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Background: Phelan–McDermid syndrome (PMS), caused by deletions at 22q13.3 and pathogenic variants in the SHANK3 gene, is a rare developmental disorder characterized by hypotonia, developmental delay (DD), intellectual disability (ID), autism spectrum disorder (ASD), dysmorphic features, absence of or delayed language, and other features.
Methods: Conventional karyotyping, chromosomal microarray analysis (CMA), and whole exome sequencing (WES) have been used to detect genetic defects causing PMS. We summarized the genetic and clinical findings from prenatal to postnatal stages of detected cases of PMS and mapped potential candidate haploinsufficient genes for deletions of 22q13. This study aimed to summarize the laboratory findings, genetic defects, and genotype–phenotype correlations for Chinese patients with PMS.
Results: Seven prenatal cases and fourteen postnatal cases were diagnosed with PMS in our center. Thirteen cases had a deletion ranging in size from 69 to 9.06 Mb at 22q13.2-q13.33, and five cases had a pathogenic variant or an intragenic deletion in the SHANK3 gene. Three familial cases with a parental carrier of a balanced translocation were noted. A review of the literature noted another case series of 29 cases and a report of five cases of PMS in China. Genotype–phenotype correlations confirmed haploinsufficiency of the SHANK3 gene for PMS and suggested other candidate haploinsufficient genes TNFRSFI3C and NFAM1 genes for immunological features and TCF20, SULT4A1, PARVB, SCO2, and UPK3A genes for intellectual impairment and behavioral abnormality, neurological features, macrocephaly/hypotonia, oculopathy, and renal adysplasia, respectively.
Conclusion: Indications for prenatal diagnosis of PMS are not specific, and approximately 85% prenatally diagnosed PMS elected termination of pregnancies after genetic counseling. For postnatal cases, 62.5% were caused by a deletion at 22q13 and 37.5% were caused by a pathogenic variant or an intragenic deletion in the SHANK3 gene. Approximately 6.7% of cases with a deletion were familial, and almost all pathogenic variants were de novo. Combined karyotype, CMA, and WES should be performed to increase the diagnostic yield. The identification of other candidate haploinsufficient genes in deletions of 22q13.2-q13.33 could relate to more severe dysmorphic features, neurologic defects, and immune deficiency. These results provided evidence for diagnostic interpretation, genetic counseling, and clinical management for the Chinese cases of PMS.
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INTRODUCTION
Phelan–McDermid syndrome (PMS, OMIM #606232) is a rare developmental disorder with diverse clinical features. It was first described in 1985 (Watt et al., 1985) and later defined as 22q13.3 deletion syndrome characterized by neonatal hypotonia, absent to severely delayed speech, developmental delay (DD), autism spectrum disorders (ASDs), moderate to profound intellectual disability (ID), minor dysmorphic facial features, and behavioral characteristics including mouthing or chewing non-food items and decreased perception of pain (Phelan and McDermid., 2012).
The prevalence of PMS is unknown, but to date, the PMS Foundation had registered more than 2,800 individuals (https://www.pmsf.org/, accessed 1 Jun 2022). PMS is mainly caused by a heterozygous deletion at chromosome 22q13.3 involving the SHANK3 gene or a pathogenic variant in the gene (Sarasua et al., 2014). The SHANK3 gene plays a critical role in synaptic function and dendrite formation by encoding a scaffolding protein enriched in the postsynaptic density of glutamatergic synapses (Kolevzon et al., 2014). Deletions or pathogenic variants in the SHANK3 gene have been identified in patients ascertained for ASD and ID with an estimated frequency at 0.5–2%, respectively (Kolevzon et al., 2014).
Two case series including 34 cases of 22q13 deletions and SHANK3 pathogenic variants have been reported in China (Gong et al., 2012; Xu et al., 2020). Here, we reported 21 previously undescribed Chinese cases with PMS from our medical center. The findings from these three case series revealed the types of genetic defects and the spectrum of clinical findings from prenatal to postnatal stages. These results provide guidance for effective laboratory diagnosis on affected patients and evidence for proper genetic counseling on follow-up parental study and clinical management.
MATERIALS AND METHODS
Case series
This retrospective study was approved by the Medical Ethical Committee of Shenzhen Maternity and Child Healthcare Hospital (SZMCH), and informed consent for prenatal testing was obtained from pregnant women. From 2015 to 2021, 12,280 of prenatal cases and 940 of pediatrics cases were subjected for genetic analysis in SZMCH and 21 cases (seven prenatal and 14 postnatal) were diagnosed as PMS. Parents or guardians were contacted for genetic counseling using a standardized questionnaire of medical records and family history and follow-up genetic testing. The questionnaire included questions about the developmental, neurological, behavioral, and additional clinical features in the affected children and other relatives. Ten families also provided pictures of their affected children. A review of the literature found a report of five cases in China and another case series of 29 Chinese cases (Gong et al., 2012; Xu et al., 2020). Genetic defects and clinical findings from prenatal to postnatal stages were summarized and compared for these reported cases and our case series.
Genetic analysis
Conventional G-banded karyotyping was performed on peripheral blood or amniotic fluid specimens using standardized protocols. A CMA was performed using a single-nucleotide polymorphism (SNP) array platform by Affymetrix CytoScan 750K arrays (Thermo Fisher Scientific Inc., Waltham, Massachusetts, United States) following the manufacturer’s protocols. WES was performed by KingMed Diagnostics, Running Gene, Baylor Miraca Genetics Laboratory, and our center. All detected pathogenic variants were further confirmed by Sanger sequencing at our center using a ABI3500Dx Genetic Analyzer (Applied Biosystems, Foster City, CA).
Statistical analysis
Collectively, 48 postnatal cases with clinical findings were summarized from our cases and the other two case series. These patients were divided into two groups to evaluate the correlated phenotypes. Group I (n = 30) included individuals with deletions that encompass the SHANK3 gene. Group II (n = 18) were individuals with a pathogenic variant or an intragenic deletion in the SHANK3 gene. Fisher’s exact test was used to assess statistical significance in important phenotypes between the two groups. The results were judged to be statistically significant at p < 0.05.
