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1 | INTRODUCTION

Luigi Boccuto?

| Audrey Thurm?

Abstract

Chromosome 22q13.3 deletion (Phelan-McDermid) syndrome (PMS, OMIM 606232)
is a rare genetic condition that impacts neurodevelopment. PMS most commonly
results from heterozygous contiguous gene deletions that include the SHANK3 gene or
likely pathogenic variants of SHANK3 (PMS-SHANK3 related). Rarely, chromosomal
rearrangements that spare SHANK3 share the same general phenotype (PMS-SHANK3
unrelated). Very recent human and model system studies of genes that likely contrib-
ute to the PMS phenotype point to overlap in gene functions associated with neurode-
velopment, synaptic formation, stress/inflammation and regulation of gene expression.
In this review of recent findings, we describe the functional overlaps between SHANK3
and six partner genes of 22q13.3 (PLXNB2, BRD1, CELSR1, PHF21B, SULT4A1, and
TCF20), which suggest a model that explains the commonality between PMS-SHANK3
related and PMS-SHANKS3 unrelated classes of PMS. These genes are likely not the
only contributors to neurodevelopmental impairments in the region, but they are the
best documented to date. The review provides evidence for the overlapping and likely

synergistic contributions of these genes to the PMS phenotype.
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epilepsy and a host of other neurologic and medical symptoms.3~®

These symptoms can include motor delays and impairments, dysmor-

Phelan-McDermid syndrome (PMS, OMIM 606232, ICD-10 Q93. 52)
is a genetic condition caused by disruptions of the 22g13.3 region,
that is, copy number variants (CNV), chromosomal rearrangements,
and pathogenic variants of the SH3 and multiple ankyrin repeat
domains 3 (SHANK3) gene; the causative role of SHANK3 in PMS is
also corroborated by the fact that this gene is haploinsufficient in
humans and one copy is lost in the great majority of individuals identi-
fied with 22g13.3 rearrangements.' ™ The clinical syndrome is charac-
terized by intellectual disability/developmental delay (ID/DD) and

symptoms of autism spectrum disorder (ASD) as well as frequent

phic features, a range of somatic problems, and psychiatric symptoms
that appear in adolescents or adults and can be associated with
regression in skills.*?~11 Although both the genetic contributions and
the phenotype are highly variable, pathogenic and likely pathogenic
variants of SHANK3 are evidence of PMS in individuals expressing
characteristics of the PMS phenotype.*'?12 This review focuses on
the PMS phenotype pathognomonic effects on neurodevelopment,
making it in essence one of the many syndromes that can be consid-
ered Genetic Conditions associated with Neurodevelopmental Disor-
ders (GCAND).
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SHANKS3 is positioned distally on chromosome 22q (chr22:506
74892-50 733 212 of human genome build GRCh38/hg38 of the
UCSC Genome Browser, https://genome.ucsc.edu/index.html) in
humans and some other primates (clade Hominidae). It is a pleiotropic
gene that influences multiple organs, most dramatically the brain.”**
Even within the brain, SHANK3 performs multiple developmental,
axon guidance and synaptic functions through its many promotor-
dependent and splice-variant isoforms.2>"1” A Shank3 mutation in
mice has been linked to inflammation-associated behavioral
changes,*® highlighting the potential importance of inflammation to
the PMS phenotype.”? Along with SHANK1-2, SHANK3 takes a piv-
otal position as the backbone of a post-synaptic density meshwork
that ties the actin cytoskeleton to all three major glutamate receptor
types and to transmembrane cell adhesion and other signaling
molecules.**2?° The loss or pathogenic variants of this gene are major

D?%22 and have also been implicated in schizophre-

contributors to AS
nia2>24; thus it is generally considered to be a gene affecting neurode-
velopment and behavior.

The vast majority of chromosome 22q13.3 deletions are termi-
nal (PMS-SHANKS3 related) of sizes ranging from about 100 kb to
9.3 Mb (roughly chr22:41518468-50 818 468).3*¢ Loss of these
genes contributes to ID and ASD, as well as other characteristics of
PMS.#25 Including SHANK3, 18 of these genes were identified in our
earlier study as intolerant to heterozygous loss-of-function (genes
with a high probability of being loss-of-function intolerant, high pLlI
genes).2® This previous study was a systematic review of every pro-
tein-coding gene of 22q13.3 involved in the largest known deletions
(108 genes, although 2 additional genes were included in case larger
deletions were discovered). It included searches through public data-
bases, including Online Mendelian Inheritance in Man (OMIM),
PubMed, Ensembl, Gene Ontology Consortium (GO), multiple data-
bases of neuropsychiatric-neurodevelopmental disorders based on
genome-wide association studies (GWAS), and other resources (see
paper for the complete list and URLs?®). Each gene was classified in
multiple ways including (1) the probability of loss-of-function (pLI)
from the EXAC database,®” rank-ordered from distal to proximal
position on the chromosome (fig. 2 and Supplementary tab S3 in Ref-
erence 26), (2) Gene Dosage Classification supported by 113 refer-
ences, using the method of Cody and Hale?® that provides a
standard method for evaluating dosage sensitivity associated with
phenotype expression (supplementary tab S1 of Mitz et al),?® (3) Pop-
ulation Impact Factor (PIF), the proportion of the population in which
the gene has been disrupted,?® and (4) for genes with sufficient
available information, a non-mutually exclusive classification of
genes based on phenotype characteristics supported by OMIM and
an additional 68 references (figs 1 and 2 and supplementary tab S2
of Mitz et al).? Altogether, there were 313 unique citations. Selec-
tion of genes for the purpose of classification (44) and review
(9) used a two-dimensional scale that incorporated both pLI and PIF
(fig. 1 of Mitz et al).2® This provided an unbiased measure of the
potential impact on the population of individuals with 22q13.3 ter-
minal deletions. The potential contributions of individual genes and
groups of genes with related functions were discussed, and genes
that were not sufficiently documented were identified. Detailed

