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Identification of a Novel Nonsense Mutation in PLA2G6 and Prenatal Diagnosis in a Chinese Family With Infantile Neuroaxonal Dystrophy
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Background and Purpose: Infantile neuroaxonal dystrophy (INAD) is a subtype of PLA2G6-Associated Neurodegeneration (PLAN) with an age of early onset and severe clinical phenotypes of neurodegeneration. Individuals affected with INAD are characterized by rapid progressive psychomotor deterioration, neuroregression, and hypotonia followed by generalized spasticity, optic atrophy, and dementia. In this case, we aimed to identify the underlying causative genetic factors of a Chinese family with two siblings who presented with walking difficulty and inability to speak. We provided a prenatal diagnosis for the family and information for the prevention of this genetic disease.

Methods: Retrospective clinical information and magnetic resonance imaging (MRI) findings of the proband were collected. Trio-whole exome sequencing (WES) including the proband and his parents was performed to explore the genetic causes, while Sanger sequencing was subsequently used to validate the variants identified by Trio-WES in the pedigree. Furthermore, prenatal molecular genetic diagnosis was carried out through amniocentesis to investigate the status of pathogenic mutations in the fetus by Sanger sequencing at an appropriate gestational age.

Results: The two siblings were both clinically diagnosed with rapid regression in psychomotor development milestones. Brain MRI showed cerebellar atrophy and typical bilaterally symmetrical T2/FLAIR hyperintense signal changes in periventricular areas, indicating periventricular leukomalacia, and myelin sheath dysplasia. Trio-WES revealed two heterozygous variants in PlA2G6 associated with clinical manifestations in the proband: a novel maternally inherited variant c.217C>T (p.Gln73*) and a previously reported paternally inherited recurrent pathogenic variant c.1894C>T (p.Arg632Trp). These two heterozygous mutations were also detected in the younger brother who had similar clinical features as the proband. The novel variant c.217C>T was classified as “pathogenic (PVS1 + PM2 + PP3),” while the variant c.1894C>T was “pathogenic” (PS1 + PM1 + PM2 + PM3 + PP3) based on the latest American College of Medical Genetics and Genomics (ACMG) guidelines on sequence variants. Combining the molecular evidence and clinical phenotypes, the diagnosis of INAD was established for the two affected siblings. The two variants that were identified were considered the causative mutations for INAD in this family. Prenatal diagnosis suggested compound heterozygous mutations of c.217C>T and c.1894C>T in the fetus, indicating a high risk of INAD, and the parents chose to terminate the pregnancy.

Conclusion: We identified a novel pathogenic mutation that broadens the mutation spectrum of PLA2G6 and will provide clues for the molecular diagnosis of INAD. Furthermore, our study has helped to elucidate the causative genetic factors of this Chinese family with INAD effectively and efficiently by using the emerging Trio-WES strategy and providing precise genetic counseling for this family.
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INTRODUCTION

Infantile neuroaxonal dystrophy (INAD, OMIM#256600) is a major subtype of PLA2G6-associated neurodegeneration (PLAN), characterized by severe progressive neurodegeneration caused by PLA2G6 mutations that are inherited in an autosomal recessive mode (1). Clinical manifestations may vary from individual to individual, but most cases affected with INAD are characterized by progressive psychomotor regression, neuroregression, and hypotonia evolving into spastic tetraparesis, vision impairment, and dementia, while some may present with hearing loss (2, 3). Symptoms usually begin with the age of onset from 6 months to 3-years old and premature death mostly occurs before the age of 10, which is caused by secondary complications such as aspiration pneumonia that precedes the patient's deterioration and death (4, 5). To date, there is no effective treatment for INAD, and only supportive treatments that relieve symptoms and prevent secondary complications to prolong life are available (6).

