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Objective: Variants of the polycystic kidney and hepatic disease 1 (PKHD1) gene are associated with autosomal recessive polycystic kidney disease (ARPKD). This study aimed to identify the genetic causes in a Chinese pedigree with ARPKD and design a minigene construct of the PKHD1 gene to investigate the impact of its variants on splicing.
Methods: Umbilical cord samples from the proband and peripheral blood samples from his parents were collected, and genomic DNA was extracted for whole-exome sequencing (WES). Bioinformatic analysis was used to identify potential genetic causes, and Sanger sequencing confirmed the existence of variants within the pedigree. A minigene assay was performed to validate the effects of an intronic variant on mRNA splicing.
Results: Two variants, c.9455del (p.N3152Tfs*10) and c.2408-13C>G, were identified in the PKHD1 gene (NM_138694.4) by WES; the latter has not been previously reported. In silico analysis predicted that this intronic variant is potentially pathogenic. Bioinformatic splice prediction tools revealed that the variant is likely to strongly impact splice site function. An in vitro minigene assay revealed that c.2408-13C>G can cause aberrant splicing, resulting in the retention of 12 bp of intron 23.
Conclusion: A novel pathogenic variant of PKHD1, c.2408-13C>G, was found in a fetus with ARPKD, which enriches the variant spectrum of the PKHD1 gene and provides a basis for genetic counseling and the diagnosis of ARPKD. Minigenes are optimal to determine whether intron variants can cause aberrant splicing.
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1 INTRODUCTION
Autosomal recessive polycystic kidney disease (ARPKD) (OMIM #263200), also known as infantile polycystic kidney disease, is a rare and serious fibrocystic disease of the liver and kidneys that usually occurs in fetuses or neonates (Guay-Woodford et al., 1995). The incidence of ARPKD is estimated to be approximately 1 per 10,000–40,000 live births, with an average incidence of approximately 1 in 20,000 (Bergmann, 2017), which is the same in males and females (Bergmann et al., 2004b). The clinical phenotype of ARPKD varies greatly (Bergmann et al., 2018). Prenatal presentations are mainly characterized by massively enlarged, echogenic kidneys, oligohydramnios and the “Potter” sequence with pulmonary hypoplasia, Potter facies, and spinal and limb abnormalities caused by oligohydramnios (Guay-Woodford and Desmond, 2003), which lead to respiratory insufficiency and perinatal death in approximately 30% of the affected newborns (Bergmann et al., 2005b). Most surviving patients progress to end-stage renal disease (ESRD) at various ages. Patients also develop liver diseases, including dilated biliary ducts, congenital hepatic fibrosis, and portal hypertension (Caroli disease) (Gunay-Aygun et al., 2006; Hartung and Guay-Woodford, 2014). The prognosis for these patients is poor.
Variants in the polycystic kidney and hepatic disease 1 (PKHD1) gene have been identified as the main genetic basis of ARPKD (Onuchic et al., 2002; Ward et al., 2002). The PKHD1 gene is located on human chromosome 6p12.3-p12.2, and contains 86 coding exons (Onuchic et al., 2002; Ward et al., 2002; Bergmann et al., 2004a; Gross, 2016), with the largest reading frame encompassing 67 exons (NM_138694.3); however, multiple alternatively spliced transcripts have been described (Bergmann et al., 2004a). PKHD1 is expressed at moderate levels in the adult kidney, pancreas, and fetal kidney, with lower expressions in the liver. There is almost no expression in the peripheral blood. Fibrocystin is a large protein with receptor-like properties (Onuchic et al., 2002; Ward et al., 2002). It is a receptor protein that acts on the collecting duct and promotes biliary differentiation. Along with polycystin-1 and polycystin-2, fibrocystin has been shown to interact at the molecular level, in addition to direct interactions with protein products. To date, more than 500 PKHD1 variants have been reported; their variant types are diverse, including missense, nonsense, splicing, insertions, and deletions (Sweeney and Avner, 1993-2019; Adeva et al., 2006).