reviews were provided of the nine identified genes, RAB, member of
RAS oncogene family like 2B (RABL2B), mitogen-activated protein
kinase 8 interacting protein 2 (MAPK8IP2), plexin b2 (PLXNB2), pim-3
proto-oncogene, serine/threonine kinase (PIM3), zinc finger BED-type
containing 4 (ZBED4), bromodomain containing 1 (BRD1), cadherin EGF
LAG seven-pass G-type receptor 1 (CELSR1), fibulin 1 (FBLN1), and sul-
fotransferase family 4a member 1 (SULT4A1), as well as two related
genes mitogen-activated protein kinase 11 and 12 (MAPK11,
MAPK12).2¢ pLI was not the only factor considered. Eighteen of the
108 genes (including SHANK3) had ExAC pLI >0.9 and only two
other genes, RABL2B and protein phosphatase 6 regulatory subunit
2 (PPP6R2) fell into the category of likely contributors. Two major
results from this study were that seven of the 18 high pLI genes
were poorly documented and that five genes within 1 Mb of
SHANK3 were candidate modifiers to SHANK3 haploinsufficiency in
the nervous system, thus possible contributors to the neurodevelop-
ment and behavioral symptoms of PMS. Since our original work,?®
others have repeated and extended the survey of genes associated
with PMS using multiple and partially overlapping approaches to
classifying the genes.>*1® The present review draws from primary
research publications since 2017 that might further illuminate the
molecular interactions between SHANK3, and other genes disrupted
by terminal deletions of 22q13.3 (see Methods).

SHANK3 is normally near the q terminus of chromosome 22 in
humans with only two other genes more distal to the centromere.
Heterozygous terminal chromosomal deletions that do not encroach
upon SHANK3 are not pathogenic, making SHANK3 the start of the
critical region for PMS. In addition to developing a thorough under-
standing of SHANK3, a major thrust of current research in PMS is to
understand the contributions of genes proximal to SHANK3 to neuro-
development and behavior. It has been argued by some that deletions
of 22q13.3 that do not involve SHANK3 represent a different disorder
due to the documented importance of SHANK3.2°~31 More generally,
disagreements can arise over segmenting any contiguous gene loss
into multiple syndromes, described by Smith and colleagues as the
decision between “phenotype maintenance” and “phenotype conver-
sion.”®2 A contiguous gene deletion syndrome maintains essentially
the same phenotype as deletion size increases. Conversion suggests a
clear transition in phenotype. Multiple phenotype studies of PMS pro-
vide evidence that severity depends on deletion size and that pheno-
type conversion does not occur.*”132533-35 However, questions
remain regarding the mechanisms of pathology. If the molecular
mechanisms disrupted by the loss of genes proximal to SHANK3 are
similar, or even directly related to pathways involving SHANK3, the
distinction between SHANK3-related and -unrelated shrinks. On
the other hand, without molecular evidence of common influences
between SHANK3 and other genes, it remains reasonable to argue
that the mechanisms of PMS-SHANKS3 unrelated are different from
the vast majority of PMS cases.

The role of mechanistic and phenotypic overlap between
SHANK3 and its neighboring (proximal) genes on 22q13.3 has impor-
tant treatment implications. There are many potential approaches to
the treatment of SHANK3 haploinsufficiency.’* Two important classes
of mechanism-modifying treatment options are treatments aimed at
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boosting the availability of SHANK3 and treatments otherwise boost-
ing downstream pathways. In the former case, successful boosting of
SHANKS3 essentially converts SHANK3-related cases to SHANK3-unre-
lated, putting an important new spotlight on our understanding of
genes proximal to SHANKS. In either class of treatment, if there is an
overlap between the molecular pathways that lead to haploinsuffi-
ciency of SHANK3 and the molecular pathways of other genes likely
contributing to PMS, it is possible the necessary dose for successful
boosting will be higher with larger deletions. Our understanding of
the mechanistic overlap among genes could become a central issue,
especially if treatment efforts fail to demonstrate efficacy in initial
cohorts.

