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Background
Meckel syndrome (MKS) is an embryonically lethal ciliopathy with severe clinical manifestations, including defects of the central nervous system, bilateral renal cystic dysplasia, and postaxial polydactyly. B9 domain-containing 1 (B9D1, NP_056496.1) is a member of a small family of proteins associated with basal bodies and primary cilia in mammalian cells. B9D1 variants are associated with MKS and Joubert syndrome. However, to date, only a few cases have been reported.
Methods
In this study, we investigated a prenatally diagnosed recurrent MKS pedigree. Two fetuses of different sexes were conceived by nonconsanguineous parents. Systematic color Doppler ultrasound revealed same malformations in both fetuses during the second trimester, which included meningoencephalocele, Dandy-Walker malformation, and postaxial polydactyly. Trio whole exome sequencing (WES) and WES reanalysis were performed. The presence and effects of these variants were further validated using Sanger sequencing, RT-PCR, and minigene splicing assay at the DNA and RNA levels.
Results
Two compound heterozygous variants, c.341G>T (p.R114L) and c.405-308_405-304del, were identified in both probands, each inherited from one unaffected parent. Both variants led to abnormal splicing. Specifically, the missense mutation c.341G>T caused the skipping of exon 4, whereas the novel deep-intronic variant c.405-308_405-304del created a new and strong acceptor site at c.405-294_405-293. Pathogenicity analysis indicated that both variants were pathogenic.
Conclusion
This report presents a rare pedigree of recurrent MKS, in which two novel mutations in B9D1 are identified. Our findings expand the mutation spectrum of B9D1 and provide an accurate molecular diagnosis for genetic counseling.
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INTRODUCTION
B9 domain-containing 1 (B9D1, NP_056496.1) belongs to a small family of proteins associated with basal bodies and primary cilia in mammalian cells (Bialas et al., 2009). Proteins within this family are hypothesized to play pivotal roles in cilia formation and retention (Dowdle et al., 2011). All the three family members, such as B9D1 (OMIM: 614144), B9D2 (OMIM: 611951), and MKS transition zone complex subunit 1 (MKS1, OMIM: 609883), possess the B9 domain and are localized to ciliary axonemes and basal bodies in ciliated mouse IMCD3 cells and to centrosomes in non-ciliated mouse IMCD3 cells (Chih et al., 2011).
B9D1 (NM_015681.6) is located on chromosome 17p11.2 and has an open reading frame of 1,059 base pairs. As of September 2024, 16 mutations in B9D1 have been reported in the Human Gene Mutation Database (HGMD) (Stenson et al., 2003). In ciliopathy, functional and structural defects of the cilium have been identified as the causative factors of inherited diseases with multiorgan phenotypes. Most proteins altered in these single-gene disorders function at the level of the cilium-centrosome complex (Hildebrandt et al., 2011).
MKS is a rare (1:10,000–1:140,000) and embryonically lethal autosomal recessive disease (Barisic et al., 2015). It was first described by Johann Friedrich Meckel in 1822. MKS is the most severe ciliopathy. Its clinical features include defects in the central nervous system (considered obligatory features of MKS, but presenting variably, typically occipital encephalocele, Dandy-Walker malformation, and hydrocephalus), postaxial polydactyly (observed in 70%–80% of cases), bilateral renal cystic dysplasia, polycystic kidney disease, and congenital hepatic fibrosis (Logan et al., 2011; Summers and Donnenfeld, 1995; Hartill et al., 2017; Turkyilmaz et al., 2021). MKS has genetic and phenotypic overlap with JS, a viable ciliopathy (Parisi, 2019; Tallila et al., 2009).
Here, we report a recurrent pedigree with biallelic pathogenic variants of B9D1 and a clinical and radiological phenotype consistent with Meckel syndrome.
MATERIALS AND METHODS
Clinical data
The mother of the probands, a 37-year-old female, had sequential pregnancies with two malformed fetuses. Family disease history was investigated, and imaging analyses of the two pregnancies were performed. All family members involved in this study and the investigator signed written informed consent forms regarding genetic testing, research, and publication of the relevant data. This study was approved by the Medical Ethics Committee of West China Second University Hospital. Clinical and laboratory examinations were conducted on the probands after written informed consent was obtained from their parents. All procedures were performed in accordance with the Declaration of Helsinki.
Trio whole exome sequencing (WES) to screen the variants
For DNA extraction, muscle tissue samples from the second proband (aborted fetus) and blood samples from their parents were obtained and processed using a QIAamp DNA Blood Mini Kit (Qiagen, Shanghai, China), following the manufacturer’s instructions. The DNA from the first fetus was utilized directly, as amniocentesis was performed during the mother’s initial pregnancy, allowing for the extraction and preservation of DNA at −80 °C. Exome capture sequencing was performed using NanoWES Human Exome V1 (Berry Genomics, Beijing, China), according to the manufacturer’s instructions. The enriched library was sequenced on an Illumina NovaSeq6000 platform (Illumina Inc., San Diego, CA, United States), generating 150-bp paired-end reads. Burrows–Wheeler Aligner was used to align the sequencing reads with hg38. Local alignment and base quality recalibration of the Burrows–Wheeler aligned reads were performed using GATK Indel Realigner and GATK Base Recalibrator, respectively (broadinstitute.org/). Single-nucleotide variants (SNVs) and small insertions or deletions (InDels) were identified using GATK Unified Genotyper (broadinstitute.org/). Functional annotation was performed using ANNOVAR and Enliven Variants Annotation Interpretation System (Berry Genomics). Public databases for filtering included gnomAD (http://gnomad.broadinstitute.org/) and the 1000 Genomes Project (1000G) (http://browser.1000genomes.org). The pathogenicity of SNVs was evaluated based on scientific medical literature and disease databases such as PubMed (https://www.ncbi.nlm.nih.gov/pubmed/), ClinVar (http://www.ncbi.nlm.nih.gov/clinvar), OMIM (http://www.omim.org), HGMD (http://www.hgmd.org), and the Human Genome Variation Society website (http://www.hgvs.org/dblist/dblist.html). Potential disease-causing variants associated with the patient-standardized Human Phenotype Ontology phenotype were prioritized. The pathogenicity of the novel variants was assessed using SIFT, PolyPhen-2, MutationTaster, SpliceAI, and REVEL. Additionally, the variations reported in HGMD and ClinVar were further examined.
Sanger sequencing to verify the variants
The likely pathogenic variants identified in the probands by WES were validated by Sanger sequencing using specific primers. The reference sequence NM_015681.6 of B9D1 was used. Sanger validation primer sets were designed using Primer Premier v.6.0. Amplification by polymerase chain reaction (PCR) was performed using GoldStar Best Master Mix (Cwbio Science, Taizhou, Jiangsu, China). The PCR products were analyzed by 2%–2.5% agarose gel electrophoresis to determine the fragment size. Subsequently, they were purified using a Gel Extraction Kit (Cwbio Science) and sequenced using an ABI 3500×L Dx automated sequencer (Thermo Fisher Scientific, Agawam, MA, United States of America). Sequencing Analysis v.5.2 and Chromas software were used for sequence analysis.
RNA extraction, reverse transcription PCR (RT–PCR), and Sanger sequencing
Total RNA was extracted from peripheral blood of the parents using TRIzol reagent (Invitrogen, Carlsbad, CA, United States of America), according to the manufacturer’s instructions. RNA was reverse-transcribed using a PrimeScript RT Reagent Kit (Takara Bio Inc., Beijing, China) according to the manufacturer’s instructions. The sequenced fragments of B9D1 were amplified from cDNA of the parents using forward and reverse primers (Table 1). Subsequently, cDNA alterations were detected by Sanger sequencing.
TABLE 1 | The primers used in amplification of target fragments and Minigene assay.	Primers	Forward (5′–3′)	Reversed (5′–3′)	Applications
	B9D1-341-F/B9D1-341-R	GCACTGGTGTGGAACTTC	GAC​GTA​GAT​TCT​GGG​ACA​AA	Splicing Study for paternal variant B9D1 c.341G>T
	17115-B9D1-F/19915-B9D1-R	AAG​GTC​ACG​TGC​ACG​GTT​TC	ACC​TTC​CTC​TCC​CTG​CCA​AGG	Minigene assay for maternal variant B9D1 c.405-308_405-304del
	17368-B9D1-F/19655-B9D1-R	GTT​CCC​TGC​AGT​CTG​AGG​GGT	GGT​GCC​ATG​CCC​AGT​TAG​TT
	14984-B9D1-F/15958-B9D1-R	GTG​GGT​TGG​GGA​GGT​AGT​GG	TTC​ATG​CTG​GGG​CCT​GCA​TCC
	pcDNA3.1-B9D1-KpnI-F/pcDNA3.1-B9D1-EcoRI-R	GCT​TGG​TAC​CAT​GCG​GCA​CAA​AAG​GAC​CAT​CCC​CA	TGC​AGA​ATT​CTC​TCT​GAA​AAT​GAG​ACT​TTA
	pcDNA3.1-B9D1-joint-F/pcDNA3.1-B9D1-joint-R	TGC​CCT​TTA​CAT​GTG​GGG​TGC​TGT​GAG​AGT​C	GAC​TCT​CAC​AGC​ACC​CCA​CAT​GTA​AAG​GCA
	B9D1-mut-F/B9D1-mut-R	CCC​CAG​AAA​TCT​TCC​TCT​CAT​TCC​CAG​TGA​A	TTC​ACT​GGG​GAA​TGA​GAG​GAA​GAT​TCT​GGG​G
	pcDNA3.1-F/pcDNA3.1-R	CTA​GAG​AAC​CCA​CTG​CTT​AC	TAGAAGGCACAGTCGAGG