In this study, we used whole-exome sequencing (WES) to evaluate the genetic causes of suspected ARPKD in a Chinese fetus. We identified two variants in the PKHD1 gene in the fetus, one of which was a novel variant located in an intron. To determine whether this site was pathogenic to the affected fetus, we performed a PKHD1 variant pathogenicity study. A minigene splicing assay (Bonnet et al., 2008; Thery et al., 2011) was conducted to identify the novel splice-altering variant of PKHD1. The contribution of this variant to the etiology of ARPKD was evaluated.
2 MATERIALS AND METHODS
2.1 Clinical data
A Chinese family member was recruited from The First Affiliated Hospital of Nanjing Medical University, Nanjing, China. The family pedigree is shown in Figure 1A. The proband (II -1) was a fetus suspected of having ARPKD based on the prenatal ultrasound. The father (I-1) and mother (I-2) of the proband requested pregnancy termination at 30 weeks and 2 days of gestation. The proband (II -1) was subsequently aborted because of the poor prognosis. The proband was male, and his parents had normal kidneys and livers. Clinical data collection, imaging examinations, fetal autopsies, and genetic analyses were performed at our hospital. This study was approved by the Ethics Committee of First Affiliated Hospital of Nanjing Medical University (approval number: 2022-QT-09). Written informed consent was obtained from the parents of the patient.
[image: Figure 1]FIGURE 1 | The pedigree and genotype of the family. (A) One family member in this pedigree was diagnosed with ARPKD. The solid triangle with an arrow indicates the proband (II-1). (B, C) Validation of the variants by Sanger sequencing. The short red arrows indicate the variant sites [(B) c.9455del, (C) c.2408-13C>G]. The long red arrows indicate the sequencing direction.
2.2 Whole-exome sequencing (WES) and bioinformatic analysis
Umbilical cord samples from the proband and peripheral blood samples (2-3 mL, EDTA anticoagulant) from his parents were collected. Total genomic DNA was extracted from all the participants using a QIAamp DNA extraction kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s protocol and sent to Berry Genomics (Beijing, China) for WES. The Novaseq6000 platform (Illumina, San Diego, CA, United States), with 150 bp paired-end sequencing, was used to sequence the genomic DNA of the family. More than 98% of the targeted regions were examined at depths greater than 20×.
Raw image files were processed using CASAVA v1.82 (Berry Genomics) for base calling and raw data generation. The sequencing reads were aligned to the human reference genome (hg38/GRCh38) using the Burrows-Wheeler Aligner tool (Abuín et al., 2015). PCR duplicates were removed using Picard v1.57 (http://picard.sourceforge.net/). The Verita Trekker® Variants Detection System (Berry Genomics) and third-party software GATK (https://software.broadinstitute.org/gatk/) were employed for variant calling. Variant annotation and interpretation were conducted using ANNOVAR (Wang et al., 2010) and the Enliven Variant Annotation Interpretation System authorized by Berry Genomics. Once a variant was considered as the etiology of a recessive disorder, manual inspection for coverage and additional variants of the entire coding domain was performed using Integrated Genomics Viewer (Robinson et al., 2011; Thorvaldsdóttir et al., 2013).
2.3 Variant validation analysis and co-segregation analysis
The variants in the PKHD1 gene (NM_138694.4) identified using WES were confirmed by Sanger sequencing and co-segregation analysis. Sanger sequencing was performed on an ABI 3730XL DNA Sequencer (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, United States). The sequences were aligned to the reference sequence using the Mutation Surveyor software (Dong and Yu, 2011; Minton et al., 2011). Segregation analysis was performed on the family members in this study and the literature (Cao et al., 2019).