2 | MATERIALS AND METHODS

Based on our earlier investigation into 22q13.3 genes,?® we continued
to investigate genes other than SHANK3 that were, from that study,
most likely to contribute to the PMS phenotype. The overall workflow
is shown in Figure 1.

The 17 genes selected from the prior study? are listed with a
summary of results from that study in Table 1. Their loci on chromo-
some 22 is mapped in Figure 2. We searched PubMed (https://
pubmed.ncbi.nlm.nih.gov) for primary research papers using these
gene names in the title or abstract. Based on prior experience, the fol-
lowing gene synonyms were included in the search: IB2 and JIP2

r—— - - - - - - - - - - - - - - — — — — /1
| Mitz et al 2018 [108 genes] |
| Associated genes[2] I |
| Y Y |
I Unbiased measures Functional classification |
| Sufficient Insufficient |
| ExACpLI>.9 PIF >.95 information[44] information[66] | |
| l |
| |
| Group | Group Il \ |
| |
Lo — |- — _— _ _ _ _ _ _ _ _ _ q

| Publed search[17] | / Current StUdy

’ New information[6] I

Comparisons with SHANK3

Updated contraint metrics

FIGURE 1 Workflow of current study. The prior study (Reference 26) was a review and multidimensional categorization of all 108 genes
associated with the largest Phelan McDermid syndrome (PMS, OMIM 606232) terminal deletions of 22q13.3. The pipeline from that study is
summarized in the upper half of the figure (c.f. fig. 1 of Mitz et al). The current study draws from both the earlier unbiased measures and efforts
to find sufficient information on the molecular biology of each gene to review its probably role in PMS. PubMed (https://pubmed.ncbi.nlm.nih.
gov/) was searched to collect new information on 17 protein coding genes, which led to the identification of six genes with substantial new
information. These genes were re-evaluated using newer constraint metrics (gnomAD 4.0, https://gnomad.broadinstitute.org/) and then
compared to SHANKS3 to identify mechanistic overlap. EXAC pLl is Probability of being Loss-of-function Intolerant from the ExAC database, now
available on the gnomAD database. PIF is Population Impact Factor, the proportion of terminal deletions missing the gene. Group | requires ExXAC
pLl > 0.9. Group Il requires PIF > 0.95. Groups are not mutually exclusive. Numbers in brackets are numbers of genes.
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Group | genes  Reviewed genes

MAPK8IP2 X X X
PLXNB2 X X

TRABD X

PIM3 X X X
ZBED4 X

BRD1 X X X
GRAMDA4 X

CELSR1 X X X
TBC1D22A X

SMC1B

PRR5

PHF21B

SULT4A1 X X XX
SCUBE1 X
TCF20 XX
SREBF2 X
XRCCé6

Gene dosage sensitivity

TABLE 1  Genes of high interest

Gene classification . . X 26
reviewed in Mitz et al.

ND

GM, CR

ND, IS

ND, L
ND, DG

CR

ND

ND

Note: Group | genes have EXAC pLI >0.9 and PIF >0.5. Reviewed genes from Table 1 and Supplementary
Document S1 of Mitz et al. Gene dosage sensitivity from Supplementary Table S3. X, conditionally
dosage sensitive; XX, dosage sensitive. Classification from Supplementary Table S2: CR, circadian
rhythms; DG, degenerative disorder; GM, glucose metabolism; IS, inflammation and stress; L,

lymphedema; M, mitochondria; ND, neurodevelopment.

chr22 (q13.2-q13.33) ISR 22p12 22p11.2 22qi121 1123 PRI Z2q12 NP 220151 JEQUERY 22q13.31
Scale 2 Mb} | hg3s
chra2: | 43,000,000 44,000,000 45,000,000/ 46,000,000/ 47,000,000 48,000,000 49,000,000/ 50,000,000|

Genes reviewed in present study

Tcr20
suLt4arll
PHF218

ceLsr1

1
PLXNB2 |
sHANK3 Il

FIGURE 2 Genome browser snapshot and genes reviewed in this study. Custom tracks using the GRCh38/hg38 build of the UCSC Genome
Browser (https://genome.ucsc.edu/index.html) locating SHANK3 and the six genes reviewed in the present study (PLXNB2, BRD1, CELSR1,

PHF21B, SULT4A1, and TCF20).

