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Abstract: Phelan-McDermid syndrome (PMS) is a genetic disorder often characterized by autism or
autistic-like behavior. Most cases are associated with haploinsufficiency of the SHANK3 gene resulting
from deletion of the gene at 22q13.3 or from a pathogenic variant in the gene. Treatment of PMS often
targets SHANK3, yet deletion size varies from <50 kb to >9 Mb, potentially encompassing dozens of
genes and disrupting regulatory elements altering gene expression, inferring the potential for multiple
therapeutic targets. Repurposed drugs have been used in clinical trials investigating therapies for
PMS: insulin-like growth factor 1 (IGF-1) for its effect on social and aberrant behaviors, intranasal
insulin for improvements in cognitive and social ability, and lithium for reversing regression and
stabilizing behavior. The pharmacogenomics of PMS is complicated by the CYP2D6 enzyme which
metabolizes antidepressants and antipsychotics often used for treatment. The gene coding for
CYP2D6 maps to 22q13.2 and is lost in individuals with deletions larger than 8 Mb. Because PMS
has diverse neurological and medical symptoms, many concurrent medications may be prescribed,
increasing the risk for adverse drug reactions. At present, there is no single best treatment for PMS.
Approaches to therapy are necessarily complex and must target variable behavioral and physical
symptoms of PMS.
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1. Introduction
Phelan-McDermid syndrome (PMS) is a neurodevelopmental disorder frequently associated with autism spectrum disorder (ASD), seizures, and variable dysmorphic features. It
is typically caused by deletions of 22q13.3. Pathogenic variants of a gene contained within
this region, SHANK3, have also been reported. SHANK3 encodes a scaffolding protein that
is enriched in postsynaptic densities of excitatory neurons [1].
Young children typically present with delayed motor milestones, hypotonia, dysplastic toenails, and absent to severely delayed speech. As they get older, they may develop
large fleshy hands, long eyelashes, and decreased perspiration that results in a tendency
to overheat. Behavioral characteristics include mouthing or chewing non-food items, decreased perception of pain, and autism or autistic-like affect and behavior. Most affected
individuals have moderate to profound intellectual disability. Developmental and intellectual regression has been reported in several individuals, usually beginning in adolescence
or adulthood. Seizures, sleep disturbances, lymphedema, and gastrointestinal issues can
also develop later in life and may result in significant health problems [1–5].
Autism spectrum disorder is a major neurobehavioral component of PMS and may be
present in 75–80% of individuals with this condition [1]. As expected, the significant intellectual disability seen in PMS contributes to the neurobehavioral phenotype. Pathogenic
variants in the synaptic scaffolding protein gene SHANK3 are strongly implicated in autism
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and Phelan–McDermid 22q13 deletion syndrome and have been associated with abnormal glutamate receptor function and spine morphology. SHANK3 also interacts with
the Neurexin-Neuroligin signaling complex in hippocampal neurons and plays a role in
regulating AMPA and NMDA receptor-mediated excitatory synaptic transmission [6,7].
Wang et al. demonstrated in mice that even missense variants in SHANK3 may play a role
in ASD and that SHANK3 functions in several independent pathways which may make
treatment difficult [8].
The prevalence of PMS is unknown. However, it appears to be one of the more
common chromosome deletion syndromes and well over 3000 individuals have been
reported worldwide. The clinical variability of the physical and intellectual features may
allow individuals to go undiagnosed, but the advent of chromosomal microarrays and
exome sequencing has dramatically increased the detection rate.
The wide clinical spectrum has been ascribed, at least in part, to the extreme variability
in the size of the 22q13.3 deletion which may range from less than 50 kb to greater than
9 Mb [1–4,9–13]. Obviously, these deletions contain a variable number of genes that may
potentially impact both the phenotype and response to therapies.
2. Pathogenic Molecular Mechanisms in PMS
Since most cases of PMS have been associated with terminal 22q13.3 deletions or
pathogenic variants in the SHANK3 gene, haploinsufficiency of this gene is considered the
main cause of the major neurodevelopmental features of the syndrome, such as hypotonia, seizures, or behavioral issues [1–3,12]. Due to its role in the postsynaptic density of
excitatory synapses, SHANK3 has been considered an ideal target for treatment, leading to
approaches aiming to increase the expression of the wild-type allele or stabilize/strengthen
the synapses. However, variants in SHANK3 have been associated with a wide spectrum
of conditions in addition to PMS, from isolated autism spectrum disorder to schizophrenia, from non-syndromic intellectual disability to a Rett-like phenotype or Alzheimer’s
disease [14–19]. Moreover, it has been proven that not all pathogenic variants of SHANK3
cause a loss of function. Indeed, some variants may even lead to a gain-of-function effect [20], suggesting an imbalance in the interaction of SHANK3 with other proteins of the
postsynaptic density that does not depend on haploinsufficiency. Finally, most individuals
(approximately 75%) with PMS carry a 22q13.3 deletion greater than 1 Mb [3,9], causing
the loss of dozens of genes, in addition to SHANK3. The loss of one copy of these genes
is expected to contribute to the clinical presentation of the syndrome, as suggested by
genotype-phenotype analyses indicating a positive correlation between the size of the
deletion and the number and/or severity of certain clinical traits, such as developmental
delay [10–12], autistic traits [3], speech/language abilities [4], hypotonia [10–12], and dysmorphic features [3,12]. In some cases, interstitial 22q13.3 deletions, not encompassing
SHANK3, have been described in association with a clinical presentation overlapping with
some PMS phenotypes [21–23]; this suggests the presence of certain genes, proximal to
SHANK3, whose haploinsufficiency can cause similar neurobehavioral issues as those
observed in the cases with terminal deletions or SHANK3 pathogenic variants. The potential additive or contributive role of these genes must be considered in the pathogenic
mechanisms of cases with large deletions.
Chromosomal rearrangements other than the simple terminal deletions are responsible
for some cases of PMS, calling for specific protocols of clinical management and treatment.
For example, it has been estimated that about 14% of individuals with this syndrome
carry a ring 22 chromosome (r22) and a recent study reports that 16% of subjects with
r22 either received a diagnosis of Neurofibromatosis 2 (NF2) or had an NF2-associated
tumor [24]. Clinical surveillance and therapeutic approaches in cases with r22 should
therefore consider the risk of NF2 in addition to the typical features of PMS.
22q13.3 deletions larger than 1 MB may also disrupt regulatory elements and lead to
altered expression of genes either within the same region or in other genomic loci, through
dysregulated methylation [25]. Data from the PMS Foundation International Registry