RESULTS
From 2015–2021, genetic evaluation has been performed for a total of 12,280 prenatal and 940 postnatal cases in SZMCH. Seven prenatal cases and 14 postnatal cases were diagnosed with PMS, indicating a detection rate of 0.06% and 1.5% in the prenatal and postnatal cases, respectively, and a detection rate of 0.16% of the total cases. By karyotyping, CMA, and follow-up WES and sanger sequencing, 16 cases (76%) were detected with a deletion at 22q13.3 and three of them were familial cases resulted from a parental carrier of a balanced translocation. Five cases (24%) had a pathogenic variant or an intragenic deletion in the SHANK3 gene.
Cytogenomic characterization of deletions of 22q13.3
The 16 cases with detected cytogenomic abnormalities are summarized in Table 1. All 16 cases carried a deletion ranging from 69 Kb to 9.06 Mb at 22q13.2-q13.33 (Figure 1).
TABLE 1 | Details of the 22q13.3 deletions identified in 16 individuals with PMS.
[image: Table 1][image: Figure 1]FIGURE 1 | Cytogenomic mapping and genotype–phenotype correlations for candidate genes of 22q13.2-q13.33. A cytogenomic map for sizes of deletions and candidate genes of 22q13.2-q13.33. The upper panel shows chromosome 22 with the band location information. The region of 22q13.2-q13.33 is boxed in red. The middle panel shows the size and location of the 41 deletions: 17 cases in our study, 20patients in the literature of Xu et al. (2020), and four samples in the literature of Gong et al. (2012). The lower panel shows OMIM genes in 22q13.2-q13.33. The HI genes are circled in red and six other genes associated with the PMS phenotype are circled in black.
Parental genetic testing was performed on 12 cases, of which nine cases had a de novo deletion and three cases from three families had a derivative chromosome from a parent carrying a balanced translocation. In family 1 (Figure 2A), the mother had a balanced translocation t (21;22) (q22.2;q13.3) and the proband (case 4/II-1 in pedigree) inherited a derivative chromosome 22 with a terminal duplication of chromosome 21q22.3. This proband was diagnosed at the age of 5 years because of DD and ID. Follow-up genetic analysis on the mother’s four consecutive pregnancies detected two pregnancies with a derivative chromosome 21 or 22 (II-3 and II-4) and two pregnancies with a normal karyotype (II-2 and II-5). After genetic counseling, the parents elected the termination of pregnancy (TOP) for the two with abnormal cytogenomic findings. In family 2 (Figure 2B), the proband (case 7/II-2) had a derivative chromosome 22 from the father carrying a balanced translocation t (15;22) (p11.2;q13.3). A previous pregnancy had a girl (II-1) carrying a derivative chromosome 15 who had mild cleft lip and normal intelligence. The parents elected the TOP after genetic counseling. In family 3 (Figure 2C), the first pregnancy of the woman was induced by premature rupture of membranes at 24 weeks of gestation without genomic test. The proband (case 13/II-2) was evaluated at the age of 3-years for psychomotor retardation. He carried a derivative chromosome 22 with a terminal duplication of 8q24.3 and a deletion of 22q13.33. His mother’s karyotype was 46,XX,t (8;22) (q24.1;q13.3). The couple then had a boy with completely normal chromosomes through preimplantation genetic diagnosis (PGD).
[image: Figure 2]FIGURE 2 | The pedigree of three cases from three families. (A) Family 1; (B) family 2; and (C) family 3.
Pathogenic and likely pathogenic variants in the SHANK3 gene
The five cases with an intragenic deletion and pathogenic and likely pathogenic variants are summarized in Table 2. Case 17 was detected with a de novo intragenic deletion of 13.66 Kb involving exons 10 to 17 of the SHANK3 gene, and this deletion will disrupt the transcription and translation. Four cases (18–21) were detected with a pathogenic or likely pathogenic variant in the SHANK3 gene by WES. Since Kolevzon et al. (2011) reported that the human genome reference assembly (GRCh37/hg19) misses the beginning of exon 11, we corrected the position of nucleotides and amino acids according to the SHANK3 mRNA (NM_001372044.2) and protein (NP_001358973.1) in RefSeq, respectively . The variants included three frameshift variants and one nonsense variant and all of them were de novo.
TABLE 2 | Intragenic deletion and four pathogenic variants in the SHANK3 gene of five cases.
[image: Table 2]Clinical findings in prenatal cases
A total of seven pregnancies (cases 1, 2, 5, 6, 7, 8, and 16) were detected prenatally with a deletion of 22q13.2-q13.33, and the TOP was elected in six pregnancies. The pregnant woman of case 2 chose to give birth to a fetus with PMS. Pregnancies for cases 9, 11, 12, and 14 had clinical indications for prenatal genetic evaluation but did not select CMA, and postnatal follow-up analysis by CMA detected a deletion of 22q13.2-q13.33. For case 18, prenatal karyotyping and CMA tests by the concern of X-ray exposure found a normal result and follow-up WES at the age of 5 years detected a pathogenic variant in the SHANK3 gene.
The indications for prenatal analysis included parental carriers (case 7), nuchal translucence (cases 6 and 7), increased risk of Down syndrome by maternal serum screening (cases 1 and 5), advanced maternal age (case 5), abnormal finding in the noninvasive prenatal testing (NIPT) (case 1), and fetal anomalies by ultrasound examination. Fetal growth restriction, single umbilical artery, complex congenital heart disease, jejunal atresia, cystic dysplasia of the left kidney, obstructive reflux renal injury, and persistent left superior vena cava was each observed on one fetus. Multiple structural abnormalities were found in case 16, including morphological changes of skull, local premature closure of coronal suture, short long bones, early ossification of distal femur epiphyseal cartilage, abnormal rib shape, enlarged cardiothoracic ratio, polycystic dysplasia of the right kidney, and the dermal medulla of the left kidney is unclear.
Thirteen cases of PMS diagnosed prenatally in the literature were reviewed to compare the clinical indications for analysis, gestational age at diagnosis, methods, results, inheritance, and pregnancy outcomes (Table 3). In addition to the prenatal diagnostic indications mentioned in our study, additional fetal abnormalities were observed, including ventricular septal defect, choroid plexus cyst, total anomalous pulmonary venous return, ventricle prominence, truncus arteriosus, right microtia, hemivertebrae of the lumbar spine, unilateral multicystic kidney, unilateral cleft lip both left-sided, fetal ascites, and ventriculomegaly. 13 prenatal cases were combined with our seven cases, CMA and karyotype should be performed to detect the genomic imbalance in the chromosome structural rearrangements, and 85% (17/20) of pregnancies elected the TOP after genetic counseling.