(MAPK8IP2), TBC1 (TBC1D22A), PHF4 (PHF21B), SPBP (TCF20), Ku80
(XRCCé). Searches were entered individually and narrowed for the
time period 2017 to present (late August 2023). The equivalent search
string is “(MAPK8IP2[Title/Abstract] OR PLXNB2[Title/Abstract] OR
TRABDITitle/Abstract] OR PIM3[Title/Abstract] OR ZBEDA4[Title/
Abstract] OR BRD1[Title/Abstract] OR GRAMDA4[Title/Abstract] OR
CELSR1[Title/Abstract] OR TBC1D22A[Title/Abstract] OR SMC1B
[Title/Abstract] OR PRR5,PHF21B[Title/Abstract] OR SULT4A1([Title/
Abstract] OR SCUBE1[Title/Abstract] OR TCF20[Title/Abstract] OR
SREBF2[Title/Abstract] OR XRCC6[Title/Abstract] OR IB2[Title/
Abstract] OR JIP2[Title/Abstract] OR TBC1[Title/Abstract] OR PHF4
[Title/Abstract] OR SPBP[Title/Abstract] OR Ku80) AND (“2017/01/
01“[Date—Publication]: “2023/09/01“[Date—Publication]) NOT (can-
cer OR carcinoma OR myeloma OR leukemia)”. This search produces

649 results. Results were hand-curated looking for original research

papers that added information regarding the functional roles of the
genes. Relevant papers were added to our existing gene-by-gene End-
Note (Clarivate Analytics) database after upgrading to EndNote ver-
sion 20.6. Genes were evaluated individually, first drawing from
detailed notes made during the earlier review process and then sup-
plemented by the new studies, with the goal of identifying genes with
compelling evidence for contributing to neurodevelopment, interfer-
ing with neurodevelopment, and/or close interaction with previously
identified SHANK3 molecular pathways. Each gene's review was trea-
ted as a fresh review, drawing from the entire literature history for
that gene. The only exclusion criterion was insufficient information to
address the central question of whether or not a gene's function
might overlap with that of SHANK3.

There has been an expansion of data and development of new

constraint metrics since our use of the Exome Aggregation
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Consortium (ExAC) database for assessing the potential impact of
genes.2® The current Genome Aggregation Database (gnomAD) is the
largest public open-access human genome allele frequency reference
dataset.3*3” We used the online gnomAD browser gnomAD V4.0.0
(https://gnomad.broadinstitute.org/) to refresh the metrics of all
genes from Mitz et al. In addition to pLIl, we reviewed the loss-of-
function observed/expected upper bound fraction (LOEUF) for each
gene. LOEUF leverages a large sample of sequencing data to provide
a more fine-grain measurement. LOEUF is a continuous metric of pro-
tein-coding gene tolerance to inactivation and is relatively insensitive
to gene size.

We continue to use the Population Impact Factor (PIF) described
in our prior study.?® Briefly, PIF is the proportion of the population
(incidence) of terminal deletions of 22q13.3 in which a gene has been
disrupted. We did not recalculate PIF values. Recent studies agree
with our prediction that larger populations will continue to show an

3435 3lthough there

essentially uniform distribution of deletion sizes,
is some evidence for recurrent breakpoints.*3® We introduced PIF
because of its clinical significance. Specifically, it measures the propor-
tion of individuals that may be impacted by the loss of a gene and
thus aids in quantifying the value of potential molecular targets for

future therapy.

3 | RESULTS

Counting SHANK3, seven genes in the PMS region of 22q13.3 have
recent compelling evidence for broadly contributing to neurodevelop-
mental symptoms. The evidence is drawn from clinical and molecular
biological studies, as well as animal and in vitro models. Ordered from
distal 22g to proximal, the genes are SHANK3, PLXNB2, BRDI,
CELSR1, PHD finger protein 21b (PHF21B), SULT4A1 and transcription
factor 20 (TCF20). These genes are mapped to chromosome 22 in
Figure 2.

While all the genes selected for this review were originally listed
as pLl >0.9 in the earlier EXAC database, more complete data and
newer metrics are now available (see Section 2). We review the origi-
nal pLl, current pLl, and LOEUF values of the selected genes along

with PIF values for these genes (Table 2, Supporting Information

TABLE 2 Constraint values and

Table S1 shows the original PLI, current pLI and LOEUF values for all
genes of the original study).

The following reviews list the reference gene location from
human genome build GRCh38/hg38.

3.1 | PLXNB2 (chr22:50,274,979-50,307,646)
PLXNB2 encodes a cell surface receptor (Plexin-B2) that responds to
signaling by class 4 Semaphorin ligands (e.g., Sema4A).>? Plexins and
Semas participate in neurodevelopment, axon guidance, inflammation,
and response to cerebral ischemia.*®** Sema4C and Plexin-B2 are
expressed in sensory neurons and promote nociception in a mouse
model of persistent inflammatory pain.*® Plexin-B2 directly influences
the development of cerebellar granule neurons (CGNs). Specific CGN
knockout of Plxnb2 in mice disrupts the anatomical organization of
the cerebellum by impacting the timing of differentiation and migra-
tion of CGNs.*>*¢ The disorganization of the cerebellum in homozy-
gous CGN knockout mice is dramatic, but the behavioral
consequences are not yet well studied.*®

There is evidence that Plexin-B2 uses Sema4C signaling in the
hippocampus during auditory-cued fear memory learning in rodents.*”
The receptor-ligand interaction enhances dendritic arborization and
synaptic density after conditioning. Context-dependent freezing
2 days after conditioning and 36 days after conditioning were both
reduced after forebrain-specific Plexin-B2 knockout. Fear learning-
dependent hippocampal CA1 dendritic complexity and spine density
were also reduced in the knockout. While excitatory synaptic
density was reduced in the knockout, inhibitory synaptic input
increased. Thus, Plexon-B2 plays a significant role in synaptic changes
associated with both short-term and long-term fear conditioning.