The PLA2G6, as the only known responsible gene for INAD, is located on the chromosome 22 at 22q13.1 and it comprises 17 exons spanning more than 69 kb (7). PLA2G6 encodes the cytosolic Ca2+-independent phospholipase A2 group VI (iPLA2-VIA), which plays an important role in maintaining the cell membrane homeostasis (8). Disease-causing variants in PLA2G6 lead to failed repair of oxidative damage to phospholipid membranes and result in adverse changes in membrane permeability and fluidity, a mechanism that may underlie the pathology of INAD (9). The majority of patients with INAD develop cerebellar atrophy that is observed with magnetic resonance imaging (MRI) at a relatively early age (10). An initial diagnosis can be established based on the clinical manifestations and neurophysiologic, neuroradiologic, and invasive biopsy neuropathologic findings of the skin, sural nerve, or muscles (11). Over the years, with the development of DNA sequencing technologies, an increasing number of cases with INAD and pathogenic variants in PLA2G6 have been identified effectively, allowing for efficient genetic confirmation of the diagnosis. PLA2G6 was firstly identified as a causative gene of INAD in 2006 (1). Referring to the online database Orphanet Reports Series (https://www.orpha.net), the prevalence of the disease is unknown, but more than 150 cases have been described, most of which are classic INAD. According to the database professional Human Gene Mutation Database (HGMD), over 200 mutations in PLA2G6 have been reported. A total of 218 variants in PLA2G6 have been reported and more than 130 variants causing INAD have been described. Since China is a country with diverse and large populations, more investigations on the spectrum of PLA2G6 causing INAD are needed. However, there have been only six reports on individuals affected with INAD in China so far (12–17).

Herein, we determined the genetic causative factors and a novel mutation in a Chinese family with INAD by whole exome sequencing (WES). We also describe ethical issues in this case, regarding genetic counseling for the prevention of INAD, including prenatal diagnosis.


Case Descriptions

Two Chinese siblings who were children of a non-consanguineous healthy couple were admitted to the pediatric department in Jiangxi Maternal and Child Hospital (Jiangxi, China). They presented with delayed motor and intellectual development. There was no significant family history of neurological or heritable diseases. The two siblings were born at term after an uneventful pregnancy and delivery. No feeding difficulties or hypotonia were noticed in both of them at birth and they achieved normal developmental milestones. According to the description of their parents, the elder brother was presented with slurred speech and walking difficulty at the age of two. The proband was investigated with brain MRI, electroencephalogram (EEG), and electrocardiogram (ECG) at the age 2.5 years. The MRI revealed bilateral and symmetrical T2/FLAIR periventricular hyperintensities, consistent with periventricular leukomalacia and myelin sheath dysplasia, while ECG and EEG showed no significant abnormalities. Despite 1 year of rehabilitation, the proband had relentless symptomatic progression, with difficulty in standing balance and dysarthria. He also developed hypalgesia, emotional instability, impaired concentration, a scissoring gait, as well as developmental retardation, and regression. His muscle strength decreased to Grade 3 and showed high muscle tension, while tendon reflexes were normal. No strabismus, nystagmus, or hearing loss were observed. Follow-up MRI at the age 3.5 years old revealed an increased burden of symmetrical T2/FLAIR periventricular hyperintensities, as well as the presence of cerebellar atrophy. A repeat EEG was again unremarkable. At age 4.5 years, progressive cerebellar atrophy and new T2 hyperintensities were seen involving the bilateral frontal-parietal white matter, claval hypertrophy, with normal gray-white matter differentiation, no corpus callosum abnormalities, or evidence of brain iron accumulation. By age 6 years old, he was unable to walk or stand, with evidence of a spastic tetraparesis and axial hypotonia, and became wheelchair-bound at this time.

His younger brother had a similar presentation, albeit with earlier development of slurred speech at age 18 months and difficulty in walking by 4 years old, together with the gait abnormalities. The elder brother and his younger brother were separately at an age of 7 and 4 years at the time of our writing. Their mother had an ongoing pregnancy at this time and wished to have a healthy child. She, therefore, presented to the Medical Genetics Department for prenatal genetic counseling. The pedigree chart in this family is shown in Figure 1. Informed consents were obtained from the parents for the use of clinical information and samples collection involved in this study, and the study was approved by the Ethics Committee of Jiangxi Maternal and Child Health Hospital.


[image: Figure 1]
FIGURE 1. Pedigree analysis of this family. Two filled squares represent male INAD patients, unfilled square (male), and circle (female) represents healthy individuals, and rhombus represents a fetus with unknown gender. Black arrow represents the proband (II-1). I-1: Father of the proband, 39 years old; I-2: Mother of the proband, 38 years old; II-1: The proband, 7 years old; II-2: The elder brother of the proband, 5 years old; II-3: The fetus, at a gestational age of 18 + 5 weeks.