Minigene splicing assay
An in vitro minigene splicing assay was performed to verify the potential splicing effects of the c.405-308_405-304del variant. The minigene construction strategy for pcDNA3.1-B9D1-wt/mut was the insertion of exon5 (63 bp)-partial intron5 (1,491 bp)-exon6 (68 bp)-intron6 (328 bp)-exon7 (287 bp) into pcDNA3.1. Two pairs of nested primers, 17115-B9D1-F and 19915-B9D1-R, and 17368-B9D1-F and 19655-B9D1-R, were designed. Nested PCR was performed using normal human genomic DNA as a template. A pair of primers, 14984-B9D1-F and 15958-B9D1-R, was designed. PCR was performed using normal human genomic DNA as a template to obtain product one. The left half fragment (472 bp) of B9D1 wild-type recombinant vector of pcDNA3.1 was amplified using product one as the template and pcDNA3.1-B9D1-KpnI-F and pcDNA3.1-B9D1-joint-R as primers. The right half fragment (1,820 bp) was amplified using the product from the second round of nested PCR as a template and pcDNA3.1-B9D1-EcoRI-R and pcDNA3.1-B9D1-joint-F as primers. Using equally mixed left- and right-half fragments as templates and pcDNA3.1-B9D1-KpnI-F and pcDNA3.1-B9D1-EcoRI-R as primers, B9D1 wild-type recombinant vectors of pcDNA3.1 (2,262 bp) were amplified. Subsequently, the above steps were repeated to amplify the left half (1,281 bp) and right half (1,016 bp) fragments of B9D1 mutant recombinant vectors of pcDNA3.1, using pcDNA3.1-B9D1-KpnI-F/B9D1-mut-R, pcDNA3.1-B9D1-EcoRI-R/B9D1-mut-F as primers, and diluted wild-type plasmid as a template. Using equally mixed left and right half fragments as templates, and pcDNA3.1-B9D1-KpnI-F and pcDNA3.1-B9D1-EcoRI-R as primers, B9D1 mutant recombinant vector of pcDNA3.1 (2,262 bp) was amplified.
The recombinant vectors were transiently transfected into HeLa and 293T cells. After 48 h, cells were collected. Total RNA was extracted from cells, and RT–PCR was performed to synthesize cDNA. Flanking primers (pcDNA3.1-F/pcDNA3.1-B9D1-EcoRI-R) were used for PCR amplification. Amplified gene fragments were detected by agarose gel electrophoresis. Each band was subjected to Sanger sequencing to determine the presence of abnormally spliced isoforms.
RESULTS
Clinical phenotype
Two cases of fetal malformation were noticed in the family. Both fetuses exhibited changes in fetal brain ultrasound at 24 weeks of pregnancy with phenotypes such as suspected Dandy–Walker malformation, meningoencephalocele, and polydactyly (toe) deformity. The mother was 37-year-old with a gravidity of 2 and parity of 0 (G2P0+2). In the first pregnancy, at 12 weeks, color Doppler ultrasound indicated “suspected fetal craniocele.” In the second trimester of pregnancy, amniotic fluid cells were subjected to high-throughput chromosomal sequencing and karyotype analysis, and no abnormalities were detected. At 24+ weeks of pregnancy, color Doppler ultrasound revealed “fetal head ultrasound changes, suspected Dandy–Walker malformation, hydrocephalus, meningoencephalocele, and suspected polydactyly (toe) deformity of both hands and feet.” Subsequently, the mother chose to terminate the pregnancy. The fetus was female, and no pathological anatomy was performed. In the second pregnancy, at 24+ weeks, color Doppler ultrasound revealed “fetal head ultrasound changes, suspected Dandy–Walker malformation, bilateral ventricular widening, meningocele, and fetal hands and feet ultrasound changes, suggesting polydactyly (toe) deformity.” Targeted magnetic resonance imaging of the fetal brain demonstrated “1. Bilateral cerebellar hemisphere separation, cerebellar vermis dysplasia, thin parenchyma, unclear display of the inferior vermis, expansion of the fourth ventricle, suggestive of a Dandy–Walker malformation; 2. Bilateral lateral ventricle dilatation, unclear display of the corpus callosum, and partial parallelism of the bilateral lateral ventricles, indicating the absence or dysplasia of the corpus callosum; 3. Partial defect of the occipital bone and meningocele beside it.” Pregnancy was terminated. The fetus was male with no pathological anatomy performed. No history of special medication, infection, or exposure to toxic substances was reported in both pregnancies, and no other complications was noticed during pregnancy. No family history of consanguineous marriage was reported (Figure 1).
[image: Pedigree chart illustrating genetic inheritance. Generation I shows a male carrier (square) with B9D1 c.341G>T/wt and a female carrier (circle) with B9D1 c.405-304_405-308del/wt. Generation II displays two affected fetuses (triangles) with proband indicated on the left.]FIGURE 1 | Pedigree chart.Results of WES and validation by Sanger sequencing
The two affected fetuses were analyzed using WES in April and June 2021, respectively. The results did not reveal any specific pathogenic or likely pathogenic mutations. In July 2023, the WES datasets were reanalyzed. During reanalysis, the filtering parameters were reset to include suspicious disease-associated variants that had been previously filtered out as unqualified data because they were sequenced only a few times. Based on the clinical phenotype and genetic models of diseases, two previously filtered out variants of B9D1 were discovered in both fetuses. Compound heterozygous variants (c.341G>T and c.405-308_405-304del, NM_015681.6) were suspected to be disease-associated variants in the probands. Parental Sanger sequencing showed that c.341G>T (p.R114L) was a paternal variant, and c.405-308_405-304del was a maternal variant (Figure 2).
[image: Genetic sequences for a family, showing chromatograms with specific DNA patterns. Panels A to D depict the father, mother, and two affected fetuses, highlighting a B9D1 c.341G>T mutation. Panels E to H show the same individuals with a B9D1 c.405-308_405-304del deletion. Arrows and boxes emphasize mutation sites.]FIGURE 2 | Sanger sequences of the B9D1 variants. (A,E) The missense variant (c.341G>T) and wild type c.405-308_405-304 detected in the father; (B,F) The wild type c.341 and deep-intronic variant c.405-308_405-304del detected in the mother; (C,G) Compound heterozygous B9D1 variants (c.341G>T and c.405-308_405-304del) in the first affected fetus; (D,H) Compound heterozygous B9D1 variants (c.341G>T and c.405-308_405-304del) in the second affected fetus.Bioinformatic analysis