Plexin-B2 interaction with Sema4A and Sema4B in the amygdala
impacts stress responses via a very different mechanism.*® RNA-seq of
whole blood comparing healthy controls (HCs) to patients with first-
episode schizophrenia (FES) found differential gene expression of
Sema4A and Sema4B relative to HCs. Dividing the FES group into low-
stress and high-stress groups (FES-Is and FES-hs), SemadA was differ-
entially upregulated in the FES-Is group. Plexin-B2 was negatively cor-

related with stress (Perceived Stress Scale, PSS) in the overall FES

population incidence of genes reviewed Gene pLI EXAC pLI gnomAD 4.0 LOEUF gnomAD 4.0 PIF

in the present study along with SHANKS. SHANK3 1.00 1.00 0.446 1.00
PLXNB2 0.99 0.00 0.545 1.00
BRD1 0.99 1.00 0.338 0.96
CELSR1 1.00 0.00 0.565 0.63
PHF21B 0.91 0.01 0.677 0.46
SULT4A1 0.97 0.48 0.644 0.30
TCF20 1.00 1.00 0.050 0.10

Note: Values from the original EXAC database are compared to current (gnomAD V4.0.0) pLI and LOEUF
values (all available from gnomAD, https://gnomad.broadinstitute.org/). Of the four genes with
substantially lower gnomAD 4.0 pLI values, two have LOEUF values below 0.60 and the two others have

values below 0.70.
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group, an effect driven by the FES-hs (sub)group. The three-way rela-
tionship among stress, amygdala size and Plexin-B2 expression best fits
a mediation model placing stress (PSS) as a mediator of amygdala influ-
ence on Plexin-B2 expression only in the FES-hs group. Modeling these
effects in rodent amygdala, Plexin-B2 was found primarily in glial cells.
Chronic unpredictable stress in mice reduced the level of Plexin-B2, pri-
marily in astrocytes. The authors hypothesized that astrocyte Plexin-B2
levels in the amygdala promote stress tolerance. Blocking Plexin-B2 in
wild-type mice with an antibody (mAb102) increased anxiety behaviors
(open field test and elevated maze), enlarged the amygdala, and
increased activation of astrocytes and microglia. The authors concluded
that Plexin-B2 has a role in schizophrenia-related stress via glial signal-
ing in the amygdala. More generally, this work provides links among
Plexin-B2, response to psychological stress, and inflammation.*>4€

Plexin-B2 interactions with Semas play important roles in motility
and neuronal guidance during development and they regulate den-
dritic arborization and spine density after birth. The impact has been
observed in pain, fear and stress behaviors, with a notable sensitivity
to inflammatory processes.

3.2 | BRD1 (chr22:49,773,283-49,827,873)

BRD1 was reviewed in relation to PMS in our earlier study.?® BRD1
encodes a transcription factor with widespread impact on various areas
of the brain,*’ including synaptic function.>>>! It has an association
with schizophrenia,52 neurodevelopment,52 seizures,*? and has recently
been shown to impact mitochondrial bioenergetics.>3 A comparison of
DNA methylation and metabolic profiles between PMS individuals with
and without BRD1 deletion and healthy controls shows a striking diver-
gence from normal methylation patterns and metabolic activities among
those lacking one copy of BRD1.>* Similarly, deletions that affect genes
proximal to SHANK3 on 22q13.3, which almost always includes BRD1
(PIF = .96), have a substantial impact on transcriptomic profiles.>> Mice
heterozygous for Brd1 show cognitive defects.>® Female mice hetero-
zygous for Brd1 show negative affective symptoms that can be rescued
with antidepressant medications.>” The full impact of BRD1 loss on the
PMS phenotype in humans deserves further study.

