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1 | INTRODUCTION

Phelan-McDermid syndrome is a rare genetic disorder characterized
by global developmental delay, severe deficits in or lack of expressive

language, moderate to profound intellectual disability (ID), behavioral
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Abstract

Phelan-McDermid syndrome (PMS, OMIM #606232), also known as chromosome
22q13 deletion syndrome, is a rare genetic disorder characterized by intellectual dis-
ability, hypotonia, delayed or absent speech, motor impairment, autism spectrum dis-
order, behavioral anomalies, and minor aspecific dysmorphic features.
Haploinsufficiency of SHANK3, due to intragenic deletions or point mutations, is suf-
ficient to cause many neurobehavioral features of PMS. However, several additional
genes located within larger 22g13 deletions can contribute to the great inter-
individual variability observed in the PMS phenotype. This review summarizes the
phenotypic contributions predicted for 213 genes distributed along the largest
22q13.2-g13.33 terminal deletion detected in our sample of 63 PMS patients by
array-CGH analysis, spanning 9.08 Mb. Genes have been grouped into four catego-
ries: (1) genes causing human diseases with an autosomal dominant mechanism, or
(2) with an autosomal recessive mechanism; (3) morphogenetically relevant genes,
either involved in human diseases with additive co-dominant, polygenic, and/or mul-
tifactorial mechanisms, or implicated in animal models but not yet documented in
human pathology; (4) protein coding genes either functionally nonrelevant, with
unknown function, or pathogenic through mechanisms other than haploinsufficiency;
piRNAs, noncoding RNAs, miRNAs, novel transcripts and pseudogenes. Our aim is to
understand genotype-phenotype correlations in PMS patients and to provide clini-
cians with a conceptual framework to promote evidence-based genetic work-ups,

clinical assessments, and therapeutic interventions.
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manifestations frequently including autism, muscle hypotonia, deficits
in motor coordination, seizures, abnormal brain MRI and minor dys-
morphic features. Malformations and comorbidities found in sizable
minorities of PMS patients include genito-urinary abnormalities, heart

defects, gastrointestinal (GI) symptoms, endocrine-metabolic
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disorders, and immune dysfunctions (Phelan & McDermid, 2012;
Soorya et al., 2013; Kolevzon et al., 2014) (Table 1). To date, more
than 1500 patients with PMS are enrolled in the “Phelan-McDermid
Syndrome International Registry” of the PMS Foundation and over
2500 individuals have self-identified as PMS patients world-wide
(https://www.pmsf.org/international/). However, PMS is under-
diagnosed and its exact prevalence is unknown.

PMS can be caused by: (a) terminal chromosome 2213 deletions,
usually de novo, but in about 20% of cases one parent carries a bal-
anced translocation, enhancing the risk of recurrent PMS;
(b) intragenic SHANK3 deletions; (c) unbalanced translocations or
other chromosomal rearrangements, yielding the formation of a ring
chr. 22; (d) disruptive point mutations in the SHANK3 gene (Dhar
et al., 2010; Phelan & Betancur, 2011; De Rubeis et al., 2018).

SHANKS3 is the strongest candidate gene, as loss or inactivation of
one SHANKS3 allele is sufficient to determine PMS (Bonaglia
et al,, 2011; Phelan & McDermid, 2012). SHANK3 contains 24 exons
spanning approximately 58.5 kb. It is expressed in all brain regions,
heart, spleen, kidney, uterus, lung, and Gl epithelium (Lim et al., 1999),
as well as in the neuromuscular junction, in the dendrites of sympa-
thetic postganglionic neurons and myenteric neurons, and in thymo-
cytes (Redecker et al., 2006; Raab et al., 2010). Multiple intragenic
promoters and alternatively spliced exons yield various mRNA and
protein isoforms, differently expressed in different cell types, subcel-
lular localizations, stages of development and brain regions. SHANK3
encodes a scaffolding protein located in the postsynaptic density
(PSD), endowed with six domains connecting the actin cytoskeleton

to different membrane and cytoplasmic proteins, such as AMPA,

TABLE 1  Major clinical features associated with Phelan-McDermid syndrome (Kohlenberg et al., 2020; Kolevzon et al., 2014; Phelan et al.,

2011; Sarasua et al., 2011; Sarasua et al., 2014a; Soorya et al., 2013)

Central nervous system: behavioral and

Global developmental delay; absence of expressive language (50%) or speech delay (100%); moderate-

neurological manifestations

Central and peripheral musculoskeletal
signs and symptoms

Cardiovascular system

Genitourinary system

Gastrointestinal system

Endocrine-metabolic system

Sensory organs (hearing and vision)

Dysmorphic features

Body growth

Miscellaneous

to-profound intellectual disability (about 87%); ASD (26%-84%); aggressive behavior (28%);
impulsiviness (47%); biting (self or others) (46%); abnormal reflexes (48%); elevated pain threshold
(77%); seizures (febrile and/or nonfebrile) (14%-41%); sleep disturbance (41%-46%); abnormal brain
MRI (7%-75%) (arachnoid cyst, delayed myelination, generalized white matter atrophy, unspecific
white matter hyperintensities or gliosis, thinning or hypoplasia of the corpus callosum,
ventriculomegaly, focal cortical atrophy, frontal lobe hypoplasia, enlarged cisterna magna, cerebellar
vermis hypoplasia); neurologic, motor and cognitive regression in early childhood (18%); regression
during adolescence within 1-3 years oafter the onset of psychiatric illness (66%-84%); catatonia
(53%); probable progressive neurodegeneration.

Generalized hypotonia (weak cry, poor head control, feeding difficulties, etc.) (29%-100%); delayed
motor milestones; inability to walk; ataxia; muscle weakness; dynamic and static balance deficits;
decreased upper limb strength; gross and fine motor coordination deficits; broad-based and
unsteady gait; oral motor dysfunction; bladder dysfunction; scoliosis; hyperextensible joints (25%-
61%); lax ligaments (65%).

Heart defects, including tricuspid valve regurgitation, aortic regurgitation, patent ductus arteriosus,
total anomalous venous return, atrial septal defect, and so on (3% to >25%).

Renal abnormalities or malformations, including vesicoureteral reflux, increased kidney size, dilated
renal pelvis, renal cysts or polycystic kidney, hydronephrosis, horseshoe kidney, renal agenesis or
dysplastic kidneys, duplicate kidney, and so on (17%-38%); urinary tract infections (8%).

Gastroesophageal reflux (42%-44%); constipation and/or diarrhea (38%-41%); cyclic vomiting,
feeding difficulties and pica.

Hypothyroidism (3%-6%); precocious or delayed puberty (0%-12%); impaired hepatic function and
autoimmune hepatitis and liver failure (rare).

Cortical auditory and visual impairment (extensive use of peripheral vision, difficulty in processing
cluttered images, problems with depth perception, difficulty discerning spoken words from
background noise); hyperopia and myopia, blindness and optic nerve hypoplasia (rare).

Bulbous nose (47%-80%); ears anomalies (27%-86%); long eyelashes (37%-93%); large fleshy hands
(33%-68%); epicanthal folds (30%-73%); periorbital fullness (25%-60%); thin and dysplastic toenails
(3%-78%); pointed chin (22%-62%); dolichocephaly (0%-86%); high arched palate (25%-47%); 2/3
toe syndactyly (9%-48%); ptosis (3%-57%); strabismus (26%); full cheeks (25%); sacral dimple
(13%-37%); hypertelorism (13%-36%); deep-set eyes (6%-31%); macrocephaly (7%-31%); wide
nasal bridge (16%); microcephaly (6%-14%).

Short stature/delayed growth (0%-13%); tall stature/accelereted growth (3%-18%).

Lymphedema (22%-29%); dental problems (malocclusion, wide-spaced teeth, crowding); recurring
upper respiratory tract infections (8%-53%); decreased skin perspiration with tendency to overheat
(60%); skin rashes (39%); immune deficiency (12%).

Abbreviations: ASD, autism spectrum disorder; MRI, magnetic resonance imaging.
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NMDA, and mGIuR receptors, as well as PSD-95. Through these
protein-protein interactions, Shank3 fosters synapse formation and
plasticity, regulates dendritic spine morphology, and promotes the
trafficking, anchoring, and correct clustering of glutamate receptors
and adhesion molecules in the glutamatergic synapse (Verpelli
et al., 2012). In addition to its postsynaptic roles, Shank3 is also
expressed presynaptically across development, early in the growth
cone of unpolarized hippocampal neurons and later in the axons of
polarized neurons, where it modulates presynaptic NMDA receptor
levels at axon terminals (Halbedl et al., 2016).

Genotype-phenotype correlations in PMS are complex. Many
PMS features are related to the haploinsufficiency of SHANK3, but
most neurological and behavioral symptoms are also present in
patients carrying interstitial 2213 deletions not involving SHANK3
(Disciglio et al., 2014; Sarasua et al., 2014a; Simenson et al., 2014).
SHANK3 mutations have been associated with a wide array of clinical
phenotypes, including autism spectrum disorder (ASD), intellectual
disability (ID), and schizophrenia, where they explain 0.69%, <2.12%,
and 0.6%-2.16% of patients, respectively (Mitz et al., 2018). The size
of PMS-causing deletions can be extremely variable, ranging from
0.22 to 9.22 Mb, due to the absence of recurrent breakpoints
(Sarasua et al., 2014a) and may be positively associated with pheno-
typic severity, despite great interindividual variability and conflicting
results (Sarasua et al., 2011; Soorya et al., 2013; Sarasua et al., 2014a;
Sarasua et al., 2014b). Therefore, in-depth knowledge of the genes
located in the deleted region represents the first step necessary to
carry out clinically meaningful genotype-phenotype correlations in
PMS patients.

This review has been undertaken to achieve both scientific and
clinical aims, namely: (a) to analyze the functional role and the patho-
genic potential of all genes distributed along the largest terminal
2213 region found deleted in PMS, providing a foundation for future
genotype-phenotype correlations in deletion carriers; (b) to prompt
clinicians to request targeted gene sequencing of the nondeleted
allele, in the presence of autosomal recessive clinical phenotypes sup-
erimposed to more typical PMS symptoms; (c) to promote individually
tailored medical diagnostic and follow-up protocols for PMS patients
with different deletion sizes.

2 | MATERIALS AND METHODS

The purpose of this analysis is to describe the function and clinical
role of all genes spanning the largest 22q13.2-q13.33 terminal dele-
tion detected by array-CGH (Human Genome CGH 1x1M Microarray,
Agilent) in our sample of 63 PMS patients (Antonio M. Persico,
Arianna Ricciardello and Coll., manuscript in preparation). The geno-
mic DNA segment hereby analyzed is 9.08 Mb long
(hg19/42,139,543-51,224,252). Information about each gene was
retrieved using Ensemble Biomart tool (Ensemble Gene 98, hg19/
GRCh37). Furthermore, the 22q13 region was studied through the
following public databases: 1) PubMed; 2) UCSC Genome Browser; 3)
OMIM for the association with human diseases and as reference for
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defining gene inheritance patterns; 4) GnomAD (v2.1.1) to define the
“probability of being loss-of-function intolerant” score (PLi), the ratio
of observed to expected loss-of-function variants occurring in each
gene and its confidence intervals; 5) GTEx (v.8) for tissue expression;
6) UniProtKB/Swiss-prot for protein information; 7) GeneCard (v.4.14);
8) MalaCard (v.4.14) for additional information about gene roles in
human diseases (only pathologies with scores 21 on MalaCard are
included). Based on all available information, each gene received a
“PMS pathogenicity score” depending on evidence of pathogenic
roles, as follows: 2 = autosomal dominant; 1 = autosomal recessive;
0.5 = additive, co-dominant with morphogenetic roles in humans
and/or animal models, or involved in human multifactorial disorders,
or in relevant animal models only; O = genes currently devoid of suffi-
cient evidence of pathogenicity in humans and/or in animal models,
when haploinsufficient. Data were then manually annotated in
Tables 2-4 and in Tables S1-54, respectively.

3 | RESULTS

The largest 22q13.2-q13.33 terminal deletion identified in one of our
PMS patients encompassed 213 genes. Based on their human
disease-causing mechanism and PMS pathogenicity scores, these
genes were classified into four categories. Their primary physiological
function and involvement in human pathology are hereby briefly
described. Additional information on each gene is available in the Sup-

plementary Materials.

3.1 | Category 1: Autosomal dominant
disease genes

This category involves three genes, in addition to SHANK3, potentially
relevant to chr. 22q13 deleted PMS patients due to their implication
in human diseases with an autosomal dominant mechanism (Table 2,
Figure S1 and Table S1). Evidence of dominant effects is conclusive
for TCF20, less consistent for SCO2 and UPK3A (see pLl and o/e in
Table 2):

1. SCO, plays a critical role in cytochrome c oxidase (COX or complex
IV) function in mitochondria (Frye et al., 2016). Pathogenic muta-
tions can produce a severe form of autosomal dominant myopia
with partial loss of retinal ganglion cells (Tran-Viet et al., 2013), or
autosomal recessive cardiomyopathies and encephalomyopathies
(Pronicka et al., 2013). However, heterozygous pathogenic SCO,
variants often display low penetrance, conceivably due to adjust-
ments of the methylation status of the SCO, promoter in the
nondeleted allele (Thomford et al., 2018).

2. UPK3A is a component of the uroplakins family, expressed on the
transitional epithelium covering the urinary tract. UPK3A™/~ mice
display vesicoureteral reflux, hydronephrosis and altered renal
function. De novo heterozygous missense variants were found

associated with renal adysplasia or hypodysplasia in some (Jenkins
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TABLE 2 Genes located in the 22q13 deleted region involved in human autosomal dominant diseases (see also Table S1). [A] Bonafide
haploinsufficient/AD genes with high pLI and low o/e; [B] possible AD genes with low pLI and high o/e

Associated Diseases® -

Genes Coordinates chr 22 Biotype pLI,? OMIM: Phenotype
[OMIM n] Gene description (GRCh37/hg19) o/e(C.L) Biological function® [MIM n.]; (inheritance)
[A] SHANK3 or SH3 and multiple 51,113,070- Protein coding (1) Scaffold protein of the (1) Phelan-McDermid
PROSAP2 ankyrin repeat 51,171,640 pLl=1 postsynaptic density. syndrome
[606230] domains 3 or o/e = 0.039 (2) Structural and functional [MIM:606232] (AD);
proline-rich (0.01-0.12) organization of the dendritic (2) Schizophrenia 15
synapse associated spine and synaptic junction. [MIM:613950] (AD).
protein 2.
[A] TCF20 Transcription factor 42,556,019~ Protein coding (1) Transcriptional activator Developmental delay
[603107] 20. 42,611,445 pLI=1 that binds to the regulatory with variable
o/e =0.03 region of matrix intellectual
(0.01-0.1) metalloproteinase-3 (MMP3) impairment and
and controls stromelysin behavioral
expression. abnormalities
(2) Co-activator of JUN, SP1, [MIM:618430] (AD)
PAX6 and ETS1.
[B] SCO2 Cytochrome C 50,961,997~ Protein coding Copper metallochaperone (1) Myopia 6 (MYP6)
[604272] Oxidase Assembly 50,964,570 pLI=0 essential for the synthesis [MIM:608908] (AD);
Protein. o/e =1.08 and maturation of (2) Cardioencephalo-
(0.65-1.76) cytochrome c oxidase myopathy, Fatal
subunit Il (MT-CO2/COX2). Infantile, Due To
It catalyzes the transfer of Cytochrome C
reducing equivalents from Oxidase Deficiency 1
COX to molecular oxygen [MIM:604377] (AR).
and its deficiency causes an
increase in reactive oxygen
species.
[B] UPK3A Uroplakin 3A. 45,680,868~ Protein (1) Regulation of the Possible association
[611559] 45,691,755 Coding asymmetric unit membrane- with congenital
pLI=0 cytoskeleton interaction in anomalies of the
o/e=1.19 terminally differentiated kidney and
(0.78-1.78) urothelial cells. urogenital tract.

