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Editorial on the Research Topic 
Next Generation Sequencing (NGS) for Rare Diseases Diagnosis

INTRODUCTION
The rapidly increasing amount of genome data provides wide opportunities to address new research questions and to translate new knowledge in clinical practice (Koriath et al., 2021). Currently, most mature areas for clinical applications of genomics include rare disease diagnostics, oncology, infectious diseases, and pharmacogenomics. We expect that the next wave is seen in improving our understanding of chronic diseases that change traditional diagnostic categories. These new disease classifications hopefully result in new, more tailored treatment and prediction options (Holzinger et al., 2015). Genomic medicine publishes high-quality research that facilitates the use of genomic information in medicine, including treatment, diagnostics, and prevention (Franks et al., 2021). With the goal to explore studies regarding clinical work that benefited from Next Generation Sequencing (NGS), this issue entitled “Next Generation Sequencing (NGS) for Rare Diseases Diagnosis” is published.
In a hemophilia A family with two male patients, Bai et al. had used NGS for preimplantation genetic testing to screen chromosome copy number variation and mutation sites. Sanger Sequencing was enrolled to verify the identified mutation sites and single nucleotide polymorphisms (SNP). Finally, a novel missense mutation, p (Phe690Leu)/c.2070C > A, occurring in exon 13 of factor VIII gene (F8/FVIII) was identified as a potential pathogenic mutation. Defects in F8 are documented to be the pathogenic mechanism of an X-linked recessive bleeding disorder called hemophilia A. After an F8 normal euploid blastocyst was transferred, the family had a healthy fetus, indicating the importance of NGS in assisted reproduction technology. It is worth noting that structural modeling was used for speculating the possible pathogenic mechanism of the mutation both in this study and other studies in this issue. Due to the limitation of diagnostic conditions and time, it is often difficult to verify the functions of the mutations found in possible therapeutic gene sites. Therefore, in silico analysis such as structural modeling plays an important role in determining the pathogenicity of mutation sites. This illustrates the importance of combining clinical practice with basic practice.
MOCS1 (Molybdenum cofactor synthesis 1), MOCS2 (Molybdenum cofactor synthesis 2), and GPHN (Gephyrin) are shown to be the pathogenic genes of molybdenum cofactor (Moco) deficiency in humans (Mayr et al., 2021). These genes, together with MOCS3 (Molybdenum cofactor synthesis 3) are involved in Moco biosynthesis and providing cofactors to Moco-dependent enzymes (Mechler et al., 2015). However, variants in MOCS3 have not been reported in molybdenum cofactor (Moco) deficiency in patients so far. Using trio whole-exome sequencing (Trio-WES) accompanied with Sanger sequencing validation, Tian et al. identified compound heterozygous variants in NM_014484.49 (MOCS3): c.1375C > T; p. Gln459Ter (chr20:49576754-49576754) and NM_014484.49 (MOCS3): c.325C > G; p. Leu109Val (chr20:49575704-49575704) in a proband. The identified variants were inherited from parents respectively. According to the authors, this is the first case of MOCS3 variants causing Moco deficiency. It shows the power of NGS in the diagnosis of rare diseases, and also indicates the importance of familial segregation analysis.
Due to its rarity and sporadic characteristics, the diagnosis of rare diseases is usually quite complicated. In light of this, retrospectively investigation for a cohort of individuals who are suspected having molecular deficiency is effective for expanding both the genetic and clinic spectrum of rare diseases. Patients with disorders of nervous system (67 cases), kidney (65 cases and 69 cases respectively), and hematology (25 cases) were retrospectively studied (Ferese et al.; Kristan et al.; Stippel et al.; Wang et al.). To reveal the role of rare variants in the genotype-phenotype correlation, 67 patients with Charcot-Marie-Tooth (CMT) disease were enrolled in the study performed by (Ferese et al.). The cohort had taken copy number variation (CNV) detection and NGS panel for sequencing of 47 genes known to be associated with CMT and routinely screened in medical genetics. Both novel and previously reported causative variants were identified, broadening the phenotype expression produced by either pathogenic or undefined variants. Similarly, the other three studies are of great significance for the improvement of diagnosis of patients with unexplained rare disorders.
With the development of high-throughput sequencing technology, a large amount of sequencing data have been uploaded to relevant databases, and the mining of these public data has played an important role in the research of diseases pathogenesis including rare diseases and tumors. By means of bioinformatics, He et al. investigated the novel key genes of non-obstructive azoospermia affect spermatogenesis using RNA-seq and scRNA-seq data. Finally, 430 differentially expressed genes were identified. Of these 430 genes, C22orf23, TSACC, and TTC25, which have not been reported related to spermatogenesis are identified as hub genes. This study showed the importance of bioinformatics in disease pathogenesis.
In summary, new genes and rare variants were identified in the studies enrolled in this special topic, showing the important role of NGS in providing a tremendous opportunity to better serve our patients. The studies highlighted the association of phenotypes and the genetic heterogeneity in rare disease diagnosis. Lohmann & Klein have pointed out the importance role of NGS in the diagnosis of both rare diseases and common but heterogeneous disorders as early as in 2014 (Lohmann and Klein 2014). NGS is now widely accepted for diagnostic purposes of rare diseases. It should be noted that for most studied cases Sanger sequencing would have been as good to identify the mutations found as NGS. However, NGS can be performed in a short time at reasonable costs comparing with Sanger sequencing and can provide a large-scale potential variants (Lohmann and Klein 2014).
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Non-obstructive azoospermia (NOA) is one of the most important causes of male infertility. It is mainly characterized by the absence of sperm in semen repeatedly or the number of sperm is small and not fully developed. At present, its pathogenesis remains largely unknown. The goal of this study is to identify hub genes that might affect biomarkers related to spermatogenesis. Using the clinically significant transcriptome and single-cell sequencing data sets on the Gene Expression Omnibus (GEO) database, we identified candidate hub genes related to spermatogenesis. Based on them, we performed Gene Ontology (GO) functional enrichment analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway analyses, protein-protein interaction (PPI) network analysis, principal component analysis (PCA), cell cluster analysis, and pseudo-chronological analysis. We identified a total of 430 differentially expressed genes, of which three have not been reported related to spermatogenesis (C22orf23, TSACC, and TTC25), and the expression of these three hub genes was different in each type of sperm cells. The results of the pseudo-chronological analysis of the three hub genes indicated that TTC25 was in a low expression state during the whole process of sperm development, while the expression of C22orf23 had two fluctuations in the differentiating spermatogonia and late primary spermatocyte stages, and TSACC showed an upward trend from the spermatogonial stem cell stage to the spermatogenesis stage. Our research found that the three hub genes were different in the trajectory of sperm development, indicating that they might play important roles in different sperm cells. This result is of great significance for revealing the pathogenic mechanism of NOA and further research.

Keywords: non-obstructive azoospermia, spermatogenesis, scRNA-seq, differentially express genes, TSSK6


INTRODUCTION

About 10–15% of people of childbearing age are infertile in the world, of which male infertility accounts for about 50% (Gifford, 2015). Male infertility is closely related to sexual dysfunction, varicocele, reproductive system infection, endocrine, obstructive azoospermia (OA), non-obstructive azoospermia (NOA), etc. (Arafat et al., 2017). The incidence of NOA in men is about 1%, accounting for 10–15% of infertile men, and it is one of the most important causes of male infertility (Wosnitzer et al., 2014).

Non-obstructive azoospermia is a type of male infertility caused by spermatogenic dysfunction of testicular tissue. Patients with NOA cannot produce sperm or can only produce a very small amount of sperm. In patients with NOA, the structure of the seminiferous tubules in the testis is disordered, while the maturation of spermatogenic cells is blocked, and the meiosis of spermatogenic cells is arrested (Kohn and Pastuszak, 2018). In recent years, some studies (Vij et al., 2018) have shown that there are focal and heterogeneous tissues in the spermatogenesis disorder. Even if sperm are not found in most of the seminiferous tubules in the testicular tissue, it cannot be completely denied that there may be a very small amount of sperm in some seminiferous tubules. Studies have confirmed that some sperm found from the testis or epididymis in patients whose spermatogenic cells stop during meiosis can also be conceived by intracytoplasmic sperm injection (ICSI) diagnosis and treatment (Silber et al., 1996). There are also studies reporting that the use of round or long sperm can also enable patients to gain fertility (Sofikitis et al., 1998; Ghazzawi et al., 1999). Reproductive technology has greatly reduced requirements for sperm quantity and sperm maturity compared with natural conception conditions, so that it can become a reality for NOA patients to obtain genetic offspring (Corona et al., 2019; Song et al., 2020). Because reproductive technology bypasses the natural selection mechanism in the process of sperm formation, the risk of genetic defects being passed to the next generation is also significantly increased. Therefore, it is particularly important to grasp the key factors that affect the process of sperm development.

At present, the research on NOA mainly focuses on including chromosomal abnormalities, Y chromosome microdeletion, and epigenetics. However, the spermatogenesis barriers and pathogenesis related to gene expression levels are still to be explored (Fang et al., 2020). In this study, we mainly used the gene expression profile microarray transcriptome data and single cell sequencing data in the NCBI Gene Expression Comprehensive Database (NCBI-GEO) database. By analyzing transcriptome data, we identified differentially expressed genes (DEGs) between patients with and without spermatogenesis disorders. Subsequently, we performed Gene Ontology (GO) function enrichment analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway analysis, protein-protein interaction (PPI) network analysis, and identification of hub genes. By analyzing the sperm single-cell sequencing data, we annotated the cell clusters, revealing the expression of the hub gene in the cell clusters, and finally performed a pseudo-chronological analysis of the hub gene to reveal the role of the hub gene in sperm development.



MATERIALS AND METHODS


Data Source

Gene Expression Omnibus (GEO) is a public genome database that provides gene expression data, microarray, and single cell sequencing data.1 The transcriptome data of this study were from two datasets: GSE108886 and GSE145467. People without spermatogenesis disorders were included in the control group, including normal people and patients with OA, and patients with NOA were included in the disease group. The population of the GSE108886 data set consists of one normal person, three OA patients and eight NOA patients. The GSE145467 data set consists of 10 OA patients and 10 NOA patients. The single-cell sequencing data were from the GSE109037 data set, which contained 11 samples from four sub-data sets (spermatogenesis, spermatocytes, spermatogonia, and spermatids) during sperm development.



Identification of Differentially Expressed Genes

The GEO2R online analysis software on GEO database was used to identify DEGs,2 and the screening threshold was set to |log2 FC| > 2 and p < 0.01.



Functional Enrichment Analysis of the DEGs

The DAVID online analysis tool was used for GO and KEGG enrichment analyses of DEGs.3 We then use the imageGP tool for visual analysis.4 p < 0.05 was considered statistically significant.



Construction of PPI Network and Identification of Hub Genes

We use the String database to build the PPI network of DEGs,5 and set the interaction with combined score to be greater than or equal to 0.4. Subsequently, the data after String analysis were imported into Cytoscape software (version 3.6.1) to construct the PPI network again. The five calculation methods (Degree, DMNC, EPC, MCC, and MNC) in the CytoHubba plug-in were used to identify hub genes in the PPI network. A total of 50 hub genes (TOP10 in each algorithm) were selected to be involved in the Veen Diagram, and the core hub genes were then identified for subsequent analysis.



Cell Clustering and Annotation of Single Cell Sequencing Data

We used the Seurat package (version 3.1.5.9915) of the R software (version 4.02) to analyze the four sub-sets of GSE109037. After a series of data filtering, quality control, and normalization, we performed principal component analysis (PCA) and non-linear dimensionality reduction UMAP method for cell clustering. Through the FindAllMarkers function, we obtained the marker genes of the cell clustering, and then we queried the Human Cell Landscape (HPL) database for cell annotation.6 The DotPlot and VlnPlot functions were used to draw bubble charts and violin charts to visualize the expression of hub genes in different cell clusters.



Constructing Trajectories of Hub Genes in Single Cell

The monocle3 package (version 0.2.3.0) was used to perform pseudotime time analysis to construct the developmental trajectory of sperm cells and hub genes. The main functions used were learn_graph, label_leaves, label_branch_points, plot_cells, order_cells, and root_pr_node.




RESULTS


Identification of DEGs

In the GSE108886 data set, a total of 520 DEGs were obtained, including 511 downregulated genes and nine upregulated genes (Figure 1A), while in the GSE145467 data set, a total of 1,622 DEGs were obtained, including 1,566 downregulated genes and 56 upregulated genes (Figure 1B). There were 430 DEGs overlapping the two data sets, and all of them were downregulated genes (Figures 1C,D).
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FIGURE 1. Identification of differentially expressed genes (DEGs). Green dots represent downregulated genes, and red dots represent upregulated genes. (A) The volcano map showing DEGs in the GSE108886 data set. (B) The volcano map showing DEGs in the GSE145467 data set. (C) The volcano map showing DEGs after data set integration. (D) The Venn diagram showing that there are 430 DEGs overlapping these two data sets.




GO Functional Enrichment Analysis and KEGG Pathway Analysis

The results of GO functional enrichment analysis showed that the DEGs were mainly enriched in biological processes (BP) and cell composition (CC). In the BP category, they were mainly enriched in spermatogenesis, multicellular organism development, cell differentiation, spermatid development, and sperm motility (Figure 2A). In the CC category, they were mainly enriched in modile cilium, microtubule, acrosomal vesicle, and nucleus (Figure 2B). In KEGG pathway analysis, we found that these candidate genes might affect spermatogenesis signaling pathways including glycolysis/gluconeogenesis, protein processing in endoplasmic reticulum, carbon metabolism, and cell cycle (Figure 2C).

[image: Figure 2]

FIGURE 2. Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs. (A) The result of GO enrichment analysis (biological process). (B) The result of GO enrichment analysis (cellular component). (C) The result of KEGG pathway enrichment analysis.




Construction of PPI Network of DEGs and Identification of Hub Genes

We mapped these DEGs to the STRING database to construct a PPI network, and then re-imported these interactive network data into Cytoscape software (version 3.6.0), and finally 304 nodes and 933 edges constituted the PPI network (Figure 3A). We used five algorithms in cytoHubba to obtain the top 10 hub genes of each algorithm (Figures 3B–F). Then, these hub genes were integrated, and 15 of them overlapped in the five algorithms (ACTRT2, ADAM32, AKAP4, ALS2CR11, C22orf23, CAPZA3, CRISP2, FAM71F1, GKAP1, ODF1, PGK2, PRM2, TNP1, TSACC, and TTC25). The 15 hub genes were considered to be key genes (Figure 3G), indicating that they might play important roles in spermatogenesis. After consulting relevant literature (Choi et al., 2003; Malcher et al., 2013; Liu et al., 2015; Javadian-Elyaderani et al., 2016; Malla and Bhandari, 2017; Park et al., 2018; Lim et al., 2019; Tapia Contreras and Hoyer-Fender, 2019; Wang et al., 2019a; Oud et al., 2020; Zhang et al., 2020), among those 15 genes, we screened out three hub genes (C22orf23, TSACC, and TTC25) that have not been reported to be related to spermatogenesis.
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FIGURE 3. Protein-protein interaction (PPI) network of DEGs and identification of hub genes. (A) PPI network composed of 304 nodes and 933 edges. (B) Hub genes obtained by Degree algorithm. (C) Hub genes obtained by Density of Maximum Neighborhood Component algorithm. (D) Hub genes obtained by Edge Percolated component algorithm. (E) Hub genes obtained by Maximal Clique Centrality algorithm. (F) Hub genes obtained by Maximum Neighborhood Component algorithm. (G) Venn diagram showing 15 overlapped hub genes.




Expression of the Hub Genes in Sperm Cells

To clarify the expression of these three hub genes in different types of sperm cells, we analyzed the single-cell sequencing data covering the whole process of sperm development. Through the Seurat package nonlinear dimensionality reduction method (UMAP), a total of 13 cell clusters were found (Figure 4A). Next, we use the FindAllMarkers function to identify and visualize the marker genes of cell clusters (Figure 4B). By consulting the HPL database through the marker gene, 12 types of sperm cells were identified, and the relationship between them was shown in a heat map (Figure 4C). The analysis results showed that the three hub genes were expressed in late primary spermatocyte, round spermatid, elongated spermatid, sperm1, and sperm2, while testis-specific serine kinase 6 activating co-chaperone (TSACC) had the highest expression level among the three hub genes. In early primary spermatocyte and differentiating spermatogonia cells, TTC25 was almost not expressed, while C22orf23 was slightly expressed, and TSACC expression was higher (Figures 4D,E). This result indicated that there were differences in the expression of hub genes in the development of sperm cells.

[image: Figure 4]

FIGURE 4. The expression of hub genes in sperm cells. (A) Thirteen cell clusters (0–12) of the GSE109037 single-cell sequencing data set. (B) The bubble chart showing the marker gene expression of each cell clusters. (C) The heat map showing the correlation between each cell clusters. (D) Distribution of three hub genes in cell clusters. (E) The violin diagram showing the expression of three hub genes in various sperm cells.




Pseudotime Time Analysis of Hub Genes in Sperm Cells

The developmental trajectory of sperm cells was constructed using monocle 3 software. The results showed that during sperm development, the initial cell of sperm development was identified as spermatogonial stem cell, and the only branch appeared in the elongated spermatid (Figures 5A,B). We constructed the trajectory of C22orf23, TSACC, and TTC25 in sperm development, and found that TTC25 has been maintained at a low level, while C22orf23 began to rise from the differentiating spermatogonia and the first peak appeared in the late primary spermatocyte, and then gradually decreased, there was an upward trend in the process from elongated spermatid to sperm formation. During the whole process from spermatogonial stem cell to the sperm formation, the expression of TSACC showed an upward trend (Figure 5C).

[image: Figure 5]

FIGURE 5. The pseudotime time analysis of sperm development. (A) The developmental trajectory of sperm cells. The ① on the white background indicates that the development of sperm starts from cluster 0 cells, and the ① on the black background indicates branches that appear in the sperm development trajectory. (B) The sperm cells of each developmental stage are marked, the numbers indicate the sequence of each sperm cell’s development trajectory, and words indicate the result of annotating the clustered cells. (C) The results of trajectory analysis of the three hub genes in sperm development, which covers the whole process from spermatogonial stem cell to sperm formation.