2.4 In silico analysis
The potential effect on splicing was predicted with three splice-site prediction programs: Human Splicing Finder (HSF) version 3.1 (http://www.umd.be/HSF3/HSF.shtml), Varseak (https://varseak.bio/index.php), and SpliceAI (https://spliceailookup.broadinstitute.org/).
2.5 Minigene splicing assay
2.5.1 Construction of recombinant vectors
Two groups of recombinant vectors were constructed: pcMINI-C-PKHD1-wild type (wt)/mutant type (mut) and pcDNA3.1-PKHD1-wt/mut. Two rounds of PCR were performed using nested primers. The first PCR was performed using genomic DNA as a template, with PKHD1-35726-F and PKHD1-40380-R as the primers, for 30 cycles, and the second PCR was performed using the products from the first round of PCR as a template, with PKHD1-36009-F and PKHD1-40093-R as the primers, for 30 cycles. For pcMINI-C-PKHD1-wt and pcDNA3.1-PKHD1-wt, PCR was performed using the PCR products from the second round of nested PCR as a template, with pcMINI-C-PKHD1-BamHI-F/pcMINI-C-PKHD1-XhoI-R and pcDNA3.1-PKHD1-BamHI-F/pcDNA3.1-PKHD1-XhoI-R as the primers, for 30 cycles. For pcMINI-C-PKHD1-mut, PCR was performed using PCR products from the second round nested PCR as a template, with pcMINI-C-PKHD1-BamHI-F and PKHD1-mut-R as the primers to amplify the left half of this recombinant vector, for 30 cycles, and with PKHD1-mut-F and pcMINI-C-PKHD1-XhoI-R as the primers to amplify the right half, for 30 cycles; the last round of PCR was performed using a 1:1 mixture of the left and right half as a template, with pcMINI-C-PKHD1-BamHI-F and pcMINI-C-PKHD1-XhoI-R as the primers, for 30 cycles. For pcDNA3.1-PKHD1-mut, the template and amplification procedures were the same as those for pcMINI-C-PKHD1-mut, except that the primers used were pcDNA3.1-PKHD1-BamHI-F, PKHD1-mut-R, PKHD1-mut-F, and pcDNA3.1-PKHD1-XhoI-R (the genomic DNA and gene names are shown in Table 1, and the primers for constructing the minigene vectors are listed in Table 2). Electrophoresis and gel recovery of the final round of the PCR products were performed. The amplified lengths of pcMINI-C-PKHD1-wt and pcMINI-C-PKHD1-mut were 1,858 bp. The amplified lengths of pcDNA3.1-PKHD1-wt and pcDNA3.1-PKHD1-mut were 2,641 bp.
TABLE 1 | Genomic DNA and gene names corresponding to each group.
[image: Table 1]TABLE 2 | The primers for constructing the minigene vectors.
[image: Table 2]The PCR products, pcMINI-C-PKHD1-wt and pcMINI-C-PKHD1-mut, were purified and inserted into the eukaryotic expression vector pcMINI-C using BamHI/XhoI to construct two sets of plasmids: pcMINI-C-PKHD1-wt and pcMINI-C-PKHD1-mut. The PCR products pcDNA3.1-PKHD1-wt and pcDNA3.1-PKHD1-mut were purified and inserted into the eukaryotic expression vector pcDNA3.1 using BamHI/XhoI to construct two sets of plasmids: pcDNA3.1-PKHD1-wt and pcDNA3.1-PKHD1-mut. The recombinant plasmids were digested with BamHI and XhoI and verified by gene sequencing.
The pcDNA3.1 vector was constructed using exon 23 (128 bp)-intron 23 (2,303 bp)-and exon 24 (185 bp). The sequence was constructed using two complete exons of PKHD1 and an intron between them. The pcMINI-C vector contained the general exon A and intron A. During construction, intron 23 (615 bp)-exon 24 (185 bp)-intron 24 (915 bp)-and exon 25 (123 bp) were inserted into the pcMINI-C vector to form exon A-intron A-intron 23 (615 bp)-exon 24 (185 bp)-intron 24 (915 bp)-exon 25 (123 bp). Intron 23 intercepted the part of the sequence that overlapped with intron A to simulate the complete intron sequence. The pcMINI-C vector contained three exons: exon A, exon 24, and exon 25. The pcMINI-C vector inserted intron 24 and exon 25 into the vector to determine whether the variant led to the overall skipping of exon 24.