The paternal variant c.341G>T (p.R114L) of B9D1 was located in the last base pair of exon 4 in B9D1. It was predicted to be deleterious by CADD (CADD_Phred score, 34). Given that this variant was situated near the exon–intron junction, RNA splicing prediction tools were used to assess its potential impact on splicing. dbscSNV_ADA_SCORE (0.999) and dbscSNV_RF_SCORE (0.978) indicated a high probability of the variant being splice-altering. Meanwhile, the delta score in SpliceAI for the c.341G>T (p.R114L) variant was 0.57, suggesting that the tool predicted altered splicing of this variant. Based on the clinical phenotypic match, we strongly suspected that the autosomal recessive gene, B9D1, was causative. Maternal variants could not be identified because of technical limitations. Therefore, we screened the original sequencing data. Eventually, we discovered 5-bp base pairs (chr17:19344161-19344165), located in the intron between exons 5 and 6. The sequencing times for these base pairs were significantly shorter than those for the flanking base pairs (Figure 3). This condition was found in the maternal and affected fetal data but not in the paternal data. Therefore, the maternal variant c.405-308_405-304del, which was screened using a conventional bioinformatic pipeline, was identified. This maternal variant was located in an intron and was likely to affect alternative splicing. The SpliceAI delta score of the c.405-308_405-304del variant was 0.33 in the acceptor gain type.
[image: Genetic sequencing graphs comparing data from two affected fetuses, their mother, and father. Panel A shows sequence alignments with counts and minor alleles. Panel B illustrates similar data with a focus on deletions. Each row corresponds to a different individual.]FIGURE 3 | Integrative Genomics Viewer (IGV) screenshots of the B9D1 variants. (A) Paternal missense variant c.341G>T presented in the IGV, the sequencing depth of all samples reaches 100×. (B) Maternal deep-intronic variant c.405-308_405-304del presented in the IGV, the sequencing depth were significantly lower, range from 15× to 38×. The sequencing times for c.405-308_405-304 are significantly lower than the flanking base pairs.Splicing study of B9D1 c.341G>T by RT–PCR and Sanger sequencing
The splicing consequence caused by B9D1 c.341G>T was verified through RT–PCR and Sanger sequencing of RNA derived from peripheral blood mononuclear cells of maternal and paternal blood (Figure 4). Agarose gel electrophoresis of the maternal RT–PCR products revealed a single band (Figure 4B, b,a). In contrast, the paternal products showed two bands (Figure 4B bands b-1 and b-2). The Sanger sequences revealed the wild-type (expected 197 bp) and mutant (expected 100 bp) splicing isoforms. The mutant isoform contained a deletion of exon 4 (97 bp) in B9D1 cDNA from the c.341G>T variant. This was predicted to lead to an open reading frame change that affected 59.8% of the subsequent coding sequence.
[image: Gel electrophoresis and sequencing results: Part A shows exon arrangement and primers with a mutation marked c.341G>T in exon 4. Part B is a gel image with labeled bands: a, b-1, and b-2 for cDNA samples. Part C presents sequencing chromatograms for wild-type (WT) and mutant (MUT) samples, showing variations in nucleotide peaks between WT and MUT. Part D depicts exon schematic for WT and MUT, illustrating exon skipping in MUT, resulting in a shorter exon sequence (100bp) compared to WT (197bp).]FIGURE 4 | Splicing study of B9D1 c.341G>T by RT-PCR and Sanger’s Sequencing. (A) Schematic diagram of variant c.341G>T and designed flanking primers in the exon 3 and exon 5. (B) Agarose gel electrophoresis results of cDNA fragments from RT-PCR: the expected wild type fragment (a and b-1) is 197 bp, and the father had an extra mutation type fragment (b-2). (C) The Sanger sequencing of gel extraction product for the band a, b-1 and b-2. (D) Schematic of splicing for B9D1 c.341G>T, mutation type has a deletion of exon 4 (97 bp) in the B9D1 cDNA. Mu0, mother; Fu0, father; WT, wild type; MUT, mutation type.Splicing study of B9D1 c.405-308_405-304del by minigene assay
For the maternal variant, we initially employed the validation method same as that for the paternal variant. However, consistent or stable results were not obtained. Therefore, we used a minigene splicing assay for experimental validation.
The splicing results are shown in Figure 5. Wild-type splicing in HeLa and 293T cells produced a single band, consistent with the expected size (527 bp), and the mutant produced three bands. Sanger sequencing showed that the wild-type band was normally spliced with a splicing pattern of exon5 (63 bp)-exon6 (68 bp)-exon7 (287 bp). The mutant bands were abnormally spliced and exhibited three abnormal splicing patterns. Mutant band-b showed partial intron5 (25 bp) retention and exon6 jump, along with a 238-bp deletion of exon7, with a splicing pattern of exon5 (63 bp)-▽intron5 (25 bp)-△exon7 (49 bp). Mutant band-c showed 116-bp intron5 retention and exon6 jump, along with a 127-bp deletion of exon7, with a splicing pattern of exon5 (63 bp)-▽intron5 (116 bp)-△exon7 (160 bp). The splicing pattern of mutant band-d was exon5 (63 bp)-▽intron5 (111 bp)-△exon7 (170 bp).