DISCUSSION

The process of spermatogenesis is divided into three stages: mitosis stage, meiosis stage, and sperm cell forming stage. Subsequently, mature sperm are freely released into the lumen of seminiferous tubules, and migrate to the epididymal tissue for energy and storage (Neto et al., 2016). In the whole process of spermatogenesis, any abnormality in any link can lead to NOA, which can lead to male infertility (La and Hobbs, 2019). The process of spermatogenesis is a complex process involving a variety of regulatory mechanisms, among which the regulation of gene transcription level has been a hotspot of research in recent years (Singh et al., 2019).

A number of studies have shown (Jan et al., 2017; Law et al., 2019; Trigg et al., 2019) that changes in transcriptome genes can affect the development of different types of sperm cells and ultimately lead to the occurrence of NOA. Our analysis of GSE108886 and GSE145467 found that 430 DEGs were identified in both data sets at the same time and all were downregulated. Subsequent GO analysis showed that these genes were mainly enriched in BP category including spermatogenesis, multicellular organism development, cell differentiation, spermatid development, and sperm motility, as well as in CC category including motile cilium, microtubule, acrosomal vesicle and nucleus. These are also the hotspots of research on male infertility from the transcriptome level in recent years (Moye et al., 2019; Wang et al., 2019b; Yuan et al., 2019; Goto, et al., 2020). KEGG pathway analysis results indicated that the pathways that DEGs might affect sperm development were mainly enriched in glycolysis/gluconeogenesis, protein processing in endoplasmic reticulum, carbon metabolism and cell cycle. Studies have shown that One-carbon metabolism may affect spermatogenesis and lead to male infertility (Singh and Jaiswal, 2013). The protein processing in endoplasmic reticulum signaling pathway affects histone ubiquitination and acetylation during sperm formation, which is crucial for sperm development (Kavarthapu et al., 2020). In proteomic studies, it was found that the glycolysis/gluconeogenesis pathway is different between normal people and asthenospermia patients (Saraswat et al., 2017), but till now, there is no report on the association between glycolysis/gluconeogenesis and NOA patients.

In a total of 50 hub genes obtained by five different algorithms in the cytoHubba plug-in, we obtained 15 genes that overlap in multiple algorithms. After consulting database documents such as NCBI, for the first time, we identified three genes that might be closely related to spermatogenesis: C22orf23, TSACC, and TTC253.

In order to further study the expression of C22orf23, TSACC, and TTC25 in sperm cells, we used the seurat package of the R software to integrate and analyze the corresponding single-cell sequencing data sets. After comparing the data of the HCL database (Han et al., 2020), we identified 12 kinds of sperm cells. Our research results showed that during spermatogenesis, hub genes were expressed in late primary spermatocyte, round spermatid, elongated spermatid, and sperm. The expression of TSACC was of the highest level. In differentiating spermatogonia and early primary spermatocyte cells, TTC25 was almost not expressed, while C22orf23 was lowly expressed, and expression of TSACC is higher than the former two. The above research showed that the expression of the three genes was different in the process of sperm development, and there might be differences in their mechanisms that affect spermatogenesis. The potential mechanisms of spermatogenesis mainly include: (1) the functional structure and cell composition of spermatogenesis, such as blood testis barrier, seminiferous tubules, spermatogenic cells, and testicular somatic cells, etc.; (2) the whole process of spermatogenesis and sperm kinetics of occurrence; (3) endocrine regulation of spermatogenesis; (4) testicular local regulation of spermatogenesis, etc. (Caroppo and Colpi, 2021; Park and Pang, 2021; Rodriguez-Casuriaga and Geisinger, 2021). Differentiating spermatogonia and early primary spermatocyte belong to the representative cells of spermatogenesis during meiosis, so the difference in the expression of these three genes is mainly reflected in the meiosis stage.

Sperm cells have clear developmental trajectories. We used the monocle3 package to successfully construct the developmental trajectory of sperm cells in the GSE109037 dataset. The spematogonial stem cell was recognized as the starting point of spermatogenesis, and a branch was found in the elongated spermatid. The trajectory of C22orf23, TSACC, and TTC25 genes in sperm development was constructed, and it was found that the expression of TTC25 gene was always maintained at a low level. The C22orf23 gene showed two uplifts during the process from differentiating spermatogonia to sperm production. The TSACC gene showed a slow upward trend during the whole process from spermatogonial stem cell to sperm formation. At present, there are few literatures on the correlation between sperm development and C22orf23 gene. However, the TTC25 gene encodes a tetratricopeptide repeat domain-containing protein, which is located in the ciliary axons and plays a role in the docking of the outer actin arm with the cilia. Mutations in this gene can cause primary ciliary dyskinesia (Wallmeier et al., 2016; Emiralioğlu et al., 2020), but whether it is related to sperm development remains to be further studied. TSACC gene is also called testis-specific serine kinase 6-Activating Co-Chaperone Protein (TSSK6-Activating Co-Chaperone), and TSSK6 belongs to a member of the testis-specific serine/threonine kinase family. Studies have confirmed that TSSK family is expressed after meiosis in male germ cells and mature mammalian sperm. When TSSK family expression is restricted after meiosis, it can affect sperm development through phosphorylation signal transduction (Wang et al., 2015, 2016; Salicioni et al., 2020). Animal experiments have confirmed (Spiridonov et al., 2005) that male mice knocked out of the TSSK6 gene can cause spermatogenesis disorders, including decreased sperm count, decreased motility and survival rate, and increased number of abnormal sperm. Su et al. (2010) studied the relationship between TSSK6 gene mutation and human spermatogenesis and found that TSSK6 gene polymorphism is closely related to male infertility. TSACC is a Co-Chaperone that activates TSSK6, and is closely related to the expression of TSSK6. Based on our analysis results, we speculate that TSACC plays an important role in germ cell differentiation and/or sperm function. TSACC is a Co-Chaperone that specifically activates TSSK6 (Spiridonov et al., 2005). Kula and other scholars (Jha et al., 2010) have shown that TSACC is specifically expressed in the testis, and experiments have confirmed that when sperm cells undergo reorganization and chromatin condensation, TSACC and TSSK6 are in sperm co-localization in the cytoplasm of cells, combined with our analysis results, speculate that TSACC plays an important role in germ cell differentiation.

Non-obstructive azoospermia is one of the most common and important causes of male infertility. Our research used existing public databases to integrate gene expression profile microarray and single-cell sequencing data for bioinformatics analysis. In this way, more reliable and accurate results could be obtained. However, to confirm the relationship between these genes and spermatogenesis, molecular biology experiments are needed.



CONCLUSION

This study identified 430 DEGs in NOA patients, as well as their GO functional annotations and signaling pathways, and further identified three hub genes that might play important roles in sperm development, which deserved further in-depth study. These new findings may provide important enlightenment for revealing the pathogenesis of NOA. These hub genes may be biomarkers suggesting abnormal spermatogenesis, providing novel options for precise diagnosis and precise treatment of NOA.
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Hemophilia A is an X-linked recessive bleeding disorder caused by various types of pathological defects in the factor VIII gene (F8/FVIII). Preimplantation genetic testing for monogenic disease (PGT-M) is a powerful tool to tackle the transmission of monogenic inherited disorders from generation to generation. In our case, a mutation in F8 had passed through female carriers in a hemophilia A family and resulted in two male patients with hemophilia A. To identify the etiological genetic variants of F8, next-generation sequencing (NGS) was used for chromosome copy number variation detection, Sanger sequencing to verify mutation sites, single nucleotide polymorphism (SNP) for site amplification, and sequencing to validate the genetic linkage. Finally, a novel missense mutation, p. (Phe690Leu)/c.2070C > A, occurring in exon 13 of F8, was screened out as a pathogenic mutation. Following this, an F8 normal euploid blastocyst was transferred. At the 18th week, the pregnant mother underwent amniocentesis, NGS, Sanger sequencing, and SNP typing that further confirmed that the fetus had a healthy genotype. After delivery, a neonatal blood sample was sent for FVIII concentration detection, and the result established that the FVIII protein was rescued to a nearly average level. We first identified a new type of pathogenic mutation in F8, which has not been previously reported, selected a genetically healthy progeny for an affected family, and provided valuable knowledge of the diagnosis and treatment of hemophilia A.

Keywords: hemophilia A, preimplantation genetic testing for monogenic disease, p.(Phe690Leu)/c.2070C > A, next-generation sequencing, chromosome copy number variation, single nucleotide polymorphism


INTRODUCTION

Hemophilia A (OMIM 306700) is an inherited X-linked recessive bleeding disorder. It is caused by the deficiency of blood coagulant activities of factor VIII (FVIII), due to abnormalities in the F8 coding gene (Keeney et al., 2005). The father with a homozygous mutation will certainly pass the mutation to a female child who would phenotypically be a normal female hemizygous carrier, whereas none of the male children born will be affected. A mother with homozygous mutation will give birth to male children with homozygous mutation and a has a 50% risk of giving birth to a hemizygous carrier female child. Both male and female descendants could be affected by the disease if both parents are homozygous for the abnormal gene. Therefore, hemophilia A rarely occurs in female individuals, as it always appears in a heterozygote form. Conversely, the incidence is estimated to be 1:5,000–10,000 in male individuals (Hallden et al., 2012). Activity and circulating plasma levels of FVIII protein are used to evaluate the severity of hemophilia A, which can be classified as severe, moderate, and mild, corresponding to FVIII protein levels of ≤1, 2–5, and 5–30%, respectively (Srivastava et al., 2013).

The F8 gene (MIM + 300841) is located at the distal end of the long arm of the X chromosome (Xq28), which is 186 kb in size [hg19: chrX:154064064-154250998; UCSC genome browser1], comprising 26 exons and 25 introns. Since the first publication of the F8 sequence in 1984, more than 2,000 gene mutations corresponding to 5,472 individual case reports of hemophilia A have been reported. These mutations are described in the Human Gene Mutation Database (HGMD2) and Factor VIII Variant Database3. Currently, different heterogeneous genetic mutations in the F8 gene cause hemophilia A, including inversion in intron 22 and intron 1, point mutations, small deletions/insertions/duplications, and large deletions/duplications. Point mutations caused by missense mutations usually result in 57 mild or moderate illness. Other types of variants always cause severe outcomes (Peyvandi et al., 2013; Lannoy and Hermans, 2016). Therefore, the identification of F8 mutations can be crucial in genetic counseling and prenatal diagnosis.

In this study, with the use of next-generation sequencing (NGS), Sanger sequencing, and single nucleotide polymorphism (SNP) typing, we reported the identification and characteristics of a novel missense mutation (p.(Phe690Leu)/c.2070C > A) occurring in exon 13 of F8 in a hemophilia A family, which caused the disease. This mutation has not been previously reported in HGMD and PubMed.



CASE DESCRIPTION


Assessment of Family F8 Mutation

A woman (II-2) presented with no apparent clinical phenotype of hemophilia A came to our assisted reproduction center for PGT-M counseling because her son (III-1) and her brother (II-1) were both affected by hemophilia A (Figure 1A). The activated partial thromboplastin time (APTT) in her son was 121.5 s, and FVIII coagulant activity was 9.50%, corresponding to mild hemophilia A. The hemophilia A patients suffered from recurrent hemarthrosis and continuous bleeding after an injury (Figure 1B and Supplementary Figure S1).


[image: image]

FIGURE 1. (A) Pedigree of the family. The white square represents healthy male individuals; the black square indicates affected male individuals; the black circle with a dot in the middle indicates carrier female individuals. (B) The inspection report of III-1. (C) Mutation screening of the principle of family members using Sanger sequencing. The red arrow indicates the mutation site of (Phe690Leu)/c.2070C > A of F8 at an individual person.


To recognize the potential etiological genetic variants, we screened the F8 gene in her family. The first stage was the pedigree pretest. Genomic DNA was isolated from blood samples based on the principle of family members. Sanger sequencing was used to screen for F8 mutations in these family members. The result is shown in Figure 1C; a variation, c.2070C > A in exon 13 of F8, was found in the mother (II-2). The results also revealed that the mutated nucleotide A was acquired from the II-2’s mother (I-2) and therefore passed to the brother (II-1), the mother herself (II-2), and the mother’s son (III-1). The father and husband of II-2 (I-1 and II-3) had a normal F8 gene. II-2 and her mother were heterozygous for the mutation without disease phenotype. However, her brother and her son were homozygotes for the mutation, and both were affected by hemophilia A. The mutation results in an amino acid change of phenylalanine to leucine (p. Phe690Leu). The current knowledge of this kind of mutation suggests that it may have an impact on the configuration and conformation of FVIII protein, leading to the loss of its function. This is likely to be a pathogenic cause of hemophilia A (Gouw et al., 2012; Chen et al., 2016; Stephensen et al., 2019).



PGT-M Procedure

According to the mother-II-2’s wish, we performed intracytoplasmic sperm injection with PGT-M for her assisted reproduction trial. Finally, seven blastocysts (4479401, 4479405, 4479406, 4479408, 4479411, 4479412, and 4479413) were obtained, and trophectoderm biopsy was performed and sent for copy number variation (CNV) testing by NGS, mutation detection through Sanger sequencing, and SNP site amplification and sequencing. First, all blastocysts detected without CNV at 4 M resolution level except for embryo 4479412 [45, XN, -16(× 1)] lost chromosome 16 (Figure 2A). Second, after Sanger sequencing, only two out of the seven blastocysts were detected as normal as c.2070C > C in exon 13 of F8 (Figure 2B). Furthermore, SNP typing validated that the two euploid and non-mutation embryos detected in the first two steps inherited the normal X chromosome from their mother (Table 1). The two embryos were numbered 4479405 and 4479411 (highlighted by the red rectangular box or red color), and both were male. Embryos 4479401 and 4479406 were female, and embryo 4479408 and 4479413 were male. These four embryos inherited SNP abnormal chromosome X from the mother (II-2), consistent with the Sanger result and thus were excluded.


[image: image]

FIGURE 2. (A) The copy number variation (CNV) detection and (B) the mutation screening of the seven blastocysts.



TABLE 1. Single nucleotide polymorphism (SNP) typing of the family and preimplantation genetic testing for monogenic disease (PGT-M) embryos.

[image: Table 1]


Amniocentesis Testing and Detection of Newborn FVIII Activity

The 4479405 embryo was selected for blastocyst transfer. At the 18th week, amniocentesis was applied to the mother-II-2 to further confirm the genetic health of the fetus. The result was the same as that in the blastocyst examination. There was no significant abnormal CNV detection at the 4 M resolution level as well as no genetic mutation (Figures 3A,B). Regarding the SNP typing, as illustrated in Figure 3C, the fetus 4479405 inherited the SNP normal X chromosome from the mother, while the previous III-1, who was affected by hemophilia A, inherited the X chromosome with the pathogenic SNP.


[image: image]

FIGURE 3. (A) The copy number variation (CNV), (B) mutation, and (C) single nucleotide polymorphism (SNP) detection of amniotic fluid at the 18th pregnancy week after transfer blastocyst 4479405. (D) The inspection report of newborn 4479405. (E) The consensus of 690 Phe of F8 among different specials. (F) The 3D structure of wild-type FVIII and mutant FVIII. The red arrow represents the conservation of the site Phe690 of F8 among different species.


After delivery, the FVIII concentration of newborn 4479405 was analyzed after 1 month. The result is shown in Figure 4A. The FVIII activity was rescued to 66.5% compared with the 9.50% of the first child (III-1) with hemophilia A of the mother-II-2. According to the doctor’s opinion, FVIII activity became almost normal (Figure 3D and Supplementary Figure S2). These results showed that the mutation site p. (Phe690Leu)/c.2070C > A was exactly the etiological site responsible for hemophilia A. The protein conservation of Phe690 of F8 showed high consensus among Homo sapiens, Pan troglodytes, Canis lupus familiaris, Mus musculus, and Sus scrofa; high consensus was labeled as red color (Figure 3E, arrow). The possible damaging effect of the mutation to FVIII protein 3D structure and software-predicted damaging parameters are illustrated in Figure 3F and listed in Supplementary Figure S3. Compared with wild-type FVIII, the mutant 690 Leu FVIII lacks the benzene ring of the original phenylalanine; the bioinformatic parameters all indicate that such change has harmful effect on FVIII protein.



DISCUSSION

Due to the X-linked recessive mode of inheritance, hemophilia A usually affects male individuals, while the female family members commonly present as deficient gene carriers who may pass the mutation gene to their progeny (Lacroix-Desmazes et al., 2020; Ling and Tuddenham, 2020).

Based on the present report, we detected a novel missense mutation occurring in exon 13 of the F8 gene, p. (Phe690Leu)/c.2070C > A. In the inspected family, this novel mutation had been passed on by the phenotypically normal heterozygote female family members (I-2 and II-2). Male descendants were all affected by inheriting their mother’s deficient gene (II-1 and III-1). In the PGT-M treatment cycle of mother-II-2, two out of the seven embryos were confirmed as euploid as well as possessing a non-mutated F8 gene through CNV testing, mutation detection, and SNP typing. The genetic selection of embryo transfer led to an F8 normal fetus as seen at the 18th week. Finally, the FVIII concentration was rescued to nearly normal levels after the baby was born. Through PGT-M diagnosis and embryo selection, we found a novel F8 mutation and ensured that a normal F8 gene and a healthy CNV were present. The outcome provided us with the confidence that the mutation we found was pathogenic, which is relevant to hemophilia A knowledge.

One of the major genetic challenges is to distinguish causal mutations from polymorphisms. The mutation c.2070C > A in exon 13 was not registered in the SNP database (dbSNP) and has not been reported in HGMD and PubMed. Thus, the mutation was recognized as a novel F8 mutation. This type of mutation may be induced during the normal process of DNA replication, termed a replication error, which occurs in a remarkably low frequency, or may be caused by cell metabolism through depurination/depyrimidination and deamination, called a spontaneous lesion. It was estimated that it occurs in 10,000–1,000,000 nucleotides per cell per day (de Ligt et al., 2013; Lannoy and Hermans, 2016).

The effect of p. (Phe690Leu)/c.2070C > A mutation on FVIII protein was confirmed by bioinformatics analysis (Figures 3E,F and Supplementary Figure S3). It is generally assumed that the more conservative the locus is, the more likely it is to cause harmful results when it is mutant. The Phe690 site of FVIII protein was highly conserved among different specials, which means that it has a great possibility to affect protein function when changed. In a previous study, the mutation of Phe to Leu in allene oxide synthase (AOS) changes its catalysis activity to epoxyalcohol synthase (EAS), which is another fatty acid hydroperoxide metabolizing enzymes of the CYP74 family (Toporkova et al., 2020). In another study, the mutation of Phe to Leu in the 3C-like protease (3CLpro) of severe acute respiratory syndrome coronavirus (SARS-CoV) leads to conformational change and autoinhibition of the enzyme (Muramatsu et al., 2016). In our report, all bioinformatic software parameters indicate that the mutation we found has detrimental effect on protein function.

