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The SMPD4 gene encodes sphingomyelin phosphodiesterase 4, which preferentially hydrolyzes sphingomyelin over other phospholipids. The biallelic loss-of-function variants of SMPD4 have been identified in a group of children with neurodevelopmental disorder with microcephaly, arthrogryposis, and structural brain anomalies (NEDMABA). Here, we report a girl of Chinese ancestry with intrauterine growth restriction, microcephaly, postnatal developmental delay, arthrogryposis, hypertonicity, seizure, and hypomyelination on brain magnetic resonance imaging; biallelic null variants (c.1347C > G [p.Tyr449*]; Chr2 [GRCh37]: g.130877574_131221737del [whole-gene deletion]) were detected by whole-exome sequencing. Our case is the first report of NEDMABA of Chinese ancestry, confirming the involvement of SMPD4 in NEDMABA and expanding the mutation spectrum of this syndrome.
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INTRODUCTION
Neurodevelopmental disorders are a group of highly heterogenous conditions characterized by an inability to reach cognitive, emotional, and motor developmental milestones. Neurodevelopmental disorders have a complex pathophysiology and an etiology that may involve genetic and environmental factors such as genetic syndromes, metabolic abnormalities, immunologic disorders, infection, physical trauma, and exposure to toxic agents. Many neurodevelopmental disorders accompanied by structural abnormalities have a chromosomal or monogenic etiology. Recently, neurodevelopmental disorder with microcephaly, arthrogryposis, and structural brain anomalies (NEDMABA) was described as an autosomal recessive disorder (Mendelian Inheritance in Man [MIM]: 618622) caused by homozygous or compound heterozygous mutations in the sphingomyelin phosphodiesterase 4 gene (SMPD4; MIM: 610457) on chromosome 2 (Magini et al., 2019). The majority of individuals with NEDMABA present with intrauterine growth restriction (IUGR), congenital microcephaly, neonatal respiratory distress, and arthrogryposis of the hands and feet. Magnetic resonance imaging (MRI) has revealed a simplified gyral pattern of the cerebral cortex, delayed myelination, thin corpus callosum, and hypoplasia of the brainstem and cerebellum (Magini et al., 2019; Monies et al., 2019; Ravenscroft et al., 2020).
Here, we report two compound heterozygous null variants of SPMD4 in a child of a Chinese family presenting with IUGR, microcephaly, postnatal developmental delay, hypomyelination, arthrogryposis, hypertonicity, and seizures. As the clinical manifestations were identical to NEDMABA, our findings provide additional evidence for the critical role of SMPD4 in this syndrome.
CASE PRESENTATION
A girl was the first child of a nonconsanguineous couple of Chinese ancestry. Her family history was unremarkable. She was naturally conceived when her mother was 22 years old. At the first trimester screening, nuchal translucency was 1.49 mm. Ultrasound examination revealed IUGR and microcephaly at 34 + 3 weeks with an estimated fetal weight of 1,695 g (−2.7 SD) (Figure 1A) and a head circumference of 274 mm (−3.6 SD) (Figure 1B). The child was born at 39 + 2 weeks gestation by vaginal delivery. The birth weight was 2,460 g (−2.2 SD), and the Apgar score was 9 at 0 min and 9 at 5 min (the reference population was Asian and Pacific Islander from the National Institute of Child Health and Human Development Fetal Growth Study (Buck Louis et al., 2015)). At 2 months, she was transferred to the pediatric intensive care unit (ICU) with acute wheezing bronchitis, developmental delay, and seizure; her body weight was 2,440 g (−3 SD) and head circumference was 32 cm (−3 SD) (the reference population was Chinese children (Zong and Li, 2013)). The physical examination found craniosynostosis with an anterior fontanelle (0.5 × 0.5 cm) and hypertonia. Arthrogryposis of the index fingers and thumbs was observed. The results of routine tests such as liver function, blood glucose, renal function, and newborn screening by tandem mass spectrometry were normal, and she passed the auditory brainstem response test. An MRI revealed a thin corpus callosum (Figure 1C), hypomyelination (Figure 1D), and decreased craniofacial ratio. No other abnormalities were found. She passed away 1 week after ICU admission from respiratory failure.