TABLE 3 | Clinical features in pregnancies of PMS fetuses.
[image: Table 3]Clinical findings in postnatal cases
As shown in Figure 3, patients with PMS had mild to moderate facial dysmorphism. There was no significant difference between group I patients with 22q13 deletions encompassing the SHANK3 gene and group II patients with a pathogenic variant or an intragenic deletion in the SHANK3 gene.
[image: Figure 3]FIGURE 3 | Images of patients with PMS. (A) Case 9, 2 years old; (B) case 3, 4 years old; (C) case 14, 6 years old; (D) case 16, 7 years old; (E) case 15, 8 years old; (F) case 13, 9 years old; (G) case 12, 10 years old; (H) case 20, 11 years old; (I) case 10, 13 years old; and (J) case 21, 13 years old. (H,J) Patients with pathogenic variants of the SHANK gene; others: the patients with 22q13 deletion encompass the SHANK3 gene or an intragenic deletion of this gene.
Of the 48 postnatal cases from our case series and two other reports, there were 26 boys and 21 girls with an average age of 6 years (except for one case whose sex and age were unknown). 30 cases (63%) were group I with a deletion at 22q13 and 18 cases (37%) were group II with a pathogenic variant or an intragenic deletion in the SHANK3 gene. Of the 11 cases of group I with follow-up familial study, 82% of the deletions at 22q13 were de novo, 18% were derived from maternal carriers of a balanced translocation. 13 cases of group II with follow-up parental analysis showed normal results in both parents indicating de novo variants in the patients. The clinical features observed from our study and two case series are summarized in Table 4. The frequency of diarrhea/constipation in patients of group II was higher than that in group I (50% vs. 17%) and the difference was statistically significant (p = 0.041). There was no significant difference between group I and group II in the frequency of clinical features including hypotonia (72% vs. 94%), ASD (60% vs. 92%), and repetitive behaviors (65% vs. 71%), which are higher in group II, absent or severely delayed speech (age ≥ 3) (76% vs. 62%), decreased perception of pain (71% vs. 67%), and gait abnormalities (72% vs. 53%) are higher in group I, while DD/ID (93% vs. 94%) and hyperactivity (83%) are almost equal in both groups.
TABLE 4 | Comparison of postnatal phenotypes between patients with deletions at 22q13 and pathogenic variants or an intragenic deletion in the SHANK3 gene than SHANK3 gene and loss of SHANK3 alone.
[image: Table 4]Genotype–phenotype correlations within deletions of 22q13.2-q13.33
Possible phenotypic correlations were evaluated based on the gene content within the deletions of 22q13.2-q13.33. There were 41 cases of PMS detected with a deletion of 22q13.2-q13.33, including 17 from our cases and 24 from other two case series. The largest deletion spans about 9 Mb. After excluding pseudogenes, there are 102 coding genes in the 22q13.2-q13.33 region. Of them, 24 OMIM morbid genes, two haploinsufficient genes, TCF20 and SHANK3 (by ClinGen HI score = 3), and 13 putative haploinsufficient genes, SCUBE1, SULT4A1, PHF21B, FBLN1, CELSR1, GRAMD4, BRD1, PIM3, PLXNB2, SBF1, MAPK8IP2, TSPO, and PPARA (by ClinGen pLI ≥ 0.90 or %HI ≤ 10%), were listed as candidate genes. The cytogenomic map for sizes of deletions and candidate genes of 22q13.2-q13.33 are shown in Figure 1. Of all the 41 cases, deletions of case 16 and patient 25 fully contained the TCF20 and SHANK3 genes, deletions of 28 cases contained the SHANK3 gene completely, seven cases (case 5 and 6, sample 4, patient 15, 16, 20, and 23) contain a partial deletion of the SHANK3 gene and both breakpoints of deletion in four cases (case 17, patient 19, 26, and 27) are within the SHANK3 gene.
DISCUSSION
In a recent large cohort of 210 PMS individuals, the different genomic rearrangements were distributed as follows: 90% (189/210) of deletions, 6.9% (13/189) of familial cases by parental carriers, and 10% (21/210) of pathogenic variants (Nevado et al., 2022). In Chinese patients, it was 62.5% (30/48) of deletions, 6.7% (2/30) of familial cases by parental carriers, and 37.5% (18/48) of pathogenic variants. Comparing the two groups showed that the Chinese patients had a lower percentage of deletions and higher percentage of pathogenic variants. A collection of more Chinese patients is needed to define that this difference represents a true ethnic variation or technically under detection of deletions at 22q13.3 by CMA.
The detection rate of deletions at 22q13.3 for PMS is 0.12% (16/13,220) in our prenatal and postnatal cases and is detected in 0.06% of pediatric cases in a report. The prevalence of PMS caused by deletions is estimated as 1/12,500 in the Chinese population (Chai et al., 2019).
It is estimated that 15–20% of PMS are resulted from an unbalanced chromosome rearrangement involving chromosome 22, of which approximately 50% are inherited from a balanced carrier parent (Phelan and McDermid, 2012). In our case series, the detection rate of parental carriers of a balanced translocation was 19% (3/16), which is consistent with that reported in the literature. In family 2, the phenotype of group II was mild compared to the classical features of PMS, suggesting a weak triplosensitive effect for the duplication of this region. In family 3, case 13 carried additional CNV of 8q24.3 duplication, which can cause profound psychomotor retardation, idiopathic epilepsy, and growth delay (Bonaglia et al., 2005) similar to PMS. This is the first familial case of a balanced translocation showing compound effects from a distal duplication of 8q24.3 and a deletion of 22q13.33 in the Chinese population. Approximately 20% of Chinese PMS caused by chromosomal rearrangements were familial cases, and parental genetic testing should be performed to provide complete genetic information for genetic counseling and clinical management.
For the prenatal cases of PMS, the clinical indications for prenatal diagnosis varied. There are no specific prenatal indications for PMS. Most fetal abnormalities observed by ultrasound were fetal growth restriction and abnormalities of the heart, kidney, or bone. Enhanced noninvasive prenatal testing (NIPT) could screen for chromosomal deletions despite a certain percentage of false positive and false negative results. When chromosomal abnormalities were suggested by NIPT, invasive prenatal diagnosis is necessary to provide a diagnosis. CMA should be recommended as the method of choice to detect chromosomal deletions and duplications.