3.3 | CELSR1 (chr22:46,361,174-46,537,620)

CELSR1 is a pleiotropic gene that encodes a cell surface receptor
active during development, including nervous system development.>®
Mutations interfere with cell patterning, including planar polarity of
inner hair cells and the closing of the neural tube.>®>’ Early kidney
development is dependent on Celsrl as shown in a rodent model.°
CNYV analysis identifies CELSR1 as a candidate contributor to kidney
disorders in PMS.°* Two CELSR1 pathogenic variants were identified
as risk variants for stroke.®? Variants can contribute to lymph-
edema,®®%* and the loss of CELSR1 in PMS has recently been identi-
fied as a likely locus for lymphedema seen in the disorder.®> CELSR1 is
near a hot spot for a genomic region associated with seizures in two
studies of PMS deletions.4¢”

A study of middle cerebral artery occlusion (MCAOQ) in rats identi-
fied mechanisms through which upregulation of CELSR1 hastens
recovery from cerebral ischemia. CELSR1 reduces cell apoptosis near
the lesion and promotes both neurogenesis and angiogenesis.®
MCAO produces a robust inflammatory signal that contributes to apo-
ptosis near the site of injury. The influence of CELSR1 upregulation to
improve neuronal survival may indicate an important role for this gene
in mitigating the response to inflammation. CELSR1 is also active dur-
ing peripheral nerve injury by promoting Schwann cell migration and
proliferation.®” Accruing evidence suggests that CELSR1 variants may
be causal to focal epilepsy, especially in cases of compound heterozy-
gous variants.”®

The pleiotropy of CELSR1 impacts multiple aspects of the PMS
phenotype, including early neural development and lymph and kidney
disorders. In addition, CELSR1 plays an important role in recovery from
central and peripheral nervous system injury. Finally, there is concern
that loss of CELSR1 may contribute to focal epilepsy. Taken together,
CELSR1 loss influences both early nervous system development and
response to nervous system injury.

3.4 | PHF21B (chr22:44,881,162-45,010,005)

The flip side of transcription factors are the molecules responsible for
reading epigenetic markers to guide post-translational modifications.
PHF21B is an epigenetic reader. It has pivotal roles both during neural
development and in the adult brain. During corticogenesis Phf21B
expression regulates the differentiation of progenitors to neurons by
inhibitory epigenic control of cell cycle genes, as demonstrated in a
rodent model.”? In adult rodents Phf21b is highly expressed in cortex,
hippocampus, cerebellum and spinal cord. Phf21b knockout mice
exhibit impaired social memory.”? These animals have thinner cortex,
reduced dendritic arborizations and fewer astrocytes. Hippocampal
CA1 has reduced Postsynaptic density protein 95 (Psd-95), reduced
Glurl a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tor (AMPR) subunits, and greatly reduced long-term potentiation. Glu-
tamate ionotropic receptor N-methyl-D-aspartate (NMDA) type
subunit 2b (Grin2b) expression is also reduced, suggesting NMDA
receptor impairment.”> Chronic restraint stress (CRS) upregulates
Phf21b in rodents, but significantly less so in animals that are resilient
to CRS.”® Genome-wide association studies implicate certain variants
of PHF21B in mild to moderate major depressive disorder (MDD).”®
Further, in an early study of PMS-SHANK3 unrelated, PHF21B was
deleted in eight of the nine cases.?’ Thus, clinical evidence for
PHF21B involvement with the PMS neurodevelopmental phenotype
harmonizes with the animal evidence showing disruption of glutamate
signaling, an apparent overlap with the post-synaptic signaling influ-
ence of SHANKS.

3.5 | SULT4A1 (chr22: 43,824,509-43,862,513)

SULT4A1 plays important roles in both development and in the
adult.”*”> Multiple heterozygous mouse knockout strains produce
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pups with progressive neurologic symptoms and early death.”®

SULT4A1 is expressed in the neurons of human cortex, cerebellum,
thalamus, temporal lobe and elsewhere.”* SULT4A1 variants have
been associated with cognitive performance in individuals with
schizophrenia.””

Widely different studies of SULT4A1 identify a critical role for
SULT4A1 both in neuronal function and in neuroprotection. High
levels of dopamine (DA) can be toxic to neurons. Primates have a spe-
cial mechanism to manage this toxicity. DA activation of DA type
1 receptors and N-methyl-D-aspartate glutamate (NMDA) receptors
stimulate the production of SULT1A3, which can directly metabolize
DA to DA sulfate.”* SULT4A1 forms dimers with SULT1A3 and can
down-regulate SULT1A3. Thus, SULT4A1 can operate as a (negative)
regulator of neuroprotection.

SULT4A1 protects mitochondria from oxidative stress through a
mechanism associated with the outer membrane.”® Meanwhile,
SULT4A1 interacts with Peptidylprolyl cis/trans isomerase, NIMA-Inter-
acting 1 (PIN1) protein at the synapse. PIN1 both inhibits NMDA
receptor binding to PSD-95 and enhances SHANK3 ubiquitination.
SULT4A1 can bind to PIN1 and reduce the impact of PIN1 at the
post-synaptic density.”> These two actions suggest that during oxida-
tive stress, a fraction of SULT4A1 may be recruited to mitochondria
away from the post-synaptic membrane. If true, the movement of
SULT4A1 potentially plays a dual role during stress by protecting
mitochondria and reducing excitotoxic stress. Note that during stress
the increased ubiquitination of SHANKS3 may be undesirable in PMS-
SHANKS3 related.

