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Abstract

Protein homeostasis is tightly regulated by the ubiquitin proteasome pathway. Disruption of this path-
way gives rise to a host of neurological disorders. Through whole exome sequencing (WES) in families
with neurodevelopmental disorders, we identified mutations in PSMD12, a core component of the
proteasome, underlying a neurodevelopmental disorder with intellectual disability (ID) and features of
autism spectrum disorder (ASD). We performed WES on six affected siblings from a multiplex family
with ID and autistic features, the affected father, and two unaffected mothers, and a trio from a sim-
plex family with one affected child with ID and periventricular nodular heterotopia. We identified an
inherited heterozygous nonsense mutation in PSMD12 (NM_002816: c.367C>T: p.R123X) in the mul-
tiplex family and a de novo nonsense mutation in the same gene (NM_002816: c.601C>T: p.R201X)
in the simplex family. PSMD12 encodes a non-ATPase regulatory subunit of the 26S proteasome. We
confirm the association of PSMD12 with ID, present the first cases of inherited PSMD12 mutation,
and demonstrate the heterogeneity of phenotypes associated with PSMD12 mutations.
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1 | INTRODUCTION

The ubiquitin proteasome pathway (UPP) functions in protein turn-
over and ubiquitin-mediated signaling. Ubiquitination is a posttransla-
tional modification that involves conjugating a ubiquitin moiety to
target proteins through sequential steps mediated by three classes of
enzymes:  ubiquitin-activating  enzymes,  ubiquitin-conjugating
enzymes, and ubiquitin ligases. In addition to its traditional role of tar-
geting proteins for degradation, ubiquitination functions as a regula-
tory mechanism involved in various signaling processes in the cell.
Studies have shown that protein ubiquitination plays a key part in
brain development, through the regulation of neuronal formation,
migration, and maturation (Kawabe & Brose, 2011). Furthermore,
ubiquitin-like proteins, acetyl groups, and phosphate groups can be
added to ubiquitin chains on substrate proteins leading to a complex
post-translational ubiquitin code that directs the function and lifespan
of the substrate (Swatek & Komander, 2016). Following ubiquitina-
tion, substrate proteins are then targeted for degradation by the pro-
teasome. The 26S proteasome consists of a 20S catalytic subunit
responsible for substrate degradation, and a 19S regulatory subunit
that facilitates interaction with the substrate and removal of the ubi-
quitin chain (da Fonseca, He, & Morris, 2012). The regulatory subunit
itself is composed of a base containing six ATPase subunits and two
non-ATPase subunits, and a lid of 10 non-ATPase subunits. The pro-
teasome functions in all eukaryotic cells to degrade substrate proteins
through a highly regulated ATP and ubiquitin-dependent process
(Bhattacharyya, Yu, Mim, & Matouschek, 2014).

Autism spectrum disorder (ASD) is a complex neurodevelopmen-
tal disorder that affects ~1% of the population. It is characterized by
deficits in communication, diminished social skills, and stereotyped
behaviors. The most common co-morbid condition with ASD is intel-
lectual disability (ID), occurring in over 70% of individuals with ASD
(Betancur, 2011). ASD is highly heritable (Colvert et al., 2015; Sandin
et al., 2014) and it is extremely heterogeneous, both phenotypically
and genetically (Betancur, 2011; Mitchell, 2011). It is estimated that
hundreds of genes contribute to ASD risk, and genes identified to date
encode molecules involved in a myriad of molecular pathways. Muta-
tions in genes that encode for members of the UPP have been shown
to result in a host of neurodevelopmental disorders with ASD and ID
(Abrahams et al., 2013; Kanehisa & Goto, 2000). Examples include
disruptions in ubiquitin-conjugating enzymes (UBE2A mutations in
syndromic X-linked ID [Nascimento, Otto, de Brouwer, & Vianna-
Morgante, 2006], MIM 300860), ubiquitin ligases (UBE3A mutations
in Angelman syndrome [Kishino, Lalande, & Wagstaff, 1997], MIM
105830; UBE3B mutations in Kaufman oculocerebrofacial syndrome
(Basel-Vanagaite et al., 2012), MIM 244450; HUWE1 mutations in X-
linked Turner type syndromic ID (Froyen et al., 2008), MIM 300706),
and deubiquitinating enzymes (OTUD6B mutations in syndromic neu-
rodevelopmental disability [Santiago-Sim et al., 2017], MIM 617452).

