disease reported to date due to another compo-
nent of a base subunit of the RP: a biallelic variant in PSMC3, encoding
one of the ATPase subunits, causing a neurosensory syndrome com-
bining neurodevelopmental anomalies (autism, ataxia, mild intellectual
disability) and mild facial dysmorphism, with early-onset deafness.?®
The ambiguous genitalia with micropenis, undescended testes and
low testosterone levels seen with the PSMC1 variant is unique
and has not been reported in any of the diseases due to mutations in
components of the proteasome.

PSMC1 encodes one of the ATPase subunits of the 19S RP of the
265 proteasome®® and shows high conservation across evolution with
intolerance for variation and loss of function, as indicated by the high
Z score and pLl. The proteasome function is crucial for protein homeo-
stasis and, therefore, influences most cellular pathways>?; its activity has
been tied to neurogenesis®> and angiogenesis.>¢ Each ATPase includes
an N-terminal helix, an oligonucleotide binding (OB) domain, and a
C-terminal AAA+ motor domain.*® It is proposed that one of the leading
forces that determine protein structure is hydrophobic side chains,
which usually collapse into each other and are buried within the folded
protein, hydrophobic core.3”-3? The p.1328, mutated in the affected indi-
viduals, is part of the hydrophobic core of PSMC1; therefore, it is
expected that its substitution by the hydrophilic threonine will affect
the collapse of the core and, as a result, the structure of the protein.

To further delineate the effect of the variant on developmental
processes, we reverted to Drosophila, studying its PSMC1 ortholog,
Rpt2. PSMC1 is ubiquitously and highly expressed throughout
embryogenesis. Indeed, in a C. elegans RNAI silencing experiment it
has been shown that knock-down of Rpt2 at all larval stages and in
adults causes lethality, demonstrating the indispensability of Rpt2/
PSMC1 during embryogenesis and postembryonic development.*®
We thus generated flies in which we silenced Rpt2 specifically in the
eye. The resulting phenotype was almost fully rescued by the human
wild-type PSMC1 yet only partly by the mutant PSMC1, further prov-
ing the functional effect of the p.I328T variant.

Several studies have shown association of the ubiquitin-
proteasome system (UPS) with neurodegeneration.’®*! PSMC1
conditional knock-out mice exhibited 26S proteasome depletion and
Lewy-like inclusions,3® while PSMC1 heterozygous knock-out mice did
not show any effects on the mouse brain (yet their embryonic fibro-
blasts did show decreasing levels of PSMC1 and cell cycle arrest).*? In

quest of possible association between PSMC1 and Parkinson diseases,
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Fernandez-Cruz et al.3! have shown that following Rpt2 knock-down
in the D. melanogaster central nervous system (CNS) under Elav-Gal4
driver and thermosensitive Gal80, proteasome activity was reduced,
and augmentation of insoluble ubiquitinated protein was observed.
Notably, previous studies have tested possible association of PSMC1
with human diseases: a clinical report of a heterozygous deletion of vary-
ing segments of a 14g32.11 locus with an overlapping deletion of
KCNK13, PSMC1, NRDE2, CALM1, TTC7B, and RPS6KA5 was associated
with developmental and speech acquisition delays in three unrelated
patients. However, one of the patients' mother tested positive for heroin
at delivery and had with a history of heroin and tobacco use in previous
pregnancies, and the nonaffected mother of another affected individual
shared the heterozygous deletion of her affected son. No further genetic
studies have been done on those patients.43 Thus, in line with the lack of
abnormal phenotype in the obligatory carrier parents in the kindred we
describe, it is extremely likely that heterozygous loss of function of
PSMC1 results in no discernible phenotype in humans. Also notable is a
study of possible association between variation in PSMC1 and Parkinson
disease, identifying no unique variation in PSMC1 in Parkinson disease
patients.** Interestingly, our patients share similar clinical features
(e.g., intellectual disability, dysmorphism, hearing loss) with other disor-

ders involving genes encoding proteasome RP subunits,?%%

probably
reflecting common molecular mechanisms underlying these disorders.
Nevertheless, our study is the first to clearly delineate a role of PSMC1

in a human disease.
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