Genes 2021, 12, 1192

3 of 11

indicate that additional copy number variants (CNVs) are present in approximately 25%
of individuals, which may contribute to the variability of the clinical presentation of the
syndrome and complicate the development of a targeted treatment.
Some studies have identified specific genes within the commonly deleted 22q13.3
region as potential contributors to the PMS phenotypes [26,27], suggesting, among the
others, a role for the SULT4A1 gene in speech delay and abnormal cerebellar development
and function, BRD1 in neuropsychiatric disorders [28], and GRAMD4, SCO2, and TYMP in
mitochondrial abnormalities [29]. Moreover, the loss of one allele of the PNPLA3 gene due
to a large 22q13.3 deletion can unmask a heterozygous variant, increasing the risk of liver
disease, leading to gastrointestinal issues and abnormal responses to various drugs [30].
In consideration of such variability in the pathogenic molecular mechanisms observed
in PMS, therapeutic strategies aiming to address the consequences of SHANK3 haploinsufficiency may be promising for some of the neurodevelopmental traits of individuals
with PMS but may fail to solve several other problems, particularly in subjects with large
22q13.3 deletions. Personalized therapeutic approaches for patients with PMS must therefore consider the complicated genomic profile and the constellation of potential genetic
and epigenetic factors contributing to the phenotype observed in each subject.
3. Challenges of Drug Development in PMS
Identifying potential therapies in PMS encounters many of the same challenges that
confront drug development in other conditions. These include demonstrating the safety,
efficacy and pharmacokinetics of the drug or agent proposed for treatment. However, in
PMS and other neurodevelopmental disorders, the major hurdle is developing therapeutic
agents that penetrate the central nervous system. Two barrier systems are present in
the brain: the blood–brain barrier (BBB), formed by the brain microvasculature, and the
blood–cerebrospinal fluid (CSF) barrier, formed by the choroid plexus epithelium [31]. Oral
and intravenous drug administration allows for the measurement of drug concentration
in the bloodstream. The drug may pass through the blood-CSF barrier, but this is not
an indication that the drug will reach the brain. Small and large molecules in the blood
enter the CSF at a rate inversely related to their molecular weight but may not cross the
blood–brain barrier due to efflux transport actions at the brain microvasculature. Direct
injection into the cerebrospinal is another potential route of drug delivery. While this
method circumvents the blood-CSF barrier, the drug is rapidly exported to the blood with
minimal delivery to the brain parenchyma which is mediated by diffusion, a slow process
that decreases exponentially with distance [31].
Born et al. [32] demonstrated that intranasal administration of neuropeptides was
an effective means of achieving biologically effective concentrations in the brain without
strong systemic side effects. They administered three peptides—melanocortin, vasopressin,
and insulin—intranasally and measured direct access to the CSF. The mean CSF concentration began to rise within 10 min of intranasal administration and peaked at 30 min
for melanocortin and insulin and 80 min for vasopressin. Higher doses resulted in prolonged drug retention. The increased concentrations in the CSF did not correlate with an
increased concentration in the bloodstream, suggesting that the peptides bypassed the
bloodstream while entering the CSF. The authors suggest that the peptides pass from the
nose to the brain by an extra-neuronal pathway. By this pathway, the molecules traverse the
patent intercellular clefts in the olfactory epithelium to diffuse into the subarachnoid space.
Furthermore, Born et al. [32] cite animal studies that have shown rapid accumulation of
peptides in cerebral and spinal CSF and brain tissue within 10–20 min of administration,
giving credence to the use of intranasal administration of drugs in clinical trials.
More recently, nanotechnology-based approaches have been proposed as a means of
crossing the BBB. This methodology utilizes therapy-loaded nanoparticles to penetrate the
BBB and deliver drugs to the brain for the treatment of neurological disorders. However,
the administration of the therapeutic nanoparticles is problematic. Injection of nanoparticles into the bloodstream has met with limited success in animal studies, as the ligands
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associated with the nanoparticles also bind to targets on peripheral organs, reducing the
amount of drug ultimately reaching the brain [33]. Research is now focusing on ways to
enhance the permeability of the BBB and to selectively target the brain epithelium with
these therapeutic particles [34].
4. Ongoing Strategies in Treatment of Neurobehavioral Symptoms in PMS
Currently, treatment for PMS is symptomatic using symptom-specific guidelines [35–37].
While no therapeutic protocol has been specifically developed for PMS so far, several repurposed medications are being investigated for use in PMS treatment, particularly growth
hormones, intranasal insulin, lithium, and other FDA-approved medications.
4.1. Growth Hormones IGF-1 and rGH
Insulin-like growth factor 1 (IGF-1) is an FDA-approved treatment for Laron’s dwarfism;
however, studies in mouse models imply that it may also increase synaptic plasticity and
improve both motor and behavioral deficits characteristic of PMS and other autism spectrum disorders (ASD) [38]. The first clinical trial of IGF-1 as a treatment for PMS was
carried out by Dr. Alexander Kolevzon and colleagues at the Seaver Autism Center for
Research and Treatment. They recruited nine children aged 5–15 with confirmed haploinsufficiency of the SHANK3 gene (deletions or mutations) and subcutaneously administered
a maximum dose of 0.12 mg/kg twice daily over three months in a placebo-controlled,
double-blind, crossover design study. Post-treatment analysis revealed limited adverse effects and a significant improvement in both the social and aberrant behaviors of the patients
as measured by the Aberrant Behavior Checklist (ABC) and the Repetitive Behavior Scale
(RBS), respectively [39]. A follow-up phase II study on IGF-1 derived from subcutaneously
injected recombinant human growth hormone rGH concluded in June 2020 and is currently
pending results. This follow-up clinical trial examined patients using parameters outlined
in the ABC and RBS again as well as an additional two: The Sensory Profile (TSP) and
The Sensory Assessment for Neurodevelopmental Disorders (SAND) [40]. Additionally,
a report published in 2021 describes the case study of a twenty-one-month-old Chinese
PMS patient with a 34 kb deletion encompassing SHANK3 prescribed rGH at a dosage
of 0.075 IU/kg daily via subcutaneous injection for three months. At the conclusion of
the treatment, her serum IGF-1, IGF-1-binding protein, and development quotient (DQ)
all improved significantly, and more socially appropriate behavior was observed by her
caretakers [41].
4.2. Intranasal Insulin
Intranasal insulin was tried in children with insulin-dependent diabetes mellitus and
has recently been discovered to improve the cognitive status of patients with Alzheimer’s
disease; The pilot trial for the treatment of PMS with intranasal insulin was conducted in
2008 by Schmidt et al. [42] where over the course of one year six children with 22q13.3
deletions were administered a dose of 0.5–1.5 IU/kg of intranasal insulin per day. Parents
were asked to fill out a questionnaire at both the six-week and twelve-month milestones;
improvements in the children’s motor and cognitive development were noted [42]. Building upon these findings, Zwanenburg and colleagues performed a larger, double-blind,
placebo-controlled trial in 2016 that included twenty-five individuals aged one to sixteen
with 22q13.3 deletions including SHANK3. In a step-wedge fashion, the children were
administered either a placebo or 20–40 IU per day of insulin over a sixth month period,
after which the rate of improvement was determined using standardized surveys; results
showed a significant increase in developmental rates for cognitive and social ability in children aged three and over [43]. Since the intranasal method of administration bypasses the
BBB, only minor side effects were noted in these studies such as the occasional nosebleed
or headache [42,43].
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4.3. Lithium
There are a few reports of the successful use of lithium in PMS. Darville et al. [44]
used human pluripotent stem cell-derived cortical neurons to screen multiple compounds
for the potential to increase SHANK3 mRNA content. Lithium and valproic acid had the
best efficacy in vitro. Treatment of a patient with lithium for one year showed decreased