From the blood coagulation state testing of mother II-2’s first children affected with hemophilia A and 4479405 (Figures 1B, 3D), we can see that not only factor VIII decreased but also factor IX apparently declined, which is responsible for hemophilia B. FIX is a serine protease that plays a vital role in the coagulation cascade. Its cofactor, FVIII, is critical for FIX enzymatic activity. They cooperate in coagulation. Therefore, mutations in either protein may lead to lack of coagulation activity in the other, resulting in frequent spontaneous bleeds in patients (Nienhuis et al., 2017).

The strength of this report is to find out a confirmed de novo F8 gene mutation that is related to hemophilia A. The limitation is that the mutation we found is only responsible for mild hemophilia A; this depends on the patient we met with. However, whether the mutation also contributes to severe hemophilia A, that we do not know.



CONCLUSION

In conclusion, in this case, the F8 gene mutation-causing hemophilia A has affected two male patients in a family, which was found out through CNV detection by NGS, mutation sites verification by Sanger sequencing, and genetic linkage analysis by SNP. Finally, a novel missense mutation, p. (Phe690Leu)/c.2070C > A, occurring in exon 13 of F8, was screened out as a pathogenic mutation. Following blastocyst transfer of the non-mutation euploid embryo, at the 18th week, the pregnant mother underwent amniocentesis; genetic testing further confirmed that the fetus had a healthy genotype. After delivery, blood testing proved that the FVIII protein has rescued to a nearly average level. This case reveals a new F8 mutation, which provides valuable knowledge for genetic counseling and treatment decisions.
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Background: The molybdenum cofactor (Moco) deficiency in humans results in the inactivity of molybdenum-dependent enzymes and is caused by pathogenic variants in MOCS1 (Molybdenum cofactor synthesis 1), MOCS2 (Molybdenum cofactor synthesis 2), and GPHN (Gephyrin). These genes along with MOCS3 (Molybdenum cofactor synthesis 3) are involved in Moco biosynthesis and providing cofactors to Moco-dependent enzymes. Until now, there was no study to confirm that MOCS3 is a causative gene of Moco deficiency.

Methods: Detailed clinical information was collected in the pedigree. The Whole-exome sequencing (WES) accompanied with Sanger sequencing validation were performed.

Results: We described the clinical presentations of an infant, born to a non-consanguineous healthy family, diagnosed as having MOCS3 variants caused Moco deficiency and showing typical features of Moco deficiency including severe neurologic symptoms and cystic encephalomalacia in the brain MRI, resulting in neonatal death. Compound heterozygous variants in the MOCS3 gene were identified by WES. Positive sulfite and decreased levels of uric acid in plasma and urine were detected.

Conclusion: To our knowledge, this is the first case of MOCS3 variants causing Moco deficiency. Our study may contribute to genetic diagnosis of Moco deficiency and future genetic counseling.

Keywords: MOCS3, neurodevelopmental outcome, sulfite oxidase, whole exome sequencing, molybdenum cofactor deficiency


INTRODUCTION

The molybdenum cofactor (Moco) deficiency in humans results in the inactivity of molybdenum-dependent enzymes including sulfite oxidase, xanthine oxidoreductase, and aldehyde oxidase (Mayr et al., 2021). The inactivation of these enzymes in neurons was related to severe neurological symptoms and residual diseases (Zaki et al., 2016). The etiology of Moco deficiency was caused by pathogenic variants in MOCS1 (Molybdenum cofactor synthesis 1), MOCS2 (Molybdenum cofactor synthesis 2), and GPHN (Gephyrin). The typical clinical features of Moco deficiency patients with these variants are characterized by neonatal-onset intractable seizures, followed by feeding difficulty, developmental delay, and neonatal deaths (Mechler et al., 2015).

The signs and symptoms of patients with Moco deficiency are attributed to the pathogenesis of inactivating the molybdenum-dependent enzymes (Atwal and Scaglia, 2016). The enzyme inactivation subsequently leads to the accumulation of metabolites including sulfite, xanthine, hypoxanthine, etc. It is believed that the pathogenesis is caused by accumulated metabolites, and it may exert toxic effects on neurons and lead to seizures, encephalopathy, and other neurological symptoms (Mechler et al., 2015).

Until now, there have been no cases reported with the MOCS3 (Molybdenum cofactor synthesis 3) variation that presented with the typical features of Moco deficiency. The only reported case related to MOCS3 showed a slight change in sulfite metabolites, and as a result the patient only presented mild neurologic disorder symptoms such as high muscular tone and limited speech ability. Except for the thin splenium of corpus callosum, the neurologic imaging was also unremarkable (Huijmans et al., 2017). Therefore, there was not enough evidence to support the pathogenesis of MOCS3 variation and studies illustrating the phenotypic spectrum of MOCS3-induced Moco deficiency are needed.

Here we described a case of Moco deficiency identified with compound heterozygous variations in the MOCS3 gene. The infant presented aggressive phenotypes of Moco deficiency including early onset of neonatal seizures, hypertonia, feeding difficulty, and severe developmental delay. The MRI indicated global cystic encephalomalacia and cortical necrosis. The patient showed poor reaction to treatment and resulted in infant death. To the best of our knowledge, our report is probably the first study to prove that MOCS3 is a pathogenic gene of Moco deficiency. Our study may contribute to genetic diagnosis of Moco deficiency and future genetic counseling.



CASE DESCRIPTION

Our patient is the second child born to the non-consanguineous Chinese parents. The first male child presented neonatal seizures, hypotonia, and developmental delay. He died at the age of 8 months and the suspected diagnosis was hypoxic-ischemic encephalopathy, which was made by Magnetic resonance imaging (MRI) presentation.

The second female child was born at full term (40 weeks) with no abnormality in pregnancy. Without any inducement, generialized tonic-clonic seizures were observed within 24 h after birth and seizures were not controlled after multiple treatments. Her after birth physical examination indicated microcephaly [occipitofrontal head circumference 30.0 cm, < −3 Standard deviation (SD)], hypotonia, and hyper-reflexia. At the age of 5 months the patient was admitted to hospital for the reoccurrence of the seizures. She did not develop the ability to lift her head and trace. MRI showed frontotemporal, parietal, and occipital lobes cystic encephalomalacia and bilateral basal ganglia atrophy (Figure 1). The patient showed severe neurodevelopmental delay. She was still unable to trace, lift her head, roll over, and sit at 10 months. The patient had feeding difficulties resulting in low breast milk intake and died at age of 12 months because of lung infection.


[image: Figure 1]
FIGURE 1. Brain MRI at the age of 3 months. (a–c) represent T1,T2,T2-FLAIR weighted images of one section and (e–g) indicate T1,T2,T2-FLAIR weighted images of another section, respectively. (d,h) show T1 weighted images of the coronal plane and sagittal plane. The arrows point out the representing lesions in each picture.




DIAGNOSTIC ASSESSMENT

Whole-exome sequencing (WES) accompanied with Sanger sequencing validation was performed in the proband and her parents (Figure 2). The variants were firstly filtered according to HGMD and ACMG guidelines Disease-causing mutations (DM) and probable/possible pathological mutation (DM) in the HGMD (Professional version 2019.1) database, and pathogenic (P) and likely pathogenic (LP) variants interpreted by ACMG guidelines for interpretation of genetic variants were included. Secondly, variants were filtered according to allele frequency, variant type, and inheritance mode. Variants with minor allele frequencies (MAF) <0.1%, variant depth of coverage ≥20 and alteration base depth of coverage ≥4 were taken on for further analyses. Filtering was conducted on the remaining variants according to variant type and inheritance model of the associated disease. The proband was identified with compound heterozygous variants in NM_014484.49 (MOCS3): c.1375C>T; p.Gln459Ter (chr20:49576754-49576754) and NM_014484.49 (MOCS3): c.325C>G; p.Leu109Val (chr20:49575704-49575704). Her father was a heterozygous carrier of the MOCS3 c.1375C>T variant and the mother carried another variant in the MOCS3 c.325C>G. All the segregated variants of this case were listed in the Supplementary Table 1 and the annotation of each variant is given.


[image: Figure 2]
FIGURE 2. (A) Sanger sequencing electropherograms showing compound heterozygous variants in MOCS3 (A showing c.1375C>T and B showing c.325C>G). (B) Pedigree chart of the family.


The variants are evaluated by MutationTaster (v2.0), CADD (v1.6), FATHMM (v2.3). The scores of each variant of MOCS3 from the bioinformatic prediction tools are as follows: for c.325C>G the scores are 1.000, 22.8, and 1.19 and for c.1375C>T (premature termination mutation) the scores are 0.958, 36, NA, respectively. The allele frequency of c.325C>G was 6.181e−05 in gnomAD database, 5.182e−05 in the ExAC and 0 in the 1,000 genomes database. The allele frequency of c.1375C>T was 0 in gnomAD the ExAC and the 1,000 genomes databases.

Moco deficiency-related laboratory tests were conducted. The urine and plasma uric acid levels were detected by Beckman Coulter AU680 and enzymatic colorimetric assay on the Cobas 8000 system. The urine sulfite was tested by a urine sulfite test strip. The urine uric acid level was 32 mmol/mol creatinine (normal range 350–2,500 mmol/mol creatinine) and plasma uric acid level was 0.01 mmol/l (normal range 0.08–0.37 mmol/l). The urine sulfite test strip was positive.



DISCUSSION

Moco deficiency is characterized by severe neonatal neuropathologic symptoms, typical neuroimaging findings and variants in causative genes MOCS1, MOCS2, and GPHN (Atwal and Scaglia, 2016). These genes along with MOCS3 are involved in Moco biosynthesis and providing cofactors to Moco dependent enzymes. In reported Moco deficiency cases, two thirds are caused by MOCS1 variants, followed by MOCS2 and GPHN. Most of these cases presented typical symptoms of Moco deficiency (Reiss and Johnson, 2003; Zaki et al., 2016; Mayr et al., 2021). Until now there was no evidence that MOCS3 was one of the causative genes of Moco deficiency. In 2017 there was one case with the MOCS3 variant who showed a slight disorder of sulfite metabolites and near to normal neurologic symptoms (Huijmans et al., 2017). In our study, we identified a Moco deficiency patient with variants in MOCS3 presented typical features of Moco deficiency including early onset severe neurological symptoms accompanied with typical MRI manifestations and biochemical changes. The published variant in 2017 was a missense variant and the variants in our study included a premature termination variation, and it could be a possible reason for the severity of our case. To our knowledge, our study is the first study to show that MOCS3 is a pathogenic gene of Moco deficiency.

The clinical diagnosis of Moco deficiency is often supported by typical MRI readings (brain edema, cystic encephalomalacia, atrophy of cortex and white matter, focal or bilateral changes of globus pallidus, thalamus, etc.), and it has to be confirmed by genetic and biochemical testing (Durmaz and Ozbakir, 2018; Arican et al., 2019). The primary features of the disease were reported to be seizures (72%), feeding difficulties (26%), hypotonia (11%), and developmental delay (9%). The median onset age was the first day of life and the median survival was 36 months (Mechler et al., 2015). In our study, the proband presented similar symptoms as the first infant, and the inherited diseases were considered and further tests were performed. Although the first infant was suspected as hypoxic-ischemic encephalopathy, in some cases the neurological manifestations of Moco deficiency may overlap with severe hypoxic-ischemic encephalopathy, and shows seizures, developmental delay, and cystic encephalomalacia in MRI etc. (Zaki et al., 2016; Yoganathan et al., 2018). However, Moco deficiency usually presents more aggressive neurological symptoms. The positive urine test for sulfite with decreased plasma and urine uric acid would assist diagnosis (Yoganathan et al., 2018; Bender et al., 2019).

MOCS3 might involve in the pathogenesis of neurodevelopmental diseases by impacting the Moco biosynthesis pathway, affecting neuronal receptors and causing neuronal death. MOCS3 knocked out cells were reported to cause combined deficiency of sulfite oxidase, xanthine oxidoreductase, and aldehyde oxidase (Chowdhury et al., 2012). This resulted in accumulation of many metabolites, especially sulfite, a neurotoxin proved to react with cystin to form the S-sulfocysteine and thiosulfate (Neukranz et al., 2019). The structure of S-sulfocysteine highly resembled the excitatory neurotransmitter glutamate that could bind and stimulate glutamatergic receptors. It has been proved in a zebrafish model that S-sulfocysteine could stimulate glutamatergic receptors, induce seizure-like movements, and increase cell death in the central nervous system (Zaki et al., 2016; Plate et al., 2019). Accumulation of S-sulphocysteine and thiosulfate would activate the N-methyl-D-aspartate receptor and increase intracellular magnesium and calcium. This could enhance the permeability of the mitochondria, compromise the mitochondrial energy supply, and reduce the cell viability in cerebral cortex of rat brain (Grings et al., 2014; Marelja et al., 2018; Bender et al., 2019; Plate et al., 2019). All these processes may be the possible mechanisms underlying the neurological dysfunction observed in our patient.

In summary, we reported a novel causative gene MOCS3 in a Moco deficiency patient. Our study may contribute to genetic diagnosis of Moco deficiency and future genetic counseling.



MATERIALS AND METHODS

Leukocyte DNA was extracted from peripheral blood using the phenol-chloroform method. DNA was then sheared to ~200 bp by the Biorupter UCD-200 (Diagenode). The DNA fragments were then repaired at the end, and one A base was added to the 3′ end. The DNA fragments were connected with sequencing adaptors, and fragments of ~320 bp were collected by XP beads. After PCR amplification, the DNA fragments were hybridized and captured by IDT's xGen Exome Research Panel (Integrated DNA Technologies, San Diego, USA) according to the manufacturer's protocol. The hybrid products were eluted and collected. Then, DNA was PCR amplified and purified. The libraries were tested for enrichment by qPCR, and size distribution and concentration were determined using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). WES was performed on the HiSeq 2500 system (Illumina) with an average coverage depth of 100 × of the variants for sequencing the genomic DNA of the family. Raw sequence reads were mapped to the hg19/GRCh37 using Elandv2e (CASAVA1.8.2; Illumina) to remove duplicated reads and CASAVA1.8.2 was further used to call single-nucleotide variants and short insertions/deletions (Markus et al., 2020; Tessarech et al., 2020). The variants were annotated using ANNOVAR (Wang et al., 2010).

A public database (1,000 Genomes Project, ExAC, gnomAD) was used to detect variants frequencies. The pathogenicity of variants was predicted using following software programs:

Combined Annotation Dependent Depletion [CADD] [https://cadd.gs.washington.edu/] (Kircher et al., 2014; Rentzsch et al., 2019).

MutationTaster [http://www.mutationtaster.org/] (Schwarz et al., 2014).

FATHMM [http://fathmm.biocompute.org.uk/fathmmMKL.htm] (Shihab et al., 2013a,b).

Sanger sequencing was performed on the DNA of the proband's parents to validate the variants found in WES using standard methods on ABI 3730 automated sequencer with BigDye™ Terminator v3.1 Cycle Sequencing Kit, as described previously (Stockley et al., 2013). The primers are as follows: forward primer (5′-CTCTGTCCCGAGATGAGATTCT-3′) and reverse primer (5′-CGTTGTCCGAGCAGTCAGC-3'), forward primer (5′-AAGAAGCAATCTGGGAAGAGAAG) and reverse primer (5′-ATGACCCTCTTTCTGAATAATTAAA).
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Background: Chronic kidney disease (CKD) in childhood and adolescence occurs with a median incidence of 9 per million of the age-related population. Over 70% of CKD cases under the age of 25 years can be attributed to a hereditary kidney disease. Among these are hereditary podocytopathies, ciliopathies and (monogenic) congenital anomalies of the kidney and urinary tract (CAKUT). These disease entities can present with a vast variety of extrarenal manifestations. So far, skeletal anomalies (SA) have been infrequently described as extrarenal manifestation in these entities. The aim of this study was to retrospectively investigate a cohort of individuals with hereditary podocytopathies, ciliopathies or CAKUT, in which molecular genetic testing had been performed, for the extrarenal manifestation of SA.

Material and Methods: A cohort of 65 unrelated individuals with a clinically presumed hereditary podocytopathy (focal segmental glomerulosclerosis, steroid resistant nephrotic syndrome), ciliopathy (nephronophthisis, Bardet-Biedl syndrome, autosomal recessive/dominant polycystic kidney disease), or CAKUT was screened for SA. Data was acquired using a standardized questionnaire and medical reports. 57/65 (88%) of the index cases were analyzed using exome sequencing (ES).

Results: 8/65 (12%) index individuals presented with a hereditary podocytopathy, ciliopathy, or CAKUT and an additional skeletal phenotype. In 5/8 families (63%), pathogenic variants in known disease-associated genes (1x BBS1, 1x MAFB, 2x PBX1, 1x SIX2) could be identified.

Conclusions: This study highlights the genetic heterogeneity and clinical variability of hereditary nephropathies in respect of skeletal anomalies as extrarenal manifestation.

Keywords: hereditary nephropathy, CAKUT, podocytopathy, FSGS, SRNS, ciliopathy, skeletal anomaly


INTRODUCTION

Chronic kidney disease (CKD) in childhood and adolescence occurs with a median incidence of 9 per million of the age-related population (Harambat et al., 2012). A hereditary (monogenic) nephropathy accounts for over 70% of CKD cases with onset under 25 years of age (Vivante and Hildebrandt, 2016). Hereditary nephropathies comprise a group of clinically and genetically heterogeneous kidney disorders representing a significant risk for the development of ESRD (end-stage renal disease) (Stavljenic-Rukavina, 2009). About 6% of children up to the age of 14 years on renal replacement therapy (RRT) have a diagnosed hereditary nephropathy. Additionally, congenital anomalies of the kidney and urinary tract (CAKUT) and cystic kidney diseases, in which various monogenic disorders have been identified, are present in more than 50% of children up to the age of 14 years on RRT (Chesnaye et al., 2014). Hence, hereditary nephropathies, which can occur in isolated or syndromic forms, pose a substantial burden on mortality and morbidity.

