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Degradation of proteins by the ubiquitin-proteasome system (UPS) is an essential biological process in the development of eukaryotic
organisms. Dysregulation of this mechanism leads to numerous human neurodegenerative or neurodevelopmental disorders. Through
a multi-center collaboration, we identified six de novo genomic deletions and four de novo point mutations involving PSMD12, encod-
ing the non-ATPase subunit PSMD12 (aka RPNS5) of the 19S regulator of 26S proteasome complex, in unrelated individuals with
intellectual disability, congenital malformations, ophthalmologic anomalies, feeding difficulties, deafness, and subtle dysmorphic facial
features. We observed reduced PSMD12 levels and an accumulation of ubiquitinated proteins without any impairment of proteasome
catalytic activity. Our PSMD12 loss-of-function zebrafish CRISPR/Cas9 model exhibited microcephaly, decreased convolution of the
renal tubules, and abnormal craniofacial morphology. Our data support the biological importance of PSMD12 as a scaffolding subunit
in proteasome function during development and neurogenesis in particular; they enable the definition of a neurodevelopmental disor-
der due to PSMD12 variants, expanding the phenotypic spectrum of UPS-dependent disorders.

Proteolysis by the ubiquitin-proteasome system (UPS) is
a tightly regulated biological process in eukaryotic cells
and is crucial for their homeostasis, signaling, and fate
determination.' Proteins subjected to degradation are
typically marked by polyubiquitin chains to be hydrolyzed

in a precise, rapid, timely, and ATP-dependent manner
by the 19S regulatory subunit of the 26S proteasome.’®
UPS-dependent degradation essentially contributes to
proteostasis and plays a key role in neuronal develop-
ment and function”® by regulating synaptic plasticity,” "’
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Table 1. Clinical Features of the Subjects with De Novo Point Mutations and CNV Deletions Involving PSMD12

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subject 7 Subject 8 Subject 9 Subject 10
Center of enrollment HUGODIMS BCH SsC BG BG BG CHU de Toulouse CHU de la Réunion BG BG
PSMD12 variant® c.367C>T c.1274 T>G ¢c.601C>T c.909-2A>G  deletion deletion deletion deletion deletion deletion

(p.Argl123*)  (p.Leu425*)  (p.Arg201*) P.?
Size of deletion (Mb) - - - - 1.37 4.06 1.46 1.24 0.84 0.62 (complex)
Deletion proximal - - - - 64,585,784~ 62,280,810~ 64,529,282~ 64,461,987- 65,319,589 65,090,765
breakpoints” 64,598,722 62,289,975 64,590,936 64,529,223
Deletion distal - - - - 65,972,166~ 66,352,008- 65,955,949- 65,720,329~ 66,162,742 65,711,757
breakpoints” 66,162,742 66,398,204 65,989,022 65,766,756
Gender male male male male female male male female female female
Age at assessment 8y 4m 10y, 7m 14y, 8 m 14y,10m 21 m 3y, 6m 13y,2m Sy, 11m 4y, 6m 9y
Weight (g) at birth (SD) 2,500 (-2) 2,466 (—2) 3,033 (-0.84) 3,200 (-0.5) ND 2,390 (-2.2) 1,570 (—4) 2,590 (-1.5) 1,900 (-2.9) 2,100 (-2.5)
Length (cm) at birth (SD) 46 (-2) 43 (-3.5) 48.3 (—0.70) 50 (mean) ND 47 (-1.5) 44 (-3) 43.5 (-3) 43.2 (—-2.8) 46 (—1.55)
OFC (cm) at birth (SD) 36 (+1) 32 (-2) 349 (-0.44) ND ND 32 (-2) 33.5(-1) 32 (-2) 30 (-3.3) ND
Weight (kg) 25 (-0.5) 28.6 (—1) 61.7 (+0.60)  42.4 (-1) ND 11.3(-2.64) 31(-2) 16.8 (-1.37) ND (3™ percentile) 40 (+1.36)
at assessment (SD)
Length (cm) 120 (-1) 129.8 (-1.7) 173 (+0.84) 163 (mean) ND 91 (-2.2) 134 (-2.5) 103.5 (-2.07) ND (10th-25h 140 (+1.10)
at assessment (SD) percentile)
OFC (cm) 52.5(-0.5) 52(-1) 57 (+1.48) ND ND, microcephaly 47.6 (-1.6)  51.5 (-2) 50 (—0.57) ND (5h-10th 55 (+2.32)
at assessment (SD) percentile)

Neurological Abnormalities

Intellectual disability + + + + + + + + + +
Motor delay + + - - + + + - + n
Speech delay + + + - + + + + + +
Abnormal behavior + + + + — ND + + ND +
Seizures - + — + — — — _ _ +
Hypotonia + - ND + - + + - + +
Deafness + + — — — + — - — _
Feeding difficulties + + - - - + + — + _
Brain MRI normal normal ND abnormal ND abnormal normal normal ND normal
Congenital Malformations

Cardiac + + + — + + — — — _
Renal + + - ND + + - - + +

(Continued on next page)



neurotransmitter release via intracellular trafﬁcking,”’12

and morphogenesis of axons, dendrites, and dendritic
spines.” Neurons are therefore highly vulnerable to UPS
dysfunction, as evidenced by a wide spectrum of neurode-
generative proteinopathies, including polyglutamine disor-
ders (e.g., spinal bulbar muscular atrophy [MIM: 313200]
and Huntington disease [MIM: 143100]), Alzheimer disease
(MIM: 104300), Parkinson disease (MIM: 168600), and
amyotrophic lateral sclerosis (MIM:105400)."*'* Impair-
ment of UPS activity can also result in neurodevelopmental
delay, as exemplified by alterations of ubiquitin ligase
genes UBE3A (MIM: 601623; associated with Angelman syn-
drome [MIM: 105830]),"> UBE3B (MIM: 608047; associated
with Kaufman oculocerebrofacial syndrome [MIM:
244450)),'° and HUWE1 (MIM: 300697; associated with
X-linked Turner-type syndromic mental retardation [MIM:
300706])!” and deubiquitinating enzyme genes USP7
(MIM: 602519; associated with chromosome 16p13.2 dele-
tion syndrome [MIM: 616863]))'® and USP9X (MIM:
300072; associated with mental retardation, X-linked 99
[MIM: 300919] and mental retardation, X-linked 99, syn-
dromic, female-restricted [MIM: 300968])."’

Herein, we report ten unrelated individuals exhibiting
a syndromic form of intellectual disability (ID) due to
copy-number variant (CNV) deletions or single-nucleotide
variants (SNVs) involving PSMD12 (MIM: 604450), encod-
ing the 456-amino-acid non-ATPase subunit PSMD12 (or
RPNS) of the 26S proteasome. The compilation of this
case series resulted from an international collaborative
effort among Western France consortium HUGODIMS
(Hopitaux Universitaires du Grand Ouest pour 1’Explora-
tion par Approche Exome des Causes Moléculaires de
Déficience Intellectuelle Isolée ou Syndromique Modérée
a Sévere), Baylor Genetics Laboratories (BG), Boston
Children’s Hospital and GeneDX, the Simons Simplex
Collection, Centre Hospitalier Universitaire (CHU) de La
Réunion and Hoépital Robert Debré, and CHU de Toulouse.
It was also partly facilitated by the web-based tools
GeneMatcher”” and DECIPHER.*!

This study was approved by both the CHU de Nantes
ethics committee (comité consultatif sur le traitement
de l'information en matiére de recherche no. 14.556)
and the Baylor College of Medicine institutional review
board. All participants were clinically assessed by at least
one expert clinical geneticist from one of the partici-
pating centers. Written informed consent was obtained
from all study participants. The main clinical features
of our cohort are summarized in Table 1. More detailed
clinical information for all subjects is provided in the
Supplemental Note and Table S1, and corresponding Hu-
man Phenotype Ontology terms are reported in Tables S2
and S3.

Three de novo nonsense SNVs in PSMD12 (GenBank:
NM_002816.3)—c.367C>T (p.Argl23*) in subject 1,
c.1274T>G (p.Leu425* in subject 2, and c.601C>T
(p-Arg201*) in subject 3—were found by subject-parent
trio-based whole-exome sequencing. The protocols used

Subject 8 Subject 9 Subject 10

Subject 7

Subject 6

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5

Continued

For SNVs: HGVS nomenclature version 2.0 according to mRNA reference sequence GenBank: NM_002816.3. Nucleotide numbering uses 1 as the initiation codon and +1 as the A of the ATG translation initiation codon in the

More comprehensive information regarding clinical features is cataloged in Table S1. Abbreviations are as follows: y, years; m, months; ND, not determined; SD, standard deviation; OFC, occipito-frontal circumference; MRI,
reference sequence.

magnetic resonance imaging; CHU, Centre Hospitalier Universitaire; BCH, Boston Children’s Hospital; BG, Baylor Genetics Laboratories; and SSC, Simons Simplex Collection.

®Human genome reference: UCSC Genome Browser hg19.