autism severity [44]. Other reports include case studies of individual patients (treatment of
a 70-year-old woman with a 610 kb deletion [45] and a 13-year-old girl with a SHANK3
microdeletion [46]. A recent case series for the treatment of PMS with lithium was reported
in 2015 by researchers Serret and colleagues [47]. Patients were aged twenty-one and
seventeen with SHANK3 microdeletion and point mutation, respectively; they had suffered
catatonic regression for which both had been previously treated with other drugs including
benzodiazepines, antidepressants, and antipsychotics. The twenty-one-year-old patient
was administered 1500 mg per day over the course of two years with the addition of
4 mg per day of melatonin for the first three months. By the end of the two years, his
developmental level was restored to that which it was prior to regression. The seventeenyear-old patient was administered 1000 mg per day of lithium for the course of one year
with an accompanying 0.2 mg per day dose of clonazepam for the first four months;
her regression was reversed, and her behavior afterward remained stable. Assessments
for patients both pre- and post-treatment were carried out using the Vineland Adaptive
Behavior Scale (VABS) and the Clinical Global Impression Scale [47]. A similar study
conducted by Egger et al. in 2017 describes the treatment of a forty-year-old PMS patient
with a SHANK3 point mutation experiencing regression with 700 mg of lithium and 10 mg
of olanzapine a day; after one year, mood, behavior, and affect stabilized in the patient [48].
Two case studies were conducted in 2018 by Rowland et al. [49] The first patient was a fiftyfour-year-old PMS patient with a 145 kb deletion including SHANK3 and chronic kidney
disease. Due to the comorbidity, lithium administration was gradually increased from
400 mg per day to 600 mg. Several weeks of observation revealed no kidney impairment
related to the lithium medication and the patient exhibited less aggressive behavior. The
other patient included in this study was aged seventeen with a 31 kb deletion including
a portion of SHANK3 and began demonstrating hyperactive behavior and dysregulated
sleeping patterns. He was administered a subtherapeutic dose of lithium of 100 mg per
day for a week with an increase to 400 mg per day throughout his time at an inpatient
facility. Despite the low dosage, his previous symptoms were diminished and the patient
showed significant improvement in behavior [49]. Following the success of these studies, a
clinical trial is currently being organized as of 2021 by Delorme for lithium in the treatment
of PMS [50].
4.4. Other Drugs
There are other pharmaceuticals under investigation as a treatment for PMS that have
reached the human trial stage of testing, although the studies for these drugs may not
be specifically devoted to PMS research prior to clinical trials. Ubiquinone (also referred
to as CoQ10) has been used to treat patients with generalized autism spectrum disorder
on the premise that it may help reduce oxidative stress in the brain and ameliorate ASD
symptoms [51]. Following up on these promising studies, Dr. Persico and the Associazione
Italiana Sindrome di Phelan-McDermid (AISPHEM) have begun recruiting PMS patients
for a CoQ10 clinical trial [52]. Other drugs undergoing clinical trials for PMS include
AMO-01 [53] and intranasal oxytocin [54].
5. Pharmacogenomics in PMS with Particular Focus on CYP2D6 Located at 22q13.2
The field of pharmacogenomics focuses on the identification of genetic variants which
impact drug metabolism and patient response to drug therapy. Implementation of pharmacogenetic testing in clinical management can be used as a tool in personalized care, with
the potential to improve health outcomes and avoid adverse drug reactions. As mentioned
previously there are no established therapies for PMS, therefore symptoms are treated
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individually. Because there is a wide range of conditions associated with PMS, such as depression, epilepsy, bipolar disorder, gastrointestinal disorders, and others, patients may be
prescribed multiple concurrent medications, also known as polypharmacy. Polypharmacy
is associated with an increased risk for adverse drug reactions [55].
Since SHANK3 mutations have been associated with neuropsychiatric disorders more
prevalent than PMS [56,57] it is fortunate that the role of pharmacogenetic considerations
in treatment has been described in detail [58–60]. For instance, patients prescribed the
anticonvulsant carbamazepine who test positive for variants of the HLA-A or HLA-B genes
(specifically HLA-A*31:01 or HLA-B*15:02) are at risk for serious adverse reactions [61].
The Food and Drug Administration (FDA) includes pharmacogenetic information on the
product labels for antipsychotics such as aripiprazole [62], which may be used to treat
patients with schizophrenia [58,59]. Experts in the pharmacogenomics field also note that
several other factors may modify the impact of genetic variants on drug efficacy. These
include age, sex, disease status, and the use of multiple medications, among others [60,63].
Therefore, pharmacogenetic testing only provides an additional tool in an effort to improve
therapeutic outcomes.
Cytochrome p450 (CYP) enzymes are particularly important for pharmacogenomic
effects. These proteins play an significant role in the biotransformation of drugs and
xenobiotics. They are membrane-bound hemeproteins found in all tissues but mainly
expressed in the liver and small intestines [64]. While there are 18 known families of CYP
enzymes in humans, CYP families 1, 2, and 3 are most active in drug metabolism. The FDA,
the Clinical Pharmacogenetics Implementation Consortium (CPIC) and other professional
groups recognize genes for CYP enzymes such as CYP2C9, CYP2C19, CYP2D6, CYP3A4,
and CYP3A5 as important pharmacogenes. CYP2D6 is of particular importance. There are
over 100 known variants of CYP2D6 (e.g., indels, SNPs, CNVs), which metabolizes 20%
of approved drugs, including several prescribed for psychiatric conditions [65]. Further,
the CYP2D6 gene is located in the 22q13.2 (22:42,126,498-42,130,809 hg38) region, which
can have implications for PMS patients with large deletions or interstitial deletions in
22q13.2. Although there are many factors that contribute to drug response, established
genotype-phenotype relationships allow for patients to be categorized into metabolizer
groups based on CYP2D6 variant status. Patient assignment to one of four groups, defined
as ultra-rapid metabolizers, extensive (normal) metabolizers, intermediate metabolizers,
and poor metabolizers, can alert clinicians as to whether dose adjustment or alternative
drug therapies are warranted [65].
Medication management in patients with PMS can include the use of antidepressants,
antipsychotics, and epileptics. Genetic variants of CYP2D6 and other pharmacogenes, can
have a significant impact on drug efficacy. In fact, pharmacogenetic guidelines for 17 neuropsychiatric related drugs are available through CPIC or the Dutch Pharmacogenetics
Working Group based on CYP2D6 variant status [65]. The poor metabolizer phenotype
has been associated with differential clinical response compared to normal metabolizers
(NMs). Clinicians are advised to prescribe an alternative to tricyclic antidepressants such
as nortriptyline for patients who are poor metabolizers (PMs). Low metabolic activity
can lead to potential side effects caused by higher plasma concentrations of the drug.
Alternatively, the starting dose should be reduced to 50% of the normal dose, followed by
dose adjustment after drug monitoring [66]. A reduction to half of the normal starting dose
is also recommended for PMs taking aripiprazole, an antipsychotic drug [62] Additionally,
the FDA recommends that the adult dose of pimozide, another antipsychotic, should not
exceed 4 mg/day in PMs [67]. PMs prescribed atomoxetine for Attention Deficit Hyperactivity Disorder are also at risk for adverse reactions. In adults, Brown et al. [68] report a
starting dose of 40 mg/day, followed by monitoring for two weeks before dose adjustment.
An increase in dose from 40 mg/day to 80 mg/day is recommended for NMs only three
days after initiation of treatment. Several public resources are available in recognition of
the need to translate knowledge of pharmacogenetic variants to clinical practice [69,70].
Table 1 lists examples of medications that have been prescribed for PMS patients [37,71–74]
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as well as published clinical guidelines from CPIC. Pharmacogenetic testing for clinically
relevant genetic variants could be useful in the clinical management of PMS patients [27].
Table 1. Examples of medications prescribed in PMS and relevant pharmacogenetic guidelines.
Drug Class