Herein, we report nine individuals affected with a neurodevelop-
mental disorder involving ASD, ID, and periventricular nodular hetero-
topia (PVNH), because of mutations in PSMD12 (RPN5, MIM 604450),
encoding the 26S proteasome non-ATPase regulatory subunit 12, a

non-ATPase subunit of the lid component of the proteasome. De hovo
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mutations in PSMD12 were recently reported in individuals with 1D
and one individual with ID and ASD from the Simons Simplex Collec-
tion (Kiry et al., 2017). Here we identify, using whole exome sequenc-
ing (WES), the first familial cases of inherited heterozygous mutations
in PSMD12, and find that PSMD12 mutations are associated with a
range of neuropsychiatric features including ASD and ID, and demon-
strate and extend the heterogeneity of phenotypes arising from
PSMD12 mutations.

2 | MATERIALS AND METHODS

2.1 | Subjects

Subjects were identified and evaluated in a clinical setting as having
an unexplained neurodevelopmental disorder and referred for partici-
pation in a genetic research study. Peripheral blood samples were col-
lected from the affected individuals and family members after
obtaining written informed consent. Affected individuals of family
AU28900 were evaluated by a team of clinicians (genetics, psychol-
ogy, developmental pediatrics, and neurology) and assessed using the
Goodenough-Harris Draw-A-Person Test (Goodenough, 1926; Good-
enough & Harris, 1950; Harris, 1963). The affected individual of family
PH23300 was evaluated by a clinical geneticist.

2.2 | WES and data analysis

DNA samples were sequenced at the Broad Institute (Cambridge,
MA). Exome enrichment was performed on 1 pg of whole blood geno-
mic DNA using SureSelect v4 (Agilent Technologies, Santa Clara, CA),
according to the manufacturer's protocol. The kit targets 98.2% of
consensus coding sequences of the human exome. The captured, puri-
fied, and amplified library targeting the exome from each individual
was sequenced on the lllumina HiSeq. Paired-end sequences were
obtained at a read length of 72 bp.

Sequence analysis was performed according to a customized bio-
informatic pipeline using open-source tools for aligning reads, variant
calling and annotation, and filtering out benign variation. Briefly,
sequence reads were aligned to the reference human genome build
GRCh37/hgl9 using the Burrows-Wheeler Aligner (Li & Durbin,
2009). Alignments underwent base quality score recalibration, PCR
duplicate removal, and realignment around indels. Variants were called
using the Genome Analysis Toolkit (McKenna et al., 2010) and anno-
tated using ANNOVAR (Wang, Li, & Hakonarson, 2010). Variants
were loaded into a MySQL database for further annotation, including
predicted consequences (noncoding, coding synonymous, coding non-
synonymous, frameshift, or splice site), allele frequency in public data-
bases (1000 Genomes Project, dbSNP135, NHLBI-GO Exome
Sequencing Project, and Exome Aggregation Consortium [EXAC]), and
mode of inheritance. The functional effect of the mutation on the pro-
tein was assessed using PolyPhen-2 (Adzhubei et al., 2010) and SIFT
(Kumar, Henikoff, & Ng, 2009). Sequence data were visualized using
the UCSC Genome Browser.
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2.3 | Sanger sequencing validation

For variant validation and confirming segregation within the family,
variants were sequenced by capillary electrophoresis according to

standard molecular biology practices at SeqWright, Inc. (Houston, TX).