SULT4A1 was identified as a top candidate pathogenic gene in
clinical cases of PMS not involving SHANK3.2° Thus, SULT4A1 likely
influences the PMS phenotype both developmentally and after birth.
Evidence points to a complex relationship with SHANK3 that is exac-
erbated by stress. For example, SULT4A1 is in the region of 22q13.3
associated with additional loss of speech when included in terminal

deletions.®”

3.6 | TCF20 (chr22:42,160,013-42,270,653)

TCF20 encodes a transcription factor and a well-established autoso-
mal dominant ID gene (Developmental delay with variable intellec-
tual impairment and behavioral abnormalities, OMIM 618430).”°
TCF20 forms a complex with MECP2, a Rett syndrome-association
methylation reader.8® The TCF20-MECP2 complex is an important
regulator of neuronal genes. Although most abundant in the adult
brain, TCF20 is haploinsufficient for neurogenesis.81"8% Complete
Tcf20 knockout is lethal in rodents at birth. In both rodents and
humans, haploinsufficiency increases mitochondrial activity and
interferes with liver regeneration.®'®% Loss of TCF20 may increase
sensitivity to cellular stress through its impact on mitochondrial
activity. In PMS, TCF20 has been associated with ophthalmic fea-
tures when deleted.®” TCF20 undoubtedly contributes to the neuro-
developmental features of PMS when deleted, but deletion is
infrequent (PIF = 0.10).
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4 | DISCUSSION

PMS is a GCAND most often described by its neurodevelopmental
features - specifically ID/DD and ASD, although there are many fea-
tures that are unique to or exacerbated by chromosomal deletion
size.#2>3367 The PMS phenotype is most notably correlated with neu-
rodevelopmental impairments, including expressive language.*2>%%¢7
There may be loci along 22q13.3 especially important for certain phe-

4,65 66,67,70,85 and

notype characteristics, like lymphedema, seizures
metabolic profiles.>> An apparent enigma has been assigning diversity
(including severity) of phenotypes to deletion size in the face of
diverse phenotypes among SHANK3 variants.>*?"1* The human phe-
notype diversity from different SHANK3 variants may be attributable
to the complexity of the gene and evidence for multiple pathogenic
pathways.*¢ Chromosomal deletions operate primarily through com-
plete removal of genes, which is a LoF mechanism. Owing to the
roughly uniform distribution of terminal deletion sizes in identified
PMS cases®® (discussed in Reference 26), the mean size deletion
removes over 40 genes. Terminal deletions almost always remove all
of SHANK3. Thus, LoF is, on average, 40 times more common
than intragenic mechanisms. However, chromosomal deletions can be
complex, sometimes mixed with other rearrangements including
duplications.*

We propose a mechanism for phenotype similarities seen in both
PMS SHANK3-related and PMS SHANKS3-unrelated. It is now evident
that the seven genes reviewed here create a mesh of overlapping
influences on the PMS phenotype of impaired neurodevelopment
(Figure 3). The seven genes in Figure 3 have a moderate or high
degree of contribution to fitness (LOEUF between 0.05 and 0.677)
and additional evidence for contribution to the PMS phenotype. The
overlapping influence of mechanisms on pathogenicity provides a pos-
sible explanation for both the deletion-size correlation with PMS

347.18.25335567 and the phenotypic similarity between

severity
SHANKS3-unrelated and SHANK3-related cases. Although only seven
genes have sufficient recent evidence for this review, a number of

potentially important genes remain understudied.>32¢

Gene regulation/expression

— TCF20
>3 PHF21B

Mitochondrial/stress/
inflammation/injury

CELSR1 Neurodevelopment

> PLXNB2

//{ SHANK3

= SULT4A1
Dendrites/synapses %
FIGURE 3 Overlapping contributions of SHANK3 to Phelan
McDermid syndrome (PMS, OMIM 606232) with the genes reviewed
in this study. Including SHANK3, seven genes of 22q13.3 have
overlapping contributions to four key processes associated with the
PMS phenotype: neurodevelopment, synaptic formation/
maintenance, mitochondrial function/stress/inflammation/injury, and
gene regulation/expression.
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SHANKS3 is active during early brain development, and neurodeve-
lopment generally, including some isoforms expressed specifically in
utero.8” Our original study found evidence for the involvement of
18 genes in neurodevelopment and four genes associated with myeli-
nation (Mitz et al. supplementary table S2: Gene Classifications and
Evidence?®). Table 1 lists the genes identified in Mitz et al and the
types of supporting evidence that served as the basis for further
investigation. Of these, seven genes had sufficient new information
regarding influence on neurodevelopment. In some cases, like
PHF21B, the detailed mechanism is well studied in model animals as
well as the impact on phenotype.”*”2 PLXNB2 impacts cellular migra-
tion during neurodevelopment.®’ BRD1 regulates histone acetylation

t.52 CELSR1 impacts cell patterning dur-

during embryonic developmen
ing development.®® SULT4A1 impacts both spine formation and syn-
aptic transmission during development.”® Finally, TCF20 has a strong
influence on neurogenesis.®®