Drug

Gene

Risk

CPIC Recommended
Dosing Guidelines

Antidepressants

Nortriptyline
Paroxetine
Fluvoxamine
Citalopram

CYP2D6
CYP2D6
CYP2D6
CYP2C19

Therapeutic failure in UMs; side effects for PMs

[66]
[75]
[75]
[75]

Carbamazepine and
Oxcarbazepine

HLA-A
HLA-B

Maculopapular exanthema, drug reaction with
eosinophilia and systemic systems,
Stevens-Johnson syndrome, and toxic
epidermal necrolysis in patients with
HLA-A*31:01 or HLA-B*15:02 variants

[61]

Phenytoin

CYP2C9 HLA-B

Stevens-Johnson syndrome and toxic epidermal
necrolysis in patients with HLA-B*15:02
variant; toxicity in CYP2C9 poor metabolizers

[76]

Atomoxetine

CYP2D6

Therapeutic failure in UMs; side effects for PMs

[68]

Anticonvulsants

ADHD

ADHD, Attention Deficit Hyperactivity Disorder; CYP2D6, cytochrome P450 family 2 subfamily D member 6; CYP2C9, cytochrome P450 family 2 subfamily C member
9, CYP2C19, cytochrome P450 family 2 subfamily C member 19; HLA-A, major histocompatibility complex, class I, A; HLA-B, major histocompatibility complex, class I, B;
UM, ultra-rapid metabolizer; PM, poor metabolizer; CPIC, Clinical Pharmacogenetics
Implementation Consortium.
6. Discussion
The bulk of research into PMS phenotypes is primarily focused on neurobehavioral
aberrations attributed to the loss of SHANK3. However, patients with interstitial deletions
in chromosome 22 that do not include SHANK3 still present with neurological symptoms
typical of PMS. This suggests the presence of other genes on chromosome 22 that contribute to the stereotypical PMS phenotype, likely candidates being SULT4A1 and BRD1.
Additionally, individuals with PMS with 22q13 deletions larger than 6–8 Mb are also at
risk of developing gastrointestinal problems since their deletion is large enough to include
PNPLA3, and the loss of both PNPLA3 and CYP2D6 have been implicated in reducing a
patient’s ability to metabolize various pharmaceuticals.
With regard to CYP2D6, genetic testing to infer metabolizer status may offer some
assistance in the clinical management of patients with PMS. However, barriers to clinical implementation of pharmacogenetic testing have generally been difficult to overcome. Studies
designed to uncover associations between genetic variants and therapeutic response can
be limited by low patient sample size, possible sources of confounding such as population
stratification, and the inability to replicate results [77]. In addition, pharmacogenomics expertise among clinicians is lacking, there can be inconsistent reporting of guidelines among
professional organizations, and access to laboratories with genetic testing capabilities is
not uniform [78]. Fortunately, the CYP2D6 gene has been the subject of extensive research
and is widely accepted as clinically significant in the pharmacogenomics community.
Apart from protein coding genes, the 22q13 region also contains regulatory elements
responsible for methylation patterns for genes within 22q13, as well as other loci outside
this region. The loss of these elements exerts epigenetic changes in the expression of
an individual’s genome that may result in deleterious symptoms. While the traditional
chromosomal model for PMS is a simple terminal deletion, loss of genetic material has
also been observed in the form of a ring chromosome (r22), in which both the distal long
arm and distal short arm are deleted. Due to the instability of ring chromosomes in cell
division, the ring can be lost in somatic cells leading to monosomy for chromosome 22. A
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subsequent mutation at the NF2 locus at 22q12 on the remaining copy of chromosome 22
can confer NF2 in addition to PMS.
7. Conlusions
After accounting for the mechanism of deletion and the size of the genetic loss,
individuals with PMS occupy a broad spectrum of disease severity, yet the most common
treatment approach is the reappropriation of existing pharmaceuticals that primarily treat
the neurobehavioral symptoms attributed to the loss of SHANK3. The preference for this
approach is most likely a consequence of their general safety and prior success in navigating
the BBB and other obstacles to drug delivery. However, by focusing treatment efforts on one
gene, many other potential targets, like those described above, are overlooked. Therefore,
it is imperative that future research endeavors to stratify patients into categories based
on an individual’s unique symptoms and the specific set of genes they are missing. By
tackling diagnosis from a genomic angle, physicians will be able to puzzle together a more
complete clinical picture for their patients.
Author Contributions: Conceptualization, S.M.S., C.R., K.P. and L.B.; validation, C.R. and K.P.;
investigation, E.M., B.D. and S.M.S.; writing—original draft preparation, B.D., E.M., S.M.S., C.R. and
L.B; writing—review and editing, S.M.S., C.R., K.P. and L.B.; supervision, S.M.S., C.R., K.P. and L.B.;
project administration, L.B.; funding acquisition, S.M.S. and L.B. All authors have read and agreed to
the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No data were generated.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.

4.
5.

6.

7.

8.
9.