(2) Formation of urothelial
glycocalyx, which may
prevent bacterial adherence.

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; o/e, ratio of observed to expected loss-of-function variants occurring in a gene, based
on a mutational model that takes into account sequence context, coverage and methylation; C.1., confidence intervals.

?pLI: probability that a gene is loss-of-function intolerant, ranging from O to 1 (most tolerant to most intolerant, respectively).

bSummary of UCSC Genome Browser; Entrez Gene; GeneCards; UniProtKB/Swiss-prot. A more detailed description and tissue expression patterns drawn

from the GTEx portal are available in Table S1.

“Associated diseases according to GeneCards (Version 4.14: March 11, 2020) and MalaCards (Version 4.14.0.3: March 8, 2020) are available in Table S1.

et al.,, 2005; Schonfelder et al., 2006), but not all studies (Jiang
et al., 2004; Hwang et al., 2014), possibly due to incomplete pene-
trance and/or low incidence of causal variants.

. TCF20 encodes a coactivator of several transcription factors
(Rekdal et al., 2000) and is also paralogous to RAI1, the critical gene
deleted in Smith-Magenis syndrome and duplicated in Potocki-
Lupski syndrome. It is highly expressed in the brain and strongly
linked to severe neurodevelopmental phenotypes, encompassing
cognitive and motor deficits, autistic traits, Attention Deficit/
Hyperactivity Disorder (ADHD),

macrocephaly, body overgrowth, muscle hypotonia, seizures, con-

craniofacial dysmorphisms,

stipation, scoliosis, strabismus, myopia, and keratoconus (Torti

et al., 2019). Inactivating SNPs/indels or deletions cause a clinical

phenotype similar to Smith-Magenis syndrome (The DDD
Study, 2019).

3.2 | Category 2: Autosomal recessive
disease genes

This class includes 14 genes, known to cause autosomal recessive dis-
eases in humans (Table 3, Figure S1 and Table S2). Further details
about these genes, as well as two additional genes, A4GALT and
CYP2D6, critical to P-blood groups and pharmacogenomics, respec-
tively, but not involved in human diseases, are available in the Supple-

mentary Materials and in Table S2.
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1. ARSA encodes for arylsulfatase A, a lysosomal enzyme whose def-
icit causes metachromatic leukodystrophy (MLD). This metabolic
disease is characterized by (a) increased levels of urinary
sulfatides leading to demyelinating sensorimotor polyneuropathy;
(b) peculiar brain imaging abnormalities (periatrial and frontal
horns leukodystrophy with periventricular sparing); (c) cognitive

common variable, 4
[MIM: 613494], (AR).

and behavioral regression. The late-infantile, juvenile and adult

OMIM: Phenotype [MIM

Associated Diseases® -
n.]; (inheritance)
Immunodeficiency,

forms differ both in age at onset and in clinical presentation
(Beerepoot et al., 2019).

2. CHKB codes for choline kinase beta. Homozygous and compound
heterozygous variants cause Congenital Muscular Dystrophy
(CMD), Megaconial type. Affected individuals show early onset
muscle wasting, motor and speech delay, severe ID, microcephaly,
and mitochondrial structural abnormalities at muscle biopsy.
Ichthyosis-like skin changes, dilated cardiomyopathy, and other
cardiac anomalies have been described in some patients
(Mitsuhashi et al., 2011).

3. TYMP encodes thymidine phosphorylase, the enzyme that cata-
lyzes the first step of the mitochondrial deoxyribonucleoside cat-

Promotes the survival of mature B-

in vitro and is a regulator of the
cells and the B-cell response.

peripheral B-cell population.

abolic pathway. TYMP mutations cause the mitochondrial

Enhances B-cell maturation and survival

Biological function®

neurogastrointestinal encephalomyopathy (MNGIE-MTDPS1), one of
the mitochondrial DNA (mtDNA) depletion syndromes (Pacitti
et al., 2018). The major clinical features of MNGIE are severe gas-
trointestinal symptoms, peripheral neuropathy, and ocular signs

0.27
o/e=0.27
(0.1-1.27)

including ophthalmoplegia and, less frequently, myopia and pig-

mentary retinopathy (Pacitti et al., 2018).
4. SCO2 (see Category 1, Table 2 and Table S1).

5. SBF1 is a member of the myotubularin protein family, involved in

Biotype pLI,?
o/e(C.l)
Protein coding

pLl

phosphoinositide-mediated signaling and membrane trafficking.
Its mutations cause different forms of autosomal recessive Char-
cot-Marie-Tooth Neuropathy (CMT4B3, AR-CMT2). Disease onset
usually occurs at the end of the first decade, with areflexia, cranial
neuropathies, skeletal deformities, polyneuropathy, and extrapy-
ramidal movements (Manole et al., 2017; Flusser et al., 2018).

6. TUBGCPé6 encodes for an integral constituent of the centriole,

42,321,036-42,322,821

Coordinates chr 22
(GRCh37/hg19)

required for centriole overduplication and microtubular array for-
mation. Homozygous or compound heterozygous mutations
interfere with the proliferation and migration of neuroblasts,
yielding microcephalic primordial dwarfism, characterized by
prominent growth retardation, extreme microcephaly, severe ID,
retinopathy, brain MRI malformations and additional neurological
deficits (Martin et al., 2014).

7. MLC1 encodes for a membrane protein similar to voltage-

dependent potassium (K*) channel subunits. It is almost exclu-

superfamily member

(TNF) receptor
13C.

Tumor necrosis factor

Gene description

sively expressed in the central nervous system (CNS), mainly in
astroglial processes, where it plays a major role during the process
of myelin deposition. Homozygous mutations in MLC1 lead to the
classic, deteriorating form of megalencephalic leucoencephalopathy

(Continued)

with subcortical cysts (MLC1), characterized by progressive
macrocephaly with mild ID, followed by the onset of progressive

pyramidal and extrapyramidal signs, seizures, and severe brain

Genes [OMIM n]
TNFRSF13C
[606269]

MRI abnormalities. On average, loss of walking without support

bSummary of UCSC Genome Browser; Entrez Gene; GeneCards; UniProtKB/Swiss-prot. A more detailed description and tissue expression patterns drawn from the GTEx portal are available in Table 52.

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; CSF, cerebrospinal fluid; o/e: ratio of observed to expected loss-of-function variants occurring in a gene, based on a mutational model that
“Associated diseases according to GeneCards (Version 4.14: March 11, 2020) and MalaCards (Version 4.14.0.3: March 8, 2020) are available in Table S2.

takes into account sequence context, coverage, and methylation; C.I., confidence intervals.
?pLI: probability that a gene is loss-of-function intolerant, ranging from O to 1 (most tolerant to most intolerant,respectively).

TABLE 3

occurs in early adolescence. Rare MLC1 missense mutations and
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10.

11.

12.

13.

RICCIARDELLO et AL.

common variants have also been found associated with periodic
catatonia (Selch et al., 2007).

. ALG12 encodes for an aé6-mannosyltransferase; its deficit lead to

the accumulation of oligosaccharides linked to lipid carriers in the
endoplasmic reticulum. ALG12 mutations produce a congenital
disorder of glycosylation, Type Ig (ALG12-CDG), typically character-
ized by recurrent infections, neurodevelopmental delay, ID, mus-
cle hypotonia, progressive microcephaly, failure to thrive, brain
MRI alterations, decreased coagulation factors, cardiac defects,
facial dysmorphisms and skeletal abnormalities suggestive of
pseudodiastrophic dysplasia, strabismus, and retinitis pigmentosa
(Esfandiari et al., 2019; Tahata et al., 2019).

. TRMU is responsible for the synthesis of mitochondrial

(mt) thiouridylase, necessary for the thiolation of uridine in the
mt-tRNA. Homozygous TRMU deletions and mutations produce
deficiencies in mtDNA-encoded proteins, essential for the respi-
ratory chain, yielding (1) acute reversible infantile-onset liver fail-
ure, (2) nonsyndromic and aminoglycoside-induced sensorineural
hearing loss, and (3) transient benign infantile myopathy charac-
terized by an acute onset of severe muscle hypotonia, feeding dif-
ficulties, and lactic acidosis since neonatal life, at times
accompanied by liver failure (Uusimaa et al, 2011; Gaignard
et al,, 2013).

CYB5R3 encodes for a cytochrome b5 (cb5) reductase, which cat-
alyzes the transfer of reducing equivalents from NADH to the
hemoprotein of cb5, acting as electron donor to methemoglobin.
CYB5R3 mutations cause a recessive congenital met-
hemoglobinaemia (RCM), distinguished in type | and type Il. Both
forms begin with cyanosis, but type | allows normal life expecta-
tions, whereas patients with type Il usually do not reach adult-
hood and display a more severe phenotype, characterized by
profound ID, failure to thrive, progressive microcephaly up to, in
some cases, hypertonia and opisthotonus (Percy & Lappin 2008).
RNU12 is an RNA gene; homozygous splicing mutations have
associated with early onset cerebellar ataxia (Elsaid et al., 2017).
NDUFA6 encodes for an accessory subunit essential for the
assembly and activity of complex | (NADH ubiquinone oxidore-
ductase) of the respiratory chain. Its complete loss-of-function
leads to the mitochondrial complex | deficiency nuclear type 33
(MC1DN33) disease. The most important clinical features include
generalized hypotonia, developmental delay, neurological regres-
sion and deterioration, seizures, and brain MRI abnormalities
(Alston et al., 2018). Downregulation of NDUFA6 gene expression
has been linked to age-related decreases in atrial energetic effi-
ciency in human hearts (Emelyanova et al., 2018) and to bipolar
disorder | in some (Washizuka et al., 2005), but not all studies
(Machado-Vieira et al., 2015).

NAGA produces a lysosomal exoglycosidase. Its deficiency causes
Schindler disease, a well-characterized lysosomal storage disease
clustered into three forms, type | (infantile-onset), type Il also
known as Kanzaki disease (adult-onset), and type Il (Ferreira &
Gahl, 2017). The clinical phenotypes of these three forms are
described in the Supplementary Materials.

14. TNFRSF13C encodes the B cell-activating factor receptor (BAFFR)
belonging to the TNF superfamily. Its homozygous deletion is
associated with common variable immunodeficiency disorder 4
(CVIDA4), characterized by B-cell lymphopenia, low serum levels of
immunoglobulins, recurrent infections and lung disease. It is fre-
quently associated with: (a) autoimmune disorders, especially
hematologic and gastrointestinal; (b) dermatologic manifestations,
like atopic dermatitis and vasculitis; (c) predisposition to develop
lymphomas, as well as gastric and breast cancers (Pescador
Ruschel & Vaqar, 2020).

3.3 | Category 3: Morphogenetic genes

This cluster encompasses 15 genes either (a) involved in multifactorial
human diseases with additive mechanism, (b) with demonstrated mor-
phogenetic roles in humans and mice, or (c) involved in animal models
of human disease, but not yet found encompassing pathogenic vari-
ants in human patients (Table 4, Figure S1 and Table S3).

1. RABL2B null mice develop male infertility, polydactyly, and, with
age, retinal degeneration, hepatic steatosis, insulin resistance and
obesity, associated with decreased capacity for hepatic fatty acid
oxidation (Kanie et al., 2017; Yi Lo et al., 2016). Only intronic vari-
ants with in silico influences on exon splicing have been reported
(Hosseini et al., 2017).

2. MAPK8IP2 encodes a scaffold protein able to facilitate signal
transduction through the MAP kinase pathway, regulating the
balance between proliferation and differentiation in a cell-specific
manner (Semba et al., 2020). MAPK8IP2~/~ mice exhibit promi-
nent deficits in locomotor activity and ataxic gait, in addition to
defective social interactions and learning (Giza et al., 2010). Even
just the hemizygous loss of MAPK8IP2 causes impaired neuronal
maturation (Roessler et al., 2018).

3. PLXNB2 codes for one of the Plexins (Plxn), large transmembrane
receptors for semaphorins (Sema). PIxnb2 plays multiple impor-
tant roles in the CNS, ranging from neural tube closure (Deng
et al., 2007), to the proliferation and migration of cerebellar gran-
ule cell precursors, as well as cell specification, differentiation,
and migration during corticogenesis, and excitatory synapse for-
mation in the hippocampus (Deng et al, 2007; McDermott
et al.,, 2018). Outside the CNS, PLXNB2 is expressed in the imma-
ture glomeruli and mesenchyme of the developing kidney, where
PIxnb2 binds Sema4C and contributes to the branching of the
ureteric epithelium. Indeed, PIxnb2~/~ mice frequently display
morphological abnormalities of the kidney and urinary tract
(Peréla et al., 2011).

4. BRD1 produces a scaffold protein involved in chromatin remo-
deling through histone H3K14 acetylation, critical to transcrip-
tional regulation especially in hematopoietic and neural stem
cells. Indeed, BRD1~/~ mice exhibit defective neural tube closure,
erythroid failure, and abnormal lenses. Several studies have found

an association between BRD1 gene polymorphisms and
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(Continued)

TABLE 4

Associated Diseases® (a) OMIM:

Phenotype [MIM n.]; (inheritance) (b)

GeneCards: (version 4.14: March

11, 2020)

a)//
b) //

Biotype pLI,?
o/e(C.l)

Coordinates chr 22
(GRCh37/hg19)
43,506,754~

Biological function®

Gene description

Genes [OMIM n]
BIK [603392]

Accelerates programmed cell death

Protein coding

BCL-2 interacting killer or

through the mitochondrial pathway by

recruiting calcium from the

0
o/e =1.37

(0.74-1.91)

pLl

43,525,718

BCL2-interacting killer (apoptosis-

inducing).

endoplasmatic reticulum and in the

reshaping of mitochondrial cristae.

a)//

Regulates fatty acid synthesis, cholesterol

Protein coding
pLI=0.21
o/e=0.24
(0.15-0.38)

42,229,106~

Sterol regulatory element binding

SREBF2 [600481]

b) Atherosclerosis susceptibility and

biosynthesis and homeostasis. Binds

42,302,375

transcription factor 2.

avascular necrosis.

the sterol regulatory element 1 (SRE-1)

(5’-ATCACCCCAC-3') found in the

flanking region of the LDRL and HMG-

CoA synthase genes.

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; o/e: ratio of observed to expected loss-of-function variants occurring in a gene, based on a mutational model that takes into account sequence

context, coverage and methylation; C.1., confidence intervals.