Although all of the genes reviewed influence neurodevelopment,
GCAND:s can influence neurological function through other mecha-
nisms, especially inflammation and cellular stress. Cellular stress can
impact neurodevelopment,®88? cognitive impairment and neuropsy-
chiatric pathology.?® Inflammation and stress can lead to or contribute

59—11

to neuropsychiatric issues in PM and seizures.®® Several lines of

animal studies as well as PMS case studies show SHANK3 is sensitive

1819291 and inflammation may

to and impacts inflammation and stress
contribute to neurodegeneration in PMS.Y® Further studies are
needed, and longitudinal studies will benefit from the aging of existing
cohorts. All seven reviewed genes influence some combination of
mitochondria, stress, inflammation and/or injury response, most often
several of these. PLXNB2, for example, influences neurological func-
tion through multiple mechanisms. It promotes nociception in a model
of inflammatory pain®*® and modulates amygdala activity during stress
through influence on astrocytes.*”**® BRD1 has a splice variant spe-
cific response to chronic stress in hippocampus and prefrontal cortex
in rodents,”? which has been associated with human mental disorder
risk.>? In rodent models, CELSR1 upregulation improves neuronal sur-
vival after central nervous system infarcts and contributes to Schwann
cell responses to peripheral nerve injury.®%° PHF21B expression is
associated with chronic stress in an animal model, and rare functional
variants are associated with stress in a genome wide association study
of MDD.”® SULT4A1 protects mitochondria from oxidative stress’®
and may be important for managing NMDA-associated excitotoxic
stress.”® TCF20 also regulates mitochondrial activity.®*

Despite the prevalence and importance of seizures in PMS,3*” [it-
tle is understood regarding the genomics of seizure type and severity
in PMS.8 Two recent studies of candidate genes, one using gene
expression networks (GEN)”® and the other including Human Pheno-
type Ontology (HPO, https://hpo.jax.org)® found mutually exclusive
gene sets outside of SHANKS3. Each study identified one additional
gene overlapping with the present study (GEN study: BRD1, HPO
study: TCF20). Seizure sensitivity is increased in rodents missing
BRD1% and about 20% of individuals with pathogenic variants of
TCF20 present with seizures.”’ Two studies that mapped deletions to

the seizure phenotype of PMS identified CELSR1 as a gene in a region

6667 consistent with at least one

of 22g13.3 associated with seizures,
study of childhood epilepsy.”®

Three of the genes have a widespread influence on epigenetic
dysregulation of neurons: TCF20, PHF21B and BRD1. More research is
needed to fully understand the PMS phenotype impact of PHF21B
and BRD1.

The role of SHANK3 on glutamate post-synaptic function has
been extensively studied.?° It is a central scaffolding protein that
influences all three receptor types and their interactions with the
actin cytoskeleton. SULT4A1 regulates SHANK3 interaction with
NMDA receptors via PIN1 protein, as well as SHANK3 ubiquitina-
tion.”> PLXNB2 regulates synaptic formation during fear condition-
ing,*” studied in rodent hippocampal CA1 where SHANK3 is highly
expressed. Mice lacking MAPK8IP2, reviewed in our original study,?®
have synaptic, behavioral, and motor deficits.?* Vitrac et al identified
four synaptic genes in the 22q13.3 region, SHANK3, protein kinase C
and casein kinase substrate in neurons protein 2 (PACSIN2), ADP-ribosy-
lation factor GTPase-activating protein 3 (ARFGAP3), and septin 3 (SEP-
TIN3), identified through SynGo (https://www.syngoportal.org/).®
PACSIN2 is involved with endocytosis of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors, ARFGAP3
is involved in presynaptic vesicle transport, and SEPTIN3 is also a pre-
synaptic protein.> More work is needed to understand how these
genes influence glutamate synaptic function in concert with
SHANKS.

In this study we present evidence that genes of 22q13.3 have
mechanistic overlap with known mechanisms of SHANK3 haploinsuffi-
ciency. Finding common mechanisms between SHANK3 and other
genes of 22q13.3 supports the view that phenotype maintenance
results from molecular mechanisms associated with SHANKS. In turn,
the identified relationships between SHANK3 and other genes seem
to support the notion that PMS-SHANKS3 related and PMS-SHANK3
unrelated are allied conditions, in addition to being components of the
same syndrome.

SHANKS3 has been the primary target of therapeutic intervention
development for PMS.* If highly successful for patients with terminal
deletions, SHANK3-targeted treatment would essentially convert PMS-
SHANKS related deletion cases to PMS-SHANK3 unrelated cases. That
is, the remainder of the chromosomal deletion would be largely respon-
sible for the post-treatment phenotype. Achieving further improvement
will rely on increased understanding of the multiple pathogenic contri-
butions to PMS. Even before a SHANK3 targeted treatment emerges,
important therapeutic benefit may result from treatments aimed at

these new targets or their downstream pathways.
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