Phelan, K.; Rogers, R.C.; Boccuto, L. Phelan-McDermid Syndrome. In GeneReviews; Adam, M.P., Ardinger, H.H., Pagon, R.A.,
Wallace, S.E., Bean, L.J.H., Mirzaa, G., Amemiya, A., Eds.; University of Washington, Seattle: Seattle, WA, USA, 2005. Available
online: https://www.ncbi.nlm.nih.gov/books/NBK1198/ (accessed on 11 May 2021).
Kolevzon, A.; Angarita, B.; Bush, L.; Wang, A.T.; Frank, Y.; Yang, A.; Rapaport, R.; Saland, J.; Srivastava, S.; Farrell, C.; et al.
Phelan-McDermid syndrome: A review of the literatureand practice parameters for medical assessment and monitoring. J.
Neurodev. Disord. 2014, 6, 39. [CrossRef]
Soorya, L.; Kolevzon, A.; Zweifach, J.; Lim, T.; Dobry, Y.; Schwartz, L.; Frank, Y.; Wang, A.T.; Cai, G.; Parkhomenko, E.; et al.
Prospective investigation of autism and genotype-phenotype correlations in 22q13 deletion syndrome and SHANK3 deficiency.
Mol. Autism 2013, 4, 18. [CrossRef] [PubMed]
Sarasua, S.M.; Boccuto, L.; Sharp, J.L.; Dwivedi, A.; Chen, C.-F.; Rollins, J.D.; Rogers, R.C.; Phelan, K.; DuPont, B.R. Clinical and
genomic evaluation of 201 patients with Phelan–McDermid syndrome. Qual. Life Res. 2014, 133, 847–859. [CrossRef] [PubMed]
Zwanenburg, R.J.; Ruiter, S.A.; Heuvel, E.R.V.D.; Flapper, B.C.; Van Ravenswaaij-Arts, C.M. Developmental phenotype in PhelanMcDermid (22q13.3 deletion) syndrome: A systematic and prospective study in 34 children. J. Neurodev. Disord. 2016, 8, 16.
[CrossRef] [PubMed]
Arons, M.H.; Thynne, C.J.; Grabrucker, A.; Li, D.; Schoen, M.; Cheyne, J.; Boeckers, T.M.; Montgomery, J.M.; Garner, C. AutismAssociated Mutations in ProSAP2/Shank3 Impair Synaptic Transmission and Neurexin-Neuroligin-Mediated Transsynaptic
Signaling. J. Neurosci. 2012, 32, 14966–14978. [CrossRef] [PubMed]
Yang, M.; Bozdagi, O.; Scattoni, M.L.; Wöhr, M.; Roullet, F.I.; Katz, A.M.; Abrams, D.N.; Kalikhman, D.; Simon, H.;
Woldeyohannes, L.; et al. Reduced Excitatory Neurotransmission and Mild Autism-Relevant Phenotypes in Adolescent Shank3
Null Mutant Mice. J. Neurosci. 2012, 32, 6525–6541. [CrossRef] [PubMed]
Wang, L.; Pang, K.; Han, K.; Adamski, C.J.; Wang, W.; He, L.; Lai, J.K.; Bondar, V.V.; Duman, J.; Richman, R.; et al. An autism-linked
missense mutation in SHANK3 reveals the modularity of Shank3 function. Mol. Psychiatry 2019, 25, 2534–2555. [CrossRef]
Bonaglia, M.C.; Giorda, R.; Beri, S.; De Agostini, C.; Novara, F.; Fichera, M.; Grillo, L.; Galesi, O.; Vetro, A.; Ciccone, R.; et al.
Molecular Mechanisms Generating and Stabilizing Terminal 22q13 Deletions in 44 Subjects with Phelan/McDermid Syndrome.
PLoS Genet. 2011, 7, e1002173. [CrossRef]

Genes 2021, 12, 1192

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.
27.
28.

29.
30.
31.