2pLI: probability that a gene is loss-of-function intolerant, ranging from O to 1 (most tolerant to most intolerant,respectively).

bSummary of UCSC Genome Browser; Entrez Gene; GeneCards; UniProtKB/Swiss-prot. A more detailed description and tissue expression patterns drawn from the GTEXx portal are available in Table S3.

“Associated diseases according to MalaCards (Version 4.14.0.3: March 8, 2020) are available in Supplementary Table S3.

medical genetics B WILEY-L_1

schizophrenia (SCZ) or bipolar disorder (BPD) (Nyegaard
et al., 2010). The BRD1"/~ mouse has been proposed as an animal
model of SCZ (Quist et al., 2017; Paternoster et al., 2019).

. CELSR1 encodes for a cadherin primarily expressed in the embryo

and adult brain. It is a key component of the Wnt/planar cell
polarity (PCP) pathway, crucial for embryonic neurodevelopment,
as well as endothelial cell proliferation and migration. CELSR1
mutant mice display brain malformations and behavioral dysfunc-
tions (Boucherie et al., 2018). Gain-of-function mutations have
been associated with neural tube and congenital heart defects,
both in mouse and in humans. The DECIPHER database (https://
decipher.sanger.ac.uk/) lists numerous cases linking CELSR1 with
ASD, hyperactivity, delayed speech and ID, as well as primary
nonsyndromic lymphedema. Lastly, CELSR1 plays a pivotal role
also in kidney and ureter development, both in rodents and
humans (Brzdska et al., 2016).

. FBLN1 encodes for fibulin-1, an extracellular matrix glycoprotein

which interacts with fibroblast growth factor 8 (FGF8), playing a
role in survival and migration of neural crest cells in mouse and
vertebrate embryos. Null mouse embryos show cardiac abnormal-
ities, cranial nerve defects and hypoplasia of organs derived from
neural crest cells, including thymus, thyroid, aortic arch arteries
(Cooley et al., 2008). FBLN1~/~ mice also display high prenatal
mortality, endothelial disruption in small vessels, glomerular
abnormalities in the kidney, and delayed lung maturation (Kostka
et al., 2001).

. PRR5 plays a crucial role for survival, proliferation, and differenti-

ation of neural progenitor cells, as well as energy balance, obesity
and hyperphagia. PRR5 may also represent a predictable tumor
suppressor gene in breast cancer. Lastly, a genome-wide associa-
tion has been demonstrated between PRR5-ARHGAPS8 and BPD
with binge eating behavior (McElroy et al., 2018).

. PARVB protein interacts with ARHGEF6 (Rho guanine nucleotide

exchange factor 6), involved in integrin signaling and resulting in
the activation of Rho GTPases. Marked hypomethylation of
CpG26 in the regulatory region of PARVB variant 1 has been
described in patients with nonalcoholic fatty liver disease
(NAFLD). Overexpression of PARVB promotes apoptosis and is
expected to foster liver fibrosis, while underexpression due to
deletion or hypermethilation would be predicted to exert protec-
tive effects against NAFLD. An association between PARVB poly-
morphisms and development/progression of NAFLD has been
documented in some studies (Kitamoto et al., 2015; Larrieta-
Carrasco et al, 2018). Interstitial deletions of chr. 22q13
encompassing PARVB yield macrosomy and macrocephaly, possi-
bly through the overactivation of the AKT-PTEN pathway
(Disciglio et al., 2014).

. SAMM50 encodes for a mitochondrial outer membrane protein

promoting the formation of mitochondrial intermembrane space
bridging complexes. Long-term reductions in Samm50 result in
the complete loss of mitochondrial cristae, depletion of respira-
tory complexes, decreased ATP production, increased ROS levels,
increased

fragmented mitochondria and autophagy flux,
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consequently promoting PINK1-Parkinl-mediated mitophagy
(Jian et al., 2018). Several studies have found a positive associa-
tion between NAFLD and polymorphisms located in SAMM50,
which may facilitate hepatic fibrosis by hampering mitochondrial
function (Larrieta-Carrasco et al, 2018; The eMERGE
Network, 2019).

PNPLA3 encodes for an enzyme with triacylglycerol lipase and
acylglycerol transacylase activities. PNPLA3 transcription rates
are inversely correlated with the severity of liver fibrosis (Sandhu
et al, 2019). The M allele at SNP rs738409 (p.l1148M) signifi-
cantly reduces PNPLA3 enzymatic activity toward glycerolipids
and is strongly associated with NAFLD, alcoholic liver disease,
and with cirrhosis and hepatocellular carcinoma in patients with
NAFLD (The eMERGE Network, 2019). The MM genotype at
rs738409 has been found associated with BPD (Kenneson &
Funderburk, 2017). Finally, PNPLA3 is highly expressed in
podocytes and the MM genotype conveys enhanced risk of
chronic renal disease (Mantovani et al., 2020).

SULT4A1 is expressed only in neurons, throughout fetal life and
infancy. It encodes an enzyme that sulfonates a variety of sub-
strates and plays a pivotal role in modulating catecholamine, ste-
roid and thyroid hormone levels. SULT4A1~/~ mice manifest
tremors, ataxic gait, and early death (Garcia et al., 2018). SULT4A1
has been identified as a candidate gene for SCZ (Meltzer
et al., 2008). Genome-wide expression analysis unveiled its pro-
found downregulation in intracranial ependymomas (Modena
et al., 2006).

MPPED1 is highly expressed in the cortical plate of the embryonic
mouse dorsal telencephalon, and to a lesser extent in the cerebral
cortex postnatally. Its expression is sustained throughout life in
hippocampal CA1 neurons (Chen et al., 2010). Mpped1 in vivo
may modulate neuronal function through its meta-
llophosphodiesterase activity and potential roles in SCZ and BPD
have been hypothesized (Chen et al., 2010), but no direct evi-
dence has been produced to date.

SCUBE1 is primarily expressed in endothelial cells and platelets,
but also in liver, kidney and the developing CNS. It promotes
arterial thrombosis via its adhesive EGF-like repeats. In mice,
SCUBE1 is involved in early craniofacial development (Xavier
et al., 2009), whereas in human kidney injury it favors renal tubu-
lar cell proliferation and re-epithelialization (Zhuang et al., 2010).
Rare de novo disruptive SCUBE1 missense variants have been
detected in patients with obsessive-compulsive disorder (Cappi
et al., 2020).

BIK encodes for a component of the Bcl-2 homology domain
3 (BH3)-only protein family involved in apoptosis. In particular, it
is a pro-apoptotic tumor suppressor gene, critical to apoptosis
selection in mature human B lymphocytes. In renal cell carcinoma,
its expression is blunted either by loss of heterozygosity, or by
DNA methylation. BIK deletions and mutations have been
detected in human gliomas, colorectal cancers, head cancers, and
in peripheral B-cell lymphomas (Chinnadurai et al., 2008).
SREBF2, also known as SREBP2, encodes for the sterol regulatory
element (SRE)-binding transcription factors-2 involved in lipid

homeostasis, fostering embryonic survival and limb patterning
through the sonic-hedgehog pathway (Vergnes et al., 2016). It is
significantly associated with SCZ (Stokowy et al., 2018). Reduced
expression of SREBF2 from the hypomorphic allele in SREBF2~/
PP mice (i.e., expressing 80%-90% lower levels of SREBF2
through a Cre recombinase design) allows embryonic survival but
is associated with reduced body weight and early death in
females, whereas males survive but display lower cholesterol con-
tent in the liver and reduced expression of SREBP target genes
(Vergnes et al., 2016).

3.4 | Category 4: Other genes

This group includes 178 genes listed in Table S4. These genes cur-
rently lack evidence of pathogenicity in humans and/or animal models,
when haploinsufficient. This list encompasses 65 protein coding
genes; 61 long noncoding RNA genes (IncRNA); 29 pseudogenes;
10 micro-RNA genes (miRNA); 8 uncategorized genes; 2 Piwi-
interacting RNA genes (piRNA); 2 long intergenic noncoding RNAs
(IncRNA) and 1 Clone/mRNA (Figure S1 and Table S4). ATX10 is also
included in this list, because its pathogenicity in spinocerebellar ataxia
10 is due to repeat expansion and gain-of-function toxic effects, not
to haploinsufficiency.

4 | DISCUSSION

Patients with PMS show great interindividual variability in develop-
mental trajectories, language skills, behavior, neurological signs, and in
several comorbidities (Table 1). The haploinsufficiency of SHANK3 can
by itself determine PMS and this gene is considered the major player
in causing the neurodevelopmental and behavioral features of this
syndrome. However, patients with chr. 22 interstitial deletions not
involving SHANK3 at times present a clinical phenotype similar to the
PMS phenotype caused by terminal 22q13 deletions (Simenson
et al, 2014; Sarasua 2014a; Disciglio et al., 2014), suggesting that
haploinsufficiency of 22q13 genes other than SHANK3 plays an
important role in shaping the PMS phenotype in each single patients.
Based on the evidence summarized so far, we shall now provide an
overview of how different dominant, recessive and morphogenetic
genes, in addition to SHANKS3, can contribute to each of the main neu-
rological and systemic features defining the PMS phenotype. An over-
view of genotype-phenotype correlations ordered by locus,
chromosomal position (telomeric to centromeric) and affected sys-

tem/organ is provided with Table 5.

41 |
disorders

Neurodevelopmental and neurological

ASD represents the most recurrent behavioral comorbidity in PMS
patients. Its incidence is highly variable, ranging from 26% to 84%
depending on how patients are evaluated and diagnosed (Sarasua
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et al., 2011; Soorya et al., 2013). Some authors have found a signifi-

% < 5 -g é cantly smaller mean deletion size in PMS patients with ASD, com-
EE g}g pared to the average size of PMS patients without ASD (3.39
E v = .g E % g vs. 6.03 Mb, respectively) (Sarasua et al., 2011). These results would
E % g E" é point toward larger deletions producing more severe cognitive and
g ; g 2 behavioral deficits able to obscure autistic traits. Others have
g g E ;C: g described a positive correlation between dysmorphic features, num-
& % % g ,ﬂf ber of medical comorbidities, sociocommunication deficits measured
é‘ -§ 'g g using the ADI and a larger deletion size (Soorya et al., 2013). SHANK3
é < § é ; ‘E deletions or mutations represent a monogenic cause of ASD.
2 % é ﬂi § Increased excitatory activity in striatal neurons during early develop-
c I < % g Z % § ment has been described in SHANK3 KO mice, paired with a preferen-
"; g g f tial impairment of the indirect striatal pathway, resulting in repetitive
g:: < é-ﬂﬂé s g grooming behavior (Wang et al., 2017). Furthermore, these mice
- .g. § B ? exhibit a reduction in mGLUR-mediated long-term depression, which
W« El % g % may also be implicated in ASD (Wang et al., 2017).
u 8 .“g E 2 In addition to syndromic autism, PMS can also encompass sev-
|°—= . § g é % eral neurodevelopmental and neurological features (Table 1), which
n g %, *g 2 may be explained also by haploinsufficiency in other genes
- ;C: % %% (Tables 2-4). Among autosomal dominant genes, TCF20 in the
"é g i g % g strongest candidate to produce neurodevelopmental derangement
-;é ’_§ E “‘,—‘é, g and severe neurological signs (Torti et al., 2019; The DDD
g y z g § 2,» g Study, 2019), while evidence of dominant roles for SCO2 appear
= ofo E Q g 5 less convincing (Pronicka et al., 2013; Frye et al., 2016). Another
%’ é 8 Qé @ autosomal dominant disease due to the 22q13 gene ATXN10, spi-
g X X § ﬁ i '% E nocerebellar ataxia type 10 (SCA10), is not being considered in the
%; é _g E" % present analysis, because it is not due to haploinsufficiency or loss-
& x x x g g g g § of-function, but rather to an heterozygous ATTCT repeat expansion
% _{% E ?o E yielding gain-of-function neuronal toxicity (Figure S1 and Table S4).
§ « % 5 S E T It is defined by sluggishly progressive cerebellar ataxia, dysarthria,
-4 K} .é E § % dysphagia, ID, seizures, mild pyramidal signs, parkinsonism, periph-
i, g é g % g eral neuropathy, and at times psychotic symptoms (Matsuura &
sy e < & g B 5 2 Ashizawa, 2002). An involvement of ATXN10 and/or CELSR1 has
2 ED E % é *§ been proposed in the onset of neurodevelopmental phenotypes
a g '-é 'r'é“ g z present in carriers of interstitial deletions sparing SHANK3
2 = x ® o ;; :% £ (Palumbo et al., 2018).
g S(‘ S8 _‘:% An atypical developmental trajectory or particularly severe neu-
Q § % § 8 é rodevelopmental and/or neurological symptoms in a child already
é el % é E -%; -% diagnosed with PMS should raise concern over autosomal recessive
:7. g- &t) = _cé‘) MLC (Hamilton et al., 2018), ALG12-CDG (Tahata et al, 2019),
9 9 5 Z % f ‘g MC1DN33 (Alston et al., 2018) or RCM type Il (Percy & Lappin 2008),
2 'Q'E % é 'qg % possibly due to compound heterozygous mutation + deletion. In addi-
" % *E g % § Q tion, homozygous TUBGCP6 mutations can cause “microcephaly-
% * g % _g 3 § 5 Seckel syndrome spectrum” with severe ID and neurological deficits
§ E{’ 5 ’.g: g E (Martin et al., 2014), while PARVB is correlated with X-linked 1D, MM
_ g - - a9 E § i) § and LGMD2B diseases (Disciglio et al, 2014). Homozygous CHKB
§ § g g 4 E" L mutations cause muscular dystrophy (Mitsuhashi et al., 2011), while
;E = § g g g § § TRMU variants produce hypotonia and infantile myopathy (Gaignard
@ a S § < 5 E 2 g:f = g g c et al., 2013). Peripheral neuropathy, ID, pyramidal, extrapyramidal or
" é § é g % § % ; § § 9( E cerebellar signs may characterize the CMT4B3 (Flusser et al., 2018),
b ‘§ § E g é E Schindler (Ferreira & Gahl, 2017), MLD (Beerepoot et al., 2019) and
n<'.\ -20 o % % 9 '§§ ¥| MNGIE-MTDPS1 (Pacitti et al., 2018) diseases; in the same way,
- =S 8XL RNU12 is associated with cerebellar signs (Elsaid et al., 2017).
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Animal models suggest a role for several other 2213 genes in
CNS development and maturation, for which no counterpart in human
pathology has yet been described. RABL2B knockout mice display a
phenotype typical of ciliopathies, similar to Bardet-Biedl Syndrome;
however, to this date, human ciliopathies have not unveiled mutations
in this gene (Kanie et al., 2017). MAPKS8IP2 is involved in early neuro-
development (Roessler et al.,, 2018) and MAPK8IP2~/~ mice show
autistic-like behaviors (Giza et al., 2010). Altered social behavior and
neurocognitive deficits relevant to schizophrenia, accompanied by loss
of striatal parvalbumin-containing interneurons, have also been
recorded in BRD1"/~ mice (Quist et al., 2017; 2018). CELSR1 mutant
mice exhibit a reduced number of cortical neurons and behavioral

lmechO

impairment. In fact, CELSR mice are hyperactive, show abnor-

mal exploratory behavior and social withdrawal (Boucherie
et al., 2018). The relationship between CELSR1 and the onset of neu-
rodevelopmental phenotypes in PMS patients has been suggested
(Palumbo et al., 2018). SULT4A1 knockout mice display early severe
neurological symptoms, decreased weight gain and death at P21-P25
(Garcia et al., 2018). Mice lacking PLXNB2 exhibit defects in neural
tube closure (McDermott et al., 2018). Importantly, the Domino tool
available on VarSome platform (Quinodoz et al, 2017; Kopanos
et al.,, 2018) estimates as “very likely dominant” five morphogenetic
genes listed above (MAPK8IP2, BRD1, CELSR1, FBLN1, SREBF2) and
“either dominant or recessive” three additional genes (RABL2B,
PLXNB2, SULT4A1), pointing toward probable functional influences

exerted by haploinsufficiency for at least some of these loci.