Comparisons of phenotypes between the two groups of 48 cases in China showed that there was no significant difference in the clinical features including DD/ID, absence of speech, and ASD in accordance with a previous study (Xu et al., 2020). We also demonstrated that there was no significant difference (p = 0.124) in the clinical feature of hypotonia with a high frequency in group II than group I (94% vs. 72%). However, hypotonia frequency was slightly higher in the loss of SHANK3 gene alone group and it has statistical significance near the borderline in their study (p = 0.059). Interestingly, Levy et al. (2021) found early infancy hypotonia and hypotonia persisting after infancy were higher in group I deletions (deletions encompassing more than SHANK3 gene) than in group II intragenic deletions (include SHANK3 only or several nearby genes) with statistically significant p-values (p = 0.001 and p = 0.006). Larger deletion size has also been correlated with greater severity and presence of numerous clinical features, including hypotonia (Luciani et al., 2003; Wilson et al., 2003; Sarasua et al., 2011). These differences may be related to limited sample size, ethnics, some phenotypes that had not yet appeared causing the low mean age, and limitation from obtaining medical history (through medical record review or questionnaires completed by parents instead of assessing the patients by professional physician). The larger sample sizes and more detailed studies are needed for further clinical presentations.
As 22q13.2-q13.33 is a rich gene region, many genes might be responsible for neurodevelopmental features. There are three haploinsufficient genes SHANK3, TCF20, and EP300 in this region. The SHANK3 gene is at 22q13.3 and the other two genes are located in 22q13.2. According to the ClinGen Dosage Sensitivity, these three genes all have a HI score and a pLI score which is intolerant of LoF (HI = 3, pLI = 1). Loss of function due to haploinsufficiency of the SHANK3 gene can lead to PMS and it has been well-documented.
TCF20 (OMIM 603107), which encodes the protein transcription factor 20 contains over 1,900 amino acids and harbors several functional domains. It is predicted to function as a transcriptional activator or repressor depending on its interaction with other factors (Gburcik et al., 2005). 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), craniofacial dysmorphisms, macrocephaly, body overgrowth, muscle hypotonia, seizures, constipation, scoliosis, strabismus, myopia, and keratoconus (Torti et al., 2009). Cases (case 17 and patient 25) with large deletion containing both the SHANK3 and TCF20 genes have a more severe phenotype in our study. The deletion of 22q13.2 not containing the SHANK3 gene showed that the TCF20 gene is a candidate gene for the neurodevelopmental features (Upadia et al., 2018). Similar interstitial microdeletions were found in two patients presenting with classic clinical features of PMS in the 22q13.2 region that map proximal to the SHANK3 gene (0.54 and 0.72 Mb, respectively) (Simenson et al., 2014; Thümmler et al., 2016). It is worth noting that duplication including the TCF20 gene was suspected to cause a neurodevelopmental disorder (NDD) with mirror traits compared to patients with TCF20 deletions (Lévy et al., 2021). The TCF20 gene is essential for neurogenesis and is ubiquitously expressed in the developing cerebral cortex, notably in the neural stem cells of mouse embryos (Feng et al., 2020). In particular, TCF20 knockout mice lead to neurogenesis defects with imbalanced differentiation and proliferation of neural progenitor cells and lead to autistic-like behaviors in mice. The abnormal regulation of neurogenesis usually leads to NDDs comprising ASD, ADHD, and ID. The TCF20 gene is essential for neurogenesis and the author suggest that TCF20 duplication could also lead to defects in neurogenesis (Lévy rt al., 2021).
The EP300 gene is not involved in 41 cases of PMS in China (Figure 1). Pathogenic variants and deletions of the EP300 gene are implicated in Rubinstein–Taybi syndrome. Larger duplications including the EP300 gene could be associated with a more severe phenotype with growth delay and global DD (Feng et al., 2020). EP300 has also been implicated as a tumor suppressor gene (Samanich et al., 2012).
TNFRSF13C, an OMIM Morbid gene in this region, shows that LoF mutations are a known cause of primary immunodeficiency. NFAM1 is another gene that is involved in B-cell development and signaling. As previously mentioned (Simenson et al., 2014; Thümmler et al., 2016), both patients presented with developmental delay, language delay, and physical features of bilateral ptosis, bulbous nasal tip, and clinodactyly. Moreover, they also had immunological features of elevated immunoglobulin E (Simenson et al., 2014), repetitive bronchiolitis, and persistent asthma (Thümmler et al., 2016). Both microdeletions involve the TNFRSFI3C and NFAM1 genes, which are involved in immune system functioning and are postulated as candidate genes for the immunological features seen in these patients.
Disciglio et al. (2014) reported nine cases of interstitial 22q13 deletions not involving the SHANK3 gene. In the minimal deleted region, they identified two candidate genes, SULT4A1 and PARVB (associated with the PTEN pathway), which could be associated with neurological features and macrocephaly/hypotonia, respectively. Its high expression in specific regions of the brain suggests a role for SULT4A1 in the central nervous system and has been implicated in schizophrenia. They suggest that the deletion of this gene may be associated with neurological symptoms in these patients. The haploinsufficiency of PARVB gene may be responsible for hypotonia by affecting the colocalization of dysferlin at the sarcolemma of skeletal muscle.
Another two genes with an autosomal dominant mechanism are SCO2 and UPK3A, whose evidence of dominant effects is less consistent. SCO2 plays a critical role in cytochrome c oxidase (COX or complex IV) function in mitochondria (Frye et al., 2016). Pathogenic mutations can produce a severe form of autosomal dominant myopia (Tran-Viet et al., 2013). UPK3A is a component of the uroplakins family, expressed on the transitional epithelium covering the urinary tract. De novo heterozygous missense variants were found associated with renal adysplasia or hypodysplasia (Jenkins et al., 2005).