More than 200 clinically distinct syndromes have been described to involve renal/urinary tract malformations (van der Ven et al., 2018). However, skeletal anomalies (SA) as extrarenal feature of hereditary nephropathies are infrequently described in the literature, but can be part of syndromic forms of hereditary podocytopathies (e.g., focal segmental glomerulosclerosis, steroid resistant nephrotic syndrome), ciliopathies (e.g., nephronophthisis), or CAKUT (Solomon, 2011; Romani et al., 2013; Priya et al., 2016; Riedhammer et al., 2017; Titieni and König, 2018; Haffner and Petersen, 2019; König et al., 2019). The frequency of the phenotypic combination of renal and skeletal anomalies depends on the underlying disease/disease entity and can be observed, for example, in individuals with CAKUT in up to 50% (Stoll et al., 2014). This is not surprising, as both the skeleton and kidney originate from the mesoderm and their development share important pathways, such as Wnt- and hedgehog signaling (Barker et al., 2014; Krause et al., 2015).

This study highlights eight individuals with extrarenal features of SA in a cohort of individuals with clinical suspicion of a hereditary podocytopathy, ciliopathy, or CAKUT in which molecular genetic testing had been performed.



MATERIALS AND METHODS

The study was approved by the local Ethics Committee of the Technical University of Munich and performed according to the standard of the Helsinki Declaration of 2013. Written informed consent was obtained by all participants or their legal guardians. All individuals were clinically examined by pediatric or adult nephrologists.


Study Cohort

All individuals were referred to the Institute of Human Genetics of the Klinikum rechts der Isar of the Technical University of Munich, a tertiary care center. Clinical data was acquired using a standardized questionnaire and medical reports. The study cohort encompassed 65 unrelated index individuals (index cases; 42/65 [65%] of Non-Finnish European descent) with a clinically presumed hereditary podocytopathy, ciliopathy, or CAKUT and was screened for skeletal anomalies. The included individuals are part of a larger cohort of ~300 families with clinically presumed hereditary kidney disease (“NephroGen”) collected between 2015 and 2018. The NephroGen cohort additionally contains families with clinically presumed hereditary kidney diseases like type-IV-collagen-related nephropathy (Alport syndrome, thin basement membrane nephropathy), tubulopathies, and autosomal dominant tubulointerstitial kidney disease (ADTKD), which were not included in this study.

Molecular-genetic analysis was performed primarily by exome sequencing (ES). However, in selected cases—depending on the clinical phenotype—single-gene Sanger sequencing, single nucleotide polymorphism (SNP) array or multiplex ligation-dependent probe amplification (MLPA) was performed (see Results).



Exome Sequencing

DNA was extracted from peripheral blood using either the Gentra Puregene Blood Kit (Qiagen, Hilden, Germany) or the Chemagic 360 (Perkin Elmer, Waltham) according to the manufacturer's instructions. ES was performed using a Sure Select Human All Exon 60 Mb V6 Kit (Agilent) and a HiSeq4000 (Illumina) or a Sure Select Human All Exon 50 Mb V5 Kit (Agilent) and a HiSeq2500 (Illumina) (Kremer et al., 2017). Mitochondrial DNA was derived from off-target exome reads (Griffin et al., 2014). Reads were aligned to the human reference genome (UCSC Genome Browser build hg19) using Burrows-Wheeler Aligner (v.0.7.5a). Detection of single-nucleotide variants and small insertions and deletions (indels) was performed with SAMtools (version 0.1.19). ExomeDepth was used for the detection of copy number variants (CNVs). A noise threshold of 2.5 was accepted for diagnostic analysis (Plagnol et al., 2012). Called CNVs were visualized by the Integrative Genomics Viewer (IGV, https://software.broadinstitute.org/software/igv/) to check for sufficient coverage of the inspected region and plausibility of the CNV. CNVs were compared with publicly available control databases like the Genome Aggregation Database (gnomAD, https://gnomad.broadinstitute.org/about), the Database of Genomic Variants (DGV, http://dgv.tcag.ca/dgv/app/home) and databases for pathogenic CNVs like DECIPHER (https://decipher.sanger.ac.uk/) and ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/). Rating was done according to American College of Medical Genetics (ACMG) guidelines and the recommendation of the ACGS (Richards et al., 2015; Ellard et al., 2019; Riggs et al., 2020). For the analysis of de novo, autosomal dominant and mitochondrial variants, only variants with a minor allele frequency (MAF) of <0.1% in an in-house database (“Munich Exome Server”) containing over 21,000 exomes were considered. For the analysis of autosomal recessive and X-linked variants (homozygous, hemizygous or putative compound heterozygous) variants with a MAF of <1.0% were considered. As there are pathogenic alleles in hereditary nephropathies (HNs) with a MAF of more than 1.0% like the NPHS2 p.Arg229Gln allele (also known as p.R229Q), in unsolved cases, an additional search for recessive and X-linked variants a MAF up to 3% was accepted. The p.Arg229Gln allele is known to cause steroid resistant nephrotic syndrome when in trans with specific 3′ NPHS2 variants (Tory et al., 2014; Miko et al., 2018). Identified variants were compared with publicly available databases for pathogenic variants like ClinVar, the Human Gene Mutation Database (HGMD®, http://www.hgmd.cf.ac.uk) and the Leiden Open Variation Database (LOVD, https://www.lovd.nl). Only variants rated as “likely pathogenic” or “pathogenic” according to the classification of the ACMG and with a genotype in agreement with the mode of inheritance led to the designation “solved case” (Kearney et al., 2011; Richards et al., 2015; Riggs et al., 2020).



Sanger Sequencing, SNP Array, and MLPA

Molecular genetic testing of selected cases or segregation analysis of identified variants in parents and affected relatives was performed by Sanger sequencing, SNP array or MLPA as appropriate. Oligonucleotide primer sequences used for Sanger sequencing are available upon request. DNA alignment and sequence variant analysis were carried out using the Sequence PilotCE software (JSI Medical Systems GmbH, Kippenheim, Germany) and compared to EMBL (European Molecular Biology Laboratory) and GenBank databases as well as our in-house database. For SNP array, Affymetrix® CytoScanTM 750 K Array (Affymetrix® Inc., Santa Clara, CA, USA) with an average space between two oligonucleotides of 4 kilobases (kb) was used. Scanning was performed by the Affymetrix® GeneChip Scanner 3000 7G (resolution 0.51–2.5 μm). The data analysis was conducted using the Affymetrix® Chromosome Analysis Suite Software (ChAS), version 3.0, hg19. For MLPA, the SALSA MLPA kit P241-D2 Kit (maturity-onset diabetes of the young, renal cysts and diabetes syndrome, HNF1B) was purchased from MRC-Holland (Amsterdam, the Netherlands) and performed according to the manufacturer's instructions. Fragment analysis was conducted using GeneMarker software (www.softgenetics.com, Soft Genetics, State College, PA, USA).

Molecular genetic results were communicated to the families either via the referring clinician or as part of genetic counseling.




RESULTS

The total cohort of 65 index individuals comprised 18 (28%) individuals with the clinical picture of a hereditary podocytopathy (one exception of an index case [HN-F203-II-2] who was initially classified as having a type-IV-collagen-related nephropathy based on the clinical phenotype and later reclassified as hereditary podocytopathy on genetic diagnosis; see Supplementary Table 1), 20 (31%) with a ciliopathy, and 27 (41%) with CAKUT. A total of eight individuals (12%) displayed one or more skeletal anomalies additionally to their renal phenotype (Figure 1, Table 1, family description below).


[image: Figure 1]
FIGURE 1. Pedigrees of the families. (A) Family 1 (HN-F18), (B) Family 2 (HN-F151), (C) Family 3 (HN-F75), (D) Family 4 (HN-F80), (E) Family 5 (HN-F191), (F) Family 6 (HN-F198), (G) Family 7 (HN-F241), (H) Family 8 (HN-F305). Solid symbols, affected individuals; circles, females; squares, males; crossed triangle, miscarriage; diamond, unknown gender; double lines, consanguinity.



Table 1. Overview of the index cases and also affected siblings including a detailed description of phenotype and genotype.

[image: Table 1]

In 57/65 (88%) index cases, ES was performed. 8/65 (12%) index cases were analyzed either by phenotype-guided panel diagnostics (4/8; 50%), single-gene Sanger sequencing (1/8; 13%), SNP array (2/8; 25%), or MLPA (1/8; 13%) (Figure 2). 22/65 (34%) index cases could be genetically solved (i.e., [likely] pathogenic variant with a fitting genotype identified).


[image: Figure 2]
FIGURE 2. Flowchart of the cohort. CAKUT, congenital anomalies of the kidney and urinary tract; MLPA, multiplex ligation-dependent probe amplification; NGS, next-generation sequencing; SNP, single nucleotide polymorphism.


The eight index cases with an additional skeletal phenotype are presented as follows. The remaining 57 index cases are not specifically featured in this paper. Phenotypic and genotypic data of these cases can be found in the Supplementary Table 1.


Family 1 (HN-F18; CAKUT)

In Family 1, the third, unborn male child (II-3; Non-Finnish European descent) was pre-natally diagnosed with bilateral renal agenesis. The pregnancy was therefore pre-maturely terminated. The fetus presented with dysmorphological features such as knuckle pads at the proximal interphalangeal joint of both hands, short and pointed fingers and pes equinovarus. Other conspicuous facial features were hypoplastic nasal wings, a flat philtrum and micrognathia. There were no known affected relatives, parents and siblings of the index individual were healthy.

A previously conducted chromosome analysis revealed no pathological findings. Afterwards, trio ES was performed on the index and the parents, which also was inconspicuous.



Family 2 (HN-F51; Hereditary Podocytopathy)

The son (F2-II-2; Non-Finnish European descent) of healthy parents presented with proteinuria at the age of 2 years. He additionally had shortened ulna and fingers, which were broad at the basis and tapered to the end. The base of the thumb was thickened and blue, the hands were doughy and toenails and toes hypoplastic. Further signs of dysmorphia were a broad root and a spherical tip of the nose, discreet epicanthus, a long philtrum, and a narrow upper lip. There were no affected relatives.

Proband-only ES identified a heterozygous pathogenic missense variant NM_005461.4:c.184A>G, p.(Thr62Ala) in MAFB. Targeted Sanger sequencing of the parents confirmed its de novo status. MAFB has been associated with multicentric carpotarsal osteolysis syndrome (MTCO, MIM 166300). It encodes a transcription factor which impacts the differentiation and activation of osteoclasts as well as renal development. The disease occurs very rarely and it features aggressive osteolysis especially in the area of carpal and tarsal bones. It is frequently associated with a progressive kidney failure (Zankl et al., 2012).



Family 3 (HN-F75; CAKUT)

This case has already been published (Riedhammer et al., 2017). The renal phenotype of the male index case in this family (II-1; Non-Finnish European descent) consisted of bilateral renal dysplasia which was first seen at the age of 3 months. At the age of 4 years, he had already developed renal insufficiency. Furthermore, different skeletal anomalies like hypoplastic claviculae, cleidocranial dysplasia, clinodactyly and brachydactyly of the little finger as well as a narrow thorax and shoulders were present. Moreover, he had intellectual disability. There were no other affected family members.

First, SNP array analysis was performed but did not reveal any causative microdeletions or microduplications. Afterwards, proband-only ES was performed in the index case identifying the pathogenic frameshift variant NM_002585.3:c.413_419del, p.(Gly138Valfs*40) in PBX1. PBX1 is a known CAKUT disease-associated gene (MIM 617641) (Heidet et al., 2017). The parents were examined using Sanger sequencing, which confirmed the de novo status of this variant.



Family 4 (HN-F80; CAKUT)

This female individual (II-1; Non-Finnish European descent) of Family 4 had developed ESRD already in childhood as a result of renal hypodysplasia. Extrarenal manifestations were decreased vision in one eye, frontonasal dysplasia with retracted nasal root, and short stature due to skeletal dysplasia. Her parents were healthy as well as other family members.

Trio ES was conducted and identified a de novo heterozygous deletion of at least 2.9 kb including the complete exonic regions of SIX2 (approx. chr2:g.45233309-45236248). While SIX2 missense variants have been associated with renal hypodysplasia, SIX2 haploinsufficiency has not been linked to a renal phenotype so far but to frontonasal dysplasia, ptosis, and hearing loss (Weber et al., 2008; Guan et al., 2016; Henn et al., 2018).



Family 5 (HN-F191; Ciliopathy)

Family 5 featured two siblings with a syndromal phenotype, fitting best into the spectrum of ciliopathies. Their parents were healthy, of Turkish origin and consanguineous. The female index case (II-1) as well as her younger brother (II-2) showed various congenital anomalies. The girl presented with cardiovascular anomalies such as mitral valve insufficiency, atrial septal defect, persistent ductus arteriosus and pulmonary hypertension. Furthermore, she suffered from bronchial hyperreactivity, which lead to recurrent pneumonia. Noticeable skeletal anomalies were disproportionate short stature and bilateral genu vara. The renal phenotype was designated as nephropathy of unclear origin. A biopsy revealed glomerular and tubulo-interstitial scarring as well as minimal tubular ectasia of the cortex. Her clinical phenotype was comparable with a Bardet-Biedl-like syndrome. Her brother showed similar anomalies. He presented with pulmonary symptoms such as recurrent, partly obstructive bronchitis and short stature. Furthermore, hepatomegaly was observed in him.

Using ES in the female index individual, no causative variants in known disease-associated genes could be identified.



Family 6 (HN-F198; Ciliopathy)

In Family 6, two individuals had the clinical tentative diagnosis of Bardet-Biedl syndrome. The male index individual (II-1) as well as his younger brother (II-4) were affected. Their parents were healthy, of Pakistani origin and consanguineous. Other relatives did not show any signs of kidney disorder. The index individual had already developed ESRD at the age of 4 years as a consequence of recurrent pyelonephritis with abscess formation due to vesicoureteral reflux on the right side. Kidney transplantation was performed at the age of 4 years. In addition to the renal phenotype, the individual had oculocutaneous albinism with serious vision problems (no signs for retinal dystrophy), severe intellectual disability, epilepsy, multiple intra-abdominal abscesses and anal atresia. He also had Factor V Leiden thrombophilia. Concerning the skeletal appearance, he had bilateral fibular polydactyly, oligodactyly of the right hand and a cleft hand on the left side. His younger brother had a hypoplastic-cystic horseshoe kidney. He additionally presented with liver cirrhosis and anal atresia. Similar to the index individual, he had skeletal anomalies such as hexadactyly of both hands and feet. Furthermore, a slim thorax and lateralized mammilla were observed.

Molecular genetic diagnostics using duo ES was performed. Both affected individuals had a pathogenic homozygous complex allele NM_024649.4:c.[831-3C>G;1285C>T];[831-3C>G;1285C>T], p.[?;Arg429*];[?;Arg429*] in BBS1. The parents were heterozygous carriers for the complex allele. BBS1 is associated with autosomal recessive Bardet-Biedl syndrome (MIM 209900) (Mykytyn et al., 2002).



Family 7 (HN-F241; CAKUT)

In Family 7, the healthy parents were of Egyptian origin and consanguineous. One of the daughters (II-2) presented with double kidney on the right side as well as dysostosis multiplex. Coarse facial features and short stature were striking in appearance. Both parents and the sister of the affected individual as well as other relatives were healthy.

Proband-only ES was performed and was inconspicuous.



Family 8 (HN-F305; CAKUT)

The son (II-1; Non-Finnish European descent) of healthy parents of Family 8 showed dysplasia of the right and hypoplasia of the left kidney. Extrarenal manifestations were choanal atresia, short stature, and facial dysmorphic signs. At the age of 6 years he underwent the first kidney transplantation, a second kidney was transplanted at the age of 11 years. Consanguinity or further affected relatives were not reported.

Trio ES was conducted and revealed the pathogenic heterozygous de novo variant NM_002585.3:c.661G>T, p.(Glu221*) in PBX1. Further information on PBX1 are already mentioned in Family 3.




SUMMARY

Of the total 65 index cases, SA were present in 1/18 (6%) individuals with a hereditary podocytopathy, 2/20 (10%) individuals with a ciliopathy, and 5/27 (19%) individuals with CAKUT.

In terms of diagnostic yield in individuals with an additional extrarenal phenotype of SA, 5/8 (63%) cases could be genetically solved: 1/5 (20%) with a hereditary podocytopathy, 1/5 (20%) with a ciliopathy, and 3/5 (60%) with CAKUT (Figure 2). Of note, concerning Family 4, haploinsufficiency of SIX2 has not been associated with a renal phenotype so far (see Discussion).



DISCUSSION

In this study, 65 unrelated index cases affected with a suspected hereditary podocytopathy, ciliopathy or CAKUT, in which molecular genetic diagnostics had been performed, were examined for a skeletal phenotype. All three disease entities comprise a broad monogenic spectrum with variable clinical phenotypes. In this cohort, eight index cases (12%) were affected by a combination of both renal and skeletal anomalies.

Almost every fifth individual with CAKUT in this study presented with an additional skeletal phenotype. Stoll et al. investigated extrarenal manifestations in children born with CAKUT over a period of 26 years and could observe skeletal anomalies in 97/1678 (6%) individuals (Stoll et al., 2014).

Furthermore, skeletal anomalies like limb defects in individuals with urinary tract malformations have been observed with an incidence of 1:20.000 live births (Natarajan et al., 2013).

Ciliopathies include a wide range of syndromal diseases and can be accompanied by various extrarenal manifestations such as retinal degeneration (Senior-Løken syndrome), vermis hypoplasia, ataxia, and intellectual disability (Joubert syndrome), or occipital meningoencephalocele (Meckel's syndrome) (Hildebrandt et al., 2011). SA are well-known as an extrarenal manifestation, e.g., with Jeune syndrome, Sensenbrenner syndrome, and short-rib polydactyly syndrome (Bredrup et al., 2011). In the present study, the index individual of Family 6 affected by a ciliopathy and SA was genetically diagnosed with a Bardet-Biedl syndrome. Individuals with Bardet-Biedl syndrome show renal anomalies in 53–85% and polydactyly in 77% (Rudling et al., 1996; Forsythe et al., 2018).

The combination of a renal and skeletal phenotype in individuals with an underlying hereditary podocytopathy has mainly been described within Schimke immunoosseous dysplasia (MIM 242900) (Haffner and Petersen, 2019). ES of the index in this study cohort (Family 2; HN-F51) revealed a likely pathogenic variant in MAFB. This finding lead to the very rare diagnosis of autosomal dominant MTCO. Zankl et al. published a study comprising 11 index cases with MTCO. Every individual had skeletal anomalies, eight also had an additional renal phenotype consisting of non-specific glomerulosclerosis and severe tubulointerstitial fibrosis (Zankl et al., 2012).