4.2 | Psychiatric disorders

Additional psychiatric disorders in PMS patients include BPD, psy-
chotic symptoms in the context of mood episodes, and SCZ spectrum
disorder. Regression of previously acquired motor, cognitive, and
communication skills, usually beginning in adolescence or early adult-
hood, is another puzzling phenomenon which occurs in 28%-43% of
PMS patients (Reierson et al., 2017). Another severe co-morbidity
observed in as many as 53% of PMS patients is represented by catato-
nia, characterized by motor and autonomic dysregulation (Kohlenberg
et al., 2020). The onset of these clinical conditions is often triggered
by infections, hormonal changes or stressful life events (Kohlenberg
et al., 2020). All psychiatric comorbidities, as well as behavioral regres-
sion, have been observed also in patients with only SHANK3
haploinsufficiency, but other genes may contribute. Rare mutations or
common variants at MLC1 (Selch et al. 2007), PRR5-ARHGAPS8
(McElroy et al, 2018), BRD1 (Nyegaard et al., 2010), SULT4A1
(Meltzer et al., 2008), SREBF2 (Stokowy et al., 2018), and PNPLA3
(Kenneson & Funderburk, 2017) have been associated with SCZ spec-
trum disorders, and/or BPD. CYP2Dé is involved in the metabolism of
several endogenous neuroactive substrates, such as endo-
cannabinoids and neuroactive steroids, and may be associated with
differences in human behavior, cognition, personality and psychopa-
thology (Pefas-Lledd & Llerena, 2014). In general, greater risk of co-

morbid BPD, ASD, hyperactivity and self-injurious behavior is present

among patients with ring(22) as compared to patients with terminal
deletions. Conceivably, the abnormal neural networking produced by
22013 haploinsufficiency involving SHANK3 and other genes could pre-
dispose to the development of affective and psychotic disorders
through several mechanisms: (a) less efficient top-down control exerted
by the neocortex on limbic circuitry, (b) less resilient recovery processes,
and (c) greater vulnerability to long-term neurodegeneration.

Cognitive and motor regression can often follow the onset of
acute psychiatric disorders (Kohlenberg et al., 2020). No association
between regression and deletion size has been reported (Reierson
et al., 2017). However, genes encoding proteins involved in mitochon-
drial functions, especially the electron transport chain, could be
involved in the onset of regression and in early neurological deteriora-
tion (Frye et al., 2016). In particular, TRMU, NDUFA6, and SCO2 influ-
ence the activities of mitochondrial complexes | and IV. Meanwhile,
genotype-phenotype correlations based on deletion size do not sup-
port the role of several other 22q13 genes involved in mitochondrial
function, including ACO2, CPT1B, GRAMD4, and RABL2B (Frye
et al., 2016; Mitz et al., 2018). Second, the haploinsufficiency of some
autosomal recessive genes could conceivably enhance vulnerability to
mitochondrial dysfunction and promote behavioral regression, when
in the context of an existing 22q13 deletion, through epistatic interac-
tions with other deleted genes and/or epigenetic influences. Of note,
neurological deterioration and cognitive/behavioral regression are
hallmarks of autosomal recessive MLD (Beerepoot et al., 2019), MLC
(Hamilton et al., 2018) and MNGIE-MTDPS1 (Pacitti et al., 2018). A
similar predisposing role toward regression could also be attributed to
SULT4A1, which has been previously found associated with mitochon-
drial function and oxidative stress (Hossain et al., 2019), as well as

with pathomorphic effects in schizophrenia (Meltzer et al., 2008).

4.3 | Epilepsy

Prevalence estimates for comorbidity rates of epilepsy with PMS vary
greatly from 17% to 70%, depending on sampling and on whether
febrile seizures are counted as “epilepsy” or not (Holder &
Quach, 2016). Excluding febrile seizures, this comorbidity is present in
approximately 20%-25% of PMS patients (Dhar et al., 2010; Kolevzon
et al., 2014). SHANKS3 loss of function probably enhances vulnerability
to epilepsy, but the mechanism is still unclear. To date, no significant
difference in deletion size has been found in PMS patients with and
without epilepsy (Sarasua et al., 2014a; Reierson et al., 2017). None-
theless, several genes in the 2213 region, if mutated or deleted, can
cause disorders often involving also epilepsy: these include TCF20,
SCO2, ARSA, TYMP, TUBGCP6, MLC1, NDUFA6, NAGA and ATXN10
(Table 5).

44 | Neuroimaging

Structural brain MRI abnormalities have been described in a highly

variable subgroup of PMS patients, ranging from 44% to 100%
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(Soorya et al.,, 2013; Kolevzon et al., 2014) (Table 1). In addition,
patients with r(22) display NF2 features, such as intracranial meningio-
mas or vestibular schwannomas (Zirn et al., 2012; Kolevzon
et al., 2014). Some anomalies can be reliably ascribed to SHANK3, as
they were identified in patients carrying intragenic deletions or point
mutations (Soorya et al., 2013). Importantly, the presence of major
brain MRI abnormalities in patients carrying larger deletions may be
due to one of the autosomal recessive syndromes described above,
which should be duly sought (see Conclusions). In fact, MLD
(Beerepoot et al., 2019) and MNGIE-MTDPS1 diseases (Pacitti
et al.,, 2018) are characterized by peculiar white matter lesions; also
MLC1 usually causes white matter abnormalities and subcortical cysts
(Hamilton et al., 2018). Cerebellar white matter atrophy accompanied
by gray matter degeneration in several brain regions have been
described in SCA10 (Matsuura & Ashizawa, 2002). Cerebellar hypopla-
sia, progressive white matter lesions and cortical atrophy have been
associated with MC1DN33 disease (Alston et al., 2018), whereas
white matter abnormalities and atrophy of many brain structures are
present in Schindler disease (Ferreira & Gahl, 2017). ALG12-CDG is
marked by pachygyria, hypoplastic cerebellar vermis, cisterna magna
enlargement and hypoplasia of the corpus callosum (Tahata
et al., 2019); similarly, CMT4B3 disease produces cerebellar atrophy
(Flusser et al., 2018).

Lastly, also some morphogenetic genes can contribute to cere-
bral malformations. Cortical atrophy, white matter lesions and syrin-
gomyelia have been described in three consanguineous patients
carrying a missense mutation in FBLN1 (Bohlega et al., 2014). A
reduction in cortical and gyral size has been associated with human
TUBGCP6 loss-of-function mutations (Martin et al., 2014). Moreover,
animal models suggest a role of CELSR1 in yielding reduced numbers
of cortical neurons and abnormal brain architecture (Boucherie
et al., 2018). PLXNB2 knockout mice show aberrant granule cell pro-
liferation and differentiation, leading to reduced cerebellar fissure
formation and fusion of cerebellar folia (Friedel et al., 2007).
MAPKS8IP2 null mice display reduced Purkinje cell dendritic arboriza-
tions (Giza et al., 2010). Therefore, although human cases have not
been reported, CELSR1, PLXNB2 and MAPK8IP2 may represent plau-
sible candidates for cerebral and cerebellar structural phenotypes,

respectively (Aldinger et al., 2013).

45 | Craniofacial dysmorphisms

Minor aspecific dysmorphic features are well delineated in PMS
patients (Soorya et al., 2013; Sarasua et al, 2014a,b and 2014b;
Kolevzon et al., 2014) (Table 1). Some features such as dolichoceph-
aly, large fleshy hands, dysplastic toenails, full brow, tall stature, as
well as macrocephaly, facial asymmetry, and 2/3 toe syndactyly were
found to be associated with larger deletion size (Sarasua et al., 2011;
Sarasua et al., 2014a). Overall, a correlation between the number of
dysmorphic features and deletion size has been reported (Soorya
et al., 2013; Sarasua et al., 2014a). Indeed, craniofacial dysmorphisms

were reported in patients carrying mutations in TCF20, ALG12, NAGA,

CELSR1 and SCUBE1, genes involved in early craniofacial development

also in rodents (Xavier et al., 2009).

4.6 | Macrocephaly, microcephaly, and growth

Most patients with PMS show normal body growth and head circum-
ference (Soorya et al., 2013). However, a consistent minority display
macrocephaly, microcephaly and/or abnormal growth rates and final
stature (Table 1). A correlation between macrocephaly and deletion
size (>5 Mb) has been postulated (Sarasua et al., 2014a), and several
genes in the distant 22q13 deleted segment may contribute. The
study of interstitial deletions yielding a PMS-like phenotype points
toward PARVB haploinsufficiency as one of the main contributors to
macrocephaly and overgrowth, possibly through an excessive activa-
tion of PISK-AKT signaling (Disciglio et al., 2014). A small minority of
patients carrying dominant pathogenic mutations in the TCF20 locus
also display macrocephaly and/or overgrowth (Torti et al., 2019).
Homozygous MLC1 mutations determine macrocephaly since the first
year of life (Hamilton et al., 2018). On the contrary, microcephaly has
been described in autosomal recessive diseases involving SBF1, CHKB,
TUBGCPé, ALG12, TRMU, and CYB5R3, while CELSR1 has been impli-

cated only in animal models.

4.7 | Sensory organs
The visual system can be affected by different 22q13 genes in sepa-
rate eye compartments, distinguishing anterior chamber, retina and
extrinsic muscles. Refractive defects involving lens, cornea and/or
anteroposterior eye diameters, usually in the form of severe myopia
or keratoconus, are produced by dominant mutations/deletions in
TCF20 (Torti et al., 2019) and SCO2 (Tran-Viet et al., 2013), are associ-
ated with several autosomal recessive conditions due to homozygous
mutations in TYMP, while lens abnormalities are also present in
BRD1~/~ mice. Retinal degeneration, either affecting rods and cones,
ganglionar cells and/or the pigmented epithelium, have been associ-
ated with dominant SCO2 mutations, autosomal recessive mutations
in TYMP, TUBGCPé, and ALG12, or documented in RABL2B~/~ mice.
Ophthalmoplegia and/or strabismus are present in dominant TCF20
mutations, as well as homozygous TYMP, SBF1, and ALG12 mutations.
Importantly, dominant effects of SCO2 on the visual system are some-
what controversial: incomplete penetrance or clinical pictures requir-
ing homozygous gene inactivation are likely.

Deafness is a rare instance, which has been described only in
autosomal recessive conditions produced by biallelic inactivation of
SBF1, TRMU, and NAGA.

4.8 | Gastrointestinal and hepatic symptoms

Gastrointestinal (Gl) symptoms are frequent comorbidities in PMS

patients (Table 1). SHANK3 is expressed in myenteric neurons and
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Shank3aKO mice exhibit abnormal Gl morphology, possibly increase
permeability and microbiota dysregulation (Sauer
et al, 2019). Some Gl symptoms may thus be justified by SHANK3

haploinsufficiency, although other 22q13 genes are possibly involved

intestinal

(Table 5). Dominant disorders caused by TCF20 variants are com-
monly associated with constipation (Torti et al., 2019). Several autoso-
mal recessive disorders are associated with Gl symptoms (Table 3).
The major clinical features of MNGIE-MTDPS1 include severe gastroin-
testinal dysmotility associated with gut microbiome dysbiosis (Pacitti
et al., 2018). In MC1DN33 disease, dysphagia and feeding difficulties
are often described (Alston et al., 2018); in CVID the main clinical fea-
tures are autoimmune inflammatory colitis and liver dysfunction
(Pescador Ruschel & Vagar, 2020).

Hepatic disorders are sometime reported in PMS patients. The
c.444C > G variant (p.1148M) located in the PNPLA3 gene has been
associated with decreased enzymatic activity, leading to mac-
rovesicular liver steatosis and predisposition to develop
steatohepatitis and fibrosis (Boccuto et al., 2018). Several studies
have found a positive association between elevated transaminase
serum levels or NAFLD and polymorphisms located in the PNPLA3,
SAMMS50 and PARVB gene cluster (The eMERGE Network, 2019).
PNPLA3 appears to provide the most consistent contributions
(Kitamoto et al., 2014; The eMERGE Network, 2019). SAMM50 may
facilitate hepatic fibrosis by hampering mitochondrial function
(Larrieta-Carrasco et al., 2018; The eMERGE Network, 2019), but the
other two flanking loci, PARVB and especially PNPLA3, may provide
greater genetic and/or epigenetic contributions (Kitamoto
et al., 2014,2015), although interethnic differences may also apply.
TRMU is involved in autosomal recessive acute reversible infantile-
onset liver failure (Gaignard et al., 2013). RABL2B—/— mice develop
hepatic steatosis with decreased liver fatty acid oxidation (Kanie et al.,

2017), but evidence in humans is lacking.

49 | Kidney and urinary tract malformations

Kidney malformations are moderately frequent, ranging from 17% to
38% of PMS patients (Kolevzon et al, 2014) (Table 1). These are
mostly observed in carriers of larger deletions, suggesting a key role
for genes other than SHANK3 (Soorya et al., 2013). In particular, two
genes, CELSR1 and UPK3A, are strong candidates for urogenital anom-
alies (Palumbo et al., 2018). CELSR1 can prevent the excessive growth
of the murine kidney tubules, while loss-of-function mutations can
lead to renal malformations in humans (Brzdska et al., 2016). UPK3A
mutations may represent a rare monogenic cause or provide additive
contributions to the risk of developing complex polygenic kidney dis-
eases (Jiang et al., 2004; Jenkins et al., 2005; Schonfelder et al., 2006;
Hwang et al., 2014). Recently, the PNPLA3 polymorphism rs738409
(1148M) was correlated also with chronic kidney disease (Mantovani
et al., 2020). Additional genes proposed to possibly play a role in renal
malformations based on animal models, include SCUBE1, involved in
renal tubular cell proliferation (Zhuang et al., 2010); PLXNB2, with KO
mice exhibiting smaller kidneys and fewer branches of the ureteric

epithelium (Perdl3 et al., 2011); FBLN1, relevant to the development
of renal glomeruli (Kostka et al., 2001); and RABL2B, whose null mice
display a phenotype similar to Bardet-Bied| syndrome, including major

renal malformations (Kanie et al., 2017).