Craniofacial Abnormalities

Ophthalmological
(Micro)retrognathia

Table 1
Genital
Skeletal
Other
Ears
Other
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by each participating center have been detailed else-
where.””?* These three variants were confirmed by Sanger
sequencing. They were unique events observed in our in-
house database of about 350 exomes (including 75 trios
from families with simplex ID) for subject 1 (HUGODIMS
and CHU de Nantes); in over 40,000 exomes, including
2,300 trios with various developmental disorders, for sub-
ject 2 (Boston Children’s Hospital and GeneDX); and in
2,500 trios with autism spectrum disorders for subject 3
(Simons Simplex Collection) (Figure S2). These three vari-
ants are also absent in public variant databases (dbSNP138,
1000 Genomes, NHLBI GO Exome Sequencing Project,
and the Exome Aggregation Consortium [EXAC] Browser).
In addition, a query of over 7,000 clinical exomes in the
BG database, according to the previously defined clinical
diagnostics protocol,**"*° revealed de novo splicing variant
c.909-2A>G (p.?) in subject 4 (Figure S2). Differently sized
de novo CNV deletions on 17q24.2 were found in four un-
related individuals (subjects 5, 6, 9, and 10) among 59,092
subjects referred for chromosomal microarray analysis
(CMA) at BG between January 4, 2004, and May 6, 2016;
they were tested with customized exon-targeted oligonu-
cleotide arrays (OLIGO V8, V9, and V10) designed at
BG,?”?® which cover more than 4,800 known or candidate
disease genes with exon-level resolution. The two remain-
ing individuals, subjects 7 and 8, were recruited via
DECIPHER (accession numbers 286468 and 300694). The
largest CNV deletion in the series is about 4 Mb in size
and includes PSMDI12 and 27 other genes, whereas the
smallest deletion, 0.62 Mb, encompasses PSMDI12,
PITPNC1 (MIM: 605134), and a portion of HELZ (MIM:
606699) (Figure 1 and Table S4). Minimal and maximal
coordinates of the CNV deletions are indicated in
Tables 1 and S1. In the BG in-house database, appar-
ently similarly sized ~270 kb 17q24.2 duplication
CNVs (chrl7: 65,081,882-65,388,883 and 65,120,043-
65,458,702; UCSC Genome Browser hg19), involving the
entire PSMD12, were observed in three unrelated families.
In two of these families, the duplication was inherited
from the reportedly asymptomatic parents. Moreover, in
one of these families, a pathogenic de novo CNV deletion
in chromosomal region 2pl4pl5, explaining the sub-
ject’s phenotype, was detected. Thus, this duplication
most likely represents a rare nonpathogenic CNV. No
constitutive de novo small duplication was recorded in
DECIPHER?' or in the Database of Genomic Variants.*’
All subjects from the case series exhibited developmental
delay (DD) or ID (n = 10) and had variable dysmorphic
features, among which low-set ears (n = 6), hypertelorism
(n = 5), and retrognathia or microretrognathia (n = 4)
were the most frequent. All but one individual had addi-
tional neurological features, including abnormal behavior
(n = 7, mostly autistic features or hyperactivity), hypoto-
nia (n = 6), or epilepsy (n = 3, including seizure disorder,
reflex seizures, and tonic convulsion). Additionally, two
of six subjects had abnormalities detected on brain imag-
ing (pineal cyst [n = 2], cerebral atrophy, and periventric-

ular hypomyelination [n = 1]). Nine subjects had other
congenital anomalies, including an atrio- or ventriculosep-
tal defect, patent ductus arteriosus, a single or dysplastic
kidney, hydronephrosis, or genital anomalies (hypospa-
dias or cryptorchidism). Five subjects had a history of
feeding difficulties evident already in the neonatal period
and associated with growth failure in four cases. Three sub-
jects required gastrostomy feeding tubes. Seven subjects
also had ophthalmologic anomalies, including strabismus,
vision loss, and coloboma. Five subjects had skeletal ab-
normalities, including bilateral syndactyly of the second
and third toes (n = 3) and thumb agenesis or hypoplasia
(n = 2). Microcephaly was noted in five subjects, whereas
macrocephaly was noted in one subject.

The 26S proteasome is a high-molecular-weight multi-
subunit proteinase complex of nearly 2.5 MDa whose
structure, assembly, and functions are highly conserved
across eukaryotes'>*° (Figure S3). It is composed of two
functionally distinct subcomplexes and responsible for
the ATP-dependent degradation of poly-ubiquitinated pro-
teins. The 19S regulatory particle (~900 kDa) binds and un-
folds the ubiquitinated substrates, and the 20S proteolytic
core (~700 kDa) is responsible for the hydrolysis of the sub-
strate proteins.’’*? The 198 particle, attached at either or
both ends of the 20S particle, consists of two sub-com-
plexes, the base and the lid. The base is composed of six
ATPases (regulatory particle triple A proteins RPT1-RPT6),
two large organizing subunits (regulatory particle non-
ATPases 1 [RPN1] and 2 [RPN2]), and two ubiquitin recep-
tors (RPN10 and RPN13)."*1** The lid is formed from the
deubiquitylating enzyme RPN11 and eight non-ATPase
subunits (RPN3, RPN5-RPN9, RPN12, and RPN15),
containing the PCI (proteasome-CSN [COP9 signalo-
some]-elF3 [eukaryotic translation initiation factor 3]) do-
mains."*'~** Whereas the base acts as a reverse chaperone,
unfolding and translocating substrate proteins into the
20S cavity, the lid ensures substrate recognition, deubiqui-
tination, and scaffolding.'!3%353¢

All variants reported in the present case series involve
PSMD12, which encodes PSMD12 (aka RPNS), one of the
nine subunits of the 19S lid. We therefore speculated that
the above functions of the 19S lid, and thereby those of
the 26S proteasome, would be substantially altered in the
described subjects. Experiments in fission yeast have
stressed the importance of PSMD12 dosage in the regulation
of proteasome 26S assembly and the maintenance of its
structural integrity.’® Moreover, in budding yeast, PSMD12
can stabilize both the proteasome and CSN.**738

The most likely pathogenic dysfunction for the presented
disorder is PSMD12 haploinsufficiency. PSMD12 has a very
high haploinsufficiency score (HI index = 5.57%; HI index
represents the predicted probability that a gene will exhibit
haploinsufficiency in comparison to a large set of genes
tested by DECIPHER: high-ranked genes [e.g., HI 0%-—
10%)] are more likely to exhibit haploinsufficiency than
low-ranked ones [e.g., 90%-100%]).*’ PSMD12 is also pre-
dicted to be highly intolerant to loss-of-function (LoF)

The American Journal of Human Genetics 100, 352-363, February 2, 2017 355



A chr17 (q23.3-g24.2)

Scale 1 Mb}
chr17: | 63,000,000 63,500,000] 64,000,000]

| hg19

64,500,000] 65,000,000] 65,500,000] 66,000,000
UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)
AXIN2 APOHI CACNG! PSMD

TEX2 |4 LOC 146880 RGSO il NoL11l|  kPNA2{
MILR1]  LRRC37A3HH CEP112 CACNG4lH  PITPN LOC440461|
POLG2! GNA13H PRKCAF-———t-—=FtHH  HELZ i BPTFHiHE  Amz2]
DDX5 CACNG1| ARSG -4
CEP95 sLc16A6h
SMURF2Hit—{

PLEKHM1P [l

Subject 6
Subject 8
Subject 7
Subject 10
Subject 9
Subject 5

HERY 108 108 158 169 297

109 135

3 298 405 406 510 511 660 661 795 796 908
1 . a
2 136 170 171 220 221 265 266 303

Subject a

09 1083 1084 1161

9
303 361 362 387

f

1162
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¢.367C>T c.601C>T €.909-2A>G ¢.1274T>G

p.(Arg123*) p.(Arg201*) p.? p.(Leud25*)

Figure 1. Mapping and Localization of the Ten PSMD12 Variants and Morphological Anomalies in Subjects 1 and 2

A schematic representation of chromosomal region 17q24.2 shows the breakpoints of the CNV deletions encompassing PSMD12 and
localizations of the SNVs within the gene (A). Facial and hand anomalies are shown for subjects 1 (B and E) and 2 (C, D, and F). Consent
for the publication of photographs was obtained for the two subjects. One additional subject with a neurodevelopmental disorder (sub-
ject a) with a smaller deletion involving PSMD12 was tested by our CMA, albeit the detailed descriptions cannot be provided here because

of privacy concerns.

mutations (probability of LoF intolerance = 1.00 with 1
observed LoF variant versus 21.5 predicted, according to
the EXAC Browser).*” Furthermore, we observed only het-
erozygous truncating variants or whole-gene deletions in
the presented subjects. The only LoF variant reported in

the EXAC Browser is predicted to alter the splicing of an
in-frame PSMD12 exon outside the functional domains of
PSMD12; thus, LoF of this variant remains uncertain.
Given that the mutation ¢.1274T>G (p.Leu425*) in sub-
ject 2 is located in the last exon of PSMD12, it is predicted
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Figure 2. The c.367C>T (p.Arg123*) PSMD12 Nonsense Mutation Leads to Decreased Levels of the Full-Length PSMD12 and
Increased Accumulation of High-Molecular-Weight Ubiquitin-Modified Proteins without Altering the 20S or 26S Proteasome Complex
(A) PSMD12 (RPNS) content was determined with the H-3 monoclonal antibody (Santa Cruz Biotechnology) by western blotting.
Protein extracts were prepared (as previously described**) from PBMCs from a healthy donor (control) and subject 1, who harbors
the c.367C>T (p.Arg123*) PSMD12 nonsense mutation. 10 ug were resolved by SDS-PAGE prior to western blotting with antibodies spe-
cific to PSMD12. For ensuring equal protein loading, the membrane was probed with a monoclonal antibody specific to B-actin (clone
C4, Santa Cruz Biotechnology). Two exposure times, 1 min (above) and 2 min (below), are shown.

(B) Analysis of ubiquitin-protein conjugates in PBMCs derived from healthy (control) donors and subject 1, who harbors the ¢.367C>T
(p-Arg123*) PSMD12 nonsense mutation. Proteins were separated on 15% SDS gel in the presence of f-mercaptoethanol. The concen-
tration of ubiquitin-modified proteins was determined by western blotting using an anti-ubiquitin antibody (reference no. Z0458,
DAKO GmbH). For confirming equal protein loading in each lane, the membrane was probed with anti-p-actin antibody.

(C) Cell extracts from PBMCs derived from control subjects and subject 1 (who harbors the c.367C>T [p.Arg123*] nonsense mutation)
were prepared with a detergent-free lysis buffer (TSDG) as previously described.*>*° 20 ug of extract was subsequently exposed to 0.2 mM
of the Suc-LLVY-AMC substrate (Bachem) and analyzed on 3%-12% gradient gels (native PAGE, Invitrogen) for chymotrypsin-like activ-
ity. Size controls consisted of 1 pg of purified spleen-derived 20S and/or 26S complex, as indicated. A gel-overlay assay for peptidase
activity revealed two strongly staining bands corresponding to the 20S (670 kDa) and 26S (2 MDa) proteasome complexes in these cells.
Of note, compared with the 20S reference, the 20S complex ran a little bit longer than the expected size, as evidenced by the upward shift
in migration on the gel. The increased size of the 20S proteasome complex in these cells could be attributed to its association with addi-
tional interacting partners, such as PA28, which is constitutively present in immune cells.** Two acquisition times, 0.2 ms (above) and
0.8 ms (below), are shown.