9 of 11

Luciani, J.J.; De Mas, P.; Depetris, D.; Mignon-Ravix, C.; Bottani, A.; Prieur, M.; Jonveaux, P.; Philippe, A.; Bourrouillou, G.;
De Martinville, B.; et al. Telomeric 22q13 deletions resulting from rings, simple deletions, and translocations: Cytogenetic,
molecular, and clinical analyses of 32 new observations. J. Med. Genet. 2003, 40, 690–696. [CrossRef]
Wilson, H.L.; Wong, A.C.C.; Shaw, S.R.; Tse, W.-Y.; A Stapleton, G.; Phelan, M.C.; Hu, S.; Marshall, J.; E McDermid, H. Molecular
characterisation of the 22q13 deletion syndrome supports the role of haploinsufficiency of SHANK3/PROSAP2 in the major
neurological symptoms. J. Med. Genet. 2003, 40, 575–584. [CrossRef]
Sarasua, S.M.; Dwivedi, A.; Boccuto, L.; Rollins, J.D.; Chen, C.-F.; Rogers, R.C.; Phelan, K.; Dupont, B.R.; Collins, J.S. Association
between deletion size and important phenotypes expands the genomic region of interest in Phelan-McDermid syndrome (22q13
deletion syndrome). J. Med. Genet. 2011, 48, 761–766. [CrossRef]
De Rubeis, S.; Siper, P.M.; Durkin, A.; Weissman, J.; Muratet, F.; Halpern, D.; Trelles, M.D.P.; Frank, Y.; Lozano, R.; Wang, A.T.; et al.
Delineation of the genetic and clinical spectrum of Phelan-McDermid syndrome caused by SHANK3 point mutations. Mol.
Autism 2018, 9, 1–20. [CrossRef]
Durand, C.M.; Betancur, C.; Boeckers, T.M.; Bockmann, J.; Chaste, P.; Fauchereau, F.; Nygren, G.; Rastam, M.; Gillberg, I.C.;
Anckarsäter, H.; et al. Mutations in the gene encoding the synaptic scaffolding protein SHANK3 are associated with autism
spectrum disorders. Nat. Genet. 2006, 39, 25–27. [CrossRef]
Moessner, R.; Marshall, C.R.; Sutcliffe, J.S.; Skaug, J.; Pinto, D.; Vincent, J.; Zwaigenbaum, L.; Fernandez, B.; Roberts, W.;
Szatmari, P.; et al. Contribution of SHANK3 Mutations to Autism Spectrum Disorder. Am. J. Hum. Genet. 2007, 81, 1289–1297.
[CrossRef] [PubMed]
Gauthier, J.; Spiegelman, D.; Piton, A.; Lafrenière, R.G.; Laurent, S.; St-Onge, J.; Lapointe, L.; Hamdan, F.F.; Cossette, P.;
Mottron, L.; et al. Novel de novo SHANK3 mutation in autistic patients. Am. J. Med. Genet. Part B Neuropsychiatr. Genet.
2008, 150B, 421–424. [CrossRef] [PubMed]
Boccuto, L.; Lauri, M.; Sarasua, S.M.; Skinner, C.D.; Buccella, D.; Dwivedi, A.; Orteschi, D.; Collins, J.S.; Zollino, M.;
Visconti, P.; et al. Prevalence of SHANK3 variants in patients with different subtypes of autism spectrum disorders. Eur. J. Hum.
Genet. 2012, 21, 310–316. [CrossRef]
Leblond, C.S.; Nava, C.; Polge, A.; Gauthier, J.; Huguet, G.; Lumbroso, S.; Giuliano, F.; Stordeur, C.; Depienne, C.; Mouzat, K.; et al.
Meta-analysis of SHANK Mutations in Autism Spectrum Disorders: A Gradient of Severity in Cognitive Impairments. PLoS
Genet. 2014, 10, e1004580. [CrossRef] [PubMed]
Hara, M.; Ohba, C.; Yamashita, Y.; Saitsu, H.; Matsumoto, N.; Matsuishi, T. De novoSHANK3mutation causes Rett syndrome-like
phenotype in a female patient. Am. J. Med. Genet. Part A 2015, 167, 1593–1596. [CrossRef]
Mameza, M.G.; Dvoretskova, E.; Bamann, M.; Hönck, H.-H.; Güler, T.; Boeckers, T.M.; Schoen, M.; Verpelli, C.; Sala, C.;
Barsukov, I.; et al. SHANK3 Gene Mutations Associated with Autism Facilitate Ligand Binding to the Shank3 Ankyrin Repeat
Region. J. Biol. Chem. 2013, 288, 26697–26708. [CrossRef] [PubMed]
Phelan, K.; Boccuto, L.; Rogers, R.C.; Sarasua, S.M.; McDermid, H.E. Letter to the editor regarding Disciglio et al.: Interstitial
22q13 deletions not involving SHANK3 gene: A new contiguous gene syndrome. Am. J. Med. Genet. Part A 2014, 167, 1679–1680.
[CrossRef] [PubMed]
Disciglio, V.; Rizzo, C.L.; Mencarelli, M.A.; Mucciolo, M.; Marozza, A.; Di Marco, C.; Massarelli, A.; Canocchi, V.; Baldassarri, M.;
Ndoni, E.; et al. Interstitial 22q13 deletions not involving SHANK3 gene: A new contiguous gene syndrome. Am. J. Med. Genet.
Part A 2014, 164, 1666–1676. [CrossRef]
Wilson, H.L.; A Crolla, J.; Walker, D.; Artifoni, L.; Dallapiccola, B.; Takano, T.; Vasudevan, P.; Huang, S.; Maloney, V.; Yobb, T.; et al.
Interstitial 22q13 deletions: Genes other than SHANK3 have major effects on cognitive and language development. Eur. J. Hum.
Genet. 2008, 16, 1301–1310. [CrossRef] [PubMed]
Ziats, C.A.; Jain, L.; McLarney, B.; Vandenboom, E.; DuPont, B.R.; Rogers, C.; Sarasua, S.; Nevado, J.; Cordisco, E.L.;
Phelan, K.; et al. Neurofibromatosis type 2 in Phelan-McDermid syndrome: Institutional experience and review of the literature.
Eur. J. Med. Genet. 2020, 63, 104042. [CrossRef] [PubMed]
Schenkel, L.C.; Aref-Eshghi, E.; Rooney, K.; Kerkhof, J.; Levy, M.A.; McConkey, H.; Rogers, R.C.; Phelan, K.; Sarasua, S.M.;
Jain, L.; et al. DNA methylation epi-signature is associated with two molecularly and phenotypically distinct clinical subtypes of
Phelan-McDermid syndrome. Clin. Epigenet. 2021, 13, 1–17. [CrossRef] [PubMed]
Tabet, A.-C.; Rolland, T.; Ducloy, M.; Levy, J.; Buratti, J.; Mathieu, A.; Haye, D.; Perrin, L.; Dupont, C.; Passemard, S.; et al. A
framework to identify contributing genes in patients with Phelan-McDermid syndrome. NPJ Genom. Med. 2017, 2, 1–9. [CrossRef]
Mitz, A.R.; Philyaw, T.J.; Boccuto, L.; Shcheglovitov, A.; Sarasua, S.M.; Kaufmann, W.E.; Thurm, A. Identification of 22q13 genes
most likely to contribute to Phelan McDermid syndrome. Eur. J. Hum. Genet. 2018, 26, 293–302. [CrossRef] [PubMed]
Qvist, P.; Eskildsen, S.F.; Hansen, B.; Baragji, M.; Ringgaard, S.; Roovers, J.; Paternoster, V.; Molgaard, S.; Corydon, T.J.; StødkildeJørgensen, H.; et al. Brain volumetric alterations accompanied with loss of striatal medium-sized spiny neurons and cortical
parvalbumin expressing interneurons in Brd1+/− mice. Sci. Rep. 2018, 8, 16486. [CrossRef]
Frye, R.E.; Cox, D.; Slattery, J.; Tippett, M.; Kahler, S.; Granpeesheh, R.; Damle, S.; Legido, A.; Goldenthal, M.J. Mitochondrial
Dysfunction may explain symptom variation in Phelan-McDermid Syndrome. Sci. Rep. 2016, 6, 19544. [CrossRef] [PubMed]
Boccuto, L.; Abenavoli, L.; Cascio, L.; Srikanth, S.; Dupont, B.; Mitz, A.R.; Rogers, R.C.; Phelan, K. Variability in Phelan-McDermid
syndrome: The impact of the PNPLA3 p.I148M polymorphism. Clin. Genet. 2018, 94, 590–591. [CrossRef]
Pardridge, W.M. Drug transport in brain via the cerebrospinal fluid. Fluids Barriers CNS 2011, 8, 7. [CrossRef] [PubMed]

Genes 2021, 12, 1192

32.
33.

34.
35.
36.
37.
38.
39.

40.
41.
42.
43.

44.

45.
46.
47.
48.
49.
50.

51.

52.

53.

54.
55.
56.