[image: A schematic illustrating genetic analysis and sequencing. Panel A shows a vector map with T7 promoter, exons 5, 6, and 7, and relevant restriction sites. Panel B displays DNA sequencing chromatograms highlighting a deletion mutation (c.405-308_405-304del). Panel C shows a gel electrophoresis image comparing wild-type and mutant samples from 293T and HeLa cells, with a diagram indicating exon changes labeled a, b, c, and d. Panel D presents sequencing chromatograms of four different exon-intron configurations, displaying specific nucleotide sequences and size changes in exons and introns.]FIGURE 5 | Splicing Study of B9D1 c.405-308_405-304del by minigene assay of the pcDNA3.1 vector. (A) Schematic diagram of pcDNA3.1 vector plasmids used in minigene assay. (B) Sanger sequencing validation of variant B9D1 c.405-308_405-304del and wild type recombinant plasmids. (C) Agarose gel electrophoresis results of RT-PCR in HeLa and 293T cells transfected wild-type recombinant plasmids was a single band (b and a), which was basically consistent with the expected size (527 bp). Meanwhile, the mutant type had four bands (bands a, b, c and d). (D) The Sanger sequencing of gel extraction product for the bands a, b, c and d. Sanger sequencing revealed that band-a were normal splicing bands, with a splicing pattern of Exon 5 (63 bp)-Exon 6 (68 bp)-Exon 7 (287 bp). The mutant band-b shows partial intron 5 (25 bp) retention and Exon 6 jump, along with a 238 bp deletion of Exon 7, with a splicing pattern of Exon 5 (63 bp)-▽Intron5 (25 bp)-△Exon 7 (49 bp). Mutant b and-c shows 116 bp intron5 retention and Exon 6 jump, along with a 127 bp deletion of Exon 7, with a splicing pattern of Exon 5 (63 bp)-▽Intron5 (116 bp)-△Exon 7 (160 bp). The splicing pattern of mutant b and-d is Exon 5 (63 bp)-▽Intron5 (111 bp)-△Exon 7 (170 bp).The minigene assay demonstrated that the c.405-308_405-304del mutation affected the normal splicing of mRNA and generated several abnormal splicing isoforms. This in vitro assay revealed that the c.405-308_405-304del mutation resulted in a new and strong acceptor site at c.405-294_405-293. At the cDNA and protein levels, the expression patterns of the abnormal splicing isoforms led to a change in the subsequent reading frame and generated a stop codon, PTC, in advance, which might induce nonsense-mediated mRNA degradation (NMD) and produce truncated proteins of 159-amino acid/143-amino acid length.
Analyzing variant pathogenicity according to American college of medical genetics (ACMG) guidelines
We demonstrated that the c. 341G > T (p. R114L) variant could lead to exon skipping (PVS1). The frequency of the c.341G>T (p.R114L) variant in the population database is zero (PM2_Supporting). Familial co-segregation occurs with diseases and mutations (PP1). According to the ACMG guidelines (Richards et al., 2015; Walker et al., 2023), the c.341G>T (p.R114L) variant (PVS1+PM2_Supporting+PP1) is classified as a pathogenic variant. Moreover, the c.405-308_405-304del variant has been shown to generate a stop codon, PTC, in advance, resulting in truncated proteins (PVS1). The frequency of this novel variant in the population database is zero (PM2_Supporting), and the variant from the father conforms to the genetic laws of recessive genetic diseases (PM3). According to the ACMG guidelines, the c.405-308_405-304del variant (PVS1+PM2_Supporting+PM3+PP1) is also classified as a pathogenic variant.
DISCUSSION
In this study, we report the case of a family with a recurrent history of a similar fetal anomaly. Both fetuses were diagnosed with Dandy–Walker malformation, meningoencephalocele, and polydactyly by prenatal ultrasound in the second trimester. Considering the family history and different fetal sexes, autosomal recessive Mendelian disorders were highly likely. However, two trio WES analyses were performed for the two affected fetuses without obtaining any meaningful findings. WES reanalysis can increase the diagnostic yield by 10%–20% in previously exome-negative individuals (Ewans et al., 2018; van Slobbe et al., 2024). Therefore, WES reanalysis and functional verification experiments were performed in this case, which revealed pathological compound heterozygous variants, paternal B9D1 c.341G>T and maternal B9D1 c.405-308_405-304del, in the two affected fetuses.
B9D1 plays a pivotal role in cilia formation and retention, and may be involved in embryogenesis and developmental processes. However, the precise underlying mechanisms remain unclear. As of September 2024, 16 mutations in B9D1 have been reported in the HGMD database, most of which are related to ciliary diseases and may lead to MKS. Ten of these mutations are related to ciliopathies including Meckel syndrome (MKS; also referred to as Meckel–Gruber syndrome, MIM249000) and Joubert syndrome (JS, MIM213300) (Figure 6). B9D1 was identified as a novel MKS gene in 2011 (Hopp et al., 2011). MKS is a rare autosomal recessive disorder characterized by a combination of severe congenital anomalies, including abnormalities in the central nervous system (typically occipital meningoencephalocele and posterior fossa anomaly), kidneys (typically cystic dysplasia), liver (such as ductal plate malformations), and postaxial polydactyly. However, the high variability of clinical manifestations in MKS and specific combination and severity of these anomalies that vary among individuals can make diagnosis difficult (Maglic et al., 2016; Stembalska et al., 2021).
[image: Diagram of gene mutations linked to various syndromes. Exons labeled EX1 to EX7 are shown. Mutations are indicated above each exon: blue for Joubert syndrome, green for cystic kidney disease, red for Meckel syndrome, and purple for malformations. Red stars denote mutations from this study.]FIGURE 6 | Schematic diagram for B9D1 and locations of DM mutations in HGMD. The variants with phenotype Joubert syndrome are shown in blue, Meckel syndrome in red, cystic kidney disease in green, malformations in purple, and the variants identified in this study are marked with stars. EX, exon.Notably, neither affected fetus in our study showed detectable renal abnormalities on prenatal ultrasound, despite renal involvement being one of the most typical features of MKS. This observation raises important questions regarding phenotypic variability and differential diagnosis, particularly with JS and other ciliopathies that may present with overlapping CNS malformations but milder or absent renal involvement. The severity of CNS defects (e.g., occipital encephalocele, Dandy-Walker malformation) support the diagnosis of our cases as MKS rather than JS. Meanwhile, this apparent unusual feature may reflect several factors involved. First, prenatal imaging has recognized limitations in detecting subtle renal pathology, particularly the microscopic cystic changes of MKS that often develop progressively during gestation. Second, the timing of imaging (24 weeks in our cases) may have preceded the full manifestation of renal abnormalities. Third, our case might be a distinct clinical entity at the MKS-JS spectrum borderline. The absence of postmortem examinations represented an unavoidable limitation of our phenotypic characterization. This underscores the importance of postmortem evaluations in future cases to better understand potential genotype-phenotype correlations and the full spectrum of organ involvement in B9D1-related ciliopathies.