2.5.2 Transfection of eukaryotic cells
This experiment was designed to use two kinds of cells for transfection [human embryonic kidney cells (HEK293T; ATCC) and cervical cancer cells (HeLa; ATCC)]. HEK293T and HeLa cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, #11965092) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (PenStrep) at 37°C in a 5% CO2 humidified atmosphere. The cell pellet was resuspended in complete DMEM without PenStrep and thereafter the cells were plated in 6-well plates (1×106 cells/well) and incubated until approximately 60% confluence before transfection. For each well, 3 µg recombinant plasmid DNA of either wt or mut was diluted with 250 µL OPTI-MEM (Gibco, #31985-070) and mixed well. Similarly, 8 µL of Liposomal Transfection Reagent was mixed with 250 µL OPTI-MEM and incubated at room temperature (20°C-25°C) for 5 min. The diluted plasmid solutions and Liposomal Transfection Reagent were mixed and incubated at room temperature for 20 min to form a DNA-Liposome complex. Thereafter, 500 µL/well of the mixture was added to 6-well plates of HEK293T and HeLa cells. The transfected cells were cultured at 37 °C in a 5% CO2 humidified atmosphere, and harvested at 48 h post-transfection for analysis.
2.5.3 Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was extracted from the HEK293T and HeLa cells using the TRIzol reagent (RNAiso PLUS, TaKaRa Bio Inc., Shiga, Japan). RNA concentration and purity were assessed using UV spectrophotometry, and the cDNA was synthesized using HifairTM 1st Strand cDNA Synthesis SuperMix for qPCR (gDNA digester plus, YEASEN Biotechnology, Shanghai, China). The PCR products were identified using 2% agarose gel electrophoresis and verified by sequencing.
3 RESULTS
3.1 Clinical findings
The proband (II-1) was diagnosed with suspected ARPKD at a gestational age of 30 weeks in our hospital via a prenatal ultrasound, which suggested massively enlarged, echogenic kidneys and oligohydramnios (Figure 2). The parents had normal kidneys and liver according to the abdominal ultrasound. When asked about their medical history at their local hospital, oligohydramnios [amniotic fluid index (AFI), 48 mm)] was detected via ultrasound at 16 weeks and 5 days of pregnancy. Oligohydramnios (AFI, 44 mm) was detected by ultrasonography at 25 weeks and 2 days of pregnancy, and both kidneys were slightly enlarged and echogenic. This was the couple’s first pregnancy; the couple was not consanguineous and denied a family history of polycystic kidney disease (PKD). After being fully informed of the prognosis of the fetus and genetic counseling, the couple requested pregnancy termination at 30 weeks and 2 days of gestation. An autopsy and genetic testing were performed to explore the etiology of fetal PKD. The autopsy of the aborted fetus showed that the bilateral kidneys were enlarged; the size of the left kidney was 5.8 cm × 4.1 cm × 2.0 cm, the size of the right kidney was 6.0 cm × 4.0 cm × 2.0 cm, and there were small cystic cavities in both kidneys. Microscopically, dilated tubular structures could be seen between the renal parenchyma, lined with cuboidal epithelium, and part of the epithelium was exfoliated and showed polycystic changes; uninvolved nephrons, cortical medulla structures, glomeruli, and renal tubules could be seen between the cysts. The size of the liver was 10.0 cm × 9.0 cm × 3.0 cm. Microscopically, the structure of the hepatic lobule did exist; the portal area could be observed, and no definite abnormalities were visible.