10 of 11

Born, J.; Lange, T.; Kern, W.; McGregor, G.P.; Bickel, U.; Fehm, H.L. Sniffing neuropeptides: A transnasal approach to the human
brain. Nat. Neurosci. 2002, 5, 514–516. [CrossRef]
Gonzalez-Carter, D.; Liu, X.; Tockary, T.A.; Dirisala, A.; Toh, K.; Anraku, Y.; Kataoka, K. Targeting nanoparticles to the brain
by exploiting the blood–brain barrier impermeability to selectively label the brain endothelium. Proc. Natl. Acad. Sci. USA
2020, 117, 19141–19150. [CrossRef]
Ohta, S.; Kikuchi, E.; Ishijima, A.; Azuma, T.; Sakuma, I.; Ito, T. Investigating the optimum size of nanoparticles for their delivery
into the brain assisted by focused ultrasound-induced blood–brain barrier opening. Sci. Rep. 2020, 10, 1–13. [CrossRef] [PubMed]
Costales, J.; Kolevzon, A. The therapeutic potential of insulin-like growth factor-1 in central nervous system disorders. Neurosci.
Biobehav. Rev. 2016, 63, 207–222. [CrossRef]
Vahdatpour, C.; Dyer, A.; Tropea, D. Insulin-Like Growth Factor 1 and Related Compounds in the Treatment of Childhood-Onset
Neurodevelopmental Disorders. Front. Neurosci. 2016, 10, 450. [CrossRef]
Kolevzon, A.; Delaby, E.; Berry-Kravis, E.; Buxbaum, J.D.; Betancur, C. Neuropsychiatric decompensation in adolescents and
adults with Phelan-McDermid syndrome: A systematic review of the literature. Mol. Autism 2019, 10, 1–22. [CrossRef]
Bozdagi, O.; Tavassoli, T.; Buxbaum, J.D. Insulin-like growth factor-1 rescues synaptic and motor deficits in a mouse model of
autism and developmental delay. Mol. Autism 2013, 4, 9. [CrossRef] [PubMed]
Kolevzon, A.; Bush, L.; Wang, A.T.; Halpern, D.; Frank, Y.; Grodberg, D.; Rapaport, R.; Tavassoli, T.; Chaplin, W.; Soorya, L.; et al.
A pilot controlled trial of insulin-like growth factor-1 in children with Phelan-McDermid syndrome. Mol. Autism 2014, 5, 54.
[CrossRef]
Sethuram, S.; Kolevzon, A.; Rapaport, R. Growth Hormone Treatment in Children With Phelan McDermid Syndrome. Available
online: https://clinicaltrials.gov/ct2/show/NCT04003207?term=phelan-mcdermid&draw=1&rank=1 (accessed on 7 June 2021).
Xie, R.J.; Li, T.X.; Sun, C.; Chenge, C.; Zhao, J.; Xu, H.; Liu, Y. A case report of Phelan-McDermid syndrome: Preliminary results of
the treatment with growth hormone therapy. Ital. J. Pediatrics 2021, 47, 1–4. [CrossRef]
Schmidt, H.; Kern, W.; Giese, R.; Hallschmid, M.; Enders, A. Intranasal insulin to improve developmental delay in children with
22q13 deletion syndrome: An exploratory clinical trial. J. Med. Genet. 2009, 46, 217–222. [CrossRef] [PubMed]
Zwanenburg, R.J.; Bocca, G.; Ruiter, S.A.J.; Dilingh, J.H.; Flapper, B.C.T.; van den Heuvel, E.R.; van Ravenswaaij-Arts, C.M.A. Is
there an effect of intranasal insulin on development and behaviour in Phelan-McDermid syndrome? A randomized, dou-ble-blind,
placebo-controlled trial. Eur. J. Hum. Genet. 2016, 24, 1696–1701. [CrossRef]
Darville, H.; Poulet, A.; Rodet-Amsellem, F.; Chatrousse, L.; Pernelle, J.; Boissart, C.; Hérone, D.; Nava, C.; Perrier, A.;
Jarrige, M.; et al. Human Pluripotent Stem Cell-derived Cortical Neurons for High Throughput Medication Screening in Autism:
A Proof of Concept Study in SHANK3 Haploinsufficiency Syndrome. EBioMedicine 2016, 9, 293–305. [CrossRef] [PubMed]
Verhoeven, W.M.A.; Egger, J.I.M.; Cohen-Snuijf, R.; Kant, S.G.; de Leeuw, N. Phelan-McDermid Syndrome: Clinical report of a
70-year-old woman. Am. J. Med. Genet. Part A 2013, 161, 158–161. [CrossRef]
Ballesteros, A.; Rosero, A.S.; Inchausti, F.; Manrique, E.; Saiz, H.; Carlos, C.; Maria, Z. Clinical case: Phelan–McDermid and
pharmacological management. Eur. Psychiatry 2020, 41, S430. [CrossRef]
Serret, S.; Thummler, S.; Dor, E.; Vesperini, S.; Santos, A.; Askenazy, F. Lithium as a rescue therapy for regression and cata-tonia
features in two SHANK3 patients with autism spectrum disorder: Case reports. BMC Psychiatry 2015, 15. [CrossRef] [PubMed]
Egger, J.I.M.; Verhoeven, W.M.A.; Groenendijk-Reijenga, R.; Kant, S.G. Phelan-McDermid syndrome due to SHANK3 muta-tion
in an intellectually disabled adult male: Successful treatment with lithium. BMJ Case Rep. 2017, 2017, bcr-2017. [CrossRef]
Rowland, T.; Pathania, R.; Roy, A. Phelan-McDermid syndrome, bipolar disorder and treatment with lithium. Br. J. Learn. Disabil.
2018, 46, 202–205. [CrossRef]
Delorme, R. Effect of Lithium in Patients with Autism Spectrum Disorder and Phelan-McDermid Syndrome (SHANK3 Haploinsufficiency) (Lisphem). Available online: https://clinicaltrials.gov/ct2/show/NCT04623398?term=therapy+OR+treatment+
OR+clinical+trial&cond=Phelan-McDermid+Syndrome&draw=1&rank=7 (accessed on 7 June 2021).
Mousavinejad, E.; Ghaffari, M.A.; Riahi, F.; Hajmohammadi, M.; Tiznobeyk, Z.; Mousavinejad, M. Coenzyme Q10 supplementation reduces oxidative stress and decreases antioxidant enzyme activity in children with autism spectrum disorders.
Psychiatry Res. 2018, 265, 62–69. [CrossRef]
Persico, A.M. Q10 Ubiquinol in Autism Spectrum Disorder and in Phelan-McDermid Syndrome. (Q10ASD). Available
online: https://clinicaltrials.gov/ct2/show/NCT04312152?term=therapy+OR+treatment+OR+clinical+trial&cond=PhelanMcDermid+Syndrome&draw=1&rank=6 (accessed on 7 June 2021).
Kolevzon, A. AMO-01 to Treat Adolescents and Adults With Phelan-McDermid Syndrome (PMS) and Co-morbid Epilepsy.
Available online: https://clinicaltrials.gov/ct2/show/NCT03493607?term=phelan-mcdermid&draw=1&rank=7 (accessed on 7
June 2021).
Kolevzon, A. Piloting Treatment With Intranasal Oxytocin in Phelan-McDermid Syndrome. Available online: https://clinicaltrials.
gov/ct2/show/NCT02710084?term=phelan-mcdermid&draw=1&rank=5 (accessed on 7 June 2021).
Mair, A.; Wilson, M.; Dreischulte, T. Addressing the Challenge of Polypharmacy. Annu. Rev. Pharmacol. Toxicol. 2020, 60, 661–681.
[CrossRef]
Gauthier, J.; Champagne, N.; Lafrenière, R.G.; Xiong, L.; Spiegelman, D.; Brustein, E.; Lapointe, M.; Peng, H.; Côté, M.;
Noreau, A.; et al. De novo mutations in the gene encoding the synaptic scaffolding proteinSHANK3in patients ascertained for
schizophrenia. Proc. Natl. Acad. Sci. USA 2010, 107, 7863–7868. [CrossRef]

Genes 2021, 12, 1192

57.
58.
59.
60.

61.

62.
63.
64.
65.
66.

67.
68.

69.
70.
71.
72.

73.
74.
75.

76.

77.
78.