We identified a paternal variant of B9D1 in both fetuses. This variant was a missense mutation located at the last base of exon 4 in B9D1 Katiyar et al. have reported a different missense mutation variant at the same base that translated into a different amino acid (c.341G>A, p. R114Q). This variant abolished the 5′-splice site of intron 4 of B9D1, resulting in out-of-frame skipping of exon 4 (r.245_341del; p. Trp82Cysfs*45) (Katiyar et al., 2020). Hopp et al. have reported a single fetus affected by MKS, who was heterozygous for the typical splicing mutation c.505+2T>C in B9D1, resulting in the skipping of exon 4 (Hopp et al., 2011). In our study, RT-PCR demonstrated the skipping of exon 4 caused by c. 341G > T (p. R114L), which was consistent with the splicing results above. This further confirmed the judgment of pathogenicity.
After confirming the pathogenicity of the paternally derived variant in B9D1, we attempted to identify potential maternally derived variants. The maternal variant B9D1 c.405-308_405-304del was previously filtered out as unqualified in the analysis pipeline owing to the lack of sequencing depth. By adjusting the FisherStrand filter threshold in the Genome Analysis Toolkit (GATK) from >100 to >120, we identified a maternally derived variant c.405-308_405-304del. This finding was subsequently validated using the Integrative Genomics Viewer (IGV) and Sanger sequencing results. This variant was a deep-intronic variant, located in the intron region between exons 5 and 6, far from the exon boundary. Deep-intronic variants are generally considered to not directly affect the coding sequences of proteins (Vaz-Drago et al., 2017). Instead, they may affect RNA splicing by creating new splice sites, enhancing or inhibiting the existing splice sites, and altering the binding of splice regulators (Kurosawa et al., 2023). These splicing alterations may lead to mRNA destabilization by NMD or functional defects in the encoded proteins, thereby indirectly affecting protein structure and function. While our data suggest that the deep-intronic variant c.405-308_405-304del generates aberrant transcripts harboring a PTC in advance, which is typically targeted by NMD, we acknowledge that this is based solely on prediction without direct experimental validation. Due to limitations in sample availability, we did not perform functional assays to confirm NMD activity. Future studies using patient-derived cellular models or minigene splicing assays coupled with NMD inhibition would be valuable to experimentally validate this mechanism. Evaluating the pathogenicity of deep intronic variants is challenging owing to the specificity of their location and complexity of their underlying mechanisms. We validated the effect of the deep-intronic variant c.405-308_405-304del of B9D1 on splicing. The deep-intronic variant resulted in a new and strong acceptor site at c.405-294_405-293.
This study has some limitations. First, our study was conducted under specific laboratory conditions, which may not fully mimic the complex conditions in the actual clinical scenario. Second, while our study demonstrated that both B9D1 variants lead to aberrant splicing, we lack the direct evidence of protein-level for truncated isoforms. Due to limitations in sample availability, we were unable to perform Western blotting or other proteomic analyses to confirm whether these aberrant transcripts were translated into truncated proteins or underwent rapid degradation. Further experimental validation at the protein level including animal experiment is warranted.
CONCLUSION
We discovered a compound heterozygous pathogenesis of B9D1 in a recurrent MKS pedigree. This study revealed a novel pathogenic deep-intronic variant of B9D1 and enhanced our understanding of the complex genetic basis of MKS. Further functional experiments using animal models are necessary for exploring the pathogenic mechanism in depth. Enhancing our understanding and diagnostic ability for this disease is essential for improving reproductive outcomes and reducing birth defects for affected individuals and their families.
DATA AVAILABILITY STATEMENT
The variation data reported in this paper have been deposited in the Genome Variation Map (GVM) in National Genomies Data Center, Beijing Institute of Genomics. Chinese Academy of Sciences and China National Center for Bioinformation, under accession number GVM001124 (https://ngdc.cncb.ac.cn/gvm/).
ETHICS STATEMENT
This study were approved by the Medical Ethics Committee of West China Second University Hospital, Sichuan University (Chengdu, China). Written informed consent for genetic testing, data use, and publication was obtained from all participants.
AUTHOR CONTRIBUTIONS
HJ: Writing – original draft. BX: Data curation, Formal Analysis, Investigation, Methodology, Software, Writing – review and editing. HaW: Formal Analysis, Writing – review and editing. SL: Supervision, Writing – review and editing. HeW: Supervision, Writing – review and editing. JM: Data curation, Methodology, Validation, Writing – review and editing. WY: Writing – review and editing. ZZ: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by National Key Research and Development Program of China (Grant/Award Number: 2022YFC2703305) and Natural Science Foundation of Sichuan Province, China (Grant/Award Number: 2024NSFSC0650).
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.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Barisic, I., Boban, L., Loane, M., Garne, E., Wellesley, D., Calzolari, E., et al. (2015). Meckel-Gruber Syndrome: a population-based study on prevalence, prenatal diagnosis, clinical features, and survival in Europe. Eur. J. Hum. Genet. 23 (6), 746–752. doi:10.1038/ejhg.2014.174