Different clinical presentations observed among PMS patients carrying identical deletions and the surprising degree of severity displayed by some patients carrying very small deletions clearly pointed toward the modifying effects played by other genetic and environmental factors. These genetic factors may include additional small indels, variants, or allelic variation in still unidentified genes as well as epigenetic modification and noncoding RNAs with an active role in transcriptional regulation (Ricciardello et al., 2021).
Treatment of PMS potentially encompassing dozens of genes and disrupting regulatory elements altering gene expression and inferring the potential for multiple therapeutic targets. 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.
CONCLUSION
This is the first detailed report of the prenatal and postnatal diagnosis of PMS at a single Chinese medical center. The detection rate of PMS in the prenatal and postnatal diagnosis is 0.06% and 1.5%, respectively. We summarized the clinical findings from prenatal to postnatal stages of PMS in China. The indications for prenatal diagnosis of PMS are not specific and there is a need of enhanced NIPT to screen for chromosomal deletions. There is no significant difference in major phenotypes between cases of 22q13 deletions encompassing the SHANK3 gene and cases with a pathogenic variant or an intragenic deletion in the SHANK3 gene. The analysis of genotype–phenotype correlations for deletions of 22q13.2-q13.33 indicated that the haploinfficiency of the SHANK3 is sufficient to cause PMS and deletion extended to the TCF20 gene could lead to more severe neurologic defects. The TNFRSFI3C and NFAM1 genes are postulated as candidate genes for the immunological features seen in these patients. The SULT4A1, PARVB, SCO2, and UPK3A genes are associated with neurological features, macrocephaly/hypotonia, oculopathy, and renal adysplasia, respectively. The haploinsufficiency and synergy of these genes introduce variable clinical features for patients of PMS. More clinical cases and further functional research are needed to establish precisive genotype–phenotype correlations for better understanding of the complexity and variability of PMS.
DATA AVAILABILITY STATEMENT
The datasets used and analyzed during the current study are included in Tables 1–4 and Figures 1–3. Detailed clinical findings on patients will be available by contacting the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Medical Ethical Committee of Shenzhen Maternity and Child Healthcare Hospital. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
YH, WW, and JX designed the study and wrote the manuscript. JY, FL, and SL collected the clinical data and samples from the families. YL, XL, and QG performed the genetic analysis and evaluation of the variants. PL analyzed all the data, conceived the work, and revised the manuscript. All authors contributed to the article and approved the submission.
FUNDING
This research received support from the Shenzhen Science and Technology Innovation Committee (Grant Number KJYY20180703173402020).
ACKNOWLEDGMENTS
The authors would like to thank all the family members for their cooperation in this study. They sincerely thank Dr. Mary H. Y. Tang of the University of Hong Kong-Shenzhen Hospital for revision of the article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Bonaglia, M. C., Giorda, R., Tenconi, R., Pessina, M., Pramparo, T., Borgatti, R., et al. (2005). A 2.3 Mb duplication of chromosome 8q24.3 associated with severe mental retardation and epilepsy detected by standard karyotype. Eur. J. Hum. Genet. 13, 586–591. doi:10.1038/sj.ejhg.5201369
 Chai, H. Y., DiAdamo, A., Grommisch, B., Xu, F., Zhou, Q. H., Wen, J. D., et al. (2019). A retrospective analysis of 10-year data assessed the diagnostic accuracy and efficacy of cytogenomic abnormalities in current prenatal and pediatric settings. Front. Genet. 10, 1162. doi:10.3389/fgene.2019.01162
 Chen, C. P., Chang, T. Y., Wang, L. K., Chern, S. R., Wu, P. S., Chen, Y. N., et al. (2016). 22q13 deletion syndrome in a fetus associated with microtia, hemivertebrae, and congenital heart defects on prenatal ultrasound. Taiwan. J. Obstetrics Gynecol. 55, 455–456. doi:10.1016/j.tjog.2016.05.003
 Chen, C. P., Chern, S. R., Chang, T. Y., Lee, C. C., Chen, L. F., Tzen, C. Y., et al. (2003). Prenatal diagnosis of mosaic ring chromosome 22 associated with cardiovascular abnormalities and intrauterine growth restriction. Prenat. Diagn. 23, 40–43. doi:10.1002/pd.517
 Chen, C. P., Su, Y. N., Young, Y. S. H., Tsai, F. J., Wu, P. C., Chern, S. R., et al. (2010). Partial trisomy 16p (16p12.2→pter) and partial monosomy 22q (22q13.31 →qter) presenting with fetal ascites and ventriculomegaly: Prenatal diagnosis and array comparative genomic hybridization characterization. Taiwan. J. Obstetrics Gynecol. 49, 506–512. doi:10.1016/S1028-4559(10)60105-2
 Delcán, J., Orera, M., Linares, R., Saavedra, D., and Palomar, A. (2004). A case of ring chromosome 22 with deletion of the 22q13.3 region associated with agenesis of the corpus callosum, fornix and septum pellucidum. Prenat. Diagn. 24, 635–637. doi:10.1002/pd.955
 Disciglio, V., Rizzo, C. L., Mencarelli, M, A., Mucciolo, M., Marozza, A., Di Marco, C. D., et al. (2014). Interstitial 22q13 deletions not involving SHANK3 gene: A new contiguous gene syndrome. Am. J. Med. Genet. 164, 1666–1676. doi:10.1002/ajmg.a.36513
 Feng, C., Zhao, J. Y., Ji, F., Su, L. B., Chen, Y. H., and Jiao, J. W. (2020). TCF 20 dysfunction leads to cortical neurogenesis defects and autistic-like behaviors in mice. EMBO Rep. 21, e49239. doi:10.15252/embr.201949239
 Frye, R. E., Cox, D., Slattery, J., Tippett, M., Kahler, S., Granpeesheh, D., et al. (2016). Mitochondrial Dysfunction may explain symptom variation in Phelan-McDermid Syndrome. Sci. Rep. 6, 19544. doi:10.1038/srep19544
 Gburcik, V., Bot, N., Maggiolini, M., and Picard, D. (2005). SPBP is a phosphoserine-specific repressor of estrogen receptor α. Mol. Cell. Biol. 25, 3421–3430. doi:10.1128/MCB.25.9.3421-3430.2005
 Ge, Y. S., Zhang, J., Cai, M. J., Chen, X. L., and Zhou, Y. L. (2020). Prenatal genetic analysis of three fetuses with abnormalities of chromosome 22. Zhonghua Yi Xue Yi Chuan Xue Za Zhi 37, 405–409. doi:10.3760/cma.j.issn.1003-9406.2020.04.010
 Gong, X. H., Jiang, Y. W., Zhang, X., An, Y., Zhang, J., Wu, Y., et al. (2012). High proportion of 22q13 deletions and SHANK3 mutations in Chinese patients with intellectual disability. PLoS One 7, e34739. doi:10.1371/journal.pone.0034739
 Jenkins, D., Bitner-Glindzicz, M., Malcolm, S., Hu, C. C. A., Allison, J., Winyard, P. J. D., et al. (2005). De novo uroplakin IIIaHeterozygous mutations cause human renal adysplasia leading to severe kidney failure. J. Am. Soc. Nephrol. 16, 2141–2149. doi:10.1681/ASN.2004090776