4.10 | Heart defects

Cardiac anomalies are variably present in up to 25% of PMS patients
(Table 1). Their presence, assessed only through retrospective chart
reviews and parent questionnaires (Kolevzon et al., 2014), was mainly
observed in carriers of larger 22q13 deletions (Soorya et al., 2013).
Among genes causing autosomal recessive diseases, several can pro-
duce cardiac malformations: SCO2, TYMP (Pacitti et al., 2018), NAGA
(Ferreira & Gahl, 2017), NDUFAé6 (Alston et al., 2018), CHKB
(Mitsuhashi et al., 2011), and ALG12 (Tahata et al., 2019). Among mor-
phogenetic genes, cardiac malformations have been described in
humans carrying gain-of-function mutations in CELSR1 (Qiao
et al., 2016), and in FBLN1~/~ mice (Cooley et al., 2008).

411 | Immune dysfunction and allergies

SHANKS3 is expressed in T-cells, where it acts as a scaffolding protein
(Redecker et al., 2006), but evidence of its involvement in immune
function is still scanty. Among autosomal recessive genes, TNFRSF13C
mutations responsible for CVID are distinguished by low immunoglob-
ulin levels, recurrent infections, autoimmune disorders, atopic derma-
titis and vasculitis (Simenson et al., 2014; Pescador Ruschel &
Vaqar, 2020). TYMP mutations yielding MNGIE-MTDPS1 are fre-
quently associated with recurrent infections and with gut flora alter-
ations, which may also impact on adaptive immune responses (Pacitti
et al, 2018). Finally, ALG12-CDG is characterized by hyp-
ogammaglobulinemia and B cell dysfunction, yielding severe infections
(Tahata et al., 2019). Another gene, NFAM1, controls B-lymphocyte
proliferation and has been purported to promote atopic dermatitis
and IgE levels (Simenson et al., 2014), but evidence of direct pathoge-

netic roles in humans is lacking (Table S4).

5 | CONCLUSIONS

PMS is characterized by large interindividual differences at the clinical
level, and by the lack of recurrent breakpoints yielding a gradient of
highly different deletion sizes. Although SHANK3 is regarded as the
critical gene for core PMS symptoms, this article describes the poten-
tial contributions to clinical PMS manifestations by additional genes
located in the largest 2213 deleted region present in our sample. To
this aim, genes have been classified based on their genetic mechanism
of human disease generation, because this classification is aimed at
subsequently verifying which genes actually do contribute to specific
features of PMS in a sizable number of patients. Only the direct

effects of 2213 genes have been considered in our work, because
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indirect effects mediated by the broader interactome, while scientifi-
cally interesting, could loosen the clinical connection between geno-
type and phenotype, reducing specificity, reliability, and predictive
power in clinical settings. Particularly important in the context of PMS
are autosomal dominant genes, namely SCO2, UPK3A and TCF20, in
addition to SHANKS3, because their clinical disease correlates would be
predicted to affect all deletion carriers (Table 2). The literature cur-
rently supports full penetrance for SHANK3 and TCF20, while SCO2
and UPK3A have produced conflicting results and/or evidence of
incomplete penetrance. However, disease penetrance will need to be
verified specifically in PMS patients, especially for SCO2 and UPK3A
in the ocular and renal systems, respectively. In fact, penetrance could
be differentially modulated by the presence of a 22q13 deletion, as
compared to allele-inactivating mutations present on a wild-type
genetic background. Secondly, the clinical pictures produced by genes
involved in autosomal recessive disorders are especially relevant to
clinicians, in order to identify compound heterozygous inactivation of
both alleles. In the presence of more severe and/or peculiar clinical
presentations (Table 3 and Table S2), it is critical to search for the
presence of a mutation in the nondeleted allele, able to produce com-
pound heterozygous biallelic inactivation. This search may be per-
formed with targeted gene sequencing, if the clinical phenotype
points toward a strong candidate gene, but clinical centers of excel-
lence caring for many PMS patients may opt for the design of a dedi-
cated next-generation sequencing (NGS) panel encompassing all
functionally relevant 22q13 genes (Tables 2-4). Lastly, morphogenetic
genes may confer additive co-dominant contributions, which can be
initially explored assessing the association between deletion size and
malformations for each system, organ and apparatus (Antonio M. Per-
sico, Arianna Ricciardello and Coll., manuscript in preparation). Also
the consequences of gene x gene and gene x environment interac-
tions may be synergistically favored by haploinsufficiency at two or
more 22q13 loci relevant to the development of the same system or
apparatus.

In summary, deeper knowledge of genotype-phenotype correla-
tions is indispensable to better understand the complexity and vari-
ability of PMS, promoting: a) clinically helpful predictions through a
structured and genetically personalized medical work-up; b) targeted
sequencing of specific genes based on phenotype or, alternatively,
use of an unbiased NGS approach to explore all functional 22q13
genes (Tables 2-4); c) the identification of biological markers of devel-
opmental trajectory in children and disease progression in adolescents
and adults; and d) the selection of possible targets for novel drug
treatments.

The conceptual framework proposed in the present study, aimed
at investigating genotype-phenotype correlations in PMS based on
deletion size, is indeed worthwhile but displays some limitations,
which must be duly acknowledged. The large clinical differences
sometimes observed between PMS patients carrying identical dele-
tions, and the surprising degree of severity displayed by some
patients carrying very small deletions, both clearly point toward the
critical role played by factors other than deletion size in shaping
PMS at the clinical level. These factors may include: a) additional

mutations, CNVs, small indels or epigenetic silencing in genes
located in the nondeleted 2213 allele; b) mutations or CNVs involv-
ing genes located outside the 22q13 deleted region or on other
chromosomes; c¢) mutations or allelic variation in still unidentified
genes that function as epistatic modifiers of SHANK3 or, more
broadly, in genes belonging to the interactome of 22q13 deleted
genes; d) epigenetic factors, modulating gene expression especially
from the nondeleted allele; e) constitutional mosaicism or dynamic
mosaicism due to ring(22) instability; f) abnormal expression of non-
coding RNAs that play an active role in transcriptional regulation
during neurodevelopment; g) greater penetrance of familial genetic
loading for other psychiatric disorders, like BPD, in the presence of
2213 deletions or SHANK3 mutations; h) somatic mutations pro-
ducing abnormal neural networks or microscopic neuroanatomic
malformations small enough not to be detected by usual neuroimag-
ing methods; and i) environmental factors, such as ischemic hypoxic
encephalopathy following perinatal asphyxia at birth. Evidently, the
haploinsufficiency of different sets of genes located in the 22q13
region, depending on deletion size, can only partly explain pheno-
typic variability in PMS. However, reaching a conclusive definition of
deletion size contributions to phenotypic variability in PMS will be
instrumental to then move ahead to determine the role of additional
genetic and epigenetic factors, either located in the 2213 region or

elsewhere in the genome.

ACKNOWLEDGMENTS

The authors wish to thank all the patients with Phelan-McDermid
Syndrome involved in our studies and their families. Our work is
supported by the Italian Ministry of Health (Grant n. NET-
2013-02355263 and CCR-2017-9999901) and by the Italian Associa-
tion for Phelan-McDermid Syndrome (AISPHEM).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ORCID

Antonio M. Persico "= https://orcid.org/0000-0001-8910-4479

REFERENCES

Aldinger, K. A, Kogan, J., Kimonis, V., Fernandez, B., Horn, D., Klopocki, E.,
Chung, B., Toutain, A., Weksberg, R., Millen, K. J., Barkovich, A. J.,, &
Dobyns, W. B. (2013). Cerebellar and posterior fossa malformations in
patients with autism-associated chromosome 22q13terminal deletion.
American Journal of Medical Genetics - Part A, 161A(1), 131-136.
https://doi.org/10.1002/ajmg.a.35700

Alston, C. L., Heidler, J.,, Dibley, M. G., Kremer, L. S., Taylor, L. S.,
Fratter, C., French, C. E., Glasgow, R. I. C., Feichtinger, R. G., Delon, I.,
Pagnamenta, A. T., Dolling, H., Lemonde, H., Aiton, N., Bjgrnstad, A,
Henneke, L., Gartner, J., Thiele, H., Tauchmannova, K., ... Taylor, R. W.
(2018). Bi-allelic mutations in NDUFAG6 establish its role in early-onset
isolated mitochondrial complex | deficiency. American Journal of


https://orcid.org/0000-0001-8910-4479
https://orcid.org/0000-0001-8910-4479
https://doi.org/10.1002/ajmg.a.35700

RICCIARDELLO €T AL.

Human Genetics, 103(4), 592-601. https://doi.org/10.1016/j.ajhg.
2018.08.013

Beerepoot, S., Nierkens, S., Boelens, J. J., Lindemans, C., Bugiani, M., &
Wolf, N. I. (2019). Peripheral neuropathy in metachromatic leukodys-
trophy: Current status and future perspective. Orphanet Journal of Rare
Diseases, 14(1), 240. https://doi.org/10.1186/s13023-019-1220-4

Boccuto, L., Abenavoli, L., Cascio, L., Srikanth, S., DuPont, B., Mitz, A. R,,
Rogers, R. C., & Phelan, K. (2018). Variability in Phelan-McDermid syn-
drome: The impact of the PNPLA3 p.1148M polymorphism. Clinical
Genetics, 94(6), 590-591. https://doi.org/10.1111/cge.13451

Bohlega, S., Al-Ajlan, H., & Al-Saif, A. (2014). Mutation of fibulin-1 causes
a novel syndrome involving the central nervous system and connective
tissues. European Journal of Human Genetics, 22(5), 640-643. https://
doi.org/10.1038/ejhg.2013.210

Bonaglia, M. C,, Giorda, R., Beri, S., de Agostini, C., Novara, F., Fichera, M.,
Grillo, L., Galesi, O., Vetro, A., Ciccone, R., Bonati, M. T., Giglio, S.,
Guerrini, R., Osimani, S., Marelli, S., Zucca, C., Grasso, R., Borgatti, R.,
Mani, E., ... Zuffardi, O. (2011). Molecular mechanisms generating and
stabilizing terminal 22q13 deletions in 44 subjects with
Phelan/McDermid syndrome. PLoS Genetics, 7(7), e1002173. https://
doi.org/10.1371/journal.pgen.1002173

Boucherie, C., Boutin, C., Jossin, Y., Schakman, O., Goffinet, A. M., Ris, L.,
Gailly, P., & Tissir, F. (2018). Neural progenitor fate decision defects,
cortical hypoplasia and behavioral impairment in Celsr1-deficient mice.
Molecular Psychiatry, 23(3), 723-734. https://doi.org/10.1038/mp.
2017.236

Brzdska, H. L., d'Esposito, A. M., Kolatsi-Joannou, M., Patel, V., Igarashi, P.,
Lei, Y. Finnell, R. H. Lythgoe, M. F., Woolf, A. S,
Papakrivopoulou, E., & Long, D. A. (2016). Planar cell polarity genes
Celsrl and Vangl2 are necessary for kidney growth, differentiation,
and rostrocaudal patterning. Kidney International, 90(6), 1274-1284.
https://doi.org/10.1016/j.kint.2016.07.011

Cappi, C., Oliphant, M. E., Péter, Z., Zai, G., Conceicao do Roséario, M.,
Sullivan, C. A. W,, Fernandez, T. V., Hoffman, E. J., Virdee, M.,
Olfson, E., Abdallah, S. B., Willsey, A. J., Shavitt, R. G., Miguel, E. C,,
Kennedy, J. L., Richter, M. A., & Fernandez, T. V. (2020). De novo dam-
aging DNA coding mutations are associated with obsessive-
compulsive disorder and overlap with Tourette's disorder and autism.
Biological Psychiatry, 87(12), 1035-1044. https://doi.org/10.1016/j.
biopsych.2019.09.029

Chen, C. M,, Wang, H. Y., You, L. R, Shang, R. L., & Liu, F. C. (2010).
Expression analysis of an evolutionarily conserved meta-
llophosphodiesterase gene, Mpped1, in the normal and beta-catenin-
deficient malformed dorsal telencephalon. Developmental Dynamics,
239(6), 1797-1806. https://doi.org/10.1002/dvdy.22293

Chinnadurai, G., Vijayalingam, S., & Rashmi, R. (2008). BIK, the founding
member of the BH3-only family proteins: Mechanisms of cell death
and role in cancer and pathogenic processes. Oncogene, 27(Suppl 1),
5$20-529. https://doi.org/10.1038/0nc.2009.40

Cooley, M. A, Kern, C. B., Fresco, V. M., Wessels, A., Thompson, R. P.,
McQuinn, T. C, Twal, W. O., Mjaatvedt, C. H., Drake, C. J, &
Argraves, W. S. (2008). Fibulin-1 is required for morphogenesis of neu-
ral crest-derived structures. Developmental Biology, 319(2), 336-345.
https://doi.org/10.1016/j.ydbio.2008.04.029

de Rubeis, S., Siper, P. M., Durkin, A., Weissman, J., Muratet, F.,
Halpern, D., Trelles, M. . P., Frank, Y., Lozano, R, Wang, A. T,
Holder, J. L., Jr., Betancur, C., Buxbaum, J. D., & Kolevzon, A. (2018).
Delineation of the genetic and clinical spectrum of Phelan-McDermid
syndrome caused by SHANKS3 point mutations. Molecular Autism, 9,
31. https://doi.org/10.1186/s13229-018-0205-9

Deng, S., Hirschberg, A., Worzfeld, T., Penachioni, J. Y., Korostylev, A,,
Swiercz, J. M., Vodrazka, P., Mauti, O., Stoeckli, E. T., Tamagnone, L.,
Offermanns, S., & Kuner, R. (2007). Plexin-B2, but not Plexin-B1, criti-
cally modulates neuronal migration and patterning of the developing

medical genetics B WILEY-L_*

nervous system in vivo. The Journal of Neuroscience, 27(23), 6333-
6347. https://doi.org/10.1523/JNEUROSCI.5381-06.2007

Dhar, S. U., del Gaudio, D., German, J. R., Peters, S. U., Ou, Z., Bader, P. I.,
Berg, J. S., Blazo, M., Brown, C. W., Graham, B. H., Grebe, T. A,
Lalani, S., Irons, M., Sparagana, S., Williams, M., Phillips, J. A,
Beaudet, A. L., Stankiewicz, P., Patel, A, ... Sahoo, T. (2010). 22q13.3
deletion syndrome: Clinical and molecular analysis using array CGH.
American Journal of Medical Genetics - Part A, 152A(3), 573-581.
https://doi.org/10.1002/ajmg.a.33253

Disciglio, V., Rizzo, C. L., Mencarelli, M. A., Mucciolo, M., Marozza, A., di
Marco, C., Massarelli, A., Canocchi, V., Baldassarri, M., Ndoni, E.,
Frullanti, E., Amabile, S., Anderlid, B. M., Metcalfe, K., le Caignec, C.,
David, A., Fryer, A., Boute, O., Joris, A,, ... Renieri, A. (2014). Interstitial
22913 deletions not involving SHANK3 gene: A new contiguous gene
syndrome. American Journal of Medical Genetics - Part A, 164(7), 1666~
1676. https://doi.org/10.1002/ajmg.a.36513

Elsaid, M. F., Chalhoub, N., Ben-Omran, T., Kumar, P., Kamel, H.,
Ibrahim, K., Mohamoud, Y., al-Dous, E., al-Azwani, 1., Malek, J. A,
Suhre, K., Ross, M. E., & Aleem, A. A. (2017). Mutation in noncoding
RNA RNU12 causes early onset cerebellar ataxia. Annals of Neurology,
81(1), 68-78. https://doi.org/10.1002/ana.24826