(D) 10 ng of whole-cell lysate from PBMCs prepared from control subjects and subject 1 with TSDG buffer were incubated in a final
100 pL volume containing 0.2 mM Suc-LLVY-AMC in quadruplicate and in the presence of 2 mM ATP/DTT for various periods of
time, as indicated. To determine the AMC cleavage rate reflecting the chymotrypsin-like activity, we monitored the fluorescence by using
a plate reader at an excitation wavelength of 360 nm and emission wavelength of 460 nm during a period of 180 min.

to escape nonsense-mediated mRNA decay (NMD) and
disrupt the PCI domain, which is essential for scaffolding
involved in protein-protein interactions among the pro-
teasome, CSN, and elF3*' (Figure S4). Notably, PSMD12
is integrated in the CSN and proteasome through its C-ter-
minal portion of the PCI domain.** Thus, the truncated
PSMD12 might fail to integrate properly with the protea-
some lid.**

We sought to determine the functional consequences
of the p.Argl23* nonsense variant in peripheral-blood
mononuclear cells (PBMCs) collected from subject 1. We
observed that the steady-state level of the full-length
PSMD12 was significantly lower in subject 1’s PBMC ly-
sates than in those of a healthy donor (Figure 2A). The
observation that the functional loss of one copy of

PSMD12 cannot be further compensated indicates that
this gene is haploinsufficient, which is in line with the bio-
informatic predictions and with the dramatic effect on
embryogenesis associated with Psmd12 (RpnS)-truncating
variants in Arabidopsis thaliana.”> Tmportantly, western
blot analyses in subject 1’s blood samples did not reveal
the presence of the 122-amino-acid truncated protein
with a predicted molecular mass of 13.796 kDa emerging
from the PSMD12 mutated allele. According to the manu-
facturer, the anti-PSMD12 antibody was raised against
the first 300 amino acids of PSMD12, although the precise
epitope sequence is not known. Therefore, one possible
explanation for our failure to detect the truncated
PSMD12,_;,, could be that the epitope recognized by the
antibody is located downstream of the first 122 amino
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Figure 3. The ¢.367C>T PSMD12 Mutant
Is Efficiently Transcribed but Fails to
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structs used in this study. The truncated
PSMD121,424 and PSMDlZl,lzz variants
were constructed to reflect the Leu425*
and Argl23* nonsense mutants, respec-
tively. All PSMD12 constructs were cloned
into the pcDNA3.1/Zeo(+) expression vec-
tor (Invitrogen) and C-terminally tagged
with a double human influenza hemagglu-
tinin (HA) epitope (GYPYDVPDYAMGGY
PYDVPYAGT), as indicated.
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(B) HeLa cells were cultivated in RPMI
medium supplemented with 10% fetal
calf serum and 1% penicillin and strepto-
mycin (all purchased from Biochrom AG)
and transfected with each of the three
PSMD12 variants for 24 hr with Lipofec-
tamin 2000 according to the manu-
facturer’s instructions. Total RNA was
extracted and analyzed by RT-PCR with
forward and reverse primers specific to
PSMD12 and HA, respectively. Equal
loading in each lane was ensured by the

HA

43 |« < @ W | actin

amplification of GAPDH.

(C) Hela cells transfected with the empty
vector (mock) or each of our PSMD12

variants were subjected to protein extraction at 24 hr after transfection. Whole-cell extracts (20 pg) were resolved on 15% SDS-PAGE
and subsequently analyzed by western blotting using anti-HA (clone 16B12, BioLegend) and anti-B-actin (loading control) antibodies,

as indicated.

acids of PSMD12. Alternatively, it is also conceivable that
our inability to detect the predicted PSMD12;_;,, short
variant might be due to NMD and/or particular high pro-
teolytic sensitivity and subsequent instability. To answer
this question, we engineered tumor cells to produce hem-
agglutinin-tagged versions of both the wild-type PSMD12
and the truncated PSMD12,_;5, and PSMD12,_4,4 variants
emerging from the c.367T>C (p.Arg123*) and ¢.1274T>G
(p.Leu425*) nonsense mutations, respectively (Figure 3A).
As illustrated in Figures 3B and 3C, although all three con-
structs exhibited comparable levels of mRNA transcripts,
protein levels were detected only for the wild-type and
PSMD12,_4,4 variant. This unambiguously indicates that
our inability to detect the PSMD12_;,, short variant was
not due to NMD but rather reflects translation inefficiency
and/or an increased degradation rate. Our in vitro data also
show that the p.Arg123* nonsense mutant was accompa-
nied by an increased accumulation of the high-molecu-
lar-weight ubiquitin-modified proteins (Figure 2B). This
finding is consistent with the accumulation of polyubiqui-
tinated proteins reported in yeasts with heterozygous loss
of Rpn5,*° indicating a role for PSMD12 in the mainte-
nance of ubiquitin homeostasis. Importantly, the capacity
of 26S complexes to degrade the Suc-LLVY (succinyl-Leu-
Leu-Val-Tyr-amido-4-methylcoumarine) model substrate
was not statistically different between the affected and
control subjects (Figures 2C and 2D), indicating that
both of these samples exhibit similar chymotrypsin-like
activities. This finding further suggests that the elevated
levels of such ubiquitin-protein conjugates in affected sub-

jects did not result from a lower chymotrypsin activity of
proteasomes. Rather, the decreased amount of PSMD12
might drive a conformational change of the 19S regulatory
particle to render it deficient. In particular, PSMD12 is
positioned in close proximity to the PSMD14 (RPN11)
subunit,*” which is involved in the hydrolysis of ubiq-
uitin chains from targeted substrates before degrada-
tion by the 26S proteasome.*® As such, the activity of
PSMD14 might be affected in subjects with a downregula-
tion of PSMD12, thereby resulting in impaired breakdown
of ubiquitin-protein conjugates, which would mechani-
cally increase the levels of polyubiquitinated substrate
proteins. Alternatively, the increased accumulation of
ubiquitin-modified proteins in subject 1, who carries the
p-Argl23* nonsense variant, might also reflect a decreased
accessibility of these substrates to the 26S proteasome
through decreased amounts of incorporated RPN10 and
RPN13.

Because the individuals with the PSMDI12 nonsense
variants presented with central nervous system, renal,
and craniofacial pathologies, we next sought to determine
the function of PSMD12 during brain, kidney, and cranio-
facial development by utilizing the zebrafish embryo
as an in vivo model. Considering the presence of dis-
rupting mutations, we decided to use CRISPR/Cas9 tech-
nology to generate a mutant for the zebrafish ortholog of
PSMD12. Using reciprocal BLAST, we identified a single
zebrafish PSMD12 ortholog (GenBank: NM_201578 and
NP_963872) with 86% similarity and designed short guide
RNA (sgRNA) targeting exon 3 of psmdl2 (Figure SS5).
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Figure 4. psmd12 CRISPR/Cas9 Mutants Exhibit Microcephaly, Renal Tubular Atrophy, and Aberrant Rostrocaudal Patterning of the

Branchial Arches in Zebrafish Larvae

(A) Representative dorsal images of 3 dpf zebrafish larvae stained with anti-acetylated tubulin show a reduction of the optic tecta (dotted

oval) in FO mutants.

(B) Representative lateral images of 4-day-old zebrafish larvae stained with anti-Na*/K" ATPase alpha-1 subunit show a reduction in the
convolution of the pronephric tubule (zoomed in and bordered with dotted shape in the lower panel) in FO mutants.

(C) Representative ventral views of -1.4collal:egfp FO mutant larvae imaged live at 3 dpf show an increase in the ceratohyal angle
(ch, dotted line) and a reduction in pairs of bronchial arches (asterisks) in FO mutants. cb, ceratobranchial.

(D) Size quantification of the optic tecta in FO mutants targeted with CRISPR sgRNA (p < 0.0001 versus control, n = 30-50 larvae/batch,

repeated).

(E) Quantification of the area of pronephric tubule convolution in FO mutants targeted with sgRNA (p < 0.0001, n = 30-47 larvae/batch,

repeated).

(F) Quantification of the ceratohyal angle in FO mutants targeted with sgRNA (p < 0.0001, n = 32-44 larvae/batch, repeated).
(G) Categorization of FO mutants based on pairs of ceratobranchial arches (n = 32-44 larvae/batch, repeated and observed with similar

results).
Error bars represent the SEM.

CRISPR guide RNA was designed with ChopChop software
(see guide sequences in Table S6) and synthesized with the
GeneArt Precision gRNA Synthesis Kit (Invitrogen) accord-
ing to the manufacturer’s instructions. In brief, we mixed
the forward and reverse target oligonucleotides, the Tracr
fragment, and T7 primer mix with 2x Phusion High-Fidel-
ity PCR Master Mix (Invitrogen) and then amplified and
ran them on a 1% agarose gel to ensure the quality and
appropriate size of the resulting CRISPR guide DNA tem-
plate. We synthesized guide RNA by in vitro transcription
with the TranscriptAid Enzyme Mix (Invitrogen) by incu-
bating it at 37°C for 2 hr. After treatment with DNase I,
the guide RNA was purified with the GeneArt gRNA
Clean-Up Kit (Invitrogen). For CRISPR/Cas9-based genome
editing, 100 pg of CRISPR guide RNA and 200 pg of Cas9
(GeneArt Platinum Cas9 Nuclease, Invitrogen) were in-
jected into 1-cell-stage zebrafish embryos. The CRISPR/
Cas9 efficiency was assessed as previously described.*’ In
brief, DNA from each 2 day post fertilization (dpf) FO em-
bryo was extracted by proteinase K digestion (Life technol-
ogies, AM2548). The CRISPR-targeted region was amplified
by PCR. We then denatured and slowly reannealed the PCR

products to facilitate the formation of heteroduplexes
(denaturing at 95°C for 5 min, ramped down to 85°C at
—1°C/s and then to 25°C at —0.1°C/s). Heteroduplexes
were detected on 15% polyacrylamide gel electrophoresis
23 (n = 6 FO embryos tested/condition). Then, we cloned
and sequenced PCR amplicons to estimate the mosaicism.
Ultimately, we observed =90% mosaicism.