2.4 | PSMD12 expression analysis in cell lines

Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines from
two family members (affected father AU28905 and unaffected
mother AU28904) were generated at the Partners HealthCare Center
for Personalized Genetic Medicine BioSample Services Facility. Cells
were cultured in RPMI-1640 with 2 mM L-glutamine, 10% fetal bovine
serum, and 1% v/v Penicillin-Streptomycin solution. For immunoblot-
ting, cells were lysed in 50 mM Tris pH 7.5, 150 mM NaCl, 0.5%
NP40, 2 mM OPT, with cOmplete ULTRA EDTA-free protease inhibi-
tor cocktail, and PhosSTOP phosphatase inhibitor cocktail tablets
(Roche, Germany). Protein content was quantified, and for each sam-
ple 10 pg of total protein was loaded. Samples were boiled for 10 min,
separated on an 8% SDS-PAGE gel, and transferred to a polyvinyli-
dene difluoride (PVDF) membrane. Following antibody incubation, sig-
nal was detected with an enhanced chemiluminescense-based
approach (SuperSignal West Pico chemiluminescent substrate,
Thermo Fisher Scientific). Mouse monoclonal antibodies against
PSMD12 (1:500, sc-398279, Santa Cruz Biotechnology, Dallas, TX)
and B-actin (1:10,000, ab6276, Abcam, Cambridge, MA), and peroxi-
dase AffiniPure donkey anti-mouse secondary antibody were used
(1:5,000, 715-035-150, Jackson ImmunoResearch, West Grove, PA).

2.5 | Electronic resources

1000 Genomes Project: http://www.1000genomes.org/

dbSNP: http://www.ncbi.nlm.nih.gov/projects/SNP/

ExAC Browser: exac.broadinstitute.org

HGVS: http://www.hgvs.org/mutnomen/recs-DNA.html

KEGG: http://www.genome.jp/kegg/

NHLBI-GO Exome Sequencing Project: http://evs.gs.washington.
edu/EVS/

OMIM: http://www.omim.org/.

SWISS-MODEL: https://swissmodel.expasy.org/.

UCSC Genome Browser: http://genome.ucsc.edu

3 | RESULTS

In this study, we report on the identification of two nonsense muta-
tions in PSMD12 in two families with ID, ASD, and PVNH.

3.1 | CLINICAL PRESENTATION

We ascertained two nonconsanguineous families, one of Middle East-
ern descent with nine affected individuals (including the father;
AU28900), and a second from the United States with one affected
individual (PH23300; Figure 1(a)). Affected individuals in family
AU28900 presented with variable ID and autistic features (Figure 1

(a)). Family PH23300 consisted of a trio in which the proband pre-
sented with PVNH and mild developmental delay.

3.1.1 | Family AU28900

We identified a nonconsanguineous family of eight children in three
branches that exhibit ASD and ID. The children share the same father
(AU28905), who is also affected and is from the United Arab Emirates.
The mother of the first family branch is deceased and was of Indian
ancestry; she and the father had two affected daughters. The mother
of the second family branch (AU28911) is from the United Arab Emir-
ates, and she and the father had three affected children, one son and
two daughters. The mother of the third family branch (AU28904) is
Omani, and she and the father had three affected children, one daugh-
ter and two sons.

Upon evaluation, the father (AU28905) of all of the children
showed significant cognitive limitation. He attended school until
fourth grade. He was immature for his age of about 42 years but was
social with good eye contact and engagement. His speech was unclear
and he was confused when asked about his age and the age of his
children, though was able to name his occupation (janitor) and write
his name in Arabic. Paying close attention to detail, he drew a simple
picture of a man.