Emelyanova, L., Preston, C., Gupta, A., Vigar, M., Negmadjanov, U.,
Edwards, S., Kraft, K., Devana, K., Holmuhamedov, E., O'Hair, D.,
Tajik, A. J., & Jahangir, A. (2018). Effect of aging on mitochondrial
energetics in the human atria. The Journals of Gerontology Series A Bio-
logical Sciences and Medical Sciences, 73(5), 608-616. https://doi.org/
10.1093/gerona/glx160

Esfandiari, H., Mets, M. B., Kim, K. H., & Kurup, S. P. (2019). Ocular abnor-
malities in a patient with congenital disorder of glycosylation type Ig.
Ophthalmic ~ Genetics, 40(6), 549-552. https://doi.org/10.1080/
13816810.2019.1692361

Ferreira, C. R.,, & Gahl, W. A. (2017). Lysosomal storage diseases. Transla-
tional Science of Rare Diseases, 2(1-2), 1-71. https://doi.org/10.3233/
TRD-160005

Flusser, H., Halperin, D., Kadir, R., Shorer, Z., Shelef, I., & Birk, O. S. (2018).
Novel SBF1 splice-site null mutation broadens the clinical spectrum of
Charcot-Marie-tooth type 4B3 disease. Clinical Genetics, 94(5), 473-
479. https://doi.org/10.1111/cge.13419

Friedel, R. H., Kerjan, G., Rayburn, H., Schuller, U., Sotelo, C., Tessier-
Lavigne, M., & Chedotal, A. (2007). Plexin-B2 controls the develop-
ment of cerebellar granule cells. The Journal of Neuroscience, 27(14),
3921-3932. https://doi.org/10.1523/JNEUROSCI.4710-06.2007

Frye, R. E., Cox, D., Slattery, J., Tippett, M., Kahler, S., Granpeesheh, D.,
Damle, S., Legido, A., & Goldenthal, M. J. (2016). Mitochondrial dys-
function may explain symptom variation in Phelan-McDermid syn-
drome. Scientific Reports, 6, 19544. https://doi.org/10.1038/
srepl19544

Gaignard, P., Gonzales, E., Ackermann, O., Labrune, P., Correia, I,
Therond, P., Jacquemin, E., & Slama, A. (2013). Mitochondrial infantile
liver disease due to TRMU gene mutations: Three new cases. Journal
of Inherited Metabolic Diseases Reports, 11, 117-123. https://doi.org/
10.1007/8904_2013_230

Garcia, P. L., Hossain, M. |., Andrabi, S. A., & Falany, C. N. (2018). Genera-
tion and characterization of SULT4A1 mutant mouse models. Drug
Metabolism and Disposition, 46(1), 41-45. https://doi.org/10.1124/
dmd.117.077560

Giza, J., Urbanski, M. J., Prestori, F., Bandyopadhyay, B., Yam, A,
Friedrich, V., Kelley, K., D'Angelo, E., & Goldfarb, M. (2010). Behavioral
and cerebellar transmission deficits in mice lacking the autism-linked
gene islet brain-2. The Journal of Neuroscience, 30(44), 14805-14816.
https://doi.org/10.1523/JNEUROSCI.1161-10.2010

Halbedl, S., Schoen, M., Feiler, M. S., Boeckers, T. M., & Schmeisser, M. J.
(2016). Shank3 is localized in axons and presynaptic specializations of
developing hippocampal neurons and involved in the modulation


https://doi.org/10.1016/j.ajhg.2018.08.013
https://doi.org/10.1016/j.ajhg.2018.08.013
https://doi.org/10.1186/s13023-019-1220-4
https://doi.org/10.1111/cge.13451
https://doi.org/10.1038/ejhg.2013.210
https://doi.org/10.1038/ejhg.2013.210
https://doi.org/10.1371/journal.pgen.1002173
https://doi.org/10.1371/journal.pgen.1002173
https://doi.org/10.1038/mp.2017.236
https://doi.org/10.1038/mp.2017.236
https://doi.org/10.1016/j.kint.2016.07.011
https://doi.org/10.1016/j.biopsych.2019.09.029
https://doi.org/10.1016/j.biopsych.2019.09.029
https://doi.org/10.1002/dvdy.22293
https://doi.org/10.1038/onc.2009.40
https://doi.org/10.1016/j.ydbio.2008.04.029
https://doi.org/10.1186/s13229-018-0205-9
https://doi.org/10.1523/JNEUROSCI.5381-06.2007
https://doi.org/10.1002/ajmg.a.33253
https://doi.org/10.1002/ajmg.a.36513
https://doi.org/10.1002/ana.24826
https://doi.org/10.1093/gerona/glx160
https://doi.org/10.1093/gerona/glx160
https://doi.org/10.1080/13816810.2019.1692361
https://doi.org/10.1080/13816810.2019.1692361
https://doi.org/10.3233/TRD-160005
https://doi.org/10.3233/TRD-160005
https://doi.org/10.1111/cge.13419
https://doi.org/10.1523/JNEUROSCI.4710-06.2007
https://doi.org/10.1038/srep19544
https://doi.org/10.1038/srep19544
https://doi.org/10.1007/8904_2013_230
https://doi.org/10.1007/8904_2013_230
https://doi.org/10.1124/dmd.117.077560
https://doi.org/10.1124/dmd.117.077560
https://doi.org/10.1523/JNEUROSCI.1161-10.2010

RICCIARDELLO et AL.

20 AMERI.EAN JUURNAL.UF PART
—I—Wl LE'Y —medical genetics

of NMDA receptor levels at axon terminals. Journal of Neurochemistry,
137(1), 26-32. https://doi.org/10.1111/jnc.13523

Hamilton, E., Tekturk, P., Cialdella, F., van Rappard, D. F., Wolf, N. I,
Yalcinkaya, C., Cetingelik, 0., Rajaee, A., Kariminejad, A., Paprocka, J.,
Yapici, Z., Bosnjak, V. M., van der Knaap, M. S., Cetingelik, o,
Rajaee, A., Kariminejad, A., Paprocka, J., Yapici, Z., & Bosnjak, V. M.
(2018). Megalencephalic leukoencephalopathy with subcortical cysts:
Characterization of disease variants. Neurology, 90(16), €1395-e1403.
https://doi.org/10.1212/WNL.0000000000005334

Holder, J. L., & Quach, M. M. (2016). The spectrum of epilepsy and electro-
encephalographic abnormalities due to SHANKS3 loss-of-function
mutations. Epilepsia, 57(10), 1651-1659. https://doi.org/10.1111/epi.
13506

Hossain, M. I, Marcus, J. M., Lee, J. H., Garcia, P. L, Gagné, J. P,
Poirier, G. G., Falany, C. N., & Andrabi, S. A. (2019). SULT4A1 protects
against oxidative-stress induced mitochondrial dysfunction in neuronal
cells. Drug Metabolism and Disposition, 47(9), 949-953. https://doi.
org/10.1124/dmd.119.088047

Hosseini, S. H., Sadighi Gilani, M. A., Meybodi, A. M., & Sabbaghian, M.
(2017). The impact of RABL2B gene (rs144944885) on human male
infertility in patients with oligoasthenoteratozoospermia and immotile
short tail sperm defects. Journal of Assisted Reproduction and Genetics,
34(4), 505-510. https://doi.org/10.1007/510815-016-0863-5

Hwang, D. Y. Dworschak, G. C., Kohl, S., Saisawat, P., Vivante, A,
Hilger, A. C., Reutter, H. M., Soliman, N. A. Bogdanovic, R,
Kehinde, E. O., Tasic, V., & Hildebrandt, F. (2014). Mutations in
12 known dominant disease-causing genes clarify many congenital
anomalies of the kidney and urinary tract. Kidney International, 85(6),
1429-1433. https://doi.org/10.1038/ki.2013.508

Jenkins, D., Bitner-Glindzicz, M., Malcolm, S., Hu, C. C, Allison, J.,
Winyard, P. J., Gullett, A. M., Thomas, D. F. M., Belk, R. A,
Feather, S. A, Sun, T. T., & Woolf, A. S. (2005). De novo Uroplakin llla
heterozygous mutations cause human renal adysplasia leading to
severe kidney failure. Journal of the American Society of Nephrology, 16
(7), 2141-2149. https://doi.org/10.1681/ASN.2004090776

Jian, F., Chen, D., Chen, L., Yan, C., Lu, B, Zhu, Y., Chen, S., Shi, A.,
Chan, D. C, & Song, Z. (2018). Samm50 regulates PINK1-Parkin-
mediated mitophagy by controlling PINK1 stability and mitochondrial
morphology. Cell Reports, 23(10), 2989-3005. https://doi.org/10.
1016/j.celrep.2018.05.015

Jiang, S., Gitlin, J., Deng, F. M, Liang, F. X,, Lee, A,, Atala, A., Bauer, S. B.,
Ehrlich, G. D., Feather, S. A, Goldberg, J. D., Goodship, J. A,
Goodship, T. H. J., Hermanns, M., Hu, F. Z., Jones, K. E., Malcolm, S.,
Mendelsohn, C., Preston, R. A., Retik, A. B., ... Sun, T. T. (2004). Lack of
major involvement of human uroplakin genes in vesicoureteral reflux:
Implications for disease heterogeneity. Kidney International, 66(1), 10—
19. https://doi.org/10.1111/j.1523-1755.2004.00703.x

Kanie, T., Abbott, K. L., Mooney, N. A, Plowey, E. D., Demeter, J., &
Jackson, P. K. (2017). The CEP19-RABL2 GTPase Complex Binds
IFT-B to Initiate Intraflagellar Transport at the Ciliary Base. Develop-
mental Cell, 42(1), 22-36.e12. http://dx.doi.org/10.1016/j.devcel.
2017.05.016.

Kenneson, A., & Funderburk, J. S. (2017). Patatin-like phospholipase
domain-containing protein 3 (PNPLA3): A potential role in the associa-
tion between liver disease and bipolar disorder. Journal of Affective Dis-
orders, 209, 93-96. https://doi.org/10.1016/j.jad.2016.11.035

Kitamoto, T., Kitamoto, A., Ogawa, Y., Honda, Y., Imajo, K, Saito, S.,
Yoneda, M., Nakamura, T., Nakajima, A., & Hotta, K. (2015). Targeted-
bisulfite sequence analysis of the methylation of CpG islands in genes
encoding PNPLA3, SAMM50, and PARVB of patients with non-
alcoholic fatty liver disease. Journal of Hepatology, 63(2), 494-502.
https://doi.org/10.1016/j.jhep.2015.02.049

Kitamoto, T., Kitamoto, A., Yoneda, M., Hyogo, H., Ochi, H., Mizusawa, S.,
Ueno, T., Nakao, K., Sekine, A., Chayama, K., Nakajima, A., & Hotta, K.
(2014). Targeted next-generation sequencing and fine linkage

disequilibrium mapping reveals association of PNPLA3 and PARVB
with the severity of nonalcoholic fatty liver disease. Journal of Human
Genetics, 59(5), 241-246. https://doi.org/10.1038/jhg.2014.17

Kohlenberg, T. M., Trelles, M. P., McLarney, B., Betancur, C., Thurm, A,, &
Kolevzon, A. (2020). Psychiatric illness and regression in individuals
with Phelan-McDermid syndrome. Journal of Neurodevelopmental Dis-
orders, 12(1), 7. https://doi.org/10.1186/s11689-020-9309-6

Kolevzon, A., Angarita, B., Bush, L, Wang, A. T., Frank, Y., Yang, A,
Rapaport, R., Saland, J., Srivastava, S., Farrell, C., Edelmann, L. J., &
Buxbaum, J. D. (2014). Phelan-McDermid syndrome: A review of the
literature and practice parameters for medical assessment and moni-
toring. Journal of Neurodevelopmental Disorders, 6(1), 39. https://doi.
org/10.1186/1866-1

Kopanos, C., Tsiolkas, V., Kouris, A., Chapple, C. E., Albarca Aguilera, M.,
Meyer, R., & Massouras, A. (2018). VarSome: The human genomic vari-
ant search engine. Oxford Bioinformatics, 35(11), 1978-1980. https://
doi.org/10.1093/bioinformatics/bty897955-6-39

Kostka, G., Giltay, R., Bloch, W., Addicks, K., Timpl, R., Fassler, R., &
Chu, M. L. (2001). Perinatal lethality and endothelial cell abnormalities
in several vessel compartments of fibulin-1-deficient mice. Molecular
and Cellular Biology, 21(20), 7025-7034. https://doi.org/10.1128/
MCB.21.20.7025-7034.2001

Larrieta-Carrasco, E., Flores, Y. N., Macias-Kauffer, L. R., Ramirez-
Palacios, P., Quiterio, M., Ramirez-Salazar, E. G., Ledén-Mimila, P.,
Rivera-Paredez, B., Cabrera-AIvarez, G., Canizales-Quinteros, S.,
Zhang, Z. F., Lopez-Pérez, T. V., Salmerdn, J., & Veldzquez-Cruz, R.
(2018). Genetic variants in COL13A1, ADIPOQ and SAMM50, in addi-
tion to the PNPLAS3 gene, confer susceptibility to elevated transami-
nase levels in an admixed Mexican population. Experimental and
Molecular Pathology, 104(1), 50-58. https://doi.org/10.1016/j.yexmp.
2018.01.001

Lim, S., Naisbitt, S., Yoon, J., Hwang, J. I, Suh, P. G., Sheng, M., & Kim, E.
(1999). Characterization of the shank family of synaptic proteins. Mul-
tiple genes, alternative splicing, and differential expression in brain and
development. Journal of Biological Chemistry, 274(41), 29510-29518.
https://doi.org/10.1074/jbc.274.41.29510

Machado-Vieira, R., Zanetti, M. V., Teixeira, A. L., Uno, M., Valiengo, L. L.,
Soeiro-de-Souza, M. G., Oba-Shinjo, S. M., de Sousa, R. T,
Zarate, C. A, Jr., Gattaz, W. F., & Marie, S. K. (2015). Decreased
AKT1/mTOR pathway mRNA expression in short-term bipolar disor-
der. European Neuropsychopharmacology, 25(4), 468-473. https://doi.
org/10.1016/j.euroneuro.2015.02.002

Manole, A., Horga, A., Gamez, J., Raguer, N., Salvado, M., San Millan, B.,
Navarro, C., Pittmann, A., Reilly, M. M., & Houlden, H. (2017). SBF1
mutations associated with autosomal recessive axonal neuropathy
with cranial nerve involvement. Neurogenetics, 18(1), 63-67. https://
doi.org/10.1007/s10048-016-0505-1

Mantovani, A., Taliento, A., Zusi, C., Baselli, G., Prati, D., Granata, S.,
Zaza, G., Colecchia, A., Maffeis, C.,, Byrne, C. D., Valenti, L., &
Targher, G. (2020). PNPLA3 1148M gene variant and chronic kidney
disease in type 2 diabetic patients with NAFLD: Clinical and experi-
mental findings. Liver International, 40(5), 1130-1141. https://doi.org/
10.1111/liv.14419

Martin, C. A., Ahmad, I., Klingseisen, A., Hussain, M. S., Bicknell, L. S.,
Leitch, A., Niirnberg, G., Toliat, M. R, Murray, J. E., Hunt, D., Khan, F.,
Ali, Z., Tinschert, S., Ding, J., Keith, C., Harley, M. E., Heyn, P,
Miiller, R., Hoffmann, 1., ... Jackson, A. P. (2014). Mutations in PLK4,
encoding a master regulator of centriole biogenesis, cause microceph-
aly, growth failure and retinopathy. Nature Genetics, 46(12), 1283-
1292. https://doi.org/10.1038/ng.3122

Matsuura, T., & Ashizawa, T. (2002). Spinocerebellar ataxia type 10. [updated
2019 Sep 19]. In M. P. Adam, H. H. Ardinger, R. A. Pagon, et al. (Eds.),
GeneReviews® [Internet] (pp. 1993-2020). University of Washington.