Given the presence of microcephaly in most of our
subjects, we next measured the size of the optic tecta as
a readout for head size®® of the FO psmd12 zebrafish mu-
tants. Standard whole-mount zebrafish immunostaining
was performed on CRISPR experiments as previously
described.***° To visualize the axonal tracts in the brain,
including the optic tecta and the cerebellum, we stained
3 dpf mutant and control embryos with an anti-acetylated
tubulin primary antibody (T7451, mouse, Sigma-Aldrich;
1:1,000 dilution) and the Alexa Fluor goat anti-mouse
IgG (A21207, Invitrogen; 1:500 dilution) as a secondary
antibody.”® We observed that the size of the optic tecta
was significantly smaller in CRISPR FO mutants than in
the control larvae (p < 0.0001, n = 30-50 larvae/batch,
repeated; Figures 4A and 4D).
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In addition, we assessed whether psmdl2 was also
required for renal development by quantifying the area
of proximal tubule convolution in 4 dpf FO psmd12 mu-
tants stained with an anti-Na*/K+ ATPase alpha-1 subunit
primary antibody («6F, DSHB; 1:20 dilution) and Alexa
Fluor rabbit anti-mouse IgG secondary antibody (Invitro-
gen; 1:500 dilution). Compared to controls, which showed
properly convoluted tubules, mutant zebrafish embryos
displayed qualitative defects of the proximal tubule,
including absent, reduced, or v-shaped tubules. Using
Image] software, we then measured the area of the renal
tubules in both mutants and controls and observed that
the area of the proximal convolution was significantly
smaller in FO mutants (p < 0.0001, n = 30-47 larvae/
batch, repeated) than in controls (Figures 4B and 4E). We
did not observe any larvae with a unilateral or bilateral
absence of kidneys.

It has been previously shown that zebrafish models of
mispatterned craniofacial cartilage reflect craniofacial ab-
normalities in humans.’’ >’ Finally, to assess the role of
psmd12 in craniofacial development, we therefore injected
CRISPR sgRNA into the -1.4col1al:egfp transgenic line em-
bryos at the 1-cell stage. -1.4collal:egfp demonstrates GFP
signal in cartilages. This transgenic line contains a 1.4 kb
proximal promoter fragment of Collal inserted upstream
of Egfp.”* For imaging, 3 dpf larvae were positioned and
imaged live with the Vertebrate Automated Screening
Technology platform (version 1.2.2.8, Union Biometrica)
in a manner similar to previously described methods.>**°
We assessed craniofacial patterning by either measuring
the angle of the ceratohyal cartilage at 3 dpf or by counting
the number of ceratobranchial arch pairs at 3 dpf. We were
then able to quantify two types of craniofacial abnormal-
ities from GFP-positive cells in -1.4collal:egfp CRISPR FO
mutants. First, we observed a significantly broadened angle
of the ceratohyal in FO mutants (p < 0.0001, n = 32-44
larvae/batch, repeated; Figures 4C and 4F). Second, we
observed a significant delay in rostrocaudal ceratobran-
chial (cb) arch patterning; FO mutants showed a reduced
number of cb pairs (Figures 4C and 4G).

Taken together, our data indicate that PSMD12 plays an
important role during brain, kidney, and craniofacial
development and that its LoF leads to defects that are remi-
niscent of the phenotypes observed in our subject cohort.

The high expression of PSMD12 in the frontal cortex (Fig-
ures S6-S8) is consistent with the main neurological compo-
nent in the neurodevelopmental syndrome presented here.
In support of this notion, CNV deletions of PSMD12 were
reported in two independent investigations on subjects
with ID, truncal obesity, and psychiatric symptoms.®°” In
the first study, three subjects with a complete deletion of
PSMD12 had conductive hearingloss and feeding difficulties
during infancy in addition to ID.”” In the second study, the
subject with a large deletion including PSMD12 exhibited
global DD associated with a cardiac defect, feeding diffi-
culties, and pulmonary infection,’® clinical findings consis-
tent with those reported in our study.

Thus far, two other genes encoding subunits of the pro-
teasome 26S have been proposed to be associated with
syndromic ID. The first gene, PSMD14 (MIM: 607173), en-
codes the deubiquitinating enzyme PSMD14 (RPN11)*7%
and was included in the 2q24.2 deletion harboring two
other genes: TBR1 (MIM: 604616), whose LoF mutations
are associated with autism,’” and TANK (MIM: 604834),
identified in an individual with ID and short stature.’” In
a subject with a balanced complex chromosomal aberra-
tion (reciprocal translocation and paracentric inversion),
PSMD14 was considered a strong neurodevelopmental
candidate gene.°’ As mentioned above, PSMD12 would
need to directly interact with PSMD14 to acquire its active
enzymatic conformation.”’*> The second gene, PSMA?,
encodes an alpha subunit of the 20S core complex. A de
novo heterozygous likely pathogenic variant was found
in a subject with severe ID, premature baldness, retrogna-
thia, mild kyphosis, hirsutism, and short toes.®’

Interestingly, PSMD12 is predicted to have direct in-
teractions with other proteins of the UPS signaling
pathway: UBE3A, UBE3B, HUWE1, USP7, and USP9X,
whose dysfunction is associated with ID (Figure S9).

In conclusion, we describe a neurodevelopmental disor-
der caused by de novo heterozygous inactivating point
mutations or CNV deletions of PSMD12. Future studies
will attempt to unravel the impact of PSMD12 downregu-
lation on the incorporation efficiency of other subunits
into the 19S regulatory particle. These investigations
would represent initial steps toward determining how
proteome remodeling caused by LoF PSMDI2 variants
can lead to ID, congenital malformations, and other clin-
ical features of this neurodevelopmental syndrome.

Accession Numbers

PSMD12 sequence variants c.367C>T (p.Argl23*), c.1274T>G
(p.Leud425*), c.601C>T (p.Arg201*), and c.909-2A>G (p.?) have
been deposited in the Leiden Open Variation Database under acces-
sion numbers LOVD: 0000132255, 0000132256, 0000132257, and
0000132258, respectively.
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Supplemental Data include a Supplemental Note, ten figures, and
six tables and can be found with this article online at http://dx.
doi.org/10.1016/j.ajhg.2017.01.003.
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SUPPLEMENTAL CASE REPORTS

Method of inclusion

The nine affected children selected in the present study were enrolled in six different
programs or centers investigating the molecular basis of developmental disorders: the
Western France consortium HUGODIMS (French acronym standing for “Projet inter-
régional Francais des Hopitaux Universitaires du Grand Quest pour I'exploration par
approche exome des causes moléculaires de Déficience Intellectuelle isolée ou syndromique
Modeérée a Sévere”; Subject 1), the Boston Children’s Hospital in collaboration with GeneDX
laboratory (USA; Subject 2), the Simons Simplex Collection (Subject 3), the Baylor Genetics
Laboratory (BG, Houston, TX, USA) clinical exome testing cohort (Subjects 4, 5, 6, 9 and
10), the University Hospital Centre of Toulouse (Purpan Hospital; Subject 7), and the
University Hospital Centre of La Réunion/Robert Debré Hospital (Paris; Subject 8).

Clinical details

Subject 1 is the second child of non-consanguineous parents. The family history was
unremarkable. The pregnancy was uncomplicated, with normal screening ultrasounds. He
was delivered at term via vaginal delivery. At birth, he showed hypotonia and feeding
difficulties, dysmorphic features including a large forehead, posterior plagiocephaly,
dysplastic ears, and microretrognathia (Figure 1). Limbs examination showed right thumb
agenesis and left thumb hypoplasia. Hypospadias was also noted. Cardiac ultrasound revealed
a complex cardiopathy (atrial septal defect, ventricular septal defect, truncus arteriosus and
aortic arch hypoplasia) which required surgery at one month. Gastrostomy was performed at
two months of age.

In addition, he had bilateral profound sensorineural deafness, which was noted at the
age of 10 months. He had an implant in his right ear at 3-year-old. CT-scan of the temporal
bones showed normal cochlea and bilateral symmetrical vestibular abnormalities. The
vestibules were dilated. There was a bilateral complete agenesis of the lateral semicircular
canal and a rudimentary posterior semicircular canal. The olfactory bulbs were normal.
Abdominal ultrasound showed kidneys fusion with a left pelvic kidney.

He was not able to sit independently until 14 months of age and to walk until 3 years

and 6 months. At last evaluation, at the age of 8 years and 4 months, he still did not have any



recognizable speech. He still had severe feeding difficulties. He also showed recurrent
pulmonary infections for which he has been hospitalized repeatedly.

Ophthalmological examination showed bilateral horizontal nystagmus and strabismus.
MRI of the brain was considered as normal.

Using whole exome sequencing, a de novo PSMD12 mutation was identified:
Chr17(Genome Reference Consortium human genome build (GRCh37)):g.65346383G>A,;
NM_002816.3:¢.367C>T p.(Argl23*).