The first wife of AU28905 is deceased and her medical informa-
tion was not available but she was reportedly unaffected. She and
AU28905 had two affected children. Their first daughter, AU28906,
has ID and learning delays. Evaluation of AU28906 at 21 years
8 months of age revealed a head circumference of 54 cm (39th per-
centile) and no obvious dysmorphic features. She was able to write
her name and draw a very detailed cartoon character but did not
know her age and displayed delays in math skills. The second daughter
of AU28905 and his first wife, AU28907, has learning delay and possi-
bly mild ID. Evaluation of AU28907 at 19 years 7 months of age
revealed a head circumference of 52 cm (2nd percentile) and high
arched feet. She was reported to have been born with unilateral hand
polydactyly that was corrected shortly at birth. She had delayed math
abilities, drew an immature cartoon character, was socially shy, and
had a somewhat obsessive interest in cartoons, which together give
the impression that she might have ASD, though this was not formally
assessed.

AU28905 and his second wife, AU28911, had three affected chil-
dren. Their first daughter, AU28910, has ID and possible learning
delay. Evaluation of AU28910 at 15 years of age revealed a head cir-
cumference of 52 cm (2nd percentile), a few beats of endgaze nystag-
mus, and a somewhat beaked nose. She did not know her age, had
delayed math skills, wrote her name repetitively, and drew an imma-
ture drawing of a girl. The second daughter of AU28905 and
AU28911, AU28909, also showed ID and possible learning delay. At
13 years of age, her head circumference was 52.5 (19th percentile)
and she had a somewhat beaked nose similar to her sister. AU28909
was shy but friendly and made an immature drawing. The third child
of AU28905 and AU28911 is a son, AU28908, with more significant
ID as well as speech delay. Evaluation of AU28908 at 11 years of age
revealed a head circumference of 54 cm (76th percentile). He was

socially engaged but had difficulty following directions. His speech
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FIGURE1 Pedigrees of families with ID, ASD, and PVNH. (a) Family AU28900 (left) with nine individuals affected with ID and ASD, and family

PH23300 (right) with one individual affected with ID. Filled symbols indicate affected individuals, and empty symbols indicate unaffected
individuals. WES was performed on all numbered individuals except for AU28902 and AU28909. Genotypes for PSMD12 are indicated (+, reference
allele; —, mutant allele). AU28902 presents with mild ID, and is wild type for PSMD12. Additional family members recruited for Sanger validation are
indicated in red (02, 09, 12, 13, 14, 15). (b) Axial brain MRI of affected individual from family PH23300 (left) and normal control (right; 5 years of
age). Abnormal brain structural findings included multiple small PVNH in the lateral walls of the frontal horns and the anterior bodies of lateral
ventricles, mild enlargement of cerebral ventricles, large anterior commissure, and slightly diminished white matter volume. Scale bar is 2 cm [Color

figure can be viewed at wileyonlinelibrary.com]

was unclear and he did not know his age or grade in school. He wrote
his name with poor handwriting, drew an immature figure of a man
and had delayed math skills. The mother of these three children,
AU28911, is reportedly unaffected and had children with another
partner: a healthy son and daughter, and a daughter that died with
congenital heart disease.

AU28905 and his third wife, AU28904, had three affected chil-
dren. Their only daughter and eldest child, AU28901, has delayed
speech and likely ID. Examination at 11 years 1 month of age revealed
a head circumference of 53 cm (60th percentile) and no obvious dys-
morphic features. Although not formally assessed, she was noted to
have very prominent autistic features, including frequent echolalia,
reduced eye contact, inconsistent response to her name, and repeti-
tive hand movements. She was also reported to have limited interest
in interactions with peers in school and a history of writing numbers
repetitively. The second child of AU28905 and AU28904 is a son,
AU28902, who is the least affected child of this father, likely having
cognitive or at least learning delay, as well as hyperactivity. At 8 years
1 month of age, AU28902 had a head circumference of 51.8 cm (35th
percentile) and no obvious dysmorphic or autistic features. He spoke
in 3-4 word sentences that were mostly comprehensible and followed
directions easily. He could do basic math operations but performed
well below his grade level. The third child of AU28905 and AU28904
is another son, AU28903, who was diagnosed with autism and speech
delay at 3 years of age. Evaluation of AU28903 at age 6 years
4 months of age revealed a head circumference of 52.5 cm (72nd per-

centile) and frontal bossing. He knew about 50 words and was more

socially engaged than previously noted but his level of interaction was
limited. He also displayed repetitive behaviors and poor eye contact.
It was reported that he does not accept variety in his diet. The medical
information for the mother of these three children, AU28904, is not

available but she is reportedly unaffected.