McDermott, J. E., Goldblatt, D., & Paradis, S. (2018). Class 4 Semaphorins
and Plexin-B receptors regulate GABAergic and glutamatergic synapse


https://doi.org/10.1111/jnc.13523
https://doi.org/10.1212/WNL.0000000000005334
https://doi.org/10.1111/epi.13506
https://doi.org/10.1111/epi.13506
https://doi.org/10.1124/dmd.119.088047
https://doi.org/10.1124/dmd.119.088047
https://doi.org/10.1007/s10815-016-0863-5
https://doi.org/10.1038/ki.2013.508
https://doi.org/10.1681/ASN.2004090776
https://doi.org/10.1016/j.celrep.2018.05.015
https://doi.org/10.1016/j.celrep.2018.05.015
https://doi.org/10.1111/j.1523-1755.2004.00703.x
http://dx.doi.org/10.1016/j.devcel.2017.05.016
http://dx.doi.org/10.1016/j.devcel.2017.05.016
https://doi.org/10.1016/j.jad.2016.11.035
https://doi.org/10.1016/j.jhep.2015.02.049
https://doi.org/10.1038/jhg.2014.17
https://doi.org/10.1186/s11689-020-9309-6
https://doi.org/10.1186/1866-1
https://doi.org/10.1186/1866-1
https://doi.org/10.1093/bioinformatics/bty897955-6-39
https://doi.org/10.1093/bioinformatics/bty897955-6-39
https://doi.org/10.1128/MCB.21.20.7025-7034.2001
https://doi.org/10.1128/MCB.21.20.7025-7034.2001
https://doi.org/10.1016/j.yexmp.2018.01.001
https://doi.org/10.1016/j.yexmp.2018.01.001
https://doi.org/10.1074/jbc.274.41.29510
https://doi.org/10.1016/j.euroneuro.2015.02.002
https://doi.org/10.1016/j.euroneuro.2015.02.002
https://doi.org/10.1007/s10048-016-0505-1
https://doi.org/10.1007/s10048-016-0505-1
https://doi.org/10.1111/liv.14419
https://doi.org/10.1111/liv.14419
https://doi.org/10.1038/ng.3122

RICCIARDELLO €T AL.

development in the mammalian hippocampus. Molecular and Cellular
Neurosciences, 92, 50-66. https://doi.org/10.1016/j.mcn.2018.06.008

McElroy, S. L., Winham, S. J., Cuellar-Barboza, A. B., Colby, C. L., Ho, A. M,,
Sicotte, H., Larrabee, B. R., Crow, S., Frye, M. A, & Biernacka, J. M.
(2018). Bipolar disorder with binge eating behavior: A genome-wide
association study implicates PRR5-ARHGAPS. Translational Psychiatry,
8(1), 40. https://doi.org/10.1038/s41398-017-0085-3

Meltzer, H. Y., Brennan, M. D., Woodward, N. D., & Jayathilake, K. (2008).
Association of Sult4A1 SNPs with psychopathology and cognition in
patients with schizophrenia or schizoaffective disorder. Schizophrenia
Research, 106(2-3), 258-264. https://doi.org/10.1016/j.schres.2008.
08.029

Mitsuhashi, S., Ohkuma, A., Talim, B., Karahashi, M., Koumura, T.,
Aoyama, C., Kurihara, M., Quinlivan, R., Sewry, C., Mitsuhashi, H.,
Goto, K., Koksal, B., Kale, G., lkeda, K., Taguchi, R., Noguchi, S.,
Hayashi, Y. K., Nonaka, I, Sher, R. B., ... Nishino, I. (2011). A congenital
muscular dystrophy with mitochondrial structural abnormalities cau-
sed by defective de novo phosphatidylcholine biosynthesis. American
Journal of Human Genetics, 88(6), 845-851. https://doi.org/10.1016/j.
ajhg.2011.05.010

Mitz, A. R., Philyaw, T. J., Boccuto, L., Shcheglovitov, A., Sarasua, S. M,
Kaufmann, W. E., & Thurm, A. (2018). Identification of 22q13 genes
most likely to contribute to Phelan McDermid syndrome. European
Journal of Human Genetics, 26(3), 293-302. https://doi.org/10.1038/
s41431-017-0042-x

Modena, P., Lualdi, E., Facchinetti, F., Veltman, J., Reid, J. F., Minardi, S.,
Janssen, |, Giangaspero, F., Forni, M., Finocchiaro, G., Genitori, L.,
Giordano, F., Riccardi, R., Schoenmakers, E. F. P. M., Massimino, M., &
Sozzi, G. (2006). Identification of tumor-specific molecular signatures
in intracranial ependymoma and association with clinical characteris-
tics. Journal of Clinical Oncology, 24(33), 5223-5233. https://doi.org/
10.1200/JC0.2006.06.3701

Nyegaard, M., Severinsen, J. E.,, Als, T. D., Hedemand, A., Straarup, S.,
Nordentoft, M., McQuillin, A., Bass, N., Lawrence, J., Thirumalai, S.,
Pereira, A. C. P., Kandaswamy, R., Lydall, G. J., Sklar, P., Scolnick, E.,
Purcell, S., Curtis, D., Gurling, H. M. D., Mortensen, P. B, ..
Bgrglum, A. D. (2010). Support of association between BRD1 and both
schizophrenia and bipolar affective disorder. American Journal of Medi-
cal Genetics - Part B, Neuropsychiatric genetics, 153B(2), 582-591.
https://doi.org/10.1002/ajmg.b.31023

Pacitti, D., Levene, M., Garone, C., Nirmalananthan, N., & Bax, B. E. (2018).
Mitochondrial Neurogastrointestinal Encephalomyopathy: Into the
fourth decade, what we have learned so far. Frontiers in Genetics, 9,
669. https://doi.org/10.3389/fgene.2018.00669

Palumbo, P., Accadia, M., Leone, M. P., Palladino, T., Stallone, R.,
Carella, M., & Palumbo, O. (2018). Clinical and molecular characteriza-
tion of an emerging chromosome 22q13.31 microdeletion syndrome.
American Journal of Medical Genetics - Part A, 176(2), 391-398.
https://doi.org/10.1002/ajmg.a.38559

Paternoster, V. Svanborg, M. Edhager, A. V. Rajkumar, A. P,
Eickhardt, E. A. Pallesen, J., Grove, J., Quist, P., Fryland, T.,
Wegener, G., Nyengaard, J. R, Mors, O. Palmfeldt, J,
Barglum, A. D., & Christensen, J. H. (2019). Brain proteome changes in
female Brd1 (+/—) mice unmask dendritic spine pathology and show
enrichment for schizophrenia risk. Neurobiology of Disease, 124, 479-
488. https://doi.org/10.1016/j.nbd.2018.12.011

Pefas-LLedd, E. M., & LLerena, A. (2014). CYP2Dé variation, behaviour
and psychopathology: implications for pharmacogenomics-guided clin-
ical trials. British Journal of Clinical Pharmacology, 77(4), 673-683.
http://dx.doi.org/10.1111/bcp.12227.

Peril3, N., Jakobson, M., Ola, R., Fazzari, P., Penachioni, J. Y., Nymark, M.,
Tanninen, T., Immonen, T., Tamagnone, L., & Sariola, H. (2011).
Sema4C-Plexin B2 signalling modulates ureteric branching in develop-
ing kidney. Differentiation, 81(2), 81-91. https://doi.org/10.1016/j.
diff.2010.10.001

medical genetics B WILEY-L_2

Percy, M. J, & Lappin, T. R. (2008). Recessive congenital metha-
emoglobinaemia: Cytochrome b(5) reductase deficiency. British Journal
of Haematology, 141(3), 298-308. https://doi.org/10.1111/j.1365-
2141.2008.07017.x

Pescador Ruschel, M. A,, & Vaqar, S. (2020). Common variable immunode-
ficiency (CVID). In StatPearls [internet]. Treasure Island (FL): StatPearls
Publishing.

Phelan, K., & Betancur, C. (2011). Clinical utility gene card for: Deletion
22q13 syndrome. European Journal of Human Genetics, 19(4), 492.
https://doi.org/10.1038/ejhg.2010.193

Phelan, K., & McDermid, H. E. (2012). The 22q13.3 deletion syndrome
(Phelan-McDermid syndrome). Molecular Syndromology, 2(3-5), 186-
201. https://doi.org/10.1159/000334260

Pronicka, E., Piekutowska-Abramczuk, D., Szymanska-Debinska, T.,
Bielecka, L., Kowalski, P., Luczak, S., Karkucirfska-Wieckowska, A.,
Migdat, M., Kubalska, J., Zimowski, J., Jamroz, E., Wierzba, J., Sykut-
Cegielska, J., Pronicki, M., Zaremba, J., & Krajewska-Walasek, M.
(2013). The natural history of SCO2 deficiency in 36 polish children
confirmed the genotype-phenotype correlation. Mitochondrion, 13(6),
810-816. https://doi.org/10.1016/j.mito.2013.05.007

Qiao, X, Liu, Y., Li, P.,, Chen, Z, Li, H., Yang, X., Finnell, R. H., Yang, Z,,
Zhang, T., Qiao, B., Zheng, Y., & Wang, H. (2016). Genetic analysis of
rare coding mutations of CELSR1-3 in congenital heart and neural tube
defects in Chinese people. Clinical Science (Lond), 130(24), 2329-2340.
https://doi.org/10.1042/CS2

Quinodoz, M., Royer-Bertrand, B., Cisarova, K., Di Gioia, S. A., Superti-
Furga, A., & Rivolta, C. (2017). DOMINO: Using machine learning to
predict genes associated with dominant disorders. The American Jour-
nal of Human Genetics, 101(4), 623-629. https://doi.org/10.1016/j.
ajhg.2017.09.001

Quist, P., Eskildsen, S. F., Hansen, B., Baragji, M., Ringgaard, S.,
Roovers, J., Paternoster, V., Molgaard, S., Corydon, T. J., Stgdkilde-
Jorgensen, H., Glerup, S., Mors, O., Wegener, G., Nyengaard, J. R,,
Bagrglum, A. D., & Christensen, J. H. (2018). Brain volumetric alter-
ations accompanied with loss of striatal medium-sized spiny neurons
and cortical parvalbumin expressing interneurons in Brd1+/— mice.
Scientific Reports, 8(1), 16486. https://doi.org/10.1038/541598-018-
34729-5

Quist, P., Rajkumar, A. P., Redrobe, J. P., Nyegaard, M., Christensen, J. H.,
Mors, O., Wegener, G., Didriksen, M., & Bgrglum, A. D. (2017). Mice
heterozygous for an inactivated allele of the schizophrenia associated
Brd1 gene display selective cognitive deficits with translational rele-
vance to schizophrenia. Neurobiology of Learning and Memory, 141,
44-52. https://doi.org/10.1016/j.nim.2017.03.009

Raab, M., Boeckers, T. M., & Neuhuber, W. L. (2010). Proline-rich synapse-
associated protein-1 and 2 (ProSAP1/Shank2 and ProSAP2/Shank3)-
scaffolding proteins are also present in postsynaptic specializations of
the peripheral nervous system. Neuroscience, 171(2), 421-433.
https://doi.org/10.1016/j.neuroscience.2010.08.041

Redecker, P., Bockmann, J., & Bdckers, T. M. (2006). Expression of post-
synaptic density proteins of the ProSAP/shank family in the thymus.
Histochemistry and Cell Biology, 126(6), 679-685. https://doi.org/10.
1007/s00418-006-0199-9

Reierson, G., Bernstein, J., Froehlich-Santino, W., Urban, A., Purmann, C.,
Berquist, S., Jordan, J., O'Hara, R., & Hallmayer, J. (2017). Characteriz-
ing regression in Phelan McDermid syndrome (22q13 deletion syn-
drome). Journal of Psychiatric Research, 91, 139-144. https://doi.org/
10.1016/j.jpsychires.2017.03.010

Rekdal, C., Sjgttem, E., & Johansen, T. (2000). The nuclear factor SPBP
contains different functional domains and stimulates the activity of
various transcriptional activators. Journal of Biological Chemistry, 275
(51), 40288-40300. https://doi.org/10.1074/jbc.M006978200

Roessler, R., Goldmann, J., Shivalila, C., & Jaenisch, R. (2018). JIP2
haploinsufficiency contributes to neurodevelopmental abnormalities in
human pluripotent stem cell-derived neural progenitors and cortical


https://doi.org/10.1016/j.mcn.2018.06.008
https://doi.org/10.1038/s41398-017-0085-3
https://doi.org/10.1016/j.schres.2008.08.029
https://doi.org/10.1016/j.schres.2008.08.029
https://doi.org/10.1016/j.ajhg.2011.05.010
https://doi.org/10.1016/j.ajhg.2011.05.010
https://doi.org/10.1038/s41431-017-0042-x
https://doi.org/10.1038/s41431-017-0042-x
https://doi.org/10.1200/JCO.2006.06.3701
https://doi.org/10.1200/JCO.2006.06.3701
https://doi.org/10.1002/ajmg.b.31023
https://doi.org/10.3389/fgene.2018.00669
https://doi.org/10.1002/ajmg.a.38559
https://doi.org/10.1016/j.nbd.2018.12.011
http://dx.doi.org/10.1111/bcp.12227
https://doi.org/10.1016/j.diff.2010.10.001
https://doi.org/10.1016/j.diff.2010.10.001
https://doi.org/10.1111/j.1365-2141.2008.07017.x
https://doi.org/10.1111/j.1365-2141.2008.07017.x
https://doi.org/10.1038/ejhg.2010.193
https://doi.org/10.1159/000334260
https://doi.org/10.1016/j.mito.2013.05.007
https://doi.org/10.1042/CS2
https://doi.org/10.1016/j.ajhg.2017.09.001
https://doi.org/10.1016/j.ajhg.2017.09.001
https://doi.org/10.1038/s41598-018-34729-5
https://doi.org/10.1038/s41598-018-34729-5
https://doi.org/10.1016/j.nlm.2017.03.009
https://doi.org/10.1016/j.neuroscience.2010.08.041
https://doi.org/10.1007/s00418-006-0199-9
https://doi.org/10.1007/s00418-006-0199-9
https://doi.org/10.1016/j.jpsychires.2017.03.010
https://doi.org/10.1016/j.jpsychires.2017.03.010
https://doi.org/10.1074/jbc.M006978200

RICCIARDELLO et AL.