Subject 2 is the second child of non-consanguineous parents. The family history is
unremarkable. The pregnancy was complicated by gestational diabetes, hydronephrosis and
intrauterine growth restriction (IUGR). He was delivered at term via C-section. At birth, he
showed respiratory distress and was in the intensive care unit (ICU) for 10 hours. At birth he
showed, telecanthus, tented upper lip, myopathic face, bilateral thumb hypoplasia and
femoral palm deformity. Both required surgery. Micropenis was noted in early childhood but
is now resolved. Cardiac ultrasound revealed a small atrial septal defect (ASD) and patent
ductus arteriosus (PDA) which both closed spontaneously. He initially failed his newborn
screen but follow-up auditory brainstem responses were normal. At 6 months of age he was
diagnosed with Eustachian tube dysfunction and pressure equalizer (PE) tubes were placed.
He required G-tube feeding beginning at 18 months and he is still 100% dependent. At 5
years of age he was diagnosed with a seizure disorder. Magnetic resonance imaging (MRI) of
the brain was considered normal. He was not able to sit independently until 8 months of age
and to walk until 2 years and 7 months. He now requires a wheelchair. At last evaluation, at
the age of 10 years and 7 months, he was able to pronounce many single words. He has been
diagnosed with cortical visual impairment and is highly hyperopic. Ophthalmological
examination at 3 years of age showed mildly abnormal optic nerve heads.

Using whole exome sequencing, a de novo PSMD12 mutation was identified:
Chr17(GRCh37):9.65337056A>C; NM_002816.3:¢.1274T>G p.(Leud25%).

Subject 3 (11365.pl) is a male born to non-consanguineous parents of Caucasian
European descent. His father’s sibling has a history of broad spectrum autism with speech
delay. Pregnancy was uncomplicated and he was delivered at 40 weeks gestation via vaginal
delivery, with normal APGAR scores. He walked unaided at 15months, said his first word at
18 months, and his first phrase at 36 months. His medical records list a heart murmur at 3

years and an unspecified genital problem at 5 years.



At assessment at 14 years, he had a full scale 1Q of 62 and a diagnosis of autism by
Autism Diagnostic Interview Revised (ADI-R) and Autism Diagnostic Observation Schedule
(ADOS). He was recruited to the Simons Simplex Collection where whole exome analysis

identified a de novo nonsense mutation in the gene PSMD12.

Subject 4 is the fourth child of non-consanguineous parents. Family history is
remarkable for an older brother who has intellectual disability, and hypotonia, and who was
recently identified to have a rare, novel genetic syndrome related to the TCF20 gene.
Pregnancy was complicated by polyhydramnios towards the end and pregnancy induced
hypertension at week 31. He was delivered at 39 weeks via spontaneous vaginal delivery with
vacuum extraction. Birth weight was 3.2 kg and length was 50 cm. He had
hyperbilirubinemia and breathing issues at birth but did not require oxygen. He also had
chordee and a lymphangioma since birth.

In terms of his development, he sat on time, walked on time, and said “mama” and
“dada” on time. He never had developmental regression. Developmental delays became
apparent after one year of age. He began physical, occupational, and speech therapies and
was placed in special education classes in preschool. Symptoms of Attention deficit
hyperactivity disorder (ADHD) were apparent since he began walking, as per parental report.
His health history is significant for gastroesophageal reflux disease (GERD), recurrent ear
infections, velopharyngeal incompetence, cryptorchidism, frequent urination, innocent
murmur, anisocoria, vision tracking issue and a pineal cyst found on brain MRI. Since age 3
he has had seizures characterized by his neurologist as reflex seizures. He has been diagnosed
with autistic spectrum disorder.

In school, he currently performs two grade levels below expected. He repeated first
grade and is currently in some mainstream classes with support and some special education
classes in high school. His 1Q is reportedly “just below average”.

He presented to genetics at age 12 and was noted to have an asymmetric appearance
to his face, mild hypertelorism, a large nose, mildly low set ears that are posteriorly rotated,
and his bottom teeth were shifted to the left. He was noted to be tall and thin and did not
make eye contact or answer questions when spoken to. He was flexible/hyperextensible at the
wrists and elbows and was noted to have a small phallus and shawl scrotum. He had cutis
marmorata on the legs and arms and lymphangioma on his left chest.

Previous work up included a normal chromosome microarray and Fragile X

Syndrome testing. Two video EEGs were normal in 2006 and 2009. A holter monitor was



normal in 2009. A brain MRI from 2009 showed signal abnormality in the white matter of the
centrum semiovale bilaterally, related punctate areas of gliosis versus demyelination. A
lesion was observed in the region of the pineal gland, most likely representing a cyst.

Using whole exome sequencing, a de novo PSMD12 mutation was identified: ¢.909-

2A>G p.?, de novo heterozygous.

Subject 5 was 21 month of age at her last evaluation. She has a long standing history
of developmental delay, failure to thrive. She has a history of arterial hypertension that
requires treatment with captopril (ACE inhibitor). Genetics was initially consulted secondary
to an abnormal echocardiogram that showed a large PDA with left to right shunt, hypoplastic
isthmus and possible coarctation per notes. The infant had a repeat study which reportedly
showed moderate sized PDA with left to right shunt, hypoplastic isthmus and possible
coarctation that cannot be ruled out as PDA still open. PDA was ultimately surgically ligated.

Developmentally, she was delayed to reach her milestones: she rolled over at 9
months, crawled at 12 months, pulled to stand at 19 months, and was unable to walk at 21
months. She is currently able to use a few words.

On exam, she is small for her age, as she is just below the 3rd percentile for weight
and length, and her head circumference is -2.7 SD below the mean. She is microcephalic and
has dysmorphic features. The face appears elongated with prominent glabella with narrow
forehead, hypertelorism, long philtrum and mild micrognathia. Her neck is short and her
chest is broad. She has brachydactyly, and bridge creases.

She was diagnosed at 3 years of age with chronic renal disease stage |. Renal
ultrasound showed hypoplastic kidneys and ectopic left kidney.

A computed tomography angiogram of chest and abdomen revealed: 1. a mild
narrowing at the aortic isthmus measuring 5 x 4 mm; 2. a single unobstructed renal artery to
the right kidney, as well as two unobstructed renal arteries to the left kidney, one arising from
the descending aorta before the bifurcation, and the other arising from the right common iliac
artery.

A chromosome microarray revealed a de novo deletion encompassing 1.3 megabases

at chromosome 17g24.2.

Subject 6 was the product of a 37 week pregnancy complicated by slowed growth in
the third trimester. At birth, he weighed 2.4 kg, and he was noted to have hypertelorism,

simple cupped ears, micrognathia, hypospadias, and 2-3 toe syndactyly. At two weeks of age



he was found to have a patent ductus arteriosus (PDA) that required catheter-mediated
occlusion, and which was complicated by a femoral thrombus. A mildly dysplastic tricuspid
valve was noted, as were left ventricular trabeculations. He was also found to have a single
functional kidney, with the other being atretic and multicystic. Hearing loss was identified by
newborn screening, with moderate to severe loss in the right ear and intact hearing in the left
ear. A temporal bone CT found stenotic external canals. A brain MRI revealed a moderate
reduction in cerebral white matter volume, particularly posteriorly, with accompanying
thinning of the posterior corpus callosum and periventricular hypomyelination. Dysmorphic
appearing subcallosal frontal lobes were also noted, with interdigitation of gyri. Exotropia of
the left eye was treated with patching and surgery. The family history was otherwise
unremarkable. During infancy he had global developmental delay, hypotonia, failure to thrive
and gastrointestinal reflux. He received physical, occupational, and speech therapy services,
with steady developmental improvement, such that, by 3 years of age, he now walks
independently, has a few words and attends school. A chromosome microarray revealed a de

novo deletion encompassing 4 megabases at chromosome 17g23-24.2.

Subject 7 is the first child of non-consanguineous parents. The family history was
unremarkable. The pregnancy was marked by severe growth retardation. He was delivered at
36 weeks via caesarean. At birth, he showed neonatal hypotonia and feeding difficulties,
which required hospitalization for one month.

Later on, he still showed severe feeding difficulties. He was not able to walk until 18
months and showed severe speech delay. Evolution was marked by severe growth failure
which required growth hormone (GH) therapy. Ophthalmological examination at 3 years of
age showed myopia.

Precocious puberty was also noted and treated. At last evaluation, at the age of 13
years and 2 months, physical examination showed brachycephaly, thin lips, low set ears.
Limbs examination showed bilateral 2-3 toes syndactyly. Subject 7 was able to pronounce
many single words and understood simple orders. His neurological exam showed upper limbs
tremor. He had severe chronic constipation. He was still treated by growth hormone for short
stature. Hyperactivity and hands stereotypies were noted.

MRI of the brain was considered as normal. Abdominal and cardiac ultrasounds were
normal.

A chromosome microarray revealed a de novo deletion encompassing 1.6 megabases

at chromosome 17qg23-24.2.



Subject 8 is the only child of non-consanguineous parents. Family history was
unremarkable. Pregnancy was uncomplicated, with normal screening ultrasounds. She was
delivered at 37 weeks of amenorrhea via vaginal delivery, with normal weight and OFC but
height at 43.5 cm. As the height fell below -2 SD, investigations were done, leading to a
diagnosis of central hypothyroidism, which was treated. She was referred at 5 months of age
to a clinical geneticist. She presented with dysmorphic features including low set, posteriorly
rotated ears, hypertelorism, down slanted palpebral fissures, wide nasal bridge, down-turned
corners of the mouth. Cardiac and abdominal ultrasounds were normal. MRI of the brain was
considered as normal. Subsequent evaluations showed normal motor milestones (walked
independently at 10 months) but delayed speech.

At the last follow-up at age 5 years and 10 months, she presented learning difficulties,
attention deficit, and persistent short stature below -2 SD despite appropriate thyroxin
treatment. A chromosome microarray revealed a de novo deletion encompassing 1.19

megabases at chromosome 17q23-24.2

Subject 9 is the second child of non-consanguineous parents. Family history was
unremarkable, save on the paternal branch, as the father has a first female cousin with autism
and a maternal aunt with intellectual disability. Pregnancy was marked by an intrauterine
growth restriction at 32 weeks, followed by a maternal fever and gastrointestinal illness at
36.5 weeks of gestation, which led to a cesarean section. Birth weight was 1.9 kg (< 1st
percentile), length was 44.5 (1st percentile), and head circumference was 30 cm (3rd to 5th
percentile). Echocardiogram at birth was normal. Renal sonogram revealed a horseshoe
kidney. She stayed during her first 10 days in the neonatal intensive care unit with an initial
oxygen requirement and she was treated with empiric antibiotics. She also needed nasogastric
feeding initially.