[image: Figure 1]FIGURE 1 | (A,B) Prenatal ultrasound image of fetus at 34 + 3 weeks showing IUGR (A) and microcephaly (B). MR image of the 2-month-old patient. (C) T1-weighted image (T1WI) of median sagittal section showing thin corpus callosum, splenium, and unclear body (white arrow). (D) T1WI axial section absent of high signal of bilateral posterior limbs of the internal capsule showing hypomyelination (white arrow). (E) Sanger sequencing results of the proband and her parents. The single-nucleotide substitution is indicated by the red arrow. (F) Deletion in the proband was inherited from the father (red arrow). (G) Schematic presentation of linear SMPD4 transcript (NM_017951.4) (up) and protein (down) with all variants reported.
MOLECULAR FINDINGS
Peripheral blood samples were collected from the proband and her parents for trio-whole exome sequencing (WES). Genomic DNA was extracted from the blood samples using the SolPure Blood DNA Kit (Guangzhou Magen Biotechnology Co., Guangzhou, China). Exome capture was performed using xGen Exome Research panel v1 (Integrated DNA Technologies, Coralville, IA, United States), and sequencing was performed using a NovaSeq 6,000 system (Illumina, San Diego, CA, United States). The sequences were aligned to a human reference sequence (NCBI Genome build GRCh37) with the Burrows–Wheeler Aligner (0.7.10-r789) (Li and Durbin, 2010), and coverage above 20× was >98%. The Genome Analysis Toolkit (4.1.8) pipeline was used to detect single-nucleotide and insertion/deletion (INDEL) polymorphisms (McKenna et al., 2010), with 39,816 variants identified. The variants were annotated with ANNOVAR (2019–10-24) according to GRCh37 (Wang et al., 2010), and variant interpretation was performed according to the American College of Medical Genetics and Genomics/Association for Molecular Pathology guidelines and Clinical Genome Resource specifications (Richards et al., 2015; Zhang et al., 2020). We prioritized variants that were previously reported, considered loss-of-function (nonsense, frameshift, or splice sites mutations) or absent in gnomAD. IUGR (Human Phenotype Ontology [HP]: 0001511), central nervous system hypomyelination (HP: 0003429), seizure (HP: 0001250), and microcephaly (HP: 0000252) were used to narrow down the candidate gene list. We identified a novel homozygous nonsense variant in SMPD4 (NM_017951.4: c.1347C > G [p.Tyr449*]). This variant had a CADD_PHRED score of 34 and was absent in gnomAD (PM2_Supporting) and was predicted to cause a premature termination in exon 14 of 20 that likely results in nonsense-mediated mRNA decay (PVS1). The variant was, therefore, classified as likely pathogenic. The 3-dimensional structure of the SMPD4 protein was obtained using the AlphaFold Protein Structure database (Varadi et al., 2022), and mutations were predicted using ChimeraX1.3 (Pettersen et al., 2021) (Supplementary Figure S1A). The mutation was heterozygous in the mother and absent in the father, suggesting that it was hemizygous in the setting of a paternal deletion. Sanger sequencing was performed to confirm the result (Figure 1E). NextGENe software (SoftGenetics, State College, PA, United States) was used to analyze WES copy number variations (CNVs), which revealed a paternally inherited 344-kb contiguous gross deletion (Chr2 [GRCh37]: g.130877574_131221737del) that encompassed the whole SMPD4 gene (Figure 1F). This region contained part or all of 29 genes, two of which had Online MIM phenotypes (SMPD4 and coiled-coil domain–containing 115 [CCDC115]), with no haploinsufficient genes identified. CCDC115 is responsible for the congenital disorder of glycosylation, type IIo (MIM: 616828), an autosomal recessive metabolic disorder characterized by infantile onset of progressive liver failure, hypotonia, and delayed psychomotor development. There were no rare variants of the CCDC115 gene. Consequently, the c.1347C > G mutation was determined to be hemizygous, and SMPD4 was identified as the causative gene in our patient. The steps and methodology for molecular diagnosis are summarized in Supplementary Figure S1B.
DISCUSSION AND CONCLUSION
SMPD4 encodes sphingomyelin phosphodiesterase 4 (SMPD4), which preferentially hydrolyzes sphingomyelin over other phospholipids (Krut et al., 2006). Sphingomyelin is required for the proper functioning of the nervous system; an imbalance between sphingomyelin synthesis and degradation has been linked to a variety of neurologic pathologies including Niemann–Pick disease and Alzheimer’s disease (Bienias et al., 2016). In fibroblasts derived from affected individuals, SMPD4 deletion results in aberrant mitosis and increased susceptibility to apoptotic cell death (Magini et al., 2019), which are mechanisms that have been shown to underlie human microcephaly and a simplified gyral pattern (Adachi et al., 2011).