	Bialas, N. J., Inglis, P. N., Li, C., Robinson, J. F., Parker, J. D. K., Healey, M. P., et al. (2009). Functional interactions between the ciliopathy-associated Meckel syndrome 1 (MKS1) protein and two novel MKS1-related (MKSR) proteins. J. Cell Sci. 122 (5), 611–624. doi:10.1242/jcs.028621

	Chih, B., Liu, P., Chinn, Y., Chalouni, C., Komuves, L. G., Hass, P. E., et al. (2011). A ciliopathy complex at the transition zone protects the cilia as a privileged membrane domain. Nat. Cell Biol. 14 (1), 61–72. doi:10.1038/ncb2410

	Dowdle, W. E., Robinson, J. F., Kneist, A., Sirerol-Piquer, M. S., Frints, S. G. M., Corbit, K. C., et al. (2011). Disruption of a ciliary B9 protein complex causes Meckel syndrome. Am. J. Hum. Genet. 89 (1), 94–110. doi:10.1016/j.ajhg.2011.06.003

	Ewans, L. J., Schofield, D., Shrestha, R., Zhu, Y., Gayevskiy, V., Ying, K., et al. (2018). Whole-exome sequencing reanalysis at 12 months boosts diagnosis and is cost-effective when applied early in Mendelian disorders. Genet. Med. 20 (12), 1564–1574. doi:10.1038/gim.2018.39