[image: Figure 2]FIGURE 2 | Prenatal ultrasound images of the proband (II-1). (A) The massively enlarged, echogenic kidneys of the proband (LK, left kidney; RK, right kidney). (B) The size of the bladder of the proband was 15.6 mm × 9.4 mm.
3.2 Genetic test results
Trio-WES was performed on the proband and his parents. Two variants were detected in the PKHD1 and were confirmed by Sanger sequencing (Figures 1B, C). Compound heterozygous variants c.9455del: p.N3152Tfs*10 in exon 58 and c.2408-13C>G in intron 23 were identified. In addition, the father was a heterozygous carrier of the c.9455del variant (Figure 1B) and the mother was a heterozygous carrier of the c.2408-13C>G variant (Figure 1C).
According to the “Interpretation Criteria and Guidelines for Gene Sequence Variation” established in 2015 (Richards et al., 2015), the pathogenicity analysis of c.9455del was carried out as follows: (1) the variant caused changes in the open reading frame of the gene, resulting in changes in the protein function (very strong pathogenic evidence, PVS1); (2) the variant was not found in gnomAD, the 1000 Genomes Project, and the ExAC dataset (medium strong pathogenic evidence, PM2); (3) it was reported that the phenotype of PKD was co-segregated with the genotype in two affected family members (Cao et al., 2019) (supportive pathogenic evidence, PP1); and (4) the clinical manifestations of the proband were highly consistent with the phenotype of ARPKD induced by the PKHD1 gene variant (supportive pathogenic evidence, PP4). Taken together, the evidence intensity of the c.9455del variant was “PVS1+PM2+PP1+PP4” and was judged to be a pathogenic variant (very strong pathogenic evidence).
As suggested by the American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) guidelines and the expert specifications of variant interpretation guidelines for PKD (Guay-Woodford et al., 2014; Richards et al., 2015; Horie et al., 2016; Writing Group For Practice Guidelines For Diagnosis And Treatment Of Genetic Diseases Medical Genetics Branch Of Chinese Medical Association et al., 2020); the pathogenicity analysis of c.2408-13C>G was performed as follows: (1) the variant was not found in gnomAD, the 1000 Genomes Project, and the ExAC dataset (moderate pathogenic evidence, PM2); (2) the affected fetus was found to carry the PKHD1 c.2408-13C>G and c.9455del compound heterozygous variants (moderate pathogenic evidence, PM3); (3) the splicing prediction software spliceAI indicated that the variant was likely to affect the splicing (supporting pathogenic evidence, PP3); and (4) the fetal phenotype, massively enlarged, echogenic kidneys, oligohydramnios, and autopsy results were highly specific to the PKHD1 gene (supporting pathogenic evidence, PP4). Taken together, the evidence for the c.2408-13C>G variant was “PM2+PM3+PP3+PP4” and was judged to be a likely pathogenic variant.
3.3 In silico splicing analysis
The c.2408-13C>G variant identified in PKHD1 was located on the 13th-to-last base of intron 23 (Figure 3). According to the influence of mutation location on splicing from large to small, mutations are divided into four categories: class Ⅰ (classical region: exon ±1 or 2 bp), class Ⅱ (boundary region: exon 3 bp ∼ intron 6 bp and intron 12 bp ∼ exon 2 bp, not contain exon ±1 or 2 bp), class Ⅲ (exon interior region), and class Ⅳ (deep intron region) (Cartegni et al., 2002). This intronic variant was located in the deep intron and belonged to the “class IV mutation region” which affects splicing. Therefore, we used HSF, Varseak, and SpliceAI to predict changes in the splice sites caused by the variant. HSF predicted that the score of the wt acceptor site would decrease by 37.37% after the introduction of the variant. According to Varseak, the score of the wt acceptor site would decrease by 29.90% after the introduction of the variant. SpliceAI predicted that the wt acceptor site score would decrease by 0.67, and a new acceptor site could be produced with a score as high as 0.91. In summary, all the splicing prediction software programs indicated that the wt acceptor site would be broken or altered after the variant, suggesting that the variant (c.2408-13C>G) most probably affects splicing (Table 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of the location of the intronic variant (c.2408-13C>G) in the PKHD1 gene. The variant is located at the 13th-to-last base of intron 23.