3.1.2 | Family PH23300

We identified a nonconsanguineous family from the United States
with one daughter affected with PVNH and mild developmental delay.
The parents are reported to be healthy, as is an older maternal half-
sister and a younger full sister. The affected daughter, PH23301, was
noted to have intrauterine growth restriction and was the product of
a premature vaginal delivery around 35-36 weeks gestation. Her birth
weight was 1.87 kg (11th percentile for 35 weeks gestational age).
Whereas motor development was normal, she was reported to have
mild cognitive and language delay. At 7 years 11 months of age her
head circumference was 51.5 cm (48th percentile), height was 122 cm
(21st percentile), and weight was 38.5 kg (98th percentile). Upon
physical examination, she was noted to have mild ptosis, a very small
mouth and normal muscle tone. There was no history of seizures. Clin-
ical testing performed included a karyotype, array CGH, and FLNA
sequencing, all of which were normal. Brain magnetic resonance imag-
ing (MRI) at 7 years 6 months of age revealed multiple small PVNH in
the lateral walls of the frontal horns and the anterior bodies of lateral
ventricles (Figure 1(b)). The cerebral ventricles were mildly enlarged,
the anterior commissure was large, and there was slightly diminished

white matter volume (Figure 1(b)).
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3.2 | IDENTIFICATION OF THE DISEASE-CAUSING
MUTATIONS