11 of 11

Wan, L.; Liu, D.; Xiao, W.-B.; Zhang, B.-X.; Yan, X.-X.; Luo, Z.-H.; Xiao, B. Association of SHANK Family with Neuropsychiatric
Disorders: An Update on Genetic and Animal Model Discoveries. Cell. Mol. Neurobiol. 2021, 1–21. [CrossRef]
Ehret, M. Central Nervous System. In Concepts in Pharmacogenomics, 2nd ed.; Zdanowicz, M.M., Ed.; American Society of
Health-System Pharmacists: Bethesda, MD, USA, 2017; pp. 283–308.
Yoshida, K.; Müller, D.J. Pharmacogenetics of Antipsychotic Drug Treatment: Update and Clinical Implications. Mol. Neuropsychiatry 2019, 5, 1–26. [CrossRef]
Bousman, C.A.; Bengesser, S.A.; Aitchison, K.J.; Amare, A.T.; Aschauer, H.; Baune, B.T.; Asl, B.B.; Bishop, J.R.; Burmeister, M.;
Chaumette, B.; et al. Review and Consensus on Pharmacogenomic Testing in Psychiatry. Pharmacopsychiatry 2021, 54, 5–17.
[CrossRef] [PubMed]
Phillips, E.J.; Sukasem, C.; Whirl-Carrillo, M.; Müller, D.J.; Dunnenberger, H.; Chantratita, W.; Goldspiel, B.; Chen, Y.; Carleton, B.;
George, A.L., Jr.; et al. Clinical Pharmacogenetics Implementation Consortium Guideline for HLA Genotype and Use of
Carbamazepine and Oxcarbazepine: 2017 Update. Clin. Pharmacol. Ther. 2018, 103, 574–581. [CrossRef]
PharmGKB. Annotation of FDA Label for aripiprazole and CYP2D6. Available online: https://www.pharmgkb.org/
labelAnnotation/PA166104839 (accessed on 25 July 2021).
Klomp, S.D.; Manson, M.L.; Guchelaar, H.J.; Swen, J.J. Phenoconversion of Cytochrome P450 Metabolism: A Systematic Review. J.
Clin. Med. 2020, 9, 2890. [CrossRef]
Manikandan, P.; Nagini, S. Cytochrome P450 Structure, Function and Clinical Significance: A Review. Curr. Drug Targets
2018, 19, 38–54. [CrossRef] [PubMed]
Taylor, C.; Crosby, I.; Yip, V.; Maguire, P.; Pirmohamed, M.; Turner, R.M. A Review of the Important Role of CYP2D6 in
Pharmacogenomics. Genes 2020, 11, 1295. [CrossRef]
Hicks, J.K.; Sangkuhl, K.; Swen, J.J.; Ellingrod, V.L.; Müller, D.J.; Shimoda, K.; Bishop, J.R.; Kharasch, E.D.; Skaar, T.C.;
Gaedigk, A.; et al. Clinical pharmacogenetics implementation consortium guideline (CPIC) for CYP2D6 and CYP2C19 genotypes
and dosing of tricyclic antidepressants: 2016 update. Clin. Pharmacol. Ther. 2017, 102, 37–44. [CrossRef]
Food and Drug Association. Table of Pharmacogenetic Associations. Available online: https://www.fda.gov/medical-devices/
precision-medicine/table-pharmacogenetic-associations (accessed on 25 July 2021).
Brown, J.T.; Bishop, J.R.; Sangkuhl, K.; Nurmi, E.L.; Mueller, D.J.; Dinh, J.C.; Gaedigk, A.; Klein, T.E.; Caudle, K.E.;
McCracken, J.T.; et al. Clinical Pharmacogenetics Implementation Consortium Guideline for Cytochrome P450 (CYP) 2D6
Genotype and Atomoxetine Therapy. Clin. Pharmacol. Ther. 2019, 106, 94–102. [CrossRef]
Zhang, G.; Zhang, Y.; Ling, Y.; Jia, J. Web resources for pharmacogenomics. Genom. Proteom. Bioinform. 2015, 13, 51–54. [CrossRef]
Kim, J.A.; Ceccarelli, R.; Lu, C.Y. Pharmacogenomic Biomarkers in US FDA-Approved Drug Labels. J. Pers. Med. 2021, 11, 179.
[CrossRef]
Verhoeven, W.M.A.; Egger, J.I.M.; de Leeuw, N. A longitudinal perspective on the pharmacotherapy of 24 adult patients with
Phelan McDermid syndrome. Eur. J. Med. Genet. 2020, 63, 103751. [CrossRef]
Egger, J.I.M.; Zwanenburg, R.J.; Ravenswaaij-Arts, C.M.A.; Kleefstra, T.; Verhoeven, W.M.A. Neuropsychological phenotype and
psychopathology in seven adult patients with Phelan-McDermid syndrome: Implications for treatment strategy. Genes Brain
Behav. 2016, 15, 395–404. [CrossRef]
Holder, J.L., Jr.; Quach, M.M. The spectrum of epilepsy and electroencephalographic abnormalities due to SHANK3 loss-offunction mutations. Epilepsia 2016, 57, 1651–1659. [CrossRef] [PubMed]
Kohlenberg, T.M.; Trelles, M.P.; McLarney, B.; Betancur, C.; Thurm, A.; Kolevzon, A. Psychiatric illness and regression in
individuals with Phelan-McDermid syndrome. J. Neurodev. Disord. 2020, 12, 1–17. [CrossRef]
Hicks, J.K.; Bishop, J.R.; Sangkuhl, K.; Müller, D.J.; Ji, Y.; Leckband, S.G.; Leeder, J.S.; Graham, R.L.; Chiulli, D.L.; Llerena, A.; et al.
Clinical Pharmacogenetics Implementation Consortium (CPIC) Guideline forCYP2D6andCYP2C19Genotypes and Dosing of
Selective Serotonin Reuptake Inhibitors. Clin. Pharmacol. Ther. 2015, 98, 127–134. [CrossRef]
Karnes, J.H.; Rettie, A.E.; Somogyi, A.A.; Huddart, R.; Fohner, A.E.; Formea, C.M.; Lee, M.T.M.; Llerena, A.; Whirl-Carrillo, M.;
Klein, T.E.; et al. Clinical Pharmacogenetics Implementation Consortium (CPIC) Guideline for CYP2C9 and HLA-B Genotypes
and Phenytoin Dosing: 2020 Update. Clin. Pharmacol. Ther. 2021, 109, 302–309. [CrossRef] [PubMed]
Smit, R.A.J.; Noordam, R.; le Cessie, S.; Trompet, S.; Jukema, J.W. A critical appraisal of pharmacogenetic inference. Clin. Genet.
2018, 93, 498–507. [CrossRef] [PubMed]
Hippman, C.; Nislow, C. Pharmacogenomic Testing: Clinical Evidence and Implementation Challenges. J. Pers. Med. 2019, 9, 40.
[CrossRef] [PubMed]