The percentage of individuals with a skeletal and renal phenotype in this study cohort seems rather high (8/65, 12%). However, given the low absolute number of cases (n = 8) with a skeletal and renal phenotype, this finding has to be interpreted with caution. In order to achieve a clear statement on the prevalence of SA in hereditary podocytopathies, ciliopathies and (monogenic) CAKUT, the study population for each disease entity would have to be extended. Nevertheless, it is worth mentioning that, at least in this small cohort, almost every fifth individual (5/27, 19%) with CAKUT presented with an additional skeletal anomaly, which is much higher compared to the other subgroups and should encourage investigation of SA as extrarenal manifestation in CAKUT.

It has to be mentioned that the present study has several limitations: (i) the study cohort was small, therefore no assumptions on frequency of renal and skeletal anomalies in CAKUT, hereditary podocytopathies, and ciliopathies can be drawn (see above); (ii) although comprehensive in most cases, the molecular genetic testing strategy is inconsistent as only in 88% of the individuals ES was performed. Nonetheless, all individuals with an additional skeletal phenotype were examined with ES. Therefore, no bias concerning the diagnostic yield should be seen in individuals with skeletal anomalies; and (iii) haploinsufficiency of SIX2 is not known to be associated with a renal phenotype so far but SIX2 is described to be involved as a key factor within the kidney mesenchyme (Kobayashi et al., 2008; Henn et al., 2018). Therefore, even though the heterozygous deletion of the complete exonic regions of SIX2 in Family 4 can be classified as pathogenic, its contribution to the renal phenotype is unknown to date.

In conclusion, this study should highlight the association of renal and skeletal phenotypes and their genetic heterogeneity and prompt further systematic and large-scale investigation of the combination of these phenotypic features.
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Background: Autosomal polycystic kidney disease is distinguished into dominant (ADPKD) and recessive (ARPKD) inheritance usually caused by either monoallelic (PKD1/PKD2) or biallelic (PKHD1) germline variation. Clinical presentations are genotype-dependent ranging from fetal demise to mild chronic kidney disease (CKD) in adults. Additionally, exemptions from dominant and recessive inheritance have been reported in both disorders resulting in respective phenocopies. Here, we comparatively report three young adults with microcystic-hyperechogenic kidney morphology based on unexpected genetic alterations beyond typical inheritance.

Methods: Next-generation sequencing (NGS)-based gene panel analysis and multiplex ligation-dependent probe amplification (MLPA) of PKD-associated genes, familial segregation analysis, and reverse phenotyping.

Results: Three unrelated individuals presented in late adolescence for differential diagnosis of incidental microcystic-hyperechogenic kidneys with preserved kidney and liver function. Upon genetic analysis, we identified a homozygous hypomorphic PKHD1 missense variant causing pseudodominant inheritance in a family, a large monoallelic PKDH1-deletion with atypical transmission, and biallelic PKD1 missense hypomorphs with recessive inheritance.

Conclusion: By this report, we illustrate clinical presentations associated with atypical PKD-gene alterations beyond traditional modes of inheritance. Large monoallelic PKHD1-alterations as well as biallelic hypomorphs of both PKD1 and PKHD1 may lead to mild CKD in the absence of prominent macrocyst formation and functional liver impairment. The long-term renal prognosis throughout life, however, remains undetermined. Increased detection of atypical inheritance challenges our current thinking of disease ontology not only in PKD but also in Mendelian disorders in general.

Keywords: PKD1, PKHD1, ADPKD, ARPKD, cystic kidneys, chronic kidney disease


INTRODUCTION

Polycystic kidney disease (PKD) is a genetically and clinically heterogeneous condition. In recent years, an increasing number of genetic alterations were associated with PKD (McConnachie et al., 2020). Apart from ongoing detection of new disease-causing alleles in known PKD genes, novel disease genes, such as GANAB (Porath et al., 2016), ALG9 (Besse et al., 2019), ALG8 (Besse et al., 2017), DNAJB11 (Cornec-Le Gall et al., 2018a), and DZIP1L (Lu et al., 2017), have been identified. By mode of inheritance, PKD is categorized into autosomal dominant (ADPKD, MIM#173900/MIM#613095) and autosomal recessive (ARPKD, MIM#263200). While ADPKD is a quite frequent adult-onset condition due to monoallelic PKD1 or PKD2 variation, ARPKD is a rare childhood-onset disorder.

With an estimated prevalence of about 1:1,000, ADPKD is indeed the leading genetic cause of end-stage kidney disease (ESKD) among adults (Cornec-Le Gall et al., 2018b; Lanktree et al., 2018). Patients with protein truncating PKD1 variants are at higher risk of developing ESKD early in life than patients with non-truncating PKD1 variants, and PKD2 carriers express an even milder form of ADPKD often without requirement of renal replacement therapies throughout life (Hwang et al., 2016; Bergmann et al., 2018). However, even in patients with truncating PKD1 variants, exceptionally mild renal phenotypes can be found similar to patients with PKD2 disease (Lanktree et al., 2021).

On the contrary, ARPKD affects about 1:20,000 live births and results from biallelic variants in PKHD1, encoding the ciliary protein fibrocystin. Although perinatal manifestation is most common, genetic studies in adults demonstrated that ARPKD is also diagnosed later in life with an almost ADPKD-like phenotype (Cornec-Le Gall et al., 2018b; Schönauer et al., 2020). Similar to ADPKD, genotype–phenotype correlations have been established in ARPKD. While biallelic truncating variants are mostly associated with fetal demise (Bergmann et al., 2005; Erger et al., 2017), combinations of truncating and missense variants can be found in children surviving the first year of life, and biallelic missense variants are commonly associated with milder forms of disease compatible with ESKD in adulthood (Bergmann et al., 2018; Schönauer et al., 2020). Nevertheless, exceptional cases with biallelic truncation surviving the perinatal period (Ebner et al., 2017; Burgmaier et al., 2018) and biallelic missense variants linked to severe courses (Furu et al., 2003; Bergmann et al., 2005) were reported. Other studies suggested an impact of the type of affected PKHD1-protein domain on the clinical phenotype (Furu et al., 2003; Bergmann et al., 2005).

Clinical presentations of ADPKD and ARPKD are hence genotype-dependent ranging from fetal demise to mild chronic kidney disease (CKD) in adults (Bergmann et al., 2018). In addition to CKD, hepatic involvement presents differently in ADPKD and ARPKD. While in ADPKD, cystic liver enlargement overlapping with autosomal dominant polycystic liver disease (ADPLD) is a characteristic hallmark, ARPKD often leads to rather microcystic liver fibrosis and more often results in consecutive liver transplantation (Cornec-Le Gall et al., 2018b).

Besides classic ADPKD or ARPKD, other rare cystic kidney disorders include nephronophthisis-related ciliopathies, based on biallelic variants in multiple genes encoding ciliary and centrosomal proteins (Bergmann et al., 2018; Adamiok-Ostrowska and Piekiełko-Witkowska, 2020).

Before the advent of next-generation sequencing (NGS) techniques, establishing the correct diagnosis was mainly based on clinical presentation and kidney imaging. NGS has since increased diagnostic accuracy, also in PKD, and led to an improved understanding of the underlying disease mechanisms (Obeidova et al., 2020).

While exemptions from dominant and recessive inheritance in ADPKD and ARPKD have been reported before (Mantovani et al., 2020; Obeidova et al., 2020), we aim at illustrating the complexity of PKD genetics through peculiar genetic alterations of both PKD1 and PKHD1 in three young adult females and one male infant. The presented examples demonstrate unusual modes of inheritance and exceptional clinical presentations, challenging the given disease ontology in PKD.



MATERIALS AND METHODS


Patients

Index patients and their families were recruited from the outpatient clinic for Hereditary Kidney Disorders at the University of Leipzig Medical Center. All families were included upon written informed consent approved by the local Institutional Review Board (IRB) at the University of Leipzig, Germany (IRB00001750; #402/16-ek).



Next-Generation Sequencing and Variant Analysis

All study participants underwent genetic analysis conducted from blood-derived DNA samples by NGS-based gene-panel analysis and multiplex ligation-dependent probe amplification (MLPA). Gene panels included all known PKD-associated genes displayed in Supplementary Table 1 (PKD1, PKD2, and PKHD1, among others). Further segregation analysis was done by Sanger-sequencing of respective gene variants in available family members. MLPA was used to detect copy number variations (CNVs) and to validate the NGS data set in complex gene regions, ensuring that no structural alteration was overlooked. In silico prediction with combined annotation-dependent depletion score (CADD-PHRED v1.6: 23.80) (Rentzsch et al., 2019) was used to categorize newly detected variants in terms of pathogenicity. Variant analysis and interpretation was carried out in accordance with the criteria established by the American College of Medical Genetics and Genomics (ACMG) (Richards et al., 2015).



Reverse Phenotyping

Reverse phenotyping was done in all family members available. Laboratory tests (e.g., serum-creatinine, urea, urine albumin/creatinine ratio) and kidney imaging [renal ultrasound, magnetic resonance imaging (MRI)] were ascertained to derive genotype–phenotype correlations.



RESULTS


Family 1: PKHD1 Disease With Pseudodominant Inheritance


Clinical Description

The asymptomatic index patient (ID 1, female, 18 years) of Family 1 was from non-consanguineous Romany origin without any former medical conditions. She was seeking medical advice during her first pregnancy at 17 years of age. Pregnancy had been complicated by oligohydramnios and fetal hyperechogenic kidneys upon prenatal ultrasound. After birth, the newborn (ID 1.1) demonstrated small cystic alterations of both kidneys in accordance with infantile ARPKD. Extrarenally, bilateral pneumothoraces but no hepatic involvement were diagnosed in the newborn. Upon closer examination, kidney ultrasound in the mother (ID 1) revealed hyperechogenic parenchyma and microcystic alterations at the age of 18 years (Figure 1). Laboratory analysis showed normal serum creatinine with an increased estimated glomerular filtration rate (eGFR CKD-EPI: 122 ml/min/1.73 m2), mild proteinuria (albumin/creatinine ratio: 174 mg/g creatinine), and normal liver function (Table 1).
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FIGURE 1. Pedigree and renal imaging (Family 1). (A) Family pedigree: Individuals suffering from PKD are indicated as black symbols, and variant carriers are denoted with a black dot. The female index patient (red arrow) carries a homozygous missense variant [NM_138694.3: c.664A > G, p.(Ile222Val)]. Her son (blue arrow) carries compound heterozygous PKDH1-variants: maternal missense variant plus a putative paternally transmitted pathogenic nonsense variant [NM_138694.3: c.7916C > A, p.(Ser2639∗)]. WT: wild-type. (B) Kidney ultrasound of ID-1 at the age of 18 years displaying mild renal phenotype with hyperechogenic parenchyma and microcystic alterations (red stars highlight small cysts).



TABLE 1. Phenotypic and genotypic characteristics of patients included in this case series.
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Molecular Genetics

With affected individuals in two subsequent generations, the pedigree suggested dominant inheritance (Figure 1). Genetic analyses of the index patient (ID 1), however, revealed a known pathogenic PKHD1 missense variant [NM_138694.3: c.664A > G, p.(Ile222Val)] in the homozygous state. This variant affects an evolutionary conserved amino acid residue located near the N-terminal extracellular tail of fibrocystin within the second IPT/TIG (Ig-like, plexins, and transcription factors) domain1 (Gunay-Aygun et al., 2010). Allele frequency in Europeans (non-Finish) amounts to 0.0056% with no homozygous cases reported in population databases (gnomAD). In silico prediction using CADD yielded a score of 16.14 (CADD-PHRED v1.6) (Rentzsch et al., 2019), compatible with pathogenicity in a recessive disease model.

Surprisingly, the newborn, who was diagnosed with congenital kidney disease in utero, was found to carry compound heterozygous PKDH1 variants: the aforementioned maternal missense variant [c.664A > G, p.(Ile222Val)] in exon 9 plus another pathogenic PKHD1 nonsense variant in exon 50 out of 67 [NM_138694.3: c.7916C > A, p.(Ser2639∗)] on the paternal allele (CADD-PHRED v1.6: 40.00) (Denamur et al., 2010; Rentzsch et al., 2019). For the latter variant, population allele frequency is estimated at 0.0039% (gnomAD). Its deduced impact on the protein level leads to the introduction of a stop codon after the sixth PbH1 (parallel beta-helix) repeat resulting in the loss of the critical second G8 domain containing eight conserved glycine residues likely important for protein stability (see text foot note 1) (He et al., 2006).



Family 2: PKHD1 Disease With Atypical Transmission of Monoallelic CNV


Clinical Description

In family 2 from central Europe, the index patient (ID 2; female, 27 years) came to obtain medical advice after previous genetic testing. At the age of 18 years, ID 2 was hospitalized due to repeated urinary tract infections and conspicuous renal morphology with increased parenchymal echogenicity. Abdominal MRI showed symmetric enlargement of both kidneys [diameter (length × width): right: 130 × 60 mm; left: 146 × 72 mm] with small cystic alterations but regular hepatic morphology (Figure 2). At the time of presentation in our clinic, the kidney function was preserved (eGFR CKD-EPI: 130 ml/min/1.73 m2), and no proteinuria was detected (albumin/creatinine ratio: 6 mg/g) (Table 1). The siblings and parents of the patient showed no renal or liver phenotype.
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FIGURE 2. Pedigree and renal imaging (Family 2). (A) Family pedigree: Individuals suffering from PKD are indicated as black symbols and variant carriers with a black dot. Genetic analysis in the index patient (ID-2, red arrow) revealed the large heterozygous deletion NM_138694.3: c.(?_5909)_(12225_?)del of PKHD1 (Ex37_Ex67del) and familial segregation analysis in one younger sibling yielded duplication of the same alteration c.(?_5909)_(12225_?)dup (Ex37_Ex67dup). (B) Abdominal MRI of ID 2 at the age of 18 years showing bilateral cystic kidney enlargement.




Molecular Genetics

Genetic analysis revealed a large heterozygous deletion of PKHD1 c.(?_5909)_(12225_?)del (designated as Ex37_Ex67del) encompassing the extracellular domains of PbH1-9 and one of the critical G8 repeats of fibrocystin close to the cell membrane (see text foot note 1). Familial segregation analysis of both parents showed no genetic alteration of PKHD1, suggesting the de novo nature of this finding. However, further segregation analysis including the younger siblings of ID 2 who were non-identical twins yielded duplication of the same region c.(?_5909)_(12225_?)dup (designated as Ex37_Ex67dup) in one of the twin sisters without clinical manifestation.



Family 3: PKD1 Disease With Recessive Inheritance


Clinical Description

This index patient (ID 3, female, 19 years) of central European descent had been congenitally diagnosed with infantile PKD and suspected ARPKD because of early-onset cystic kidneys. The kidney function, however, was completely preserved (eGFR CKD-EPI 133 ml/min/1.73 m2) with merely mild proteinuria (albumin/creatinine ratio: 29 mg/g creatinine) (Table 1). While liver imaging presented normal, kidney ultrasound showed bilaterally enlarged kidneys [diameter (length × width): right: 117 × 52 mm; left: 120 × 57 mm] with increased parenchymal echogenicity and abnormal corticomedullary differentiation (the so-called “salt and pepper” pattern) (Iorio et al., 2020) (Figure 3).
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FIGURE 3. Pedigree, renal imaging, and 3D-PC1-protein structure (Family 3). (A) Family pedigree: ID-3 (red arrow) with compound heterozygous rare PKD1 missense variants both of uncertain significance [NM_001009944.2: c.11723T > C, p.(Leu3908Pro) and c.4709C > T, p.(Thr1570Met)]. WT: wild-type. (B) Kidney ultrasound of ID-3 at the age of 19 years shows enlarged, microcystic-hyperechogenic kidneys. (C) Localization of the novel variant p.(Leu3908Pro) in the PC1 protein structure. (I) Schematic illustration of the PC1 transmembrane region; L3908 is located in transmembrane helix S2 (red arrow). (II) Cryo-EM structure of human PC1/PC2 complex (pdb 6A70) (left) and zoom-in view (right) showing the position of L3908 in helix S2 (red) (Su et al., 2018).




Molecular Genetics

Gene-panel analysis of PKD-associated genes in the index patient yielded two rare heterozygous PKD1 missense variants. Diagnostic variants in PKHD1 or other known kidney cyst genes were not detected. Both PKD1 variants were of uncertain significance by ACMG classification [NM_001009944.2: c.11723T > C, p.(Leu3908Pro) and NM_001009944.2: c.4709C > T, p.(Thr1570Met)] (Kane et al., 2006; Richards et al., 2015). Parental segregation analysis confirmed compound heterozygosity in the index patient with c.11723T > C [p.(Leu3908Pro)] being paternally inherited and c.4709C > T [p.(Thr1570Met)] being maternally transmitted. Of note, clinical examination of both parents was unremarkable, including absence of kidney and liver cysts at the age of 32 years. The first PKD1 variant is novel, neither reported in population databases (gnomAD) nor disease databases [HGMD Professional Version 2020.4/Mayo PKD-database2 (Stenson et al., 2020)]. The respective amino acid residue Leu3908 is evolutionary conserved in vertebrates belonging to the transmembrane helix S2 domain of polycystin 1 (Figure 3)(Su et al., 2018). Introduction of a proline residue into the alpha-helix is likely deleterious, leading to conformational impairments. Hence, in silico prediction using CADD also suggested pathogenicity (CADD-PHRED v1.6: 23.80)(Rentzsch et al., 2019).

The second PKD1 variant [c.4709C > T, p.(Thr1570Met)] was previously reported in the literature (Vujic et al., 2010), where it was found to be associated with in utero onset disease in the homozygous state but incomplete penetrance in heterozygous carriers. Thr1570 constitutes a highly conserved residue in vertebrates and localizes to the PKD11 domain (CADD-PHRED v1.6: 26.30)(Rentzsch et al., 2019). Its allele frequency in Europeans is 0.0031% without homozygous findings in population databases (gnomAD).



DISCUSSION

Genetic variant interpretation and its clinical correlation has become one of the major challenges of our times. Clinical geneticists and treating physicians are increasingly confronted with new rare variants that require meaningful translation into clinical practice. Furthermore, genetic results often question our traditional categories and force us to take a new perspective on disease classification and terminology. This dilemma is exemplified by the presented cases of three young females with mild cystic kidney alterations illustrating the difficulties and chances of adequate genetic counseling and disease terminology in the era of broadly accessible genetic testing. All index patients presented clinically asymptomatic with preserved kidney function as young adults.