To date, 20 SMPD4 variants have been identified in 29 genetically confirmed individuals from 16 unrelated families (including our case) (Table 1); 28 individuals presented part or all of the manifestations including IUGR, microcephaly, arthrogryposis, a thin corpus callosum, and a simplified gyral pattern. However, only one individual showed distinct symptoms of brain atrophy and skeletal dysplasia (UPN-1246) (Monies et al., 2019). Notably, this individual shared the same homozygous null variant with another case of Arab descent (Family 5) who presented typical symptoms. Thus, skeletal dysplasia and brain atrophy are not variant-specific features. No animal models are currently available to confirm the phenotypes of SPMD4 knockout; therefore, additional cases and functional analyses are needed to determine why the same null mutation resulted in two distinct phenotypes.
TABLE 1 | SMPD4 variants and affected families.
[image: Table 1]All reported SMPD4 variants are summarized in Table 1; Figure 1F including nonsense mutations (4/20), splice site/region mutations (7/20), frameshifts (3/20), missense mutations (4/20), and gross deletions (2/20); of these, 15/20 are null mutations. Individuals with biallelic null mutations always exhibit more severe phenotypes, such as brain structural abnormalities, arthrogryposis, and early death (Magini et al., 2019; Monies et al., 2019; Ravenscroft et al., 2020). Four individuals from two families (Families 9 and 11) harboring non-null mutations survived into childhood and showed some motor skill and mental development (Magini et al., 2019). Our proband carried the compound heterozygous nonsense mutation and a whole-gene deletion, both of which abolished the protein and appeared to cause severe neonatal developmental delay, microcephaly with craniosynostosis, and early demise, which are among the most severe manifestations of NEDMABA.
Although only 28 individuals with NEDMABA have been reported, this may be an underestimate; the prevalence estimated based on the gene carrier rate (Guo and Gregg, 2019) calculated from loss-of-function variants of SMPD4 in gnomAD is about one in 1,580,000. This may be attributable to the fact that the typical symptoms of NEDMABA are nonspecific, making clinical diagnosis difficult. In many countries, chromosomal microarray is the first-tier genetic test for individuals with developmental disabilities or congenital anomalies, with diagnosis rates of 10–20% (Miller et al., 2010). Since 2011, WES has been increasingly used to determine the etiology of genetic disorders; more than 20% of patients can be diagnosed using this method (Yang et al., 2013; Meng et al., 2017). WES can identify single-nucleotide variations (SNVs) and small INDELs. However, large CNVs are missed by the standard analysis pipeline. Recently, several algorithms for WES-based CNV detection have been developed based on comparisons of depth of coverage (Yang et al., 2013; Backenroth et al., 2014; Fromer and Purcell, 2014; Talevich et al., 2016; Meng et al., 2017) and could detect the CNVs of the exon level which are smaller than those detected by CMA. Thus, WES could replace chromosomal microarray as a more cost-effective genetic test for detecting CNVs and diagnosing highly heterogenous conditions such as NEDMABA. In our case, the standard pipeline only identified a maternally inherited homozygous variant. There are several possible explanations for this observation including uniparental disomy, de novo mutation, and deletion of the corresponding region on another allele. The risk to the siblings of the affected individual should be discussed in genetic counseling sessions, although that is likely to vary according to the situation. Based on the paternally inherited deletion identified by CNV WES, we predict a 25% risk.
In conclusion, our study reveals for the first time the NEDMABA phenotype of an individual of Chinese ancestry and provides further evidence for the role of SMPD4 in this syndrome.
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Family Ethnicity/ Phenotype Variant(s) Variant type ~ Zygosity  References
origin NM_017951.4
UPN-0877 Arab-Saudi  Biateral clenched hands and talipes, IUGR, and  ¢.1777-28_1783del (0.2) Spiice site loss ~ Hom Monies et al.
Avabia partial absence of corpus callosum. Three similarly (2019)
affected relatives in the family
UPN-1246 Arab-Saudi  Postnatal developmental delay, brain atrophy, and  ¢.390_406del (p.Pro131LeufsTer2) ~ Frameshift Hom Monies et al.