 Kirkpatrick, B. E., and El-Khechen, D. (2011). A unique presentation of 22q13 deletion syndrome. Clin. Dysmorphol. 20, 53–54. doi:10.1097/MCD.0b013e32833effb1
 Koç, A., Arısoy, O., Pala, E., Erdem, M., Kaymak, A. O., Erkal, O., et al. (2009). Prenatal diagnosis of mosaic ring 22 duplication/deletion with terminal 22q13 deletion due to abnormal first trimester screening and choroid plexus cyst detected on ultrasound. J. Obstet. Gynaecol. Res. 35, 978–982. doi:10.1111/j.1447-0756.2009.01040.x
 Kolevzon, A., Angarita, B., Bush, L., Wang, A. T., Frank, Y., Yang, A., et al. (2014). Phelan-McDermid syndrome: A review of the literature and practice parameters for medical assessment and monitoring. J. Neurodev. Disord. 6, 39. doi:10.1186/1866-1955-6-39
 Kolevzon, A., Cai, G. Q., Soorya, L., Takahashi, N., Grodberg, D., Kajiwara, Y., et al. (2011). Analysis of a purported SHANK3 mutation in a boy with autism: Clinical impact of rare variant research in neurodevelopmental disabilities. Brain Res. 1380, 98–105. doi:10.1016/j.brainres.2010.11.005
 Lévy, J., Cogan, G., Maruani, A., Maillard, A., Dupont, C., Drunat, S., et al. (2021). Rare and de novo duplications containing TCF20 are associated with a neurodevelopmental disorder. Clin. Genet. 101, 364–370. doi:10.1111/cge.14099
 Levy, T., Foss-Feig, J. H., Betancur, C., Siper, P. M., Trelles-Thorne, M. D. P., Halpern, D., et al. (2021). Strong evidence for genotype-phenotype correlations in phelan-McDermid syndrome: Results from the developmental synaptopathies consortium. Hum. Mol. Genet. 31, 625–637. doi:10.1093/hmg/ddab280
 Luciani, J. J., Mas, P. D., Depetris, D., Mignon-Ravix, C., Bottani, A., Prieur, M., et al. (2003). Telomeric 22q13 deletions resulting from rings, simple deletions, and translocations: Cytogenetic, molecular, and clinical analyses of 32 new observations. J. Med. Genet. 40, 690–696. doi:10.1136/jmg.40.9.690
 Luo, Y. Q., Qian, Y. Q., Wang, L. Y., Yang, Y. M., Sun, Y. X., Jin, F., et al. (2019). Prenatal diagnosis of a fetus with Phelan-McDermid syndrome. Zhonghua Yi Xue Yi Chuan Xue Za Zhi 36, 841–843. doi:10.3760/cma.j.issn.1003-9406.2019.08.022
 Maitz, S., Gentilin, B., Colli, A. M., Rizzuti, T., Brandolisio, E., Vetro, A., et al. (2008). Expanding the phenotype of 22q13.3 deletion: Report of a case detected prenatally. Prenat. Diagn. 28, 978–980. doi:10.1002/pd.2110
 Nevado, J., García-Miñaúr, S., Palomares-Bralo, M., Vallespín, E., Guillén-Navarro, E., Rosell, J., et al. (2022). Variability in phelan-McDermid syndrome in a cohort of 210 individuals. Front. Genet. 13, 652454. doi:10.3389/fgene.2022.652454
 Phelan, K., and McDermid, H. E. (2011). The 22q13.3 deletion syndrome (phelan-McDermid syndrome). Mol. Syndromol. 2, 186–201. doi:10.1159/000334260
 Phelan, M. C., Brown, E. F., and Curtis Rogers, R. C. (2001). Prenatal diagnosis of mosaicism for deletion 22q13.3. Prenat. Diagn. 21, 1100. doi:10.1002/pd.195
 Ricciardello, A., Tomaiuolo, P., and Persico, A. M. (2021). Genotype-phenotype correlation in phelan-McDermid syndrome: A comprehensive review of chromosome 22q13 deleted genes. Am. J Med Genet. Pt A 185, 2211–2233. doi:10.1002/ajmg.a.62222
 Riegel, M., Baumer, A., Wisser, J., Acherman, J., and Schinzel, A. (2000). Prenatal diagnosis of mosaicism for a del(22)(q13). Prenat. Diagn. 20, 76–79. doi:10.1002/(sici)1097-0223(200001)20:1<76:aid-pd752>3.0.co;2-m
 Samanich, J., Montagna, C., Babcock, B. E., and Morrow, M. (2012). Interstitial duplication of 22q13.2 in a girl with short stature, impaired speech and language, and dysmorphism. J. Pediatr. Genet. 01, 047–053. doi:10.3233/PGE-2012-009
 Sarasua, S. M., Boccuto, L., Sharp, J. L., Dwivedi, A., Chen, C. F., Rollins, J. D., et al. (2014). Clinical and genomic evaluation of 201 patients with Phelan-McDermid syndrome. Hum. Genet. 133, 847–859. doi:10.1007/s00439-014-1423-7
 Sarasua, S. M., Dwivedi, A., Boccuto, L., Rollins, J. D., Chen, C. F., Rogers, R. C., et al. (2011). Association between deletion size and important phenotypes expands the genomic region of interest in Phelan-McDermid syndrome (22q13 deletion syndrome). J. Med. Genet. 48, 761–766. doi:10.1136/jmedgenet-2011-100225
 Shen, H. X., Li, S. P., and Jin, Y. X. (2020). [Prenatal diagnosis of a fetus with Phelan-McDermid syndrome and 21q21 microdeletion by multiple genetic techniques].Zhonghua Yi Xue Yi Chuan Xue Za Zhi 37, 1387–1390. doi:10.3760/cma.j.cn511374-20200303-00123
 Simenson, K., Õiglane-Shlik, E., Teek, R., Kuuse, K., and Õunap, 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. Am. J. Med. Genet. 164, 806–809. doi:10.1002/ajmg.a.36358
 Thümmler, S., Giuliano, F., Karmous-Benailly, H., Richelme, C., Fernandez, A., De Georges, C. D., et al. (2016). Neurodevelopmental and immunological features in a child presenting 22q13.2 microdeletion. Am. J. Med. Genet. 170, 792–794. doi:10.1002/ajmg.a.37470
 Torti, E., Keren, B., Palmer, E. E., Zhu, Z. H., Afenjar, A., Anderson, I. J., et al. (2019). Variants in TCF20 in neurodevelopmental disability: Description of 27 new patients and review of literature. Genet. Med. 21, 2036–2042. doi:10.1038/s41436-019-0454-9
 Tran-Viet, K. N., Powell, C., Barathi, V. A., Klemm, T., Maurer-Stroh, S., Limviphuvadh, V., et al. (2013). Mutations in SCO2 are associated with autosomal-dominant high-grade myopia. Am. J. Hum. Genet. 92, 820–826. doi:10.1016/j.ajhg.2013.04.005
 Upadia, J., Gonzales, P. R., Atkinson, T. P., Schroeder, H. W., Robin, N. H., Rudy, N. L., et al. (2018). A previously unrecognized 22q13.2 microdeletion syndrome that encompasses TCF20 and TNFRSF13C. Am. J. Med. Genet. 176, 2791–2797. doi:10.1002/ajmg.a.40492
 Watt, J. L., Olson, I. A., Johnston, A. W., Ross, H. S., Couzin, D. A., and Stephen, G. S. (1985). A familial pericentric inversion of chromosome 22 with a recombinant subject illustrating a 'pure' partial monosomy syndrome. J. Med. Genet. 22, 283–287. doi:10.1136/jmg.22.4.283
 Wilson, H. L., Wong, A. C. C., Shaw, S. R., Tse, W. Y., Stapleton, G. A., Phelan, M. C., et al. (2003). Molecular characterisation of the 22q13 deletion syndrome supports the role of haploinsufficiency of SHANK3/PROSAP2 in the major neurological symptoms. J. Med. Genet. 40, 575–584. doi:10.1136/jmg.40.8.575
 Xu, N., Lv, H., Yang, T. T., Du, X. J., Sun, Y., Xiao, B., et al. (2020). A 29 mainland Chinese cohort of patients with phelan-McDermid syndrome: Genotype-phenotype correlations and the role of SHANK3 haploinsufficiency in the important phenotypes. Orphanet J. Rare Dis. 15, 335. doi:10.1186/s13023-020-01592-5
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Hao, Liu, Yang, Li, Luo, Geng, Li, Li, Wu and Xie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-13-961196-t002.jpg
Case Age (years)/