The common denominator is hampered disease prediction through atypical and novel genetic findings with little clinical experience derivable from previously published cases. When it comes to disease ontology, neither single heterozygous PKHD1 germline variants nor biallelic PKD1 hypomorphs do match the given terminology of autosomal-recessive and autosomal-dominant PKD but mimic each other’s renal manifestation. Therefore, common risk stratification tools like the Mayo imaging classification (Irazabal et al., 2015) or the PROPKD-score (Cornec-Le Gall et al., 2016) are not applicable, complicating genetic counseling and decision-making in respective families.

The pedigree of family 1 revealed affected family members in two subsequent generations suggesting dominant inheritance. Genetic testing, however, showed PKHD1 variants defining ARPKD and thereby led to correction of previous assumptions. While pseudodominant inheritance was reported in other Mendelian kidney diseases, e.g., Gitelman’s disease (de La Faille et al., 2011), this is the first report of pseudodominant inheritance in ARPKD. The two affected family members, the index patient (Fam 1 – ID 1) and her newborn son (ID 1.1), impressively illustrate the broad clinical spectrum of ARPKD ranging from severe congenital manifestation to mild CKD in adults depending on the nature and combination of respective PKHD1 alleles (Burgmaier et al., 2019). The homozygous pathogenic PKHD1 missense variant [p.(Ile222Val)] in the index patient leads to a mild course of disease potentially even compatible with normal life expectancy. The very missense variant has been reported frequently in compound heterozygous state in patients with ARPKD before (Bergmann et al., 2005; Denamur et al., 2010; Gunay-Aygun et al., 2010; Brinkert et al., 2013; Obeidova et al., 2020), but has not yet been reported homozygously to the best of our knowledge. Therefore, long-term prognoses remain speculative. Asymptomatic presentation with normal renal and liver function at age 18 suggests that biallelic occurrence of the Ile222Val missense variant is linked to a mild renal phenotype and that only additional second/third hits result in more severe courses of ARPKD. This theory is supported by the clinical presentation of her newborn carrying an additional known PKHD1 null allele (p.Ser2639∗), which is obviously associated with aggravated disease severity (Denamur et al., 2010; Melchionda et al., 2016; Szabó et al., 2018).

The second family represents another example of mild ARPKD in adults. This time, the index patient (Fam 2 – ID 2) was found to carry a large heterozygous deletion in PKHD1 (Ex37_Ex67del). As clinically healthy parents showed PKHD1 wild-type sequences, de novo nature of the deletion was assumed until further segregation analysis in the sister yielded duplication of the very same region without clinical manifestation. This unexpected finding leads to verification of our initial assumption and established yet another mechanism of inheritance in terms of recurrent unequal meiotic crossovers or an unbalanced cryptic chromosomal translocation. This case demonstrates sporadic manifestation of ARPKD based on single heterozygous alterations of PKHD1, an observation that was increasingly reported recently (Besse et al., 2017). Additionally, data in mice suggest that heterozygous PKHD1 carriers may develop ARPKD-associated liver cysts only later in life after the occurrence of a second hit affecting the PKHD1 wild-type allele in somatic tissues (Shan et al., 2019; Besse et al., 2020). However, given the large size and complex exon structure of PKHD1, we cannot exclude a deep intronic splice variant in trans with the herein described deletion as an alternative explanation (Michel-Calemard et al., 2009; Chen et al., 2019). PKHD1 is not sufficiently expressed in blood to be easily accessible to RNA sequencing approaches, but future analyses from cultured urinary renal epithelial cells might enable screening for these rare variants in atypical cases with single PKHD1 variants.

Lastly, the third case is an example for biallelic hypomorphic PKD1 variants mimicking ARPKD. First, the index patient presented in childhood with enlarged kidneys and morphological signs of ARPKD upon kidney ultrasound (Iorio et al., 2020); second, the pedigree of the family indicated recessive inheritance. Surprisingly, genetic analysis in the index patient yielded no diagnostic findings in PKHD1, but compound heterozygosity for two rare PKD1 missense variants, both of uncertain significance. One of them [c.4709C > T, p.(Thr1570Met)], however, was previously associated with early-onset ADPKD in the homozygous state (Vujic et al., 2010). In this case, two PKD1 variants in trans manifested as phenocopy of ARPKD. One of these hypomorphic alleles alone likely results in a normal phenotype, but two alleles in trans cause early-onset cystic kidney disease. As cyst initiation is assumed to depend on the dosage of functional Polycystin 1 (Rossetti et al., 2009), the combination of two hypomorphic variants could additively reduce the PKD1 function below a critical threshold to result in clinically apparent disease. Coincidence of biallelic hypomorphic PKD1 variants represents an example for PKD without an apparent family history (Iliuta et al., 2017).

Given these examples, we suggest revisiting and adapting the classification of genetic PKD to enable the description of the apparent continuum of AR/ADPKD genotypes and phenotypes. In a subset of cases, clinical presentation and associated genetic findings do not fit into the current ontology. As a first step, a more flexible disease terminology including the respective gene name was suggested in 2018 without being widely adopted to date (Cornec-Le Gall et al., 2018b). In other renal conditions, however, such as autosomal-dominant tubulointerstitial kidney disease (ADTKD), a new disease classification was successfully established, combining the mode of inheritance, major clinical manifestation, and underlying genetic defect in one term (ADTKD-UMOD; ADTKD-REN, ADTKD-MUC1, and ADTKD-HNF1B) (Bleyer et al., 2017).

In summary, this report demonstrates the genetic complexity of PKD. Attributing the correct diagnosis and providing adequate genetic counseling to affected patients and their families is not self-evident. Atypical presentations should prompt immediate genetic testing to increase diagnostic accuracy by verification or correction of clinically assumed diagnoses.
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Renal hypodysplasia and cystic kidney diseases, the common non-glomerular causes of pediatric chronic kidney disease (CKD), are usually diagnosed by their clinical and imaging characteristics. The high degree of phenotypic heterogeneity, in both conditions, makes the correct final diagnosis dependent on genetic testing. It is not clear, however, whether the frequencies of damaged alleles vary among different ethnicities in children with non-glomerular CKD, and this will influence the strategy used for genetic testing. In this study, 69 unrelated children (40 boys, 29 girls) of predominantly Han Chinese ethnicity with stage 2–5 non-glomerular CKD caused by suspected renal hypodysplasia or cystic kidney diseases were enrolled and assessed by molecular analysis using proband-only targeted exome sequencing and array-comparative genomic hybridization. Targeted exome sequencing discovered genetic etiologies in 33 patients (47.8%) covering 10 distinct genetic disorders. The clinical diagnoses in 13/48 patients (27.1%) with suspected renal hypodysplasia were confirmed, and two patients were reclassified carrying mutations in nephronophthisis (NPHP) genes. The clinical diagnoses in 16/20 patients (80%) with suspected cystic kidney diseases were confirmed, and one patient was reclassified as carrying a deletion in the hepatocyte nuclear factor-1-beta gene (HNF1B). The diagnosis of one patient with unknown non-glomerular disease was elucidated. No copy number variations were identified in the 20 patients with negative targeted exome sequencing results. NPHP genes were the most common disease-causing genes in the patients with disease onsets above 6 years of age (14/45, 31.1%). The children with stage 2 and 3 CKD at onset were found to carry causative mutations in paired box gene 2 (PAX2) and HNF1B gene (11/24, 45.8%), whereas those with stage 4 and 5 CKD mostly carried causative mutations in NPHP genes (19/45, 42.2%). The causative genes were not suspected by the kidney imaging patterns at disease onset. Thus, our data show that in Chinese children with non-glomerular renal dysfunction caused by renal hypodysplasia and cystic kidney diseases, the common causative genes vary with age and CKD stage at disease onset. These findings have the potential to improve management and genetic counseling of these diseases in clinical practice.

Keywords: non-glomerular, chronic kidney disease, renal hypodysplasia, cystic kidney diseases, targeted exome sequencing, genetic diagnosis


INTRODUCTION

The presence of structural or functional abnormalities in the kidney over a 3-month period is defined as chronic kidney disease (CKD), and is classified into five stages based on the glomerular filtration rate (Andrassy, 2013). End-stage renal disease (ESRD), which is the most serious CKD stage, requires the use of renal replacement therapy. Pediatric CKDs are less common than in adults, but affected children are at increased risk of early mortality and disabling physical comorbidities, which highlights the need for appropriate management of the affected children.

Congenital anomalies of the kidney and urinary tract (CAKUT) are the most common non-glomerular presentations of pediatric ESRD followed by cystic kidney diseases (Smith et al., 2007; Wuhl et al., 2014). In fact, the most prevalent malformation is reported to be renal hypodysplasia, which includes renal aplasia, hypoplasia, and dysplasia (Smith et al., 2007). Renal ultrasound provides essential diagnostic information about renal hypodysplasia and cystic kidney diseases (Sanna-Cherchi et al., 2007; Vester et al., 2010; Gimpel et al., 2019). For example, hypodysplastic kidney is defined by renal ultrasonography findings as a reduced renal size of greater than two standard deviations from the mean size in terms of age and loss of corticomedullary differentiation, and the sonographic signs of parenchymal hyperechogenicity and renal enlargement in a child are highly suggestive of polycystic kidney disease. However, a clinically definitive diagnosis of hypodysplastic kidney disease or cystic kidney disease remains challenging to arrive at because the sonographic appearance of these two conditions is observed in a variety of renal diseases.

With advances in genomic DNA sequencing technologies, the genetic mechanisms leading to renal hypodysplasia and cystic kidney diseases have been more readily assessed (Vivante and Hildebrandt, 2016; Sanna-Cherchi et al., 2018; Armstrong and Thomas, 2019; Devlin and Sayer, 2019; Nigam et al., 2019), and this improves the diagnostic accuracy of genetic testing. Our previous study reported that the genetic test results for pediatric steroid-resistant nephrotic syndrome vary by ethnicity (Wang et al., 2017b). It is not clear, however, whether a similar phenomenon exists with the pediatric chronic renal dysfunction caused by renal hypodysplasia and cystic kidney diseases, which provides the impetus for the reasonable selection of genetic testing approaches. To address this question, index-only targeted exome sequencing and array-comparative genomic hybridization (CGH) were performed in a cohort of 69 unrelated children with non-glomerular stage 2–5 CKD who were clinically suspected of having renal hypodysplasia or cystic kidney diseases.



MATERIALS AND METHODS


Patients

Patients were enrolled in the study between January 2011 and September 2018 by a group of trained pediatric nephrologists from the Department of Pediatrics, Peking University First Hospital based on fulfillment of the following criteria: (i) the presence of stage 2–5 CKD below the age of 18 years; (ii) clinical diagnosis or suspicion of renal hypoplasia/dysplasia, cystic kidney diseases, or unknown non-glomerular diseases. Patients with polycystic kidney disease, incomplete clinical data (especially the absence of kidney imaging results), and an unwillingness to participate in the study were excluded. The study was approved by the Ethics Committee of Peking University First Hospital and was performed in accordance with the Declaration of Helsinki.

Comprehensive clinical data [including age of onset, age of renal failure, urinalysis, examination of urinary protein, renal imaging, estimated glomerular filtration rate using 24-h endogenous creatinine clearance or the Schwartz formula (Schwartz et al., 1987), extrarenal manifestations, renal biopsy, information from the last follow-up, and family history] and demographics were extracted from the Chinese Registry Database of Hereditary Kidney Diseases and then analyzed. Sonographic measurements of the longitudinal sections of both kidneys in each patient were compared with those of age-matched controls (Loftus et al., 1998).

After receiving informed consent from the patients or their parents/legal guardians, blood samples and comprehensive clinical data were collected and analyzed.



Genetic Examination

Genomic DNA was extracted from peripheral white blood cells using the QIAamp DNA Blood Mini Kit (A1120, Qiagen, Germany). DNA quantity and quality were determined by NanoDrop (Thermo Fisher Scientific, United States). When available, DNA samples from the participants’ relatives were obtained.

Because targeted exome sequencing is a cost-effective diagnostic strategy for identifying the genetic causes of kidney disorders (Vivante and Hildebrandt, 2016; Groopman et al., 2018), we used it to simultaneously examine 30 genes that are known to be associated with renal hypodysplasia and 118 genes associated with cystic kidney diseases (Supplementary Table 1). These genes were selected from the relevant literature (Devuyst et al., 2014; Mann et al., 2019; Nigam et al., 2019). DNA library preparation, capture, enrichment, next-generation sequencing, and data analysis were performed at BGI-Shenzhen, China, as described previously (Wang et al., 2017b). Variants with minor allele frequencies <0.01 were selected based on the control database such as NCBI dbSNP (snp137), 1000 Genomes Project (phase I), Exome sequencing project (ESP6500), Exome Aggregation Consortium (ExAC), Genome Aggregation Database (gnomAD), and the BGI in-house database. The Human Gene Mutation Database (HGMD) and ClinVar were used to detect previously reported pathogenic variants. The prioritized variants were classified according to the American College of Medical Genetics and Genomics (ACMG) guidelines (Richards et al., 2015).

To detect copy number variations (CNVs), array CGH was performed using the Agilent SurePrint G3 Human 8 × 60 K CGH Microarray (Agilent Technologies, Technologies, Santa Clara, CA, United States). DNA labeling, array hybridization, scanning, and data analysis were conducted at the Department of Central Laboratory, Peking University First Hospital, Beijing, China, as described previously (Yi et al., 2016). Public CNV databases including DGV, NCBI, DECIPHER, ClinGen, OMIM, and ISCA were used to detect known CNVs. The prioritized CNVs were classified according to the ACMG guidelines (Riggs et al., 2020).

Validation of all candidate pathogenic or likely pathogenic variants was performed using Sanger sequencing or quantitative PCR (qPCR) on the genomic DNAs of the probands. Hepatocyte nuclear factor-1-beta gene (HNF1B) and the nephronophthisis type 1 (NPHP1) gene were used to normalize the gene dosage in qPCR, and they were analyzed in triplicate. Segregation analyses were performed for all the available first-degree relatives.



RESULTS


Clinical Features

As shown in Figure 1 and Table 1, 69 unrelated patients (40 boys, 29 girls) were enrolled in this study. They were from 18 provinces, municipalities, and autonomous Chinese regions and were predominantly the Han Chinese ethnicity (61/69). Renal dysfunction was detected in most of these patients (36/69), either accidentally or for other reasons at disease onset, whereas complaints of fatigue or a sallow complexion were observed in 19 patients, edema in eight patients, short stature in four patients, polydipsia and polyuria in one patient, and enuresis in another patient. Their median age at disease onset was 8.5 years (range, 0 day–16.7 years). Renal hypoplasia/dysplasia, cystic kidney disease, and unknown non-glomerular disease were diagnosed or suspected in 48, 20, and 1 patient, respectively. There were seven patients with stage 2 CKD, 17 patients with stage 3 CKD, 16 patients with stage 4 CKD, and 29 patients with stage 5 CKD. Of the 17 patients undergoing renal biopsy, chronic tubulointerstitial nephropathy was the most common histopathological diagnosis. The patients’ extrarenal manifestations included short stature, ocular abnormalities (including ametropia, strabismus, microphthalmia, retinopathy, vitreous opacity, and nystagmus), auricle malformation, preauricular fistula, spina bifida, cryptorchidism, skeletal deformities (including polydactylism, tetradactylism, straw sandal-like feet, strephenopodia, and fourth metatarsal microsomia), elevated liver enzymes, ovarian teratoma, microcephaly, ventricular septal defect, and patent arterial duct in 23 patients. Parental consanguinity was reported in only one patient, whereas eight patients had positive family histories of ESRD, one patient had a positive family history of proteinuria, and one patient had a positive family history of renal cystic disease. Eight patients had received a renal transplant (median age, 12.9 years; range, 6–18 years), and no disease recurrence in their allografts was documented. Six patients died at a median age of 5.9 (2–12) years.
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FIGURE 1. Flow diagram for patient selection and genetic testing.



TABLE 1. Clinical features of the 69 patients from the present study.
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Genetic Study

Twenty-two pathogenic variants and six likely pathogenic variants in 10/148 targeted genes, including nine non-sense, seven missense, six splice sites, three small deletions, two whole gene deletion, and one small insertion, were detected in 33/69 patients (47.8%), and these variants encompassed 10 distinct genetic disorders (Table 2 and Figure 2). Of these variants, the 14 (50.0%) novel ones included three variants that we reported on previously (Deng et al., 2019), whereas the remaining 14 variants were previously reported. Of the 18 patients harboring diagnostic variants in recessive genes, compound heterozygous variants were found in 10 patients and homozygous variants were found in eight patients. Of the 48 patients with suspected renal hypodysplasia, the targeted exome sequencing confirmed the clinical diagnoses of 13 patients (27.1%), and reclassified the clinical diagnoses of two patients carrying mutations in nephronophthisis (NPHP) genes (INVS and WDR19). Of the 20 patients with suspected cystic kidney diseases, the clinical diagnoses for 16 patients (80%) were confirmed, and that of one patient with a deletion in HNF1B was reclassified. The diagnosis of the remaining patient (patient 19) with renal dysfunction (serum creatinine, 122 μmol/L; evaluated glomerular filtration rate, 22.9 ml/min/1.73 m2), moderate anemia (70 g/L), short stature (height, 71 cm), and normal-sized, non-cystic kidneys combined with parenchymal hyperechogenicity and poor corticomedullary differentiation on renal ultrasonography (11 months of age) was classified by the compound heterozygous non-sense mutations present in the gene encoding the angiotensin-converting enzyme (ACE).


TABLE 2. Pathogenic or likely pathogenic variants detected by targeted exome sequencing*.
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FIGURE 2. The results of genetic examination in 69 patients.


Patients 22 and 69 were strongly suspected of having NPHP based on the combination of ESRD before the age of 7 years without proteinuria or hematuria, normal-sized kidneys with hyperechogenicity and the absence of corticomedullary differentiation, and chronic tubulointerstitial nephropathy (in patient 22) or elevated liver enzymes of unknown cause (in patient 69), whereas targeted exome sequencing revealed three rare and predicted deleterious variants in NPHP3 that were classified as having unknown significance using ACMG criteria (Table 3). We assumed that these variants are pathogenic, although functional analyses on them are required.


TABLE 3. Variants of unknown significance that were detected by targeted exome sequencing.

[image: Table 3]No CNVs were identified in the 20 patients with negative targeted exome sequencing results.