TABLE 3 | In silico splicing analysis of the PKHD1 variant.
[image: Table 3]3.4 Results of the minigene assay
3.4.1 Construction of recombinant vectors
Recombinant plasmids pcMINI-C-PKHD1-wt, pcMINI-C-PKHD1-mut, pcDNA3.1-PKHD1-wt, and pcDNA3.1-PKHD1-mut were successfully constructed. The four recombinant plasmids were digested with restriction endonucleases XhoI and BamHI; the fragments were consistent with the expected fragments, confirming that the target fragment, the PKHD1-wt/mut minigene, was successfully inserted into the vector. The sequencing results are shown in Figures 4B, 5B. The sequencing results indicated that the PKHD1-wt and PKHD1-mut minigenes were successfully inserted into the pcMINI-C and pcDNA3.1 vectors, respectively. The sequence differences before and after the variant are shown in Figures 4D, 5D.
[image: Figure 4]FIGURE 4 | Splicing alteration was identified by a minigene assay using a pcMINI-C vector. (A) Schematic diagram of the minigene and vector construction. (B) Sequencing in the recombinant vector. The top of Figure 4B indicates the results of wt minigene sequencing, and the bottom shows the sequencing of the mut (c.2408-13C>G) minigene. Both are partial sequencing results. The red frame indicates the base changed by the variant. (C) Reverse-transcription polymerase chain reaction (RT-PCR) products were separated by electrophoresis of the pcMINI-PKHD1-wt/mut vector in 293T and HeLa cells. The different splicing products for wild-type (wt lane, 601 bp) and mutant-type (mut lane, 613 bp) are shown on 2% agarose gel electrophoresis and represented graphically. (D) The sequencing results for the bands.
[image: Figure 5]FIGURE 5 | Splicing alteration was identified by a minigene assay using a pcDNA3.1 vector. (A) Schematic diagram of the minigene and vector construction. (B) Sequencing in the recombinant vector. The top of Figure 5B indicates the results of wt minigene sequencing, and the bottom shows the sequencing of the mut (c.2408-13C>G) minigene. Both are partial sequencing results. The red frame indicates the base changed by the variant. (C) Reverse-transcription polymerase chain reaction (RT-PCR) products were separated by electrophoresis of the pcDNA3.1-PKHD1-wt/mut vector in 293T and HeLa cells. The different splicing products for wild-type (wt lane, 434 bp) and mutant-type (mut lane, 446 bp) are shown on 2% agarose gel electrophoresis and represented graphically. (D) The sequencing results for the bands.
3.4.2 PKHD1 mRNA expression in the cells transfected with recombinant plasmids
To verify the effect of the c.2408-13C>G variant in PKHD1 on pre-mRNA splicing, a minigene assay was performed. HeLa and 293T cells were transfected as previously described. Eight samples were collected 48 h after transfection. Schematic diagrams of the minigene construct are shown in Figures 4A, 5A.