21

gender

12/M

5/M
4/F
11/E
13/M

"NM_001372044.2.
"NP_001358973.1.

M, male; F, female; ACMG, American College of Medical Gene

Variant
location®

Intragenic del
13.66 kb

€.3730del
c4093C>T
.3288del
€.3938_3950 del

Protein
change®

Disruption

P.Arg1244GlyfsTerl3
p-Argl365Ter
p.lle1097SerfsTerd3
p-Alal313ArgfsTer29

Position
(hg19)

£.51132803_51146462

51159805
51160168
51159363
£51160013_51160025

Location

Exon 10-17

Exon 21
Exon 21
Exon 21
Exon 21

Variant
type

Del

Frameshift
Nonsense
Frameshift

Frameshift

Inheritance

De novo

De novo
De novo
De novo

De novo

ACMG
classification

Pathogenic

Pathogenic
Pathogenic
Likely pathogenic

Pathogenic





OPS/images/fgene-13-961196-t003.jpg
Literature Gestational ~ Methods  Reason for Results Inheritance Pregnancy
age prenatal diagnosis outcomes
at prenatal
diagnosis
(wks)

Shen et al. (2020)  The second CMA Ventricular septal defect with choroid ~ arr 22q13.31q13.33 (46009655 De novo TOP
trimester cyst of the right ventricle 51197766)x1, 21q21.1q21.2

(20088087-24600640)x1

Geetal. (2020) 23 CMA NIPT shows microduplication of arr 22q13.2q13.33 (44088529-  De novo TOP

chromosome 22 51197766)x1

Geetal. (2020) 22 CMA Increased risk of Down’s syndrome by arr 22q13.31q13.33 (44620384 De novo Continued

maternal serum screening 51197766)x1, 22q11.1q13.2 gestation
(16888899-42985310)x2-3

Luo etal. (2019) 25 CMA NIPT shows microduplication of arr 22q13.31q13.33 (47167879-  De novo TOP

chromosome 11 51197838)x1

Chen et al. (2016) 28 CMA Right microtia, hemivertebrae of the arr 22q13.31q13.33 (44731454-  De novo TOP

lumbar spine, ventricular septal defect, ~ 51209196)x1
and total anomalous pulmonary venous
return

Kirkpatrick and 24 Karyotype, Unilateral multicystic kidney and 46,XX,del (22) (q13.1)dn.ish De novo Live birth

El-Khechen, FISH unilateral cleft lip both left-sided, del (22) (q13.31) (ARSA-

(2011) polyhydramnios 122qSUBTEL-)

Chen et al. (2010) 20 CcMA Fetal ascites and ventriculomegaly Partial trisomy 16p (16p122-  Parental TOP

pter), partial monosomy 22q  carriers
(22q13.31-qter)
Kog et al. (2009) 17 Karyotype, ~ Abnormal finding in the maternal serum  mosaic ring 22 dup/del with  De novo TOP
FISH screening test, unilateral small choroid  terminal 22q13 del
plexus cyst
Maitz et al. (2008) 21 Karyotype, ~ Complex congenital heart defect, a 46XX,ish del (22) (q13.3q133) NA TOP
FISH significant right ventricle prominence  (ARSA-,D2281726+)

Delcén et al. 16 Karyotype, ~ NA 46,XX, r22 De novo TOP

(2004) FISH

Chen et al. (2003) 18 Karyotype  Advanced maternal age, intrauterine 45,XX,-22 [6]/46XXor (22) De novo TOP

growth restriction, a ventricular septal  (p13q1331)(15]
defect, and truncus arteriosus.

Phelan et al. 17 Karyotype, Increased risk of Down syndrome (1/57)  46,XX,del (22) (q13.3)[19])/ De novo TOP

(2001) FISH 46,XX (1]

Riegel etal. (2000) 21 Karyotype,  Cystic tumor in the fetal neck and the ~ Mosaicism for a distal 22q De novo TOP

TOP, termination of pregnancy; CMA, chromosome microarray analysis; FI¢

FISH

upper thoracic aperture

b fcuenmeenyn: sl il

deletion in fetal fibroblasts

NIPT: noninvasive prenatal testing.





OPS/images/fgene-13-961196-g003.gif





OPS/images/fgene-13-961196-t001.jpg
Case® Age Karyotype CMA results Deletion or Number of  Inheritance
(years) [hg19 (GRCh37)] duplication OMIM
(size, kb) genes
1 Fetus 16XN arr 22q13.33 (49628163 51197766)x1 1570 2 De novo
2 Fetus 46XN.del (22) (q132) arr 22q13.2q13.33 7,033 56 De novo
(44164976_51197766)x1
3 4 46XY.del (22) (q132) arr 22q13.2q13.33 7,033 56 De novo
(44164976_51197766)x1
1 13 46XXder (22)t (2122) (@222 arr 21q22.3 (42548815_48068066)3 5,519 67 Mat
q13.3)mat arr 22q13.33 (50172717_51178405)x1 1,006 30
5 Fetus 16XN arr 221333 (51128325_51197766)x1 69 2 De novo®
6 Fetus 16XN arr 22q13.33 (51128324 51197766)x1 69 2 De novo
7 Fetus 46XNder 22t (1522) (112 arr 22q1331q1333 3987 31 Pat
q133Dpat (47220048_51197766)x1
8 Fetus 46XN.del (22) (q13) arr 22q1331q13.33 509 23 NA
(46102178_51197766)x1
9 2 NA arr 22q13.31q13.33 3814 31 De novo
(47383286_51197766)x1
10 13 NA arr 22q1331q13.33 3288 30 NA
(47909900_51197766)x1
1 1 NA arr 22q13.33 (49596615_51197766)x1 1,601 2 De novo
12 10 46XX,del (22) (q13) arr 22q13.2q13.33 8221 67 De novo
(42977177_51197766)x1
13 9 46XY.der (22)1(822) (q243; arr 89243 (140110416_146295771)x3 6,185 7 Mat
q13.33)mat arr 22q13.33 (49928521 51197766)x1 1,269 29
1 6 16XY arr 22q13.31q13.33 1479 36 NA
(46718620_51197766)x1
15 8 46 XX del (22) (q13) arr 22q1331q13.33 6054 19 NA
(45143535_51197766)x1
16 Fetus 16XN.del (22) (q13) arr 22q13.2q13.33 9,063 84 De novo