Feeding issues began at 2 months, associated with gastro-esophageal reflux, and oral
aversion. At this age, she was also evaluated by a neurologist, due to her small head size. She
had a poor muscle tone.

In terms of her development, her delay is global, as it concerns gross motor, fine
motor, and speech. She reached her milestones with delay: she rolled at 7.5 months, babbled
at 9 months, sat at 11 months, commando crawled at 12.5 months, high crawled at 17 months,
and walked at 26 months. At 5 years and 10 months, she could use 50 to 60 single words, but

could not speak in 2-3 word combinations yet. The poor muscular tone noted at birth was



confirmed at 5 months, as she showed hypotonia and head lag, whereas deep tendon reflexes
were normal. At 12 months, she still exhibited mild hypotonia. At 4 years and 6 months she
presented slightly wide-based gait, normal deep tendon reflexes and had some problems with
her balance and coordination.

Growth delay was observed at 5 months (weight and head circumference < 3rd
percentile, length 5-10th percentile), and confirmed at 12 months (weight at 3rd percentile,
length at 10-25" percentile, and head circumference at 5-10th percentile).

She presents dysmorphic features: frontal bossing and mild parietal bossing, mild
brachycephaly, large anterior fontanelle, prominent forehead, mild bitemporal narrowing,
pseudohypertelorism, normal chin width with retrognathia, square pinnae with attached
lobules, low hanging columella, depressed nasal bridge, short and mildly smooth philtrum,
high arched palate (U-shaped), absent Cupid’s bow, small mouth, and mildly downturned
mouth corners. She has a short sternum, and a higher nipple line than usual. Fingers and
hands are mildly triangular, with as slightly puffy dorsum, and decreased depth of creases on
R, while thumbs are longer than usual. She also has a bilateral 2-3 toe syndactyly, narrow feet
and hyperextension at knees.

A strabismus was corrected by surgery.

Analysis of a muscle biopsy revealed a decrease in staining of mitochondrial complex
1, albeit with normal enzyme activities (complex I-1V). Whole-exome sequencing did not
point to a disease with known secondary mitochondrial dysfunction, and no significant
mtDNA finding was done. A single autosomal recessive SUCLA2 change was found with
varying in silico predictions, as well as a maternally inherited change in RAI1, unlikely to be

pathogenic. Array CGH showed a de novo microdeletion on 17q.

Subject 10 is a 9-year-old child of consanguineous parents (second-degree cousins).
The rest of her family history is unremarkable. Her mother presented preeclampsia since the
fourth month of pregnancy and was delivered at 34 weeks of pregnancy by caesarean section
due to oligohydramnion. Her birth weight was 2.100 grams, and birth height was 46 cm. She
had hypertelorism, low set ears, high forehead, high-arched palate, wide nose, hypotonia and
right side hydronephrosis reported on ultrasound. She has developmental delay: she was not
able to walk until she was 16 months old; speech started at three years of age, and she now
uses many words but is still unable to use phrases. She had a tonic convulsion episode at 6
years of age. Precocious puberty is under treatment; at last evaluation, at the age of 9 years,

she had pubic hair. Ophthalmological examination showed strabismus and left eye coloboma.



Array CGH showed a de novo microdeletion on 17924.2 which turned out to be a

complex rearrangement as shown in Figure S10.



SUPPLEMENTAL FIGURES S1-10 AND LEGENDS
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Figure S1. Morphological anomalies in subjects 1%, 22, 7, 9 and 10.

Consent for the publication of photographs was obtained for the five subjects. Note
microretrognathia, strabismus, and low set ears (A), and right thumb agenesis (F) in Subject 1; low
set ears, telecanthus, and bilateral thumb hypoplasia in Subject 2 (C, D, and F); mild
brachycephaly, prominent forehead, mild bitemporal narrowing, short philtrum, small mouth,
mildly downturned mouth corners, mildly triangular fingers with long thumbs and a bilateral 2-3
toe syndactyly in Subject 9 (D, E, H and I); brachycephaly, thin lips, and low set ears in Subject 7
(J and K); and hypertelorism, low set ears, high forehead, high arc palate, and wide nose in Subject
10 (L).

# Photographs of Subjects 1 and 2 are presented also in Figure 1, but they are shown again to
enable direct comparisons.
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Family 2: ¢.1274 T>G - p.(Leud25%)

Figure S2. Segregation analysis of PSMD12 mutations. *

This figure shows the genealogical trees of subjects 1, 2 and 4. Genotypes identified by whole
exome sequencing were validated by Sanger sequencing. Electropherograms related to
mutations found by Sanger sequencing figure below each individual of the trios whenever

traces were available.

% In Family 3, the variant ¢.601C>T p.(Arg201*)was confirmed using custom Molecular Inversion
Probes (MIP) -designed with targeting arms flanking regions of interest- and followed by sequencing

on an lllumina MiSegq.

Patient 2
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Figure S3. Multiple sequence alignment of the PSMD12/RPN5 protein from four organisms: Homo Sapiens, Mus musculus, Danio rerio,
Saccharomyces cerevisiae.

The alignment has been performed using Clustal Omega and visualized using JalView. Sequences are indicated using the Uniprot identifiers.
Colors correspond to consensus-based coloring of ClustalX multiple alignments. The figure shows a high conservation of PSMD12 (RPN5)
across species.
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Figure S4. Protein feature view of 26S proteasome non-ATPase regulatory subunit 12.

Image adapted from the RCSB PDB (www.rcsb.org) of PDB entry 000232 (PSD12_ HUMAN) *. The three nonsense single nucleotide variants
found in subjects of our series, and indicated on top of the figure by red arrows, disrupt the proteasome—COP9 signalosome (PCI). Vertical color
bars on the left side indicate data provenance: in green data from UniProtKB; in yellow data from InterPro; in grey data calculated using BioJava
with protein disorder predictions based on JRONN; in lilac data representing the genomic exon structure projected onto the UniProt sequence; in
blue data from PDB (Secstruc: Secondary structure) projected from representative PDB entries onto the UniProt sequence; in red data combining

ranges of Homology Models from SBKB and the Protein Model Portal.
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Figure S5. Reagents for CRISPR Cas9 genome editing in zebrafish embryos.

(A) Sketch of D. rerio psmd12; showing coding exons (black boxes) and untranslated regions
(white boxes). The position of the target of CRISPR sgRNA (red box) is shown. (B)
Polyacrylamide gel electrophoresis (15% PAGE; BioRad) shows the presence of
heteroduplexes indicating targeting events in FO CRISPR embryos (C) Representative Sanger
sequencing traces of un-injected control embryos and FO embryos injected with psmdi12
SgRNA3 and Cas9 protein show insertion and or deletion events in the target region. The

protospacer adjacent motif (PAM) sequence for sgRNA is shown.
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Figure S6. Expression of PSMD12 in human tissues.

Overview fro

m the Human Protein Atlas 2 (http://www.proteinatlas.org/ENSG00000197170-

PSMD12/tissue) shows a wide RNA expression and distribution of PSMD12 protein levels in the

human body.

(B), Protein levels are particularly increased in brain, liver/gallbladder and

gastrointestinal tract and (C), more especially in cerebral cortex.
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Figure S7. Expression of PSMD12 in human brain.

Data were extracted from the Human Brain Transcriptome database * * (http://hbatlas.org/). The

dynamic gene expression of PSMD12 is high and steady along entire development and adulthood in

striatum (STR),

mediodorsal nucleus of the thalamus (MD)

the human cerebellar cortex (CBC)

amygdala (AMY), hippocampus (HIP) and 11 areas of neocortex (NCX).
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Figure S8. Expression of PSMD12 in mouse tissues.

Expression data for this paper were retrieved from the Gene Expression Database (GXD) °, Mouse
Genome Informatics Web Site. World Wide Web (URL: http://www.informatics.jax.org).
[November, 2016]. Expression overview in mouse confirms the wide RNA expression and
distribution of PSMD12 protein levels in the body
(http://www.informatics.jax.org/marker/MGI:1914247).
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Figure S9. Interactions between PSMD12 and other proteins of Ubiquitin/Proteasome
signaling pathway involved in intellectual disabilities.

Interaction between UPS proteins known (UBE3A, UBE3B, HUWEL, USP7, USP9X, CUL4B) or
suspected (PSMA7, PSMD14) to be involved in intellectual disabilities were determined according
to String Database 10.0 °.

Network nodes represent proteins: small nodes indicate protein of unknown 3D structure; large
nodes indicate that some 3D structure is known or predicted; colored nodes show query proteins
and first shell of interactors. Edges represent protein-protein associations: associations are meant to
be specific and meaningful, i.e. proteins jointly contribute to a shared function; this does not

necessarily mean they are physically binding each other.