22 AMERI.EAN JUURNAL.UF PART
—I—Wl LE'Y —medical genetics

neurons. Life Science Alliance, 1(4), e€201800094. https://doi.org/10.
26508/1sa.201800094

Sandhu, B., Perez Matos, M. C,, Tran, S., Zhong, A., Csizmadia, E., Kim, M.,
Herman, M. A, Nasser, |, Lai, M., & Jiang, Z. G. (2019). Quantitative
digital pathology reveals association of cell-specific PNPLA3 transcrip-
tion with NAFLD disease activity. JHEP Reports, 1(3), 199-202.
https://doi.org/10.1016/j.jhepr.2019.05.007

Sarasua, S. M., Boccuto, L., Sharp, J. L, Dwivedi, A, Chen, C. F,,
Rollins, J. D., Rogers, R. C., Phelan, K., & DuPont, B. R. (2014a). Clinical
and genomic evaluation of 201 patients with Phelan-McDermid syn-
drome. Human Genetics, 133(7), 847-859. https://doi.org/10.1007/
s00439-014-1423-7

Sarasua, S. M., Dwivedi, A., Boccuto, L., Chen, C. F, Sharp, J. L,
Rollins, J. D., Collins, J. S., Rogers, R. C., Phelan, K., & DuPont, B. R.
(2014b). 22g13.2913.32 genomic regions associated with severity of
speech delay, developmental delay, and physical features in Phelan-
McDermid syndrome. Genetics in Medicine, 16(4), 318-328. https://
doi.org/10.1038/gim.2013.144

Sarasua, S. M., Dwivedi, A. Boccuto, L., Rollins, J. D., Chen, C. F,,
Rogers, R. C., Phelan, K., DuPont, B. R., & Collins, J. S. (2011). Associa-
tion between deletion size and important phenotypes expands the
genomic region of interest in Phelan-McDermid syndrome (22q13
deletion syndrome). Journal of Medical Genetics, 48(11), 761-766.
https://doi.org/10.1136/jmedgenet-2011-100225

Sauer, A. K. Bockmann, J., Steinestel, K. Boeckers, T. M., &
Grabrucker, A. M. (2019). Altered intestinal morphology and micro-
biota composition in the autism Spectrum disorders associated
SHANK3 mouse model. International Journal of Molecular Sciences, 20
(9), 2134. https://doi.org/10.3390/ijms20092134

Schonfelder, E.-M., Knuppel, T., Tasic, V., Milikovic, P., Konrad, M.,
Wiihl, E., Antignac, C., Bakkaloglu, A., Schaefer, F., & Weber, S. (2006).
Mutations in Uroplakin IlIA are a rare cause of renal hypodysplasia in
humans. American Journal of Kidney Diseases, 47(6), 1004-1012.
https://doi.org/10.1053/j.ajkd.2006.02.177

Selch, S., Strobel, A., Haderlein, J., Meyer, J., Jacob, C. P., Schmitt, A,
Lesch, K. P., & Reif, A. (2007). MLC1 polymorphisms are specifically
associated with periodic catatonia, a subgroup of chronic schizophre-
nia. Biological Psychiatry, 61(10), 1211-1214. https://doi.org/10.
1016/j.biopsych.2006.08.030

Semba, T., Sammons, R., Wang, X., Xie, X,, Dalby, K. N., & Ueno, N. T.
(2020). JNK signaling in stem cell self-renewal and differentiation.
International Journal of Molecular Sciences, 21(7), 2613. https://doi.org/
10.3390/ijms21072613

Simenson, K., Oiglane-Shlik, E., Teek, R., Kuuse, K., & Ounap, K. (2014). A
patient with the classic features of Phelan-McDermid syndrome and
a high immunoglobulin E level caused by a cryptic interstitial 0.72-Mb
deletion in the 22q13.2 region. American Journal of Medical Genetics -
Part A, 164A(3), 806-809. https://doi.org/10.1002/ajmg.a.36358

Soorya, L., Kolevzon, A., Zweifach, J., Lim, T., Dobry, Y., Schwartz, L.,
Frank, Y., Wang, A, Cai, G. Parkhomenko, E., Halpern, D,
Grodberg, D., Angarita, B., Willner, J. P, Yang, A. Canitano, R,
Chaplin, W., Betancur, C., & Buxbaum, J. D. (2013). Prospective inves-
tigation of autism and genotype-phenotype correlations in 22q13
deletion syndrome and SHANKS deficiency. Molecular Autism, 4(1), 18.
https://doi.org/10.1186/2040-2392-4-18

Stokowy, T., Polushina, T., Sgnderby, I. E., Karlsson, R., Giddaluru, S., le
Hellard, S., Bergen, S. E., Sullivan, P. F., Andreassen, O. A., Djurovic, S.,
Hultman, C. M., & Steen, V. M. (2018). Genetic variation in 117 mye-
lination-related genes in schizophrenia: Replication of association to
lipid biosynthesis genes. Scientific Reports, 8(1), 6915. https://doi.org/
10.1038/s41598-018-25280-4

Tahata, S., Gunderson, L., Lanpher, B., & Morava, E. (2019). Complex phe-
notypes in ALG12-congenital disorder of glycosylation (ALG12-CDG):
Case series and review of the literature. Molecular Genetics and

Metabolism, 128(4), 409-414. https://doi.org/10.1016/j.ymgme.2019.
08.007

The DDD study, Vetrini, F.,, McKee, S., Rosenfeld, J. A. Suri, M.,
Lewis, A. M., Nugent, K. M., Roeder, E., Littlejohn, R. O., Holder, S.,
Zhu, W., Alaimo, J. T., Graham, B., Harris, J. M., Gibson, J. B,
Pastore, M., McBride, K. L., Komara, M., al-Gazali, L., ... Liu, P. (2019).
De novo and inherited TCF20 pathogenic variants are associated with
intellectual disability, dysmorphic features, hypotonia, and neurological
impairments with similarities to smith-Magenis syndrome. Genome
Medicine, 11(1), 12. https://doi.org/10.1186/s13073-019-0623-0

The eMERGE Network, Namjou, B., Lingren, T., Huang, Y.,
Parameswaran, S., Cobb, B. L., Stanaway, |. B., Connolly, J. J,
Mentch, F. D., Benoit, B., Niu, X, Wei, W. Q., Carroll, R. J,,
Pacheco, J. A, Harley, I. T. W, Divanovic, S., Carrell, D. S,
Larson, E. B., Carey, D. J,, ... Harley, J. B. (2019). GWAS and enrich-
ment analyses of non-alcoholic fatty liver disease identify new trait-
associated genes and pathways across eMERGE network. BMC Medi-
cine, 17(1), 135. https://doi.org/10.1186/s12916-019-1364-z

Thomford, N. E., Dzobo, K., Yao, N. A,, Chimusa, E., Evans, J., Okai, E.,
Kruszka, P., Muenke, M., Awandare, G., Wonkam, A., & Dandara, C.
(2018). Genomics and epigenomics of congenital heart defects: Expert
review and lessons learned in Africa. OMICS, 22(5), 301-321. https://
doi.org/10.1089/0mi.2018.0033

Torti, E., Keren, B., Palmer, E. E., Zhu, Z., Afenjar, A., Anderson, I. J.,
Andrews, M. V., Atkinson, C., Au, M., Berry, S. A., Bowling, K. M.,
Boyle, J., Buratti, J., Cathey, S. S., Charles, P., Cogne, B., Courtin, T.,
Escobar, L. F., Finley, S. L., ... Juusola, J. (2019). Variants in TCF20 in
neurodevelopmental disability: Description of 27 new patients and
review of literature. Genetics in Medicine, 21(9), 2036-2042. https://
doi.org/10.1038/s41436-019-0454-9

Tran-Viet, K. N., Powell, C., Barathi, V. A., Klemm, T., Maurer-Stroh, S.,
Limviphuvadh, V., Soler, V., Ho, C., Yanovitch, T., Schneider, G.,
Li, Y. J,, Nading, E., Metlapally, R., Saw, S. M., Goh, L., Rozen, S., &
Young, T. L. (2013). Mutations in SCO2 are associated with
autosomal-dominant high-grade myopia. American Journal of Human
Genetics, 92(5), 820-826. https://doi.org/10.1016/j.ajhg.2013.04.005

Uusimaa, J., Jungbluth, H., Fratter, C., Crisponi, G., Feng, L., Zeviani, M.,
Hughes, |, Treacy, E. P., Birks, J., Brown, G. K, Sewry, C. A,
McDermott, M., Muntoni, F., & Poulton, J. (2011). Reversible infantile
respiratory chain deficiency is a unique, genetically heterogenous
mitochondrial disease. Journal of Medical Genetics, 48(10), 660-668.
https://doi.org/10.1136/jmg.2011.089995

Vergnes, L., Chin, R. G., de Aguiar Vallim, T., Fong, L. G., Osborne, T. F.,
Young, S. G., & Reue, K. (2016). SREBP-2-deficient and hypomorphic
mice reveal roles for SREBP-2 in embryonic development and SREBP-
1c expression. Journal of Lipid Research, 57(3), 410-421. https://doi.
org/10.1194/jlr M064022

Verpelli, C., Schmeisser, M. J,, Sala, C., & Boeckers, T. M. (2012). Scaffold
proteins at the postsynaptic density. Advances in Experimental Medicine
and Biology, 970, 29-61.

Wang, W, Li, C,, Chen, Q., van der Goes, M. S., Hawrot, J.,, Yao, A. Y.,
Gao, X., Lu, C,, Zang, Y., Zhang, Q., Lyman, K., Wang, D., Guo, B.,
Wu, S., Gerfen, C. R, Fu, Z., & Feng, G. (2017). Striatopallidal dysfunc-
tion underlies repetitive behavior in Shank3-deficient model of autism.
The Journal of Clinical Investigation, 127(5), 1978-1990. https://doi.
org/10.1172/J)CI87997

Washizuka, S., Kakiuchi, C., Mori, K., Tajima, O., Akiyama, T., & Kato, T.
(2005). Expression of mitochondria-related genes in lymphoblastoid
cells from patients with bipolar disorder. Bipolar Disorders, 7(2), 146-
152. https://doi.org/10.1111/j.1399-5618.2005.00184.x

Xavier, G. M., Sharpe, P. T., & Cobourne, M. T. (2009). Scube1 is expressed
during facial development in the mouse. Journal of Experimental
Zoology- Part B - Molecular and Developmental Evolution, 312B(5), 518-
524. https://doi.org/10.1002/jez.b.21260


https://doi.org/10.26508/lsa.201800094
https://doi.org/10.26508/lsa.201800094
https://doi.org/10.1016/j.jhepr.2019.05.007
https://doi.org/10.1007/s00439-014-1423-7
https://doi.org/10.1007/s00439-014-1423-7
https://doi.org/10.1038/gim.2013.144
https://doi.org/10.1038/gim.2013.144
https://doi.org/10.1136/jmedgenet-2011-100225
https://doi.org/10.3390/ijms20092134
https://doi.org/10.1053/j.ajkd.2006.02.177
https://doi.org/10.1016/j.biopsych.2006.08.030
https://doi.org/10.1016/j.biopsych.2006.08.030
https://doi.org/10.3390/ijms21072613
https://doi.org/10.3390/ijms21072613
https://doi.org/10.1002/ajmg.a.36358
https://doi.org/10.1186/2040-2392-4-18
https://doi.org/10.1038/s41598-018-25280-4
https://doi.org/10.1038/s41598-018-25280-4
https://doi.org/10.1016/j.ymgme.2019.08.007
https://doi.org/10.1016/j.ymgme.2019.08.007
https://doi.org/10.1186/s13073-019-0623-0
https://doi.org/10.1186/s12916-019-1364-z
https://doi.org/10.1089/omi.2018.0033
https://doi.org/10.1089/omi.2018.0033
https://doi.org/10.1038/s41436-019-0454-9
https://doi.org/10.1038/s41436-019-0454-9
https://doi.org/10.1016/j.ajhg.2013.04.005
https://doi.org/10.1136/jmg.2011.089995
https://doi.org/10.1194/jlr.M064022
https://doi.org/10.1194/jlr.M064022
https://doi.org/10.1172/JCI87997
https://doi.org/10.1172/JCI87997
https://doi.org/10.1111/j.1399-5618.2005.00184.x
https://doi.org/10.1002/jez.b.21260

RICCIARDELLO €T AL.

Yi Lo, J. C, O'Connor, A. E., Andrews, Z. B. Lo, C., Tiganis, T.,
Watt, M. J,, & O'Bryan, M. K. (2016). RABL2 is required for hepatic
fatty acid homeostasis and its dysfunction leads to steatosis and a
diabetes-like state. Endocrinology, 157(12), 4732-4743. https://doi.
org/10.1210/en.2016-1487

Zhuang, J., Deane, J. A, Yang, R. B., Li, J., & Ricardo, S. D. (2010). SCUBE1,
a novel developmental gene involved in renal regeneration and repair.
Nephrology Dialysis Transplantation, 25(5), 1421-1428. https://doi.
org/10.1093/ndt/gfp637

Zirn, B., Arning, L., Bartels, I., Shoukier, M., Hoffjan, S., Neubauer, B., &
Hahn, A. (2012). Ring chromosome 22 and neurofibromatosis type I
proof of two-hit model for the loss of the NF2 gene in the develop-
ment of meningioma. Clinical Genetics, 81(1), 82-87. http://dx.doi.org/
10.1111/j.1399-0004.2010.01598.x.

AMERI'EAN JUURNAL.OF PART 23
medical genetics A RV LEYJ—
SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Ricciardello, A., Tomaiuolo, P., &
Persico, A. M. (2021). Genotype-phenotype correlation in
Phelan-McDermid syndrome: A comprehensive review of
chromosome 22q13 deleted genes. American Journal of
Medical Genetics Part A Part A, 1-23. https://doi.org/10.1002/
ajmg.a.62222



https://doi.org/10.1210/en.2016-1487
https://doi.org/10.1210/en.2016-1487
https://doi.org/10.1093/ndt/gfp637
https://doi.org/10.1093/ndt/gfp637
http://dx.doi.org/10.1111/j.1399-0004.2010.01598.x
http://dx.doi.org/10.1111/j.1399-0004.2010.01598.x
https://doi.org/10.1002/ajmg.a.62222
https://doi.org/10.1002/ajmg.a.62222

	Genotype-phenotype correlation in Phelan-McDermid syndrome: A comprehensive review of chromosome 22q13 deleted genes
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	3  RESULTS
	3.1  Category 1: Autosomal dominant disease genes
	3.2  Category 2: Autosomal recessive disease genes
	3.3  Category 3: Morphogenetic genes
	3.4  Category 4: Other genes

	4  DISCUSSION
	4.1  Neurodevelopmental and neurological disorders
	4.2  Psychiatric disorders
	4.3  Epilepsy
	4.4  Neuroimaging
	4.5  Craniofacial dysmorphisms
	4.6  Macrocephaly, microcephaly, and growth
	4.7  Sensory organs
	4.8  Gastrointestinal and hepatic symptoms
	4.9  Kidney and urinary tract malformations
	4.10  Heart defects
	4.11  Immune dysfunction and allergies

	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST STATEMENT
	  DATA AVAILABILITY STATEMENT

	REFERENCES