The likelihood of establishing an accurate molecular diagnosis of non-glomerular CKD did not improve with increasing age and remained roughly the same (at about 50%) (Figure 3A). We detected diagnostic PAX2 and NPHP gene variants in all four age groups, and the NPHP genes were the most common disease-causing ones in the patients whose disease onset was above 6 years of age (14/45, 31.1%).
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FIGURE 3. The relationship between causative genes and clinical features. Histograms indicate fractions (in percentage) of patients with disease gene detected per group. (A) Genetic diagnosis and the age at onset for non-glomerular CKD. (B) Genetic diagnosis and CKD stages. (C) Genetic diagnosis and renal ultrasound findings.


The molecular diagnostic performance and common mutated genes differed in line with the increased CKD stage at disease onset (Figure 3B). The genetic diagnostic yield was highest in the patients with stage 4 CKD at onset (11/16, 68.7%). The children whose CKD onset was stage 2 and 3 carried mutations in PAX2 and HNF1B genes (11/24, 45.8%), whereas those whose CKD onset was stage 4 and 5 mostly carried mutations in NPHP genes (19/45, 42.2%).

Because renal ultrasonography is used in the first instance to diagnose renal hypodysplasia and cystic nephropathies, we analyzed the renal imaging patterns at disease onset and the mutation detection rates in the patients (Figure 3C). An etiological diagnosis was found in 52.1% of the children with small kidneys (25/48), 47.6% with normal-sized kidneys (10/21), 48.9% without cysts (23/47), 54.5% with a single cyst or multiple cysts (12/22), 66.7% without corticomedullary differentiation (12/18), and 45.1% with distinct corticomedullary differentiation (23/51). Renal parenchymal hyperechogenicity was observed in all 69 patients.

The most prevalent genetic diagnosis in our study was NPHP. Chaki et al. (2011) reported that 100% of 440 patients with NPHP-related ciliopathies carried biallelic pathogenic variants in NPHP genes. We therefore analyzed the genetic test results from the patients who met at least one of the four criteria for NPHP used by Chaki et al. (2011). Hence, we were able to clinically diagnose 52 patients as having NPHP and found that 26 patients (50%) had pathogenic or likely pathogenic variants in the causative genes. Of these patients, 17 had NPHP, whereas we identified mutations in PAX2, HNF1B, ACE, and UMOD genes in the remaining patients (Figure 4).
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FIGURE 4. The genetic examination results for 52 patients who were highly suspected of having nephronophthisis.




DISCUSSION

In the present study, we used targeted exome sequencing and array CGH to depict the genetic features of 69 unrelated children with non-glomerular stage 2–5 CKD caused by suspected renal hypodysplasia or cystic kidney diseases. First, 27.1% of our patients with suspected renal hypodysplasia obtained a molecular diagnosis, and PAX2 was the most common mutated gene (found in ten patients). In contrast, in one cohort of 159 Chinese CAKUT children (Rao et al., 2019), only four carried PAX2 mutations. Ishiwa et al. (2019) performed genetic analysis on 66 Japanese patients with CAKUT (the number of patients with renal hypodysplasia is not available) and identified the etiologies in 14 individuals with renal hypodysplasia (21.2%). Ahn et al. (2020) identified the causative genes responsible for renal hypodysplasia in 12/76 Korean children (15.8%), and predominance of HNF1B mutations was seen in these patients. The mutation detection rates range from 7 to 17% in patients from Europe and the United States with renal hypodysplasia combined with or without renal failure (Weber et al., 2006; Thomas et al., 2011; Hwang et al., 2014; Nicolaou et al., 2016). The SALL1 (spalt-like transcription factor 1) gene was detected more frequently in one cohort of patients (Hwang et al., 2014), whereas PAX2 and HNF1B were detected in another cohort (Weber et al., 2006; Thomas et al., 2011; Nicolaou et al., 2016). One possible explanation for this discrepancy relates to the criteria used for selecting patients: our cohort contained patients with bilateral renal lesions, whereas other studies have contained patients with bilateral and unilateral renal hypodysplasia. Another possible explanation is the high genetic heterogeneity in this condition. Second, causative genes were identified in 85% of our patients with suspected cystic kidney diseases, and 10 patients carried NPHP1 mutations, making it the most prevalent mutated gene. However, in other patient cohorts, about 70% of the children with cystic kidney diseases had monogenic disease, and the most frequent molecular diagnosis was autosomal recessive polycystic kidney disease or polycystic kidney disease (Bullich et al., 2018; Rao et al., 2019; Obeidova et al., 2020). Excluding polycystic kidney disease from our study may in part explain this discrepancy. Finally, a genetic diagnosis was obtained in three children where phenotypic overlapping caused the initial disease to be clinically misdiagnosed, one case of which had undiagnosed stage 4 CKD, which stresses the importance of genetic testing as one of the diagnostic workups in the pediatric CKD population.

It is worth noting the difference we observed for the common causative genes in relation to the age and CKD stage at disease onset. NPHP genes were the most frequently mutated genes in the patients whose onset exceeded 6 years of age with stage 4–5 CKD, whereas mutations in HNF1B and PAX2 together were more prevalent in patients whose onset was less than 6 years of age and had become stage 2–3 CKD. These findings suggest that performing genetic testing in accordance with the age and CKD stage at disease onset may be an efficient strategy for the molecular diagnosis of children with non-glomerular CKD. In contrast, Weber’s study showed that HNF1B and PAX2 mutations caused CKDs with an age of onset between 10 and 23 years (Weber et al., 2006), and autosomal recessive polycystic kidney disease was reported to be the most prevalent etiology in neonatal-onset cystic kidney diseases (Obeidova et al., 2020). The difference is likely impacted by the use of small populations of patients and the patients’ ethnic origins. Because early stage renal hypodysplasia and cystic kidney diseases are often clinically silent, patients with renal insufficiency who are usually detected accidentally may be referred for clinical diagnosis. Renal ultrasonography is currently the diagnostic mainstay. The presence of small-sized kidneys in a child always leads clinicians to make a diagnosis of renal hypodysplasia, and the presence of renal cysts support the diagnosis of cystic kidney disease. However, the phenotypic and genetic variability of these two conditions makes establishing the final clinical diagnosis challenging. As our study has shown, small- to normal-sized kidneys with or without cyst formation or changes in corticomedullary differentiation can be caused by mutant NPHP and HNF1B genes (Chaki et al., 2011; Avni et al., 2015), whereas mutations in PAX2 lead to small-sized kidneys that often show distinct corticomedullary differentiation and no cysts (Bower et al., 2012).

NPHP is one of the most common inherited diseases leading to pediatric ESRD, and the phenotypes and genotypes in Chinese children with NPHP have been described (Tang et al., 2020; Yue et al., 2020). However, our finding shows that non-NPHP genes can also cause NPHP-like phenotypes, which emphasizes the difficulty in diagnosing NPHP in clinical settings. Similar phenomena have been reported elsewhere (Bullich et al., 2018; Mann et al., 2019).

Pathogenic CNVs, recognizably important etiological factors underlying renal hypodysplasia (Sanna-Cherchi et al., 2012; Verbitsky et al., 2019), are recommended to be detected by array-based technologies. However, consistent with prior reports on the use of targeted exome sequencing as a tool for identifying CNVs (Roberts et al., 2017; Ahn et al., 2020), our targeted exome sequencing and qPCR, we detected the deletion of the whole HNF1B and NPHP1 genes in 4 and 10 patients, respectively, but no additional CNVs were identified using array CGH.

Obtaining a definite molecular diagnosis is very important for patients and their families and for facilitating genetic counseling. For example, HNF1B mutations are associated with diabetes mellitus (Clissold et al., 2015), and NPHP1 genetic variants may cause multisystemic diseases and Joubert syndrome, among others (Soliman et al., 2012). Early discovery of related hidden symptoms and timely treatments are very important for patients.

We are conscious of some limitations in our study, which include the comparatively small patient cohort, the stringent clinical criteria for selecting patients, the absence of whole-exome sequencing in patients lacking a genetic diagnosis, and the lack of functional verification of novel unknown significance variants. False-negative results from targeted exome sequencing were possible in the patients with no detectable variants. Nonetheless, our study was performed in one of the largest referral centers on mainland China, and the patients were from 18 out of 34 provincial administrative Chinese regions, indicating that our study is somewhat representative of Chinese children with renal dysfunction caused by renal hypodysplasia and cystic kidney diseases, and our findings provide the genotypic features seen in them. To the best of our knowledge, this is the first cohort study to provide evidence about the association between causative mutations and the stage of CKD onset.

In summary, the Chinese children with non-glomerular renal dysfunction caused by renal hypodysplasia and cystic kidney diseases in this study that carried the common causative genes varied in the age and CKD stage at disease onset. This new knowledge should help with improving the management and genetic counseling of the abovementioned diseases in clinical practice.
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Background: The low-density lipoprotein receptor-related protein 6 (LRP6) gene is a recently defined gene that is associated with the autosomal-dominant inherited tooth agenesis (TA). In the present study, a family of four generations having TA was recruited and subjected to a series of clinical, genetic, in silico, and in vitro investigations.

Methods: After routine clinical evaluation, the proband was subjected to whole-exome sequencing (WES) to detect the diagnostic variant. Next, in silico structural and molecular dynamics (MD) analysis was conducted on the identified novel missense variant for predicting its intramolecular impact. Subsequently, an in vitro study was performed to further explore the effect of this variant on protein maturation and phosphorylation.

Results: WES identified a novel variant, designated as LRP6: c.2570G > A (p.R857H), harbored by six members of the concerned family, four of whom exhibited varied TA symptoms. The in silico analysis suggested that this novel variant could probably damage the Wnt bonding function of the LRP6 protein. The experimental study demonstrated that although this novel variant did not affect the LRP6 gene transcription, it caused a impairment in the maturation and phosphorylation of LRP6 protein, suggesting the possibility of the disruption of the Wnt signaling.

Conclusion: The present study expanded the mutation spectrum of human TA in the LRP6 gene. The findings of the present study are insightful and conducive to understanding the functional significance of specific LRP6 variants.

Keywords: tooth agenesis, LRP6 gene, whole-exome sequencing, molecular dynamics analysis, experimental study


INTRODUCTION

Tooth agenesis (TA) is one of the most prevalent congenital craniofacial malformations occurring in humans, which may lead to masticatory dysfunction, speech alteration, and malocclusion, besides aesthetic problems (Matalova et al., 2008). TA occurs in over 300 syndromic or non-syndromic conditions, with a remarkable phenotypic heterogeneity1. Among the familial cases of TA, autosomal dominant inheritance is the most frequent pattern observed (Matalova et al., 2008). On the basis of the number of missing teeth, TA is classified into hypodontia (<6 teeth) and oligodontia (≥6 teeth). Hypodontia is quite common, with a prevalence of 3–10% depending on the population, while oligodontia is rare, with a prevalence of <1% (Dhamo et al., 2018).

Genetic variations contribute greatly to the pathogenesis of congenital TA, and may also provide insights into tooth development (Yin and Bian, 2015). To date, 15 genes in the WNT/β-catenin, TGF-β/BMP, and Eda/Edar/NF-κB pathways, namely, WNT10A (MIM ∗606268), WNT10B (MIM ∗601906), LRP6 (MIM ∗603507), DKK1 (MIM ∗605189), KREMEN1 (MIM ∗609898), AXIN2 (MIM ∗604025), PAX9 (MIM ∗167416), MSX1 (MIM ∗142983), GREM2 (MIM ∗608832), BMP4 (MIM ∗112262), LTBP3 (MIM ∗602090), EDA (MIM ∗300451), EDAR (MIM ∗604095), EDARADD (MIM ∗606603), and SMOC2 (MIM ∗607223), have been reported to be responsible for non-syndromic TA (see text footnote 1).

The WNT/β-catenin pathway plays a pivotal role in cell differentiation, proliferation, and migration involved in the formation and homeostasis of bone and teeth (Duan and Bonewald, 2016). The LRP6 gene encodes the low-density lipoprotein receptor-related protein 6 (LRP6), which is a single-pass transmembrane receptor of Wnts in the WNT/β-catenin pathway (Tamal et al., 2000; Kokubu et al., 2004). The mutations in the LRP6 gene were initially reported to be associated with a broad spectrum of anomalies in human and animals, such as neural tube defects (Carter et al., 2005), early coronary disease (Mani et al., 2007), and metabolic syndromes (Singh et al., 2013). Massink et al. (2015) reported that the variations in the LRP6 gene could cause autosomal dominant TA. Later, three studies on TA identified other variants of LRP6, which corroborated this causality (Ockeloen et al., 2016; Dinckan et al., 2018; Yu et al., 2020). In the most recent study, Yu et al. (2020) revealed the spatial/temporal expression pattern of Lrp6 in mouse molar development, which provided further insight into the dynamic function of the WNT/β-catenin pathway in tooth formation.

In the present study, a Chinese family with four generations having autosomal dominant TA was recruited and subjected to a comprehensive genetic investigation which revealed a novel missense variant in LRP6. In order to confirm the pathogenicity of the identified novel variant and understand its impact on the protein structure and function, western blotting (WB) and in silico molecular dynamics (MD) simulation analyses were performed.



MATERIALS AND METHODS


Subjects and Clinical Evaluation

The present study was designed as a prospective review and was approved by the Ethics Committee of the Capital Medical University Affiliated Beijing Stomatological Hospital. Informed consent was provided by all the participants included in the study. All procedures performed in the present study were in accordance with the Declaration of Helsinki 1964 and its later amendments or comparable ethical standards.

A family with four generations having hereditary TA was recruited at the Beijing Stomatological Hospital in December 2019. Twelve members of this family, including seven females and five males, participated in the study. The medical histories of all participants were thoroughly surveyed, and a pedigree diagram was drawn. Panoramic radiography was conducted for the members affected by TA.



Genetic Studies

Genomic DNA was extracted from the peripheral blood sample from each of the 12 subjects using QIAamp DNA Blood Mini kit (Qiagen, Germany).

Whole-exome sequencing was employed to detect the sequence variants in the sample from the proband, as described in a previous study (Yang et al., 2019). Briefly, the target-region sequences were enriched using the Agilent Sure Select Human Exon Sequence Capture Kit, V5 + UTR (Agilent, United States). The DNA libraries were screened using quantitative PCR, the size, distribution, and concentration of which were determined using Agilent Bioanalyzer 2100 (Agilent, United States). The NovaSeq6000 platform (Illumina, Inc.) and ∼150 bp pair-end reads were employed to sequence the DNA (∼300 pM per sample) using the NovaSeq Reagent kit. The sequencing raw reads (quality level Q30 > 90%)2 were aligned to the human reference genome (accession no: hg19/GRCh37) in Burrows–Wheeler Aligner tool, and the PCR duplicates were removed using Picard v1.57. Variant calling was performed using the Verita Trekker® Variants Detection system (v2.0; Berry Genomics, China) and the Genome Analysis Tool Kit3 (detailed variant filtering criteria included in Supplementary Material). Subsequently, the annotation tools, ANNOVAR v2.0 (Wang et al., 2010) and Enliven® Variants Annotation Interpretation systems (Berry Genomics), were used to provide information for the establishment of the criteria of the common guidelines provided by the American College of Medical Genetics and Genomics (ACMG) (Richards et al., 2015). In order to assist in the interpretation of pathogenicity, three frequency databases (1000G_2015aug_eas, ExAC_EAS, and gnomAD_exome_EAS)456 and HGMD pro v2019 (Human Gene Mutation Database) were referred to. The Revel score (for pathogenicity prediction) (Ioannidis et al., 2016) and the pLI score (representing the tolerance for truncating variants) were also utilized.

As a confirmatory method, Sanger sequencing was performed using the 3500DX Genetic Analyzer (Applied Biosystems, United States). The details regarding the sequencing PCR primers, reaction conditions, and reagents are provided in Supplementary Material. The evolutionary conservatism of the amino acid (AA) residue affected by the identified novel missense variant was analyzed using MEGA77 with the default parameters.



Structural and Molecular Dynamics (MD) Analysis

The SWISS-MODEL program was applied for modeling the LRP6 PE3/4 domains containing the mutation site, using the crystal structure PDB:3S2K8 with X-resolution of 2.8 Å as the template (Ahn et al., 2011).

Next, the molecular dynamics (MD) prediction analysis was performed for the wild type (WT) LRP6 and R857H-LRP6 models generated by Modeler 9v17 (Šali et al., 1995). The CHARMM22 program was applied to add hydrogen atoms and N-terminal and C-terminal patches to the models (MacKerell et al., 1998). The generated models were solvated and neutralized with TIP3P water within a box at a minimum distance of 13 Å between the model and the wall of the box. All simulations were run using NAMD 2.9 and by applying periodic boundary conditions (PBC) (Phillips et al., 2020). The temperature was set at 300 K, the pressure was set at 1 atm, and the time step was set to 2 fs. The particle mesh Ewald method was used for modeling the electrostatics, and the threshold for van der Waals interactions was set at 12 Å. Both the models followed a three-step pre-equilibration totaling 600 ps, with the last snapshots selected as the beginning structures for 60-ns productive simulations without constraints.



Plasmids Construction, Cell Transfection, and Wnt3a Treatment

In order to construct the expression plasmid vectors containing the coding sequence of the wild-type (WT) or mutant LRP6, the cDNA sequences of both WT and mutant LRP6 were obtained using RT-PCR from the mRNA sample extracted from the proband. The obtained cDNA sequences were subcloned into the pET vectors and verified using Sanger sequencing. Next, the cDNA sequences were inserted into the pcDNA3.1(+) vectors, and the resultants were designated as LRP6-WT and LRP6-Mut, which represented the WT and mutant ones, respectively.

Commercial HEK (human embryonic kidney) 293T cells were purchased and cultured in 24-well plates. Subsequently, the cells were transfected with LRP6-WT or LRP6-Mut using Lipofectamine 3000 (Invitrogen, United States) at a suitable confluence.

This process lasted for 48 h, after which the cells were (±) treated with recombinant human Wnt3a protein (Cat No. ab153563, Abcam, United States) via Lipofectamine 3000.



Western Blotting (WB)

In order to analyze the expression levels and the phosphorylation levels of the LRP6 protein in the HEK 293T cells, WB was performed using the monoclonal antibodies against LRP6 (Cat No. 2560, CST, United States) and phospho-LRP6 (Ser1490) (Cat No. 2568, CST, United States), respectively. Detailed methods were described in Supplementary Material.