METHODS


Trio-WES

Peripheral blood was extracted from the proband and both his parents after obtaining informed written consent for participation. The study was approved by the Ethics Committee of Jiangxi Maternal and Child Health Hospital. Genomic DNA was extracted from leucocytes according to the manufacturer's protocol. A NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA) was used to qualify and quantify the DNA. First, WES libraries were prepared from 3 μg of genomic DNA sheared by the ultrasonication (Covaris S220 Ultrasonicator) as described previously. Then the targeted regions, including exons and splicing sites of more than 20,000 genes in the human genome, were captured and enriched with the BGI V4 chip, after which sequencing was performed with the MGISEQ-2000 platform (BGI, Shenzhen, China) with paired-end sequencing according to the manufacturer's instructions. The quality control index of sequencing data met the demand as following: the average depth of coverage for the targeted area was ≥180 ×, and the proportion of sites with an average depth >20 × of the targeted area was >95%. The sequenced fragments were aligned to the UCSC RefSeq database hg19 human reference genome by BWA to remove duplications. A unified genotyper tool from GATK was then used for variant calling of single nucleotide variations, insertions, or deletions (Indels) and copy number variations at the level of exons by the Exome Depth based on probability-based and quality-based algorithms. Briefly, common polymorphisms in the dbSNP (minor allele frequency > 0.01), 1,000 genomes (genotype frequency > 0.005), EVC, and gnomAD, as well as synonymous single nucleotide variants were filtered out.



Variant Annotations and Interpretations

The gene nomenclature follows the conventions of the Human Genome Organization Gene Nomenclature Committee; the variant nomenclature follows the conventions of the Human Genome Variation Society. Variant annotation and screening were based on clinical phenotypes of the subject, population database (dbSNP, 1,000 Genome, ExAC), disease database (OMIM, HGMD, Clinvar), and biological information prediction tools (SIFT, Polyphen2, and Mutation Taster). The interpretation of pathogenicity for variants was based on the guidelines by the American College of Medical Genetics and Genomics (ACMG) and the American Society for Molecular Pathology. Detailed interpretations of the guidelines were referred to the ClinGen Sequence Variation Interpretation Working Group and the British Society of Clinical Genomics (ACGS). When a rare variant predicted to be deleterious was observed in a single known cerebellar atrophy gene and associated with a correspondent mode of inheritance, it was considered as a potential candidate.



Confirmation of the Two Variants by Sanger Sequencing

To verify the whole exome sequence results and segregation analysis, Sanger sequencing was performed to identify the candidate variants for the two patients and their parents using the 3500DX Genetic Analyzer (Applied Biosystems). The Seqman software (Technelysium, South Brisbane, QLD, Australia) was used for the sequence analysis with standard reference sequences and visualizations. The reference sequences were obtained using the online database at the University of California, Santa Cruz (UCSC). Two distinct primer pairs were designed and primer sequences for validating the two detected mutations are listed in Table 1.


Table 1. Two primers used for the Sanger sequencing confirmation.
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Prenatal Diagnosis of the Fetus

After the causative mutations were identified for the two siblings, the parents expressed a desire to undergo prenatal diagnosis for the fetus at an appropriate gestational week. A total of 20 ml of amniotic fluid samples were collected from the pregnant mother under the guidance of B ultrasonography at the gestational age of 18W + 4. The extraction of fetal DNA from the amniotic fluid was conducted using a QIAamp DNA Mini Kit (Qiagen, Germany), according to the protocols of the manufacturer. Forward and reverse sequencing was applied to investigate the mutation status of c.217C>T and c.1894C>T in PLA2G6 and the sequencing results were analyzed as described previously. Meanwhile, the elimination of maternal cell contamination was carried out by the quantitative fluorescent polymerase chain reaction, according to the protocol described previously (18).




RESULTS


Whole Exome Sequencing Findings and Sanger Sequencing Validation

The sequencing production of raw data by WES reached at least 23,170.74 Mb for each candidate. Approximately 99.72% of the sequencing reads were mapped to the human genome hg19, with a mean 273.8.5 × sequencing depth. Interestingly, two compound heterozygous disease-associated variants in PLA2G6 (NM_003560) in the proband, a maternally inherited variant c.217C>T and the paternally inherited variant c.1894C>T, passed the filtering criteria. For these two variants, variant c.217C>T in exon 3 results in a premature stop codon with early termination of protein translation at residue 73 (p.G73X), while variant c.1894C>T in exon 14 leads to a change of amino acid Arg by Trp (p.Arg632Trp). Subsequently, Sanger sequencing validated that the two mutations co-segregated with the disease in the family. These two heterozygous mutations were also detected in the younger brother of the proband affected with INAD.