We performed WES in family AU28900 on six of the eight affected

Non-synonymous

wn
= n N M O 0 ™M
§ 3 3 5 % 890 § 8 °v°1 : siblings, the affected father, and two unaffected mothers. The WES
§ O O C QXN S S O
" B B B yielded a mean target coverage of 96% at 210x and a mean read
é § - M- B- .M. depth of 83x. We identified an average of 27,305 variants, ~95% of
§§ 5 § § § 5 5 § g g which were single nucleotide variants and 5% small insertions and
— deletions (indels; Table 1). We filtered for nonsynonymous variants
o 2
é g § E E § E g g g g that are rare with a minor allele frequency of less than 1% in several
- public databases of genomic variants (1000 Genomes Project,
{=
g < cB- - . dbSNP135, NHLBI-GO Exome Sequencing Project, and EXAC) and an
T
2ER IR IIIIIA internal dataset of 831 whole exomes from the Middle Eastern popu-
L e lation. Based on the pedigree structure and the segregation of the
ZEh8GRITIAEY - inher
;2 E g Ef éf f,f §f §f o‘f 3 éf phenotype, we assumed a dominant mode of inheritance and focused
on the remaining 513 heterozygous variants, of which 16 segregated
) N o0 NN N 1w Mmoo
<z>,§ Q 8\1 ?%_ CLC’, sg_ % 2;_ 3’1 ”q.’_ with the phenotype and were potentially pathogenic (nonsynonymous,
"l M frameshift, at conserved splice site; Figure 2). Out of the 16 variants,
§ P - BN R R the majority were missense mutations and only two had a predicted
] % NY 9 OO v oy X
ve5 I 33333333 severe effect on protein, a nonsense mutation in PSMD12
2 9 99389358y (NM_002816: c.367C>T: p.R123X) and a loss of stop codon mutation
N OE OE N in CLECIA (NM_016511: c.A843G: p.X281W; Table 2). To systemati-
W 22T N8I]S cally rule out nonpathogenic variants and narrow in on a disease-
% § § §~ 5 5 5‘ 5 §* §~ causing mutation, we recruited extended family members and
" performed comprehensive Sanger sequencing of the 16 variants in all
EE § § ﬁi g~'\Q é E § Ei § family members, including the two affected children that were not
PERIRNSISRKNR included in the original WES, AU28902 and AU28909 (Figure 1(a) and
< & Table 2). Following this validation, we identified only one variant that
o X . . .
o g g8 I3 3 I8 o558 segregated and validated: an inherited heterozygous nonsense muta-
o o L .
g x8% RRRSRARKIR tion in PSMD12, (NM_002816: c.367C>T: p.R123X; Figure 3a,b). To
S‘ oo confirm the functional impact of the nonsense p.R123X mutation, we
I g X . . .
> S%8 TR w283 3 performed western blotting on lymphoblastoid cell lines from the
= > O O N o o 9 n < wn
g RG® © © © 6 O N © o affected father (AU28905) and unaffected mother (AU28904). We
g ‘g‘,’n go 9 found that the mutation in the affected individual results in a reduction
o = 0 IN O [N ~
% B2 S '5[2. o N ™ 3] 8 0 o < of PSMD12 protein expression compared to the unaffected control
 $8r W w TN ¥ H Y 0D
3 N VLU @M O8N O8N N N N O 8 O O~ (Figure 3(C))
g .
& ESD go We then examined WES data from 433 other families with neuro-
c L N M O « o8 © O § O™ . . . . .
_g % %g eSS s R developmental disorders in our study for potential mutations in
O XO0® &6 & &6 & & & & O O . e L. . . . .
<] PSMD12 and identified one additional allele in a simplex trio family,
5 NS
“g §§D=§ S &8 8T > 89 2 g PH23300, with one child affected with mild developmental delay
3 SRR ETHIFPIBIS (Figure 1(a)). WES on the affected child and both parents identified a
C
S 5 rare de novo nonsense mutation in PSMD12 (NM_002816: c.601C>T:
g 983 dIIa3g8R p.R201X) in the affected child (PH23301; Figure 3(b). Brain MRI on
Iy e@ O O O O O S O 1 15 - ; :
L] Xa & © & & & & & o o . .
o PH23301 revealed multiple small PVNH in the lateral walls of the
s 8 é = P frontal horns and the anterior bodies of lateral ventricles. In addition,
5 8T 2 NN ¥ T OO0 ' . . .
© 02 N N un R I TR the cerebral ventricles were mildly enlarged, the anterior commissure
_§ L5 was large, and there was slightly diminished white matter volume
©
o & E—",, RRES8SE3 83 (Figure 1(b)).
E ) = IN IN IN N 00O 00 00 O~ O
— N @M O8N O8N N OO 8 O O O O
)
g & g o <
2 CBT=E v ov oo m 0 © §
5 EE NN WO O N MW A o
[%2]
- o g g % é é % é % g We identified an inherited and a de novo nonsense mutation in
g % S S S S S g S S S PSMD12 in two families with ASD, ID, and PVNH. PSMD12 encodes a
[~ R EE<E< component of the regulatory subunit of the proteasome (Figure 3(a)),



KHALIL et AL.

Neuropsychiatric 741

WILEY Bk

Genetics

100 BT P 99.5%
T . AU28900
[ .
§ 75 Lt i B OO o SUSPN 78% Total variants 27,305
@ Nonsynonymous 9,872
® ...and rare 581
o 50
E ...and heterozygous 513
S ...and potentially pathogenic 16
©
..‘c'_" 25 1 ...and validated 7
R ...and segregates 1