Avabia bone abnormalties (2019)
Famiy 1 Turkish 1UGR, microcephaly, SGP, thin corpus callosum,  ¢.1407-9G > A (p.%) Spice region ~ Hom Magini et al.
hypomyelination, hypotonia, and early demise. Four (confirmed by (2019)
affected relatives in the family RNA-sequending
Famiy2  Morocco Microcephaly with SGP, delayed myelination, thin ~ ¢.1570+1G > A (0.2) Spiice site Hom Magini et al.
corpus callosum, brainstem and cerebellar mutation (2019)
hypoplasia, and severe intellectual disabiity
Famiy3  USA/ Microcephaly, seizure, vertical talus, €.462+1G > T (p.7) Spiice site Het Magini et al.
European and died in infancy ¢.199C > T (p.GIn67*) mutation Het (2019)
Nonsense
Family4  Aab-Saudi  IUGR, lissencephaly, cerebelar hypoplasia, €.2281C > T (0.Gin761") Nonsense Hom Magini et al.
Avabia hypotonia, contractures of fingers, and rocker (2019)
bottom feet.
Famly5  Arab-Saudi  IUGR, microcephaly with moderate SGP, relatively ~ ¢.390_406del (0.Pro131LeufsTer2)  Frameshift Hom Magini et al.
Avabia small cerebellum, contractures of fingers, and (2019)
rocker bottom feet.
Family 6 Arab IUGR, muitiple joint contractures, and twins of ©.244-2A > G (p.?) Splice site Hom Magini et al.
dichorionic diamniotic pregnancy were affected. mutation (2019)
Early demise
Famly 7 ~ European  IUGR, seizure, microcephaly, hypotelorism, ©692T > C (p.Leu231Pro) Missense Hemi Magini et al
arthrogryposis, adducted thumbs, and Chr2 [GRON3T): Whole-gene Het (2019)
hypertrichosis of lower back. Early demise .120820959_131404737del deletion
Famiy 8  Arab-Kuwait  Microcephaly with SGP and small cerebrum. Thin ~ ¢.370G > T (p.Giu124") Nonsense Hom Magini et al.
corpus callosum, delayed myelination, borderline (2019)
small brainstem, hypertonicity, contractures, and
seizures
Famiy9  Egyptian 1UGR, seizure, abnormal gyral patter, thin corpus  ¢.1337C > T (p.Prodd6Ley) Missense Hom Magini et al
callosum, syndactyly, hypotonia, and mild autistic (2019)
behavior. Two affected individuals, survived after
the first decade
Famiy 10 Arab SGA, microcephaly, dysmorphism, clenched ©.1473_14790el Frameshift Hom Magini et al.
hands, bilateral taipes, thin corpus callosum, and  (p.Leud92Ginfs'27) (2019)
abnormal cerebelar folia
Family 11 European Bilateral contractures of fingers and toes, bilateral  ¢.1982C > T (p.Ala661Val) Missense Het Magini et al.
club feet, hypotonia, and can speak in sentences.  C.387-8G > A (p.%) Spiceregion  Het (2019)
Two affected individuals, alive at last follow-up
Famiy 12 Tunisian 1UGR, polyhydramnios, bilateral clubfoot, and ©.2088de! (p.ASpE97Thrfs'95) Frameshift Het Magini et al.
Jews clenched hands. Two affected fetuses, TOP. ¢.387-1G > C (p.2) Spiice site Het (2019)
mutation
Mdamiy — Australa SGA, hypoplasia of the corpus callosum, 575G > T (p.Pro192Leu) Missense Hom Ravenscroft
arthrogryposis multiplex congenita, microcephaly, et al. (2020)
cerebeliar malformation, and hypomyelination.
Three affected individuals in the family. One early
demise and two TOP.
Cdamily  China 1UGR, microcephaly, hypomyeiination, €.1347C > G (p.Tyrd49") Nonsense Hemi This study
hypertonicity, seizure, and early demise Chr2 [GRCh37): Whole-gene Het
.130877574_131221737del deletion

Abbreviations: Hemi, hemizygous; Het, heterozygous; Hom, homozygous; IUGR, intrauterine growth restriction; SGP, simpified gyral pattem; SGA, small for gestational age; TOP,
termination of pregnancy.
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