Complex rearrangement 1:

chrl7:65480260(-) =» chrl17:65711757(+), Alu-Alu mediated, , microhomology in purple
GGAGTTCGAGACCAGCCTAACCAACATGGAGAAACCCCGTCTCTACTAAAAATACAAAATAAGCCA
GGCATGGTGGTACATGCCTGTAATGCCAGCTACTTGGGAGGCTG
GGAGTTCGAGACCAGCCTAACCAACATGGAGAAACCCCGTCTCTACTAAAAATACAAAATAAGCCA
GGCATGGTGGTACATGCCTGTAATGCCAGCTACTTGGGAGGCTG
GGAGTTCGAGACCAACCTGGCCAACATGGTGAAACCCCGTCTCTACTAAAAATACAAAAATTAGCC
AGGTGTGGGGTGGGTGCCTCTAATCCCAGCTACTCGGGAGGCTG

AGGCAGGAGAATCGCTTGAACCTGGGAGGTGGAGGTTGCAGT—-—--
GAGCCAAGATCATGCCACGGCACTCCAGCCTGGGCAACAAGAGCAAAACTCCACCTCAAAAAAARAA
AAAAA
AGGCAGGAGAATCGCTTGAACCCGGGGGGCAGAGGTTGCAGGTTGCAGAGAGCCGAGATTGTGCCA
TTGCACTCCAGCCTTCGTGACAAGAGTGAACCTCTGTCTCAAAAAAGAAAARAAA
AGACAGGAGAATCGCTTGAACCCGGGGGGCAGAGGTTGCAGGTTGCAGAGAGCCGAGATTGTGCCA
TTGCACTCCAGCCTTCGTGACAAGAGTGAACCTCTGTCTCAAAAAAGAAAARAAA

Complex rearrangement 2:

chrl7: 65090765(+) =» 65513478(-), microhomology in purple
ATCTATTAAGTGTGCAATAGCATTGTATGTTTAAAAAAACACAATGTATAAAGGCAAGCATGGTGT
CACATGCCTGTAGGCCCAGCTACTTGGGAGGCTGAAGAGGGAGGATCATTTGAGCCCATGAG
ATCTATTAAGTGTGCAATAGCATTGTATGTTTAAAAAAACACAATGTATAAAGGCAAGCATTTCCC
TTGGATGTGGAATTACTGGGTCACATGGTAACAACATGTTTGACCATTTGAGGAACTGTCAG
ATTATGAATAATGCTGCTATGAGTATTTGTGGGTGAGTCTTTTGAGGACGTATGTTTTCATTTCCC

TTGGATATGGAATTACTGGGTCACATGGTAACAACATGTTTGACCATTTGAGGAACTGTCAG
Figure S10. Details of the CNV deletion observed in Subject 10.

Long range PCR in Subject 10’s genomic DNA yielded an ~620 kb deletion-specific
junction fragment. Subsequent sequencing revealed a complex rearrangement consisting of a
389,495 bp deletion (chrl7:65,090,765-65,480,260) with a CAGGAGAATCGCTTGAACC
microhomology at the first junction and a 198,279 bp deletion (chr17:65,513,478-65,711,757) with
a CAT microhomology at the second junction; both deletions are separated by a neutral copy-
number genomic segment of approximately 33 kb that is oriented directly with respect to the
reference human genome sequence (Genome Browser GRCh37/hg19).



SUPPLEMENTAL TABLES S2-6

Table S2. Clinical features of the subjects described with Human Phenotype Ontology (HPO)

terms.
Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 Family 8 Family 9 Family 10
Subject 2 - . .
Subject 1 - Boston Subject 3- | Subject4- | Subject5- | Subject6 - SlébdeL(;t d7e_ glﬁbezteﬁa Subject 9 - | Subject 10 -
HUGODIMS| Children’s SSC BG BG BG P BG BG
: Toulouse Réunion
Hospital

IAbnormality of [Birth length less |Abnormality of |Abnormality of [Microcephaly (Growth delay  |Growth delay  |Growth delay |Growth delay  |Birth length less
the than 3rd the male external  |(HP:0000252) |(HP:0001510) |(HP:0001510) |(HP:0001510) |(HP:0001510) (han 3rd
cardiovascular |percentile cardiovascular |genitalia /Abnormality of |Abnormality of [Birth length less |Birth length less [Congenital percentile
system (HP:0003561) [system (HP:0000032) [the the than 3rd than 3rd microcephaly  |(HP:0003561)
(HP:0001626) |Abnormality of (HP:0001626) |Cryptorchidism |cardiovascular |cardiovascular [percentile percentile (HP:0011451) [Macrocephaly
truncus the Heart murmur  |(HP:0000028) [system system (HP:0003561) [(HP:0003561) [Birth length less |(HP:0000256)
arteriosus cardiovascular |[(HP:0030148) |Micropenis (HP:0001626) |(HP:0001626) |Abnormality of |Intellectual than 3rd Hydronephrosis
(HP:0001660) [system IAbnormality of |(HP:0000054) [Patent ductus  [Patent ductus  the lower limb |disability percentile (HP:0000126)
\Ventricular (HP:0001626) |male external  [Shawl scrotum farteriosus arteriosus (HP:0002814) |(HP:0001249) |(HP:0003561) |Abnormality of
septal defect Patent ductus  |genitalia (HP:0000049) |(HP:0001643) |(HP:0001643) [2-3 toe Delayed speech |Abnormality of (the kidney
(HP:0001652) farteriosus (HP:0000032) |Intellectual coarctation of  |Left ventricular [cutaneous and language  [the kidney (HP:0000077)
atrial septal (HP:0001643) |Intellectual disability aorta noncompaction [syndactyly development  [(HP:0000077) |Precocious
defect IAbnormality of |disability (HP:0001249) |(HP:0001680) [cardiomyopathy |(HP:0005709) |(HP:0000750) [Ectopic kidney [puberty
(HP:0001631) [the kidney (HP:0001249) |Muscular /Abnormality of |(HP:0011664) (Sacral dimple [Behavioral (HP:0000086) |(HP:0000826)
Hypoplastic (HP:0000077) [Delayed speech |hypotonia the kidney Hypoplastic (HP:0000960) fabnormality Horseshoe Puberty and
aortic arch Fetal pyelectasisjand language  |(HP:0001252) |(HP:0000077) tricuspid valve |Intellectual (HP:0000708) |kidney gonadal
(HP:0012304) |(HP:0010945) |development  [Behavioral Hydronephrosis |(HP:0011573) |disability Hyperactivity  |(HP:0000085) |disorders
Patent ductus  |[Abnormality of |(HP:0000750) |abnormality (HP:0000126) |Abnormality of (HP:0001249) [(HP:0000752) |Abnormality of |(HP:0008373)
arteriosus the ureter Behavioral (HP:0000708) [Renal the kidney Motor delay IAbnormality of [the lower limb [Coloboma
(HP:0001643) |(HP:0000069) fbnormality IAutistic hypoplasia (HP:0000077) |(HP:0001270) [the outer ear (HP:0002814) |(HP:0000589)
I/Abnormality of (Urinary (HP:0000708) [behavior (HP:0000089) (unilateral kidney|Delayed speech [(HP:0000356) [2-3 toe Strabismus

the kidney retention IAutistic (HP:0000729) |Ectopic kidney [agenesis and language  [Low-setears  [cutaneous (HP:0000486)
(HP:0000077) |(HP:0000016) [behavior Seizures (HP:0000086) |(HP:0000122) |development  |(HP:0000369) [syndactyly IAbnormality of
Crossed fused  |Abnormality of |(HP:0000729) |(HP:0001250) |Intellectual IAbnormality of |(HP:0000750) [Posteriorly (HP:0005709) the eye

renal ectopia  |male external IAbnormality of |disability male external ~ [Muscular rotated ears Short sternum  [(HP:0000478)
(HP:0004736) [genitalia the eye (HP:0001249) |genitalia hypotonia (HP:0000358) |(HP:0000879) (Intellectual
IAbnormality of |(HP:0000032) (HP:0000478) [Motor delay (HP:0000032) ((HP:0001252) |Abnormality of [Triangular disability

male external  [Micropenis Impaired smooth{(HP:0001270) [Hypospadias  |[Behavioral the face shaped (HP:0001249)
genitalia (HP:0000054) pursuit Delayed speech |(HP:0000047) [abnormality (HP:0000271) |phalanges of the |[Motor delay
(HP:0000032) |Abnormality of (HP:0007772) [and language  |Abnormality of |(HP:0000708) [Hypertelorism |hand (HP:0001270)
Hypospadias  [the upper limb Pineal cyst development  the lower limb  [Hyperactivity  |(HP:0000316) |(HP:0009774) |Delayed speech
(HP:0000047) |(HP:0002817) (HP:0012683) |(HP:0000750) ((HP:0002814) |(HP:0000752) [Down-slanted |Intellectual land language
I/Abnormality of |Aplasia/Hypopla IAbnormality of |Microretrognathif2-3 toe Retrognathia  [palpebral disability development
the upper limb  [sia of the thumb the outer ear a (HP:0000308) [cutaneous (HP:0000278) (fissures (HP:0001249) |(HP:0000750)
(HP:0002817) |(HP:0009601) (HP:0000356) |Abnormality of [syndactyly IAbnormality of |(HP:0000494) [Motor delay Muscular
\Aplasia/Hypopla|Sacral dimple Low-set ears  [the mandible  [(HP:0005709) the mandible  |Wide nasal (HP:0001270) |hypotonia

sia of the thumb |(HP:0000960) (HP:0000369) |(HP:0000277) (Intellectual (HP:0000277) |bridge Delayed speech |(HP:0001252)
(HP:0009601) [Tracheomalacia Posteriorly /Abnormality of |disability Feeding (HP:0000431) fand language  |Behavioral
Intellectual (HP:0002779) rotated ears the face (HP:0001249) (difficulties Downturned development  |abnormality
disability Laryngeal cleft (HP:0000358) |(HP:0000271) [Motor delay (HP:0011968) [corners of mouth|{(HP:0000750) |(HP:0000708)
(HP:0001249) |(HP:0008751) IAbnormality of |Hypertelorism |(HP:0001270) |Abnormality of [(HP:0002714) [Muscular Seizures

Motor delay Intellectual the face (HP:0000316) [Delayed speech [the eye Central hypotonia (HP:0001250)
(HP:0001270) (disability (HP:0000271) |Long philtrum [and language  |(HP:0000478) |hypothyroidism |(HP:0001252) |Low-set ears
Delayed speech |(HP:0001249) Facial (HP:0000343) |development  |Myopia (HP:0011787) [Feeding (HP:0000369)
and language  [Motor delay lasymmetry Hypertension  [(HP:0000750) |(HP:0000545) difficulties Posteriorly
development  |(HP:0001270) (HP:0000324) |(HP:0000822) |Muscular IAbnormality of (HP:0011968) |rotated ears
(HP:0000750) [Delayed speech Hypertelorism hypotonia the face IAbnormality of |((HP:0000358)
Muscular and language (HP:0000316) (HP:0001252) |(HP:0000271) the eye IAbnormality of
hypotonia development Prominent nose Hearing Short philtrum (HP:0000478) [the outer ear
(HP:0001252) |(HP:0000750) (HP:0000448) impairment (HP:0000322) Strabismus (HP:0000356)
Behavioral Behavioral Cutis marmorata (HP:0000365) [Thin upper lip (HP:0000486) [High forehead
abnormality abnormality (HP:0000965) Feeding \vermilion Myopia (HP:0000348)
(HP:0000708) |(HP:0000708) Lymphangioma difficulties (HP:0000219) (HP:0000545) |Abnormality of
Hearing IAutistic (HP:0100764) (HP:0011968) |Constipation IAbnormality of [the face
impairment behavior Cerebral atrophy|(HP:0002019) the outer ear (HP:0000271)
(HP:0000365) |(HP:0000729) (HP:0002059) ([Tremor (HP:0000356)