	Hartill, V., Szymanska, K., Sharif, S. M., Wheway, G., and Johnson, C. A. (2017). Meckel-Gruber syndrome: an update on diagnosis, clinical management, and research advances. Front. Pediatr. 5, 244. doi:10.3389/fped.2017.00244

	Hildebrandt, F., Benzing, T., and Katsanis, N. (2011). Ciliopathies. N. Engl. J. Med. 364 (16), 1533–1543. doi:10.1056/NEJMra1010172

	Hopp, K., Heyer, C. M., Hommerding, C. J., Henke, S. A., Sundsbak, J. L., Patel, S., et al. (2011). B9D1 is revealed as a novel Meckel syndrome (MKS) gene by targeted exon-enriched next-generation sequencing and deletion analysis. Hum. Mol. Genet. 20 (13), 2524–2534. doi:10.1093/hmg/ddr151

	Katiyar, D., Anderson, N., Bommireddipalli, S., Bournazos, A., Cooper, S., and Goel, H. (2020). Two novel B9D1 variants causing Joubert syndrome: utility of mRNA and splicing studies. Eur. J. Med. Genet. 63 (9), 104000. doi:10.1016/j.ejmg.2020.104000

	Kurosawa, R., Iida, K., Ajiro, M., Awaya, T., Yamada, M., Kosaki, K., et al. (2023). PDIVAS: pathogenicity predictor for deep-intronic variants causing aberrant splicing. BMC Genomics 24 (1), 601. doi:10.1186/s12864-023-09645-2

	Logan, C. V., Abdel-Hamed, Z., and Johnson, C. A. (2011). Molecular genetics and pathogenic mechanisms for the severe ciliopathies: insights into neurodevelopment and pathogenesis of neural tube defects. Mol. Neurobiol. 43 (1), 12–26. doi:10.1007/s12035-010-8154-0

	Maglic, D., Stephen, J., Malicdan, M. C., Guo, J., Fischer, R., Konzman, D., et al. (2016). TMEM231 gene conversion associated with Joubert and Meckel-Gruber syndromes in the same family. Hum. Mutat. 37 (11), 1144–1148. doi:10.1002/humu.23054

	Parisi, M. A. (2019). The molecular genetics of Joubert syndrome and related ciliopathies: the challenges of genetic and phenotypic heterogeneity. Transl. Sci. Rare Dis. 4 (1-2), 25–49. doi:10.3233/TRD-190041

	Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., et al. (2015). Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American college of medical genetics and genomics and the association for molecular pathology. Genet. Med. 17 (5), 405–424. doi:10.1038/gim.2015.30

	Stembalska, A., Rydzanicz, M., Pollak, A., Kostrzewa, G., Stawinski, P., Biela, M., et al. (2021). Prenatal versus postnatal diagnosis of Meckel-Gruber and Joubert syndrome in patients with TMEM67 mutations. Genes (Basel) 12 (7), 1078. doi:10.3390/genes12071078

	Stenson, P. D., Ball, E. V., Mort, M., Phillips, A. D., Shiel, J. A., Thomas, N. S. T., et al. (2003). Human gene mutation database (HGMD): 2003 update. Hum. Mutat. 21, 577–581. doi:10.1002/humu.10212

	Summers, M. C., and Donnenfeld, A. E. (1995). Dandy-Walker malformation in the Meckel syndrome. Am. J. Med. Genet. 55 (1), 57–61. doi:10.1002/ajmg.1320550116

	Tallila, J., Salonen, R., Kohlschmidt, N., Peltonen, L., and Kestilä, M. (2009). Mutation spectrum of Meckel syndrome genes: one group of syndromes or several distinct groups?Hum. Mutat. 30 (8), E813–E830. doi:10.1002/humu.21057

	Turkyilmaz, A., Geckinli, B. B., Alavanda, C., Ates, E. A., Buyukbayrak, E. E., Eren, S. F., et al. (2021). Meckel-gruber syndrome: clinical and molecular genetic profiles in two fetuses and review of the current literature. Genet. Test. Mol. Biomarkers 25 (6), 445–451. doi:10.1089/gtmb.2020.0311

	van Slobbe, M., van Haeringen, A., Vissers, LELM, Bijlsma, E. K., Rutten, J. W., Suerink, M., et al. (2024). Reanalysis of whole-exome sequencing (WES) data of children with neurodevelopmental disorders in a standard patient care context. Eur. J. Pediatr. 183 (1), 345–355. doi:10.1007/s00431-023-05279-4