(42135216_51197766)x1

“Seven prenatal cases: 1, 2, 5, 6, 7, 8, and 16; nine postnatal cases: 3, 4, 9-15. Three familial cases: 4, 7, and 13,

"Parental genetic testing by qPCR, while the others by CMA.

NA, not available;

“MA, chromosomal microarray analysis; OMIM, On

ne Mendelian Inheritance in Man; pat, paternal; mat, maternal.
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Current Xuetal. Gong Current Xuetal. Gong
study (2020) etal. study (2020) et al.
(2012) (2012)
Developmental/neurological
DD/ID 9/9 (100%) 13/15 4/4 (100%) 26/ 5/5 (100%) 10/ 171 (100%) 16/ 1
(87%) 28 (93%) 11 (91%) 17 (94%)
Absent or severely delayed speech /9 (89%) 8/ 304 (75%) 19/ 5/5 (100%) 3/8 (38%) NA 8/ 0.457
(age > 3) 12 (67%) 25 (76%) 13 (62%)
Seizures (febrile and/or non- 4/6 (67%) 4 NA 8/ 1/3 (33%) 312 (25%) NA 4 0728
febrile) 17 (24%) 23 (35%) 15 (27%)
Decreased perspiration/tendency  2/6 (33%) 4l NA 6/ 172 (50%) 212 (17%) NA 3/ 1
to overheat 17 (24%) 23 (26%) 14 (21%)
Decreased perception of pain 6/7 (86%) 11/ NA 17/ 3/3 (100%) 712 (58%) NA 10/ 1
17 (65%) 24 (71%) 15 (67%)
Arachnoid cyst 1/7 (14%) 3/ NA 4 0/3 (0%) 112 (8%)  NA 115 (7%)  0.631
17 (18%) 24 (17%)
Hypotonia 8/8 (100%) 12/ 14025%) 21/ 4/5 (80%) 12/ NA 16/ 0.124
17 (71%) 29 (72%) 12 (100%) 17 (94%)
Gait abnormalities 8/8 (100%) 10/ NA 18/ 2/3 (67%) 6/12 (50%) NA 8/ 031
17 (59%) 25 (72%) 15 (53%)
Brain imaging abnormalities 2/7 (29%) 9/ 12 (50%) 12/ 1/3 (33%) 4/9 (44%)  NA s/ 0.481
12 (75%) 21 (57%) 12 (42%)
Behavioral features
Autism spectrum disorder 416 (67%) 10/ 2/4 (50%) 6/ 4/4 (100%) /8 (88%)  NA 1/ 0.135
(age = 3) 17 (59%) 10 (60%) 12 (92%)
Chewing difficulties/mouthing/ 7/ (88%) s/ NA 12/ 2/4 (50%) 5/12 (42%) NA 71 1
tooth grinding. 17 (29%) 25 (48%) 16 (44%)
Biting (self or others) 5/5 (100%) 5/ NA 10/ 3/3 (100%) 412 (33%)  NA 7 1
17 (29%) 22 (45%) 15 (47%)
Nonstop crying (crying nonstop  1/5 (20%) 6/ NA 71 0/3 (0%) 712 (58%) NA 71 0493
for 3 h) 17 (35%) 22 (32%) 15 (47%)
Hyperactivity 6/7 (86%) 14/ NA 20/ 0/0 (0%) 10/ NA 10/ 1
17 (82%) 24 (83%) 12 (83%) 12 (83%)
Pica 317 (43%) 117 (6%)  NA 4l 072 (0%) 2112 (17%)  NA 2 1
24 (17%) 14 (14%)
Repetitive behaviors 4/6 (67%) 1/ NA 15/ 172 (50%) 912 (75%)  NA 10/ 0735
17 (65%) 23 (65%) 14 (71%)
Sleep disturbance 3/8 (38%) 4l NA 71 2/2 (100%) 312 (25%) NA s/ 0723
17 (19%) 25 (28%) 14 (36%)
Other clinical features
Gastroesophageal reflux 3/7 (43%) 2/ NA 5/ 0/2 (0%) 012 (0%  NA 0/14 (0%)  0.137
17 (12%) 24 (21%)
Diarrhea/constipation 1/6 (17%) 3/ NA 4l 4/4 (100%) 412 (33%)  NA 8/ 0.041
17 (24%) 23 (17%) 16 (50%)
Eczema 0/7 (0%) 4l NA 4/ 1/3 (33%) 412 (33%)  NA 5/ 0266
17 (24%) 24 (17%) 15 (33%)
Recurring upper respiratory tract 6/ (75%) 5/ NA 1/ 172 (50%) 112 (8%)  NA 2 0.083
infections 17 (29%) 25 (44%) 14 (14%)
Cardiac abnormalities 2/7 (29%) 2 NA 4 0/3 (0%) 112 (8%)  NA 115 (7%)  0.631
17 (12%) 24 (17%)
Allergies 1/7 (14%) 3/ NA 4l 2/3 (67%) 212 (17%)  NA 4 0.686
17 (24%) 24 (17%) 15 (27%)
Asthma 0/7 (0%) 117 (7%)  NA 1/24 (4%)  1/3 (33%) 012 (0%)  NA 115 (7%) 1
Renal abnormalities 2/6 (33%) 3/ NA s/ 1/3 (33%) 0/8 (0%  NA 111 (9%)  0.383
14 (21%) 20 (25%)

NA, not available; DD, developmental delay; ID, intellectual disability. The cases of 22q13 deletions encompass SHANK3 gene in the current study, Xu et a. (2020), and Gong etal. (2012)
are 9,17, and 4, respectively. The cases of pathogenic variants or an intragenic deletion in the SHANK3 gene in the current study, Xu et al. (2020) and Gong et al. (2012) are 5, 12,and 1,
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