The agarose gels showed no significant difference in the bands produced by the wt compared to the mut ones (Figures 4C, 5C), probably because the difference of 12 bp was too small. However, the difference could be seen in the sequencing results (Figures 4D, 5D). The wt band of the expected size was named band a, whereas the mut band was named band b (Figures 4C, 5C). The size of the pcMINI-C-PKHD1-wt band (a) was 601 bp, which was consistent with the expected size (Figure 4C). DNA sequencing results indicated that the wt minigene formed a normal mRNA comprising exon A (192 bp), exon 24 (185 bp), and exon 25 (123 bp) [Figure 4D (a)]. The intron c.2408-13C>G mutant minigene (pcMINI-C-PKHD1-mut) caused aberrant splicing, resulting in the retention of 12 bp on the right side of intron 23, and the splicing mode was exon A (192 bp), ▽intron 23 (12 bp), exon 24 (185 bp), and exon 25 (123 bp) [Figure 4D (b)]. The size of the pcDNA3.1-PKHD1-wt band (a) was 434 bp, which was consistent with the expected size (Figure 5C). Sequencing showed that the wt band a was spliced normally, and the splicing mode of the band was exon 23 (128 bp) to exon 24 (185 bp) [Figure 5D (a)]. The intron c.2408-13C>G mutant minigene (pcDNA3.1-PKHD1-mut) retained 12 bp to the right of intron 23. The splicing modes of the mut band b were exon 23 (128 bp), ▽intron 23 (12 bp), and exon 24 (185 bp) [Figure 5D (b)]. The sequencing results of the bands are shown in Figures 4D, 5D. These results showed that the PKHD1-mut minigenes produced alternative transcripts that were different from those of the PKHD1-wt minigenes in the two cell types. These results were consistent with those of the HSF, Varseak, and SpliceAI analyses.
4 DISCUSSION
Ultrasonography has been routinely used for screening ARPKD (Sweeney and Avner, 1993-2019; Bergmann et al., 2018; Raina et al., 2021; Society for Maternal-Fetal Medicine and Swanson, 2021). In this study, prenatal ultrasonography demonstrated that the fetus had massively enlarged echogenic kidneys and oligohydramnios, but no liver lesions were found. Therefore, the fetus was highly suspected to be a patient with ARPKD. However, the prenatal diagnosis of ARPKD using fetal sonography can be unreliable, particularly during early pregnancy (Sweeney and Avner, 1993-2019; Zerres et al., 1998; Raina et al., 2021). Precise and unequivocal diagnosis of ARPKD requires genetic testing (Sweeney and Avner, 1993-2019; Bergmann et al., 2018; Groopman et al., 2018; Raina et al., 2021; Society for Maternal-Fetal Medicine and Swanson, 2021). Even so, considering the poor prognosis of pulmonary hypoplasia caused by severe oligohydramnios, the family herein decided to terminate the pregnancy without genetic result. After pregnancy termination, the parents chose genetic testing to seek the causes.
Trio-WES was used to explore the possible genetic causes of fetal abnormalities in the pedigree. Two variants of the PKHD1 gene in the proband were detected in this study: (1) exon 58: c.9455del (p.N3152Tfs*10) in the father, and (2) intron 23: c.2408-13C>G in the mother. PKHD1 is the most common pathogenic gene associated with ARPKD. A recent study indicated that the DAZ interacting zinc finger protein 1-like (DZIP1L) gene may be the second gene associated with ARPKD (Lu et al., 2017); however, more evidence is required for this to be definitively proven. ARPKD is caused by homozygous or compound heterozygous variants of the PKHD1 gene (Onuchic et al., 2002; Ward et al., 2002). Variants of PKHD1 are scattered throughout the gene, without evidence of clustering at specific sites (Bergmann et al., 2003; Bergmann et al., 2005a). There is no indication of a mutation hotspot (Bergmann et al., 2005a; Losekoot et al., 2005). Currently more than 500 pathogenic variants in PKHD1 have been reported, and their variant types are diverse, including missense, nonsense, splicing, insertions, and deletions (Sweeney and Avner, 1993-2019; Adeva et al., 2006). At present, there have only been a few functional experiments on PKHD1 gene mutation sites. Therefore, in silico predictions can provide an effective reference.