	Vaz-Drago, R., Custódio, N., and Carmo-Fonseca, M. (2017). Deep intronic mutations and human disease. Hum. Genet. 136 (9), 1093–1111. doi:10.1007/s00439-017-1809-4

	Walker, L. C., Hoya, M., Wiggins, G. A. R., Lindy, A., Vincent, L. M., Parsons, M. T., et al. (2023). Using the ACMG/AMP framework to capture evidence related to predicted and observed impact on splicing: recommendations from the ClinGen SVI Splicing Subgroup. Am. J. Hum. Genet. 110 (7), 1046–1067. doi:10.1016/j.ajhg.2023.06.002


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.
Copyright © 2025 Jing, Xu, Wang, Liu, Wang, Mai, Yao and Zhang. 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-16-1663455-g005.jpg
Amp

pcDNA3.1

Mcs

\ 4
T — B
[

EcoRl  bGH poly(A) signal

*

¢.405-308_405-304del _293T = _ Hela
M wt mut wt mut

CABGAATCTTC (% g iy @R ¥ ok X R

M A

780 750
Exon5 Exon6 Exon7
ACTGCAGAAGTTTACAAGCTG6GTTCATGGG G6AAGGCCG666AAGBGTGACCCGBTG TCCB6TTCTCAGG
120 130 140 AMAMMMMMW 200 210 22
Exon5 vIntron5(25bp) sExon7 (49bp)

—_—j——————————|

ACTGCAGAAGTTTACAAGTGAACCAAACCCATG6G6 AAGCCAGAGCTGG6G6G6G6CACACAG AATAGTTTTGT

b
“‘Anhn“lhh AWM l“nh.‘u“““nhluhﬂu““

120 130 140 160 170 180

Exon5 vIntron5(116bp) ~Exon7 (160bp)
4—'4—»'—»

ACTGCAGAAGTTTACAAGTGAACCAAACCCA CAABGGBGGACACCCCAGBGAGBGCTTCCCCCAGBGTG AAGGC T

" g o) Dt st s

120 130 140 240 250 260 270

Exon5 vIntron5(111bp) sExon7 (170bp)
4—'4—4—»

ACTGCAGAAGTTTACAAGTGAACCAAACCCA TC6G6CAABGGACAGCCCACCCCAGAGBGCTTCCCCC





OPS/images/fgene-16-1663455-g006.jpg
¢.34142T>C

Y c.405-308_405-304del

¢.341G>T
c95A>G *

¢.466C>T €.529G>C

¢.151T>C
¢.285C>A

€.209T>C

¢341G>A c467G>A €.520_522delGTG

€.285_341+153del210 ¢.508_S104€lCTC

—  Joubert syndrome — Ciystic kidney disease

— Meckel syndrome — Malformations

% This study





OPS/images/fgene-16-1663455-g003.jpg
Maine

1st affected fetus

2nd affected fetus

Mother

mm

Father





OPS/images/fgene-16-1663455-g004.jpg
. g T
cDNA F-primer: GCACTGGTGTGGAACTTC GS41C=T ¢ primer: GACGTAGATTCTGGGACAAA

Muo Fuo _— D c—
exon3 exon4 exonb

A

a-F (WT) a-R (WT)
20 30 50 0 70 ,"\
’ ~
// \\
7 \
QL ©0N3 s €XON4 aumm  €X0NS
]
b-1-F (WT) b-1-R (WT) \\/ \ NS
20 1 50 0 ” v
WAL exond | exond | exonb
b-2-F (MUT) b-2-R (MUT)

e Y Y R

B C D





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Compound heterozygous missense and intronic variants in B9D1 contribute to a recurrent Meckel syndrome pedigree		Background

		Methods

		Results

		Conclusion

		INTRODUCTION

		MATERIALS AND METHODS		Clinical data

		Trio whole exome sequencing (WES) to screen the variants

		Sanger sequencing to verify the variants

		RNA extraction, reverse transcription PCR (RT–PCR), and Sanger sequencing

		Minigene splicing assay





		RESULTS		Clinical phenotype

		Results of WES and validation by Sanger sequencing

		Bioinformatic analysis

		Splicing study of B9D1 c.341G>T by RT–PCR and Sanger sequencing

		Splicing study of B9D1 c.405-308_405-304del by minigene assay

		Analyzing variant pathogenicity according to American college of medical genetics (ACMG) guidelines





		DISCUSSION

		CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiers in Genetics

Compound heterozygous
missense and intronic variants in
B9D1 contribute to a recurrent
Meckel syndrome pedigree





OPS/images/fgene-16-1663455-g001.jpg
Vd

male carrier

proband

A

2

female carrier

affected fetus





OPS/images/fgene-16-1663455-g002.jpg
Father

> RPN N NV ol bbb A el
170 180 190
" = ® @ oso® o EE o oE N o®mE N EEE N EE &EEEoEE
6 A6 G T A AAGG G GCT 6CC G G 6 ACATSG 6

170 180 150
" = ® E E N E E 2 o mo2 - == ®EEE N EE ENEEE
( G A6 6T ADAAG G G GCT 6CC 6 6 6 ACAGSG 6 :

1st affected fetus HM\ ?QT”’MlM\“?NW" “?M“

170 180 150 150
------------ s = ®m o m ® ® mE o =EoEw H
D ¢ 6 A0 6 T AAAG 66 6C T 6CC 6 6 6 ACar s 6 6 6

2nd affected fetus M“M\ (\ f\ ” ’\“A “ MM M”\M\M“

BIDI1 ¢.341G>T BIDI1 ¢.405-308_405-304del









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