Variant Interpretations and Interpretations According to the ACMG Guidelines

The variant c.217C>T was not observed in the 1,000 Genomes database, the Exome Variant Server, Genome Aggregation Database (gnomAD), or in the HGMD professional database. On the other hand, it was not detected in our 200 healthy control cohorts using high-resolution melting analysis (SsoFast EvaGreen, Bio-Rad). It is a nonsense variant predicted to lead to a substitution of glutamine with an immediate stop codon introduction at the 73rd residue of IPLVII-β (p.G73*). Alignments of the PLA2G6 protein family members by the ClustalX online software revealed that the 73rd amino acid glutamine of iPLA2-VIA is highly evolutionarily conserved, as shown in Figure 2A. We speculated that this novel mutation produces altered mRNA harboring, a premature termination codon that will be selectively degraded by the nonsense-mediated mRNA decay. This novel variant is predicted to be deleterious by multiple bioinformatic algorithms, such as SIFT, polyphen-2, and Mutation Taster. According to the latest ACMG guideline, the novel variant c.217C>T is classified as pathogenic (PVS1 + PM2 + PP3). In our present study, the detected missense variant c.1894C>T leads to a change of amino acid Arg by Trp. According to the ACMG guidelines, this variant is classified as pathogenic (PS1 + PM1 + PM2 + PM3 + PP3). Combined with the clinical features, genetic analysis confirmed the diagnosis of INAD in this family.
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FIGURE 2. (A) The changed amino acid Q73, indicated by a red arrow, is highly evolutionarily conserved among species. (B) Predicted premature termination codon at the 73rd residue of iPLA2-VIAβ encoded by PLA2G6.




Genetic Findings for the Fetus by Amniocentesis

Amniotic fluid testing after an additional 7 days revealed that the fetus was compound heterozygous with both mutations, harboring the same genotype as the proband. The chromatograms of Sanger sequence analysis for the family members are shown in Figure 3. After adequate consideration, the family decided to terminate the pregnancy at the gestational age of 20 + 4 weeks. All the chromatograms of Sanger sequence analysis for the family members are shown in Figure 3. After adequate consideration, the family decided to interrupt the pregnancy as early as possible.


[image: Figure 3]
FIGURE 3. Chromatograms of the two mutations detected in the family by Sanger sequencing. The proband and his elder brother are compound heterozygous with inherited maternal c.217C>T and inherited paternal c.1894C>T, while the fetus are detected with the same compound heterozygous mutations as the proband. Arrows indicates mutation site.





DISCUSSION

PLA2G6 encodes iPLA2-VIA, an 85/88 kDa calcium-independent phospholipase belonging to the phospholipase A2 family, which catalyzes the hydrolysis of the sn-2 fatty acyl bonds in phospholipids, generating lysophospholipids, and free fatty acids. As the longest one among the five transcripts, iPLA2-VIA-2 contains 806 amino acids and plays an important role in regulating important physiological processes, such as inflammation, calcium homeostasis, and apoptosis in various cell types (19). The full length of iPLA2-VIA consists of seven N-terminal ankyrin-like repeats, a proline-rich motif, a glysine-rich nucleotide-binding motif, a lipase motif, and a binding site for calmodulin at the C-terminus region (19), as shown in Figure 4. A seven ankyrin-like repeats domain is involved in enzyme oligomerization, promoting the expression of full enzymatic activity, while three other domains are involved in the regulation of enzymatic activity and lipase motif responsible for the protein phosphorylation (7, 20–22). According to previous studies, mutation sites in the ankyrin repeat domains, catalytic (CAT) domains, or any other domains may lead to different enzyme activities (23). In our case, a premature stop codon at the 73rd amino acid directly causes an end of the essential structures of iPLA2-VIA proteins. A complex group of PLAN encompasses infantile neuroaxonal dystrophy (INAD), atypical neuroaxonal dystrophy (ANAD), parkinsonian syndrome containing both adult-onset dystonia parkinsonism (DP), and early onset parkinsonism (AREP) based on the age of onset and progressive clinical manifestations (24, 25). INAD differs from three others with the characterization of the earlier age of onset within 3 years and distinctive clinical features (26). Most notably, INAD and ANAD are two subtypes of PLAN that may share some similar clinical phenotypes, brain MRI/image signs, and treatment strategies, while ANAD is usually characterized by the onset outside the infantile period in early childhood and the more heterogeneous phenotypes (26). Compared with INAD cases, the age of onset for ANAD ranges from 3 years old to the late teens and ANAD patients mostly present with a slower progression and longer survival times (27).