0

2X 10X 20X 30X
Read depth

FIGURE 2 Whole exome sequencing and variant identification. WES in AU28900 was performed to a mean target coverage of 96% at 210x
(left). Variant filtration and prioritization of WES data from AU28900. On average, we identified a total of 27,305 variants per exome, of which
only one was nonsynonymous, rare, potentially pathogenic, segregated with phenotype, and was inherited (right)

a large multi-subunit enzymatic complex responsible for ATP-depen-
dent, ubiquitin-mediated degradation of proteins. PSMD12 is a highly
conserved, tightly regulated, non-ATPase component of the regula-
tory lid of the proteasome. The lid is responsible for proper substrate
recognition, deubiquitination, and unfolding for subsequent transloca-
tion into the proteolytic cavity of the proteasome (Bedford, Paine,
Sheppard, Mayer, & Roelofs, 2010). PSMD12 is required for proper
proteasome assembly and localization (Yen, Espiritu, & Chang, 2003).
It is highly expressed in the brain based on data from the Allen Mouse
Brain Atlas of the Allen Institute for Brain Science. The gene is
extremely intolerant to heterozygous loss of function mutations, with
a pLl score of 1 according to EXAC (the EXAC database, containing
WES data from 60,706 individuals); the closer pLl is to one, the higher
the likelihood that a gene is intolerant to loss-of-function (pLI > 0.9
indicates extreme intolerance to loss of function; Lek et al., 2016).
Although the p.R123X mutation segregated with phenotype in family
AU28900, there was one family member, AU28902, who was

homozygous for the reference allele for every variant tested but
nonetheless showed a mild learning disability without deficits in social
behavior. The learning disability could potentially reflect being raised
in a household where all other siblings have significant cognitive
limitations.

Mutations in PSMD12 had not been associated with any human
disorders, until a recent report of de novo mutations in a cohort with
ID (Kiry et al., 2017). Table 3 summarizes the features of individuals
with PSMD12 mutations reported to date. The two PSMD12 muta-
tions we identify (p.R123X and p.R201X) were also reported by Kiiry
et al. (2017) as occurring de novo in one individual with ID and another
with ID and ASD. Our study reports on nine individuals with ID
because of PSMD12 mutations, confirming the association of PSMD12
mutations with ID. We describe the first case of a PSMD12 mutation
being inherited in a dominant fashion, indicating that the condition
does not exclusively occur de novo. By a near doubling of the total

number of reported cases (from 10 to 19), we further refine the

TABLE2 Candidate heterozygous variants identified from whole exome sequencing in family AU28900

Symbol Name Transcript Mutation Type Effect Segregation
PSMD12 Proteasome 26S subunit, non-ATPase, 12 NM_002816 c.C367T Stopgain p.R123X Yes
CLEC1A C-type lectin domain family 1, member A NM_016511 c.A843G Stoploss p.X281W No
ABI Abelson interactor 1 NM_001178124 c.C853T Missense p.P285S No
ACACA Acetyl-CoA carboxylase alpha NM_198834 c.C907T Missense p.R303C No
ARHGAP23 Rho GTPase activating protein 23 NM_001199417 c.G552C Missense p.E184D No
DYSF Dysferlin, limb girdle muscular dystrophy 2B NM_001130982 c.C2201T Missense p.T734M No
GNB3 Guanine nucleotide binding protein NM_002075 c.G82A Missense p.v28l No
(G protein), beta polypeptide 3
HTT Huntingtin NM_002111 c.G1241A Missense p.R414Q No
IDUA Alpha-L-iduronidase NM_000203 c.T965A Missense p.V322E No
IKZF3 IKAROS family zinc finger 3 (Aiolos) NM_183230 c.G712A Missense p.E238K No
RNF4 Ring finger protein 4 NM_002938 c.G352A Missense p.D118N No
SMCR7 Smith-Magenis syndrome chromosome NM_148886 c.G788A Missense p.R263H No
region, candidate 7
SREBF1 Sterol regulatory element binding NM_001005291 c.C3227T Missense p.A1076V No
transcription factor 1
TBX2 T-box 2 NM_005994 c.C905A Missense p.P302Q No
TEKT4 Tektin 4 NMJ44705 c.G734C Missense p.R245P No
FNBP4 Formin binding protein 4 NM_015308 c.825_836del Nonframeshift p.275_279del No