The exon variant (c.9455del) detected in this study has been previously reported (Cao et al., 2019). The c.9455del variant did not affect splicing, and the splicing pattern was consistent with that of the wt. However, this variant is a frameshift deletion that causes changes in the open reading frame and amino acid sequences. This variant has been evaluated as a disease-causing mutation in the Human Gene Mutation Database (HGMD) (Cao et al., 2019). The c.2408-13C>G variant was an intronic variant that has not been previously reported. It was not a classic splicing site (Cartegni et al., 2002); therefore, its clinical significance remained unknown. Thereafter, we used bioinformatic splice prediction tools to assess the possible effect of the c.2408-13C>G variant, which revealed that the variant might have a great impact on splice site function. Although intronic variants may have more harmful effects than exon variants, they have rarely been studied. To further clarify the pathogenicity of intronic variant c.2408-13C>G, we conducted functional studies.
It has been reported that a minigene experiment can produce splicing results reaching almost 100% similarity (van der Klift et al., 2015). Therefore, we performed RT-PCR splicing validation by constructing a minigene vector. Clinical interpretation of the splicing results of a genetic variant is complex. A variant is considered pathogenic when it causes frameshifts, major splicing aberrations, or in-frame insertions/deletions. The results of the minigene experiment in vitro showed that the intron c.2408-13C>G variant caused aberrant splicing, resulting in the retention of 12 bp in intron 23. And the results of the pcMINI-C and pcDNA3.1 vectors were the same. The cDNA after the variant was c.2407_2408insCTTCTCTCACAG. Moreover, the variant did not lead to a change in the subsequent reading frame. Therefore, our minigene splicing assay of the wt and mut constructs revealed that an aberrant splicing process was produced with the c.2408-13C>G variant at the mRNA level. According to this result, we hypothesized that the change in protein level was p. Ser802_Asp803insAlaSerLeuThr, which would lead to the insertion of four amino acid residues. The insertion of these four amino acid residues may change the structure and function of the protein. Functional validation demonstrated that the intron c.2408-13C>G variant caused aberrant splicing, which would subsequently lead to gene function impairment (strong pathogenic evidence, PS3), according to the ACMG criteria (Richards et al., 2015). Taken together, the evidence for the c.2408-13C>G variant was “PM2+PM3+PP3+PP4+PS3” and was updated to be a pathogenic variant. Changes in the protein levels were only hypothesized, and further studies are still required to confirm the role of the PKHD1 gene variant (c.2408-13C>G) in ARPKD at the protein level.
Similar to this study, in suspected patients of other diseases, part of pathogenic gene variants are variants of unknown clinical significance (VUS) or likely pathogenic, which makes genetic counseling of patients and their families complicated. More importantly, in families who wish to have a healthy child, this causes difficulty in prenatal diagnosis. Therefore, functional studies for these variants are required. If the pathogenic variant occurs in an intron, RNA from the patient should be examined via RT-PCR analysis to establish whether the variant has any effect on splicing. However, it is usually difficult to timely keep samples from patients for RNA extraction. Alternatively, a variant in an intron can be examined by minigene splicing analysis (Bonnet et al., 2008; Thery et al., 2011). Splicing reporter minigenes have the following advantages: (1) no need to extract RNA from the patient; (2) analysis and quantification of the splicing outcome of a single mutant allele without the interference of the wt one; (3) high reproducibility of results. Herein, we successfully functionally characterized an intronic variant by minigene splicing. Two pathogenic variants were identified in this family member. At conception, each child of the parents will have a 25% chance of inheriting both pathogenic variants and being affected in the future. To have children unaffected by ARPKD, prenatal testing for future pregnancies or preimplantation genetic diagnosis (PGD) are possible options (Lau et al., 2010).
5 CONCLUSION
In this study, using minigene vector technology, we confirmed that the intron c.2408-13C>G variant can cause aberrant splicing, resulting in the retention of 12 bp in intron 23, which was a pathogenic site. This novel finding broadens the variant spectrum of the PKHD1 gene and provides a basis for genetic counseling and diagnosis of ARPKD. Trio-WES is an effective high-throughput approach for the diagnosis of PKD.
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