[image: Figure 4]
FIGURE 4. Schematic showing full-length of protein structure of iPLA2-VIA. Domain composition of iPLA2-VIA. AR domain indicating even ankyrin repeats are shown in blue circles; P indicates a proline-rich motif (purple rhomboid) domain; G domains indicates the poly-Gly region is in green diamond, S indicates the lipase motif Ser519, and Ca indicates putative CaM-binding motifs in purple pentagon.


The majority of these INAD cases were detected with direct sequencing for coding regions of PLA2G6, which is time-consuming and inefficient. In reported studies involving the Chinese population, 26 variants have been identified, as listed in Table 2. Most of these variants were missense mutations, while the remaining were frame shift or nonsense mutations, which lead to loss of protein function. Our case provides a further nonsense mutation. However, further investigation on the underlying genetic mechanisms of INAD caused by PLA2G6 mutations is needed.


Table 2. PLA2G6 mutations previously reported in the Chinese INAD patients and the relevant literature.
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Infantile neuroaxonal dystrophy was firstly described by Seitelberger in 1952 and INAD patients often show slight psychomotor and dystonia disorders during infancy and childhood (28, 29). Other clinical manifestations may include bilateral limb spasticity, bulbar signs (impaired swallowing and dyspnea), pendular nystagmus, strabismus, distal contractures, optic atrophy, and hearing impairment (30, 31). These symptoms usually result in total neurological degeneration and mortality in the first decade of INAD suffers (32). The majority of patients with INAD develop cerebellar atrophy appreciable on MRI at a relatively early age. In addition, INAD cases exhibit spheroid bodies in the central nervous system and pathological swelling of axons in their neuropathology. Therefore, MRI images and the presence of high brain iron or optic atrophy are considered to be suggestive findings for the diagnosis (4, 5). According to Nardocci et al., a series of clinical, neurophysiologic, neuroradiologic, and invasive biopsy neuropathologic findings are essential to establish a diagnosis of INAD (33). Our cases presented with the typical clinical features. In a large case series of 28 INAD patients, speech impairment and loss of gross motor milestones were the most common signs of the disease, while there is phenotypic variability, with other common clinical findings such as nystagmus (60.7%), seizures (42.9%), gastrointestinal disease (42.9%), skeletal deformities (35.7%), and strabismus (28.6%) (2). In a further study of 24 Chinese INAD patients, nystagmus was observed in eight and strabismus in two patients (12). The combination of typical clinical features and genetic testing in the present report were consistent with a diagnosis of INAD. However, it is notable that the proband did not have evidence of strabismus, nystagmus, or generalized fast rhythms in EGG, as has been described (6). Therefore, we assumed that the case in our report also showed heterogeneous phenotypes. In 2006, PLA2G6 was firstly identified as a causative gene for INAD by Morgan, after which molecular testing was promoted as the definitive diagnosis of INAD and this eliminated the need for invasive biopsies, while also enabling the detection of carriers of INAD-associated mutations and allowing for prenatal diagnosis and pre-implantation genetic diagnosis (19, 34). Despite sharing only ~2% of the human genome, the exome harbors nearly 85% of mutations with large effects on disease-related traits (35). In recent years, WES has quickly emerged as the most widely used targeted enrichment method, particularly for monogenic (“Mendelian”) diseases. In this case, WES allowed for the unbiased analysis of all genes and eliminated the need for a time-consuming selection of candidate genes prior to sequencing (36, 37).

In our study, the combination of WES and clinical history facilitated the diagnosis of INAD and facilitated effective genetic counseling and prenatal diagnosis. Since there existed a relatively high risk with a 1/4 probability of giving birth to an affected INAD child at each pregnancy for this couple, prenatal genetic diagnosis is recommended according to the Chinese legislation related to prenatal diagnosis. Furthermore, induced abortion for medical indications such as the birth of a newborn with severe deformities is permitted by the Ethics Committee and Chinese legislation regulating abortion. The fetus in this family was detected with compound heterozygous pathogenic variants of PLA2G6 and was very likely to be affected with INAD after birth, considering the relevant family clinical history. After adequate informed consent, the parents were permitted to terminate the pregnancy in line with medical indications after discussion by the hospital ethics committee at a gestational age of <24 weeks.



CONCLUSIONS

We presented a novel likely pathogenic variant causing a compound heterozygous presentation of PLA2G6-associated INAD and demonstrated the clinical heterogeneity of this population. We describe how providing accurate genetic counseling in the light of pathogenic findings in the fetus led to a decision to terminate the pregnancy.
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