Feeding Seizures Cerebral (HP:0001337) Microretrognathi

difficulties (HP:0001250) hypomyelination|Aplasia cutis a (HP:0000308)

(HP:0011968) [Hearing (HP:0006808) |congenita over IAbnormality of
IAbnormality of |impairment Pineal cyst the scalp vertex the mandible
the eye (HP:0000365) (HP:0012683) |(HP:0004471) (HP:0000277)

(HP:0000478) [Feeding IAbnormality of IAbnormality of

Horizontal difficulties the eye the face

nystagmus (HP:0011968) (HP:0000478) (HP:0000271)




(HP:0000666)
Strabismus
(HP:0000486)
IAbnormality of
the outer ear
(HP:0000356)
Low-set ears
(HP:0000369)
Posteriorly
rotated ears
(HP:0000358)
Microretrognathi
a (HP:0000308)
IAbnormality of
the mandible
(HP:0000277)
Recurrent
pneumonia
(HP:0006532)

IAbnormality of
the eye
(HP:0000478)
Cortical visual
impairment
(HP:0100704)
IAbnormality of
the optic nerve
(HP:0000587)
IAbnormality of
the outer ear
(HP:0000356)
Low-set ears
(HP:0000369)

Exotropia
(HP:0000577)
IAbnormality of
the outer ear
(HP:0000356)
Low-set ears
(HP:0000369)
IAbnormality of
the face
(HP:0000271)
Hypertelorism
(HP:0000316)

Hypertelorism
(HP:0000316)
Frontal bossing
(HP:0002007)
Brachycephaly
(HP:0000248)
IWide anterior
fontanel
(HP:0000260)
Prominent
forehead
(HP:0011220)
Narrow forehead
(HP:0000341)
Low hanging
columella
(HP:0009765)
Bulbous nasal
tip
(HP:0000414)
Smooth philtrum
(HP:0000319)
Short philtrum
(HP:0000322)
IAbsent cupid's
bow
(HP:0010800)
Narrow mouth
(HP:0000160)
High palate
(HP:0000218)
Muscular
hypotonia
(HP:0001252)
IAbnormality of
the nipple
(HP:0004404)




Table S3. Main phenotypic abnormalities referring to HPO shared by at least three subjects.

HPO ID | Number of subjects concerned HPO term
HP:0001249 10/10 Intellectual disability
HP:0000750 9/10 Delayed speech and language development
HP:0000271 7/9 Abnormality of the face
HP:0000356 7/9 Abnormality of the outer ear
HP:0000708 7/9 Behavioral abnormality
HP:0000478 7/9 Abnormality of the eye
HP:0001270 7/10 Motor delay
HP:0001252 6/9 Muscular hypotonia
HP:0000077 6/9 Abnormality of the kidney
HP:0000369 6/9 Low-set ears
HP:0000032 5/6 Abnormality of male external genitalia
HP:0011968 5/9 Feeding difficulties
HP:0000316 5/9 Hypertelorism
HP:0001626 5/9 Abnormality of the cardiovascular system
HP:0003561 5/10 Birth length less than 3rd percentile
HP:0001643 4/9 Patent ductus arteriosus
HP:0000277 4/9 Abnormality of the mandible
HP:0000358 4/9 Posteriorly rotated ears
HP:0001510 4/10 Growth delay
HP:0000308 3/9 Microretrognathia
HP:0000729 3/9 Autistic behavior
HP:0001250 3/10 Seizures
HP:0005709 3/10 2-3 toe cutaneous syndactyly
HP:0002814 3/10 Abnormality of the lower limb
HP:0000365 3/10 Hearing impairment




Table S4. Candidate genes inferred from trio-based whole-exome sequencing and array

CGH data.
Newly Newly Compound
Sample | Method/finding Putative de novo mutations Hemizygous | Homozygous | Heterozygous
genotype genotype genotype
. PSMD12
Subject 1 WES/SNV ABCA2. TPR 0 0 0
Subject 2 WES/SNV PSMD12 0 0 0
Subject 3 WES/SNV PSMD12 0 0 0
Subject 4 WES/SNV PSMD12 0 0 0
Subject 5 aCGH/CNV PSMD12
(deletion) PITPNC1, NOL11, BPTF ND ND ND
Subject 6 PSMD12
APOH, CAEP112, AXIN2, RGS9,
GNA13, LOC146880, LPRC37A3,
TEX2, MILR1, POLG2, SMURF2,
a((:dcé::ii(c:)w)v DDX5, CEP95, PLEKHM1P, ND ND ND
HELZ, CACNG1, CACNG4,
CACNGS5, PRKCA, PITPNC1,
NOL11, BPTF, C170rf58, AMZ2,
LOC440461, SLC16A6, ARSG
Subject 7 PSMD12
aCGH/CNV HELZ, CACNG1, CACNG4, ND ND ND
(deletion) CACNGS5, PRKCA, PITPNC1,
NOL11, BPTF, C170rf58
PSMD12
. aCGH/CNV HELZ, CACNG1, CACNG4,
Subject8 | jeletion) CACNGS, PRKCA, PITPNCL, ND ND ND
NOL11, C170rf58
aCGH/CNV PSMD12
Subject 9 (deletion) PITPNC1, NOL11, BPTF, 0 0 SUCLA2
C170rf58, KPNA2
. aCGH/CNV PSMD12
Subject10 |~ oletion) PITPNC1, HELZ 0 0 SUCLA?

WES : whole-exome sequencing ; aCGH: array comparative genomic hybridization; SNV:

single nucleotide variant; CNV: copy number variation




Table S5. In silico predictions of pathogenicity for the PSMD12 splice site variant found
in the case series.

Below the table is shown the summary of this prediction, according to the Alamut Visual
v.2.7. program (Integrative Biosoftware).

HGVSc® | HGVSp® | SSF | MaxEnt* | NNS GS” HSF*
Subject i (amino Score* Score Score' Score Score
(exon) acids) | (wt-var) | (wt—var) | (wt—var) | (wt-var) | (wt-var)
c.909-
Subject 4 2A>G p.? 83.91-0 3.65-0 0-0 0-0 87.22-0
(intron 8)

® HGVSc/HGVSp: coding DNA/protein variant described according to the nomenclature
established by the Human Genome Variation Society.

* Nomenclature HGVS V2.0 according to mRNA reference sequence NM_002816.3.
Nucleotide numbering uses +1 as the A of the ATG translation initiation codon in the
reference sequence, with the initiation codon as codon 1.

* SSF: Splice Site Finder-like, wt: wild-type, var: variant; * MaxEnt; " NNS: NNSplice; * GS:
Gene Splicer; ¥ HSF: Human Splicing Finder
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Table S6. List of primers used for CRISPR Cas9 genome editing in zebrafish embryos.

Name of the primer Sequence (5'-3)
psmd12_sgRNA _F TAATACGACTCACTATAGGGATATGGTGTCTACCTCC
psmd12 sgRNA R TTCTAGCTCTAAAACGGAGGTAGACACCATATCC

psmd12_sgRNA PCR F | TTGTGTGTGTTTAAAGGATGGC

psmd12_sgRNA _PCR_R | TAGCAGCATGATGTTTTCGTTC

Sequences of the CRISPR guide RNA targets are given in bold




SUPPLEMENTAL REFERENCES

1. Drew, H.R., Wing, R.M., Takano, T., Broka, C., Tanaka, S., Itakura, K., and Dickerson,
R.E. (1981). Structure of a B-DNA dodecamer: conformation and dynamics.
Proceedings of the National Academy of Sciences of the United States of America 78,
2179-2183.

2. Uhlen, M., Fagerberg, L., Hallstrom, B.M., Lindskog, C., Oksvold, P., Mardinoglu, A.,
Sivertsson, A., Kampf, C., Sjostedt, E., Asplund, A., et al. (2015). Proteomics. Tissue-
based map of the human proteome. Science (New York, NY) 347, 12604109.

3. Kang, H.J., Kawasawa, Y.l., Cheng, F., Zhu, Y., Xu, X., Li, M., Sousa, A.M., Pletikos, M.,
Meyer, K.A., Sedmak, G., et al. (2011). Spatio-temporal transcriptome of the human
brain. Nature 478, 483-489.

4. Pletikos, M., Sousa, A.M., Sedmak, G., Meyer, K.A., Zhu, Y., Cheng, F., Li, M.,
Kawasawa, Y.l., and Sestan, N. (2014). Temporal specification and bilaterality of
human neocortical topographic gene expression. Neuron 81, 321-332.

5. Smith, C.M., Finger, J.H., Hayamizu, T.F., McCright, 1.J., Xu, J., Berghout, J., Campbell,
J., Corbani, L.E., Forthofer, K.L., Frost, P.J., et al. (2014). The mouse Gene
Expression Database (GXD): 2014 update. Nucleic acids research 42, D818-824.

6. Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J.,
Simonovic, M., Roth, A., Santos, A., Tsafou, K.P., et al. (2015). STRING v10:
protein-protein interaction networks, integrated over the tree of life. Nucleic acids
research 43, D447-452.



	De Novo Disruption of the Proteasome Regulatory Subunit PSMD12 Causes a Syndromic Neurodevelopmental Disorder
	Accession Numbers
	Acknowledgments
	Web Resources
	References