deletion
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FIGURE 3 Modeling of the PSMD12 mutations and expression analysis. (a) Schematic of the 26S proteasome showing the location of PSMD12
(Rpn5) in the regulatory lid (highlighted in red). Known functions for some subunits are indicated. Schematic was obtained and modified with
permission from Kyoto Encyclopedia of Genes and Genomes (KEGG; [Ogata et al., 1999]). (b) Mapping of the p.R123X and p.R201X mutations
onto the human PSMD12 crystal structure using the SWISS-MODEL workspace (Arnold, Bordoli, Kopp, & Schwede, 2006; Biasini et al., 2014;
Bordoli et al., 2009; template ID: 514k.1.H). The lines point to zoomed in views of the two arginine (R) residues. (c) Western blot analysis on
lymphoblastoid cell lines from two family members, the affected father AU28905 and unaffected mother AU28904. There was a decrease in
PSMD12 protein in the affected individual heterozygous for the p.R123X mutation compared to the unaffected individual. PSMD12 size is

53 kDa, actin was used as a loading control [Color figure can be viewed at wileyonlinelibrary.com]

phenotype associated with PSMD12 mutations and describe addi-
tional associated features, including ASD and possibly PVNH, rather
than only ID.

In our study, the p.R201X mutation was associated with PVNH but
brain imaging was not available for the individual with p.R201X
reported by Kiry et al. to confirm this association. The de novo p.
R123X case they reported had normal brain MRI findings, but our fam-
ily with the same mutation did not have brain imaging to assess for
PVNH or other malformations. Of the two cases Kiiry et al. reported to
have abnormal brain imaging findings, one had a de novo PSMD12 splice
variant of unknown functional impact, and the other had a de novo
4.06 Mb deletion including numerous genes in addition to PSMD12.
The brain MRI of the individual with the splice variant showed abnor-
mality in the white matter of the centrum semiovale bilaterally, related
punctate areas of gliosis versus demyelination, and a lesion (most likely
a cyst) in the pineal gland region. In the individual with the large dele-
tion, the brain MRI abnormalities included moderate reduction in cere-
bral white matter volume (particularly posteriorly), thinning of the
posterior corpus callosum, periventricular hypomyelination, and dys-
morphic subcallosal frontal lobes, with interdigitation of gyri. These
findings suggest the need for future brain imaging studies in individuals
with PSMD12 mutations to confirm their possible association with

structural brain abnormalities. Another notable finding is the surprising

heterogeneity of the clinical features of the individuals reported both in
our series and that of Kdiry et al. (2017).

Mutations in genes encoding members of the UPP are associated
with ASD and ID. Importantly, modulators of the proteasome system
are already being explored as cancer therapies (Micel, Tentler, Smith, &
Eckhardt, 2013; Tsukamoto & Yokosawa, 2009), making the UPP a
pharmacologically accessible target for ASD therapies that explore
strategies using these modulators. Only ~56% of ASD-associated UPP
genes have phenotyped mouse models, and only eight phenotypic
descriptions report abnormalities of brain development, morphology,
or altered behavior (Eppig et al., 2015). Thus future work in animal
models will be crucial to understand the underlying molecular mecha-
nisms in this class of ASD-associated genes. Interestingly, recent work
suggests that PSMD12 is a transcriptional target of CHD8 in human
neural stem cells (Cotney et al., 2015). CHD8, chromodomain helicase
DNA-binding protein 8, is one of the most penetrant ASD genes iden-
tified through several large-scale WES studies (lossifov et al., 2012;
Neale et al., 2012; O'Roak, Vives, Fu, et al., 2012; O'Roak, Vives, Girir-
ajan, et al., 2012; Sanders et al., 2012). It encodes an ATP-dependent
chromatin remodeler of the SNF2 family. PSMD12 was also reported
to be upregulated in rat fetal brain in response to maternal immune
activation (Lombardo et al., 2018). The mechanism of how PSMD12

haploinsufficiency gives rise to the neurodevelopmental phenotype
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remains under investigation, and future functional studies will be

required to address this.
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