RNA Expression Analysis With Quantitative Fluorescent RT-PCR

At 48 h after transfection, cells were harvested and total RNA was extracted with an RNeasy Mini Kit (QIAGEN). Reverse transcription was performed with the Prime Script RT Reagent Kit with the gDNA Eraser (Takara). The expression level of LRP6 was assessed by quantitative fluorescent RT-PCR using SYBR Premix Ex Taq II (Perfect Real Time) (Takara) with ABI 7500 system (see details in Supplementary Material).



Statistical Analysis

Statistical calculations were performed using the SPSS v22.0 software. Student’s t-test was used for determining the statistical significance and p ≤ 0.05 was considered significant.



RESULTS


Clinical Manifestations

The constructed pedigree diagram is depicted in Figure 1A. Four members of the recruited family, designated as II-2 (the proband), II-3, III-2, and III-3, exhibited apparent permanent tooth loss, with a remarkable phenotypic heterogeneity in the number of missing teeth. In addition, both II-2 and III-3 had sparse hair (data not presented as requested by the participants). The phenotype of generation IV was not conclusive as all three subjects in this generation (IV-1, IV-2, and IV-3) were at the age of deciduous teeth. Detailed clinical information regarding the four affected members is provided in Table 1 and the panoramic radiographs and the corresponding schematics are presented in Figure 1B. The images of the four patients in this study were included in Supplementary Material.
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FIGURE 1. Clinical manifestations: (A) Pedigree diagram of the recruited family with autosomal dominant tooth agenesis (TA) (The arrow indicates the proband). (B) Panoramic radiographs and schematics of the four patients in the recruited family (White blocks represent the normal eruption of permanent teeth; Gray blocks and “#” marks represent residual deciduous teeth; Black blocks and “*” marks represent permanent tooth agenesis).



TABLE 1. Clinical features of the four patients in this family.
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Genetic Findings

Whole-exome sequencing identified a novel heterozygous missense variant, which was named LRP6: NM: 002336.3: c.2570G > A (p.R857H). This identified variant was later verified using Sanger sequencing (Figures 2A,B). In addition, Sanger sequencing revealed that six members in this family, namely, II-2, II-3, III-2, III-3, IV-2, and IV-3, carried the identified novel variant, while the other six members carried the wild-type variant (Figure 2B). As depicted in the linear structural patterns of the genes and proteins, the mutation was located in the PE3 (P, the YWTD β-propeller domain; E, the epidermal growth factor-like domain) domain (Figure 2C). The AA residue that was affected by this novel mutant variant, namely R857, remained evolutionarily conserved among species (Figure 2D). None of the three frequency databases searched had this variant included, and both REVEL and pLI predictions indicated it as being “deleterious” to gene function (see Supplementary Material). Accordingly, this variant fulfills the evidence level PM2, PP1, PP2, PP3, and PP4.
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FIGURE 2. Genetic findings: (A) WES data demonstrating the LRP6: c.2570G > A variant. (B) Sanger sequencing results demonstrating the carrying status of the LRP6: c.2570G > A variant in the 12 members of the recruited family. (C) All LRP6 variants associated with TA phenotype reported in literature, illustrated in gene and protein schematics (Red fonts represent the variant in the present study). (D) The conservatism of the amino acid (R857) affected by c.2570G > A variant across species.




The LRP6R857H Variant Impact the Protein Stability and Secondary Structure

The final and converged models out of structure prediction are depicted in Figure 3A. It could be inferred from the trajectory of Root Mean Square Deviation (RMSD) and Root Mean Square Fluctuation (RMSF) that the R857H model was extremely flexible compared to the WT model (Figures 3B–D). Unsurprisingly, amino acid residue R857 formed a greater number of hydrogen bonds with the other residues compared to the variant residue R857H (Figure 3E). Furthermore, R857H variant affected the corresponding secondary structures of the LRP6 protein (Figure 3F).
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FIGURE 3. Structural and MD analysis results: (A) The structures of the domain containing the WT and R857H models (Residues forming hydrogen bonds with the residue R857 or R857H are depicted in stick representation; Dotted yellow lines represent the hydrogen bonds). (B) The trajectory of RMSD (Cα) for the two proteins, which compared every structure in the trajectory to the reference/initial frame (0 ns) by computing the root mean square deviation (RMSD). RMSD is a numerical measurement representing the difference between two structures. In molecular dynamics, we are interested in how structures and parts of structures change over time as compared to the starting point, so the trajectory of RMSD can be used to identify large changes in protein structure as compared to the starting point. (C) RMSF of the two proteins calculated from each simulation, which computed the root mean square fluctuation (RMSF) of atomic positions in the trajectory after fitting to the reference/initial frame (0 ns). RMSF is a numerical measurement similar to RMSD, but instead of indicating positional differences between entire structures over time, RMSF is a calculation of individual residue flexibility, or how much a particular residue moves (fluctuates) during a simulation. (D) The two models (WT and R857H) colored according to RMSF. (E) The number of hydrogen bonds formed between the residue R857 (up) or R857H (blew) and the other residues for each structure in the trajectory. Although the hydrogen bond is much weaker than a covalent bond, the large number of imide and carbonyl groups in peptide chains results in the formation of numerous hydrogen bonds, and these are important for structures to stabilize the folding of the peptide backbone and facilitate molecular interactions. (F) Secondary structural components of the corresponding region as a function of time. Secondary structures, refer to local folded structures that form within a polypeptide due to interactions between atoms of the backbone, linked topologically to form 3D structures. The secondary structures are changed after mutation, especially for residues 890–900.




LRP6R857H Impacts the Protein Maturation and Phosphorylation

As depicted in Figure 4A, both WT and Mut LRP6 vectors could be expressed exogenously, although the LRP6-Mut vector generated only a single lower molecular weight (MW) protein band while the LRP6-WT vector generated two adjacent bands. Moreover, after treatment with Wnt3a, a significantly higher amount of the phosphorylated LRP6 protein was produced by WT compared to the Mut.


[image: image]

FIGURE 4. In vitro study results: (A) WB bands representing the expression, maturation, and phosphorylation levels of LRP6 protein, compared between the two groups of cells (transfected by WT or Mutant LRP6 cDNA, respectively). (B) The result of real-time fluorescence quantitative PCR demonstrating the transcriptional level of LRP6, compared between the two groups of cells.


Figure 4B presents the comparison of the transcription levels of LRP6, with no significant difference indicated.



DISCUSSION

The LRP6 gene has been cloned and studied for several decades now (Brown et al., 1998; Pinson et al., 2000). Nonetheless, the comprehensive function of this gene in the physiological process of humans remains to be elucidated. The possibility of the pathogenic variants in LRP6 leading to autosomal dominant TA was revealed quite recently (Massink et al., 2015). So far, to the best of our knowledge, only 15 TA-related pathogenic variants in LRP6 are reported, which includes seven truncating variants, four missense variants, and four splicing variants (Figure 2C and Table 2; Massink et al., 2015; Ockeloen et al., 2016; Dinckan et al., 2018; Yu et al., 2020). The present study is the fifth one on TA that reports the identification of a novel LRP6 variant. Most mutations (11 of 16) are loss of function mutations (frameshift or splice site), although a dominant negative effect of mutations has been suggested by other authors (Yu et al., 2020). Despite the current number of variants and their distribution on various domains, and the evidences provided by functional experiments, the genotype-phenotype correlations of LRP6 gene still cannot be well established.


TABLE 2. Tooth agenesis-related variants in the LRP6 gene (cited from HGMD database, in chronological order of reports).

[image: Table 2]In the present study, a hereditary variant, which was designated as LRP6: c.2570G > A (p.R857H), was detected in six members of the affected family, including two children in the deciduous phase of tooth development. The four adult patients exhibited remarkable intrafamilial phenotypic variation in the number of missing teeth and the presence of other ectodermal dysplasia-like phenotypes. Yu et al. (2020) reported that this phenotype difference exists between affected individuals; yet, in patients from one family, this is the first time we observed this phenotypic variation. We suppose that this phenotypic difference may be related to the individual genetic background or the non-penetrance of this variant, yet both expanded sample size of patients and specific mechanism has to be studied to clearly elucidate this. Greater attention should be paid to the two children who have not yet developed TA during their future development. On the basis of the common standards for the interpretation of genetic variations (Richards et al., 2015), the novel variant identified in the present study was interpreted as “likely pathogenic,” as evidenced by “PM2, PP1, PP2, PP3, and PP4.” Further functional studies, such as the dimerization of LRP6 and the interaction between LRP6 and Wnts, need to be implemented to demonstrate whether the variant meets the PS3 evidence.

The low-density lipoprotein (LDL)-related receptors (LRPs), such as LRP4, LRP5, and LRP6, represent a group of evolutionary-conserved receptors that are involved in the regulation of a wide range of cellular processes through the modulation of several pathways, including the canonical WNT signaling pathway (Huybrechts et al., 2020). The extracellular region of the majority of the LRP receptors contains one ligand-binding domain comprising cysteine-rich ligand-binding-type repeats and one epidermal growth factor (EGF)-precursor homology domain comprising a YWTD/β-propeller (P) domain and EGF repeats (E) (Huybrechts et al., 2020). Presumably, different types of LRP6 variations lead to increased or decreased WNT signaling activity, thereby inducing different phenotypes (Huybrechts et al., 2020). Previously reported TA-related variations in the coding regions of LRP6 were more concentrated in the extracellular PE functional domains (Figure 2C), which could affect the binding of LRP6 to Wnts. In order to determine the effect of the novel variant on protein function, MD predictive simulation was conducted, the results of which indicated that the amino acid residue R857 located in the β-strand formed a hydrogen bond with residue T867. Then, in the mutation-resultant R857H, which replaced the strongly basic arginine with a less basic amino acid, the hydrogen bonds formed by the side chain of R857 residue were expectantly broken, thereby changing its potential distribution. In addition, the effect of this variation on the secondary structure of LRP6 (Figure 3F) could significantly perturb the dimerization of this protein or its binding to Wnt, which is necessary for the formation of the Wnt-Fzd-LRP5-LRP6 complex for the activation of Wnt signaling (Boudin et al., 2013). So far, the evidence suggested the loss of LRP6 protein function, yet it should be demonstrated by further study.

Furthermore, in the in vitro study, it was demonstrated that the transcription of LRP6 was not disrupted by the identified novel variant (Figure 4B). However, according to the WB results, the glycosylated mature form of LRP6 was missing in the Mut samples as only a low MW band appeared (“LRP6” line in Figure 4A; Massink et al., 2015). In this case, the treatment of the cells with Wnt3a could not mediate the proper LRP6 phosphorylation (“p-LRP6” line in Figure 4A; Pan et al., 2008). These results strongly suggested that the p.R857H variant caused loss of function in LRP6. However, the underlying reason for the heterogeneity in the disease phenotype with the same variant and the effect of this variant on the Wnt signaling cascade remain to be explored.

One of the limitations of our study is that there is no in vivo validation of the variant for the time being, which will be complemented by further studies. Moreover, limited by funding, we have not tested the novel variant with sufficient interaction experiments between Wnts and LRP6, which will be fully supplemented when we are funded.



CONCLUSION

In summary, the present study investigated a large family with TA and identified a novel diagnostic variant in the LRP6 gene, thereby expanding the mutation spectrum of human tooth agenesis. Moreover, it was confirmed through in vitro experiments and intramolecular effects that the identified variant could lead to loss of function in the LRP6 protein, which provided a novel perspective for the verification of the impact of missense variations.
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6
http://gnomad.broadinstitute.org

7
http://www.megasoftware.net/previousVersions.php

8
http://www1.rcsb.org/
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Charcot-Marie-Tooth (CMT) disease is the most prevalent inherited motor sensory neuropathy, which clusters a clinically and genetically heterogeneous group of disorders with more than 90 genes associated with different phenotypes. The goal of this study is to identify the genetic features in the recruited cohort of patients, highlighting the role of rare variants in the genotype-phenotype correlation. We enrolled 67 patients and applied a diagnostic protocol including multiple ligation-dependent probe amplification for copy number variation (CNV) detection of PMP22 locus, and next-generation sequencing (NGS) for sequencing of 47 genes known to be associated with CMT and routinely screened in medical genetics. This approach allowed the identification of 26 patients carrying a whole gene CNV of PMP22. In the remaining 41 patients, NGS identified the causative variants in eight patients in the genes HSPB1, MFN2, KIF1A, GDAP1, MTMR2, SH3TC2, KIF5A, and MPZ (five new vs. three previously reported variants; three sporadic vs. five familial variants). Familial segregation analysis allowed to correctly interpret two variants, initially reported as “variants of uncertain significance” but re-classified as pathological. In this cohort is reported a patient carrying a novel familial mutation in the tail domain of KIF5A [a protein domain previously associated with familial amyotrophic lateral sclerosis (ALS)], and a CMT patient carrying a HSPB1 mutation, previously reported in ALS. These data indicate that combined tools for gene association in medical genetics allow dissecting unexpected phenotypes associated with previously known or unknown genotypes, thus broadening the phenotype expression produced by either pathogenic or undefined variants.

Clinical trial registration: ClinicalTrials.gov (NCT03084224).

Keywords: neurogenetics, Charcot-Marie-Tooth disease, multiple ligation dependent probe amplification, next-generation sequencing, diagnosis


INTRODUCTION

Charcot-Marie-Tooth (CMT) disease, also known as hereditary motor and sensory neuropathy, is a common, clinically heterogeneous group of inherited peripheral neuropathies with an estimated prevalence of one in 2,500 individuals (Wiszniewski et al., 2013; Di Vincenzo et al., 2014).

CMT is clinically, neurophysiologically, and genetically heterogeneous. It is most commonly characterized by sensory loss that starts in the lower limbs and progresses slowly in a length-dependent manner. This produces progressive distal muscle atrophy, weakness, distal sensory loss, foot deformities, and depressed tendon reflexes (Shy et al., 2005; Rossor et al., 2013).

The clinical classification is based on age at onset, distribution of muscle weakness, sensory loss, walking difficulties, and foot deformities (Rossor et al., 2013). Neurophysiology allows subdividing the disease into a demyelinating (CMT1) and axonal (CMT2) forms depending on whether the median motor nerve conduction velocity (NCV) is below or above 38 m/s, respectively. A third form, intermediate CMT, has both demyelinating and axonal features and NCV between 25 and 45 m/s (Reilly and Shy, 2009; Berciano et al., 2012).

The duplication of PMP22 is the most common cause of CMT, with a prevalence up to 40% in some populations (Reilly and Shy, 2009; Abe et al., 2011; Saporta et al., 2011; Murphy et al., 2012; Østern et al., 2013; Sivera et al., 2013). Then, approximately 100 different genes have been linked to CMT-like phenotypes which are associated with related conditions involved in axonal transport, myelin structure, and membrane metabolism that have been found in multiple unrelated families or confirmed by functional studies (Saifi et al., 2003; Saporta et al., 2011; Azzedine et al., 2012; Vallat et al., 2013; IPNMDB, 2014; OMIM, 2014; Washington University, 2014).

Therefore, the large spectrum of genetically identifiable disease alleles complicates the molecular diagnosis. Genetic heterogeneity is associated with a wide spectrum of phenotypes, complicated by the fact that mutations in the same gene cause different phenotypes (Reilly and Shy, 2009; Azzedine et al., 2012; OMIM, 2014). Furthermore, sporadic cases of CMT are not uncommon due to autosomal recessive inheritance, reduced penetrance, late-onset, small family size, and de novo mutations (Braathen et al., 2011; Saporta et al., 2011; Vallat et al., 2013).

In this study, we enrolled 67 patients and applied a diagnostic protocol including multiple ligation-dependent probe amplification (MLPA) for copy number variation (CNV) detection of PMP22 locus, and next-generation sequencing (NGS) for sequencing of 47 genes known to be associated with CMT and routinely screened in medical genetics.

The goal of this study is to identify the genetic features in the recruited cohort of patients, highlighting the role of rare variants in the genotype-phenotype correlation.



MATERIALS AND METHODS


Study Population

We collected blood or DNA samples from 67 unrelated patients with a clinical diagnosis of CMT from January 2013 to December 2019 at IRCCS Neuromed Institute (Italy). Genomic DNA was isolated from peripheral blood leukocytes according to standard procedures (QIAamp DNA Blood Mini Kit – QIAGEN).



Clinical Data

Diagnosis of CMT includes the presence of slowly progressive neuropathy with or without family history and after exclusion of other common causes of acquired neuropathy. CMT subtype was classified as CMT if both motor and sensory nerves were similarly affected, and dHMN or HSN if the neuropathy showed exclusive or predominant involvement of motor or sensory nerves, respectively. CMT patients were further subdivided into demyelinating CMT if conduction velocity of the nondominant median or ulnar nerve was ≤38 m/s and axonal or intermediate CMT if >38 m/s.



Literature Review

A systematic review of the literature was conducted to identify the detection rate of genetic variants and the clinical phenotype of CMT patients. Pubmed, Medline, and Embase database identified 23 cohort analysis studies consisting of Italian and European CMT patients in the period between 1997 and 2020 (Supplementary Table S1).



Multiple Ligation-Dependent Probe Amplification

The commercially available kit P405 (MRC-Holland, Amsterdam, Netherlands) was used for the multiplex dosage. This SALSA MLPA Probemix contains 42 MLPA probes with amplification products between 130 and 445 nt: 15 probes located in the 17p12 region (PMP22 gene), two flanking probes, seven probes in the MPZ gene, five probes in the GJB1 gene, 10 reference probes detecting autosomal chromosomes, and three probes on the X-chromosome. The MLPA was performed on DNA from patients, and four normal subjects were used as internal controls.



Next-Generation Sequencing Panel

The NGS analysis was performed using the Seq Cap EZ Choice Enrichment Kits (Hoffmann-La Roche, Basel) on an Illumina MiSeq (San Diego, CA). A full list of genes sequenced is provided in Table 1. All coding exons of the RefSeq transcripts of the genes and 15 base pairs of the flanking introns were targeted, except for GJB1, for which the target region is extended 860 bases upstream of the ATG start codon to include the nerve-specific promoter region. 99% of the coding exons were sequenced with a minimal read depth of 30X.



TABLE 1. Target genes included in NGS Panel.
[image: Table1]

GenomeUp software1 was used for data analysis. It provides automated annotation (Best Practices workflows of GATK v4.1 for germline variant calling), alignment of sequence reads to the reference genome GRCh37/hg19, and selection of potentially pathogenic variants. Direct evaluation of data sequence was performed by the Integrative Genomics Viewer v.2.3. Mutation re-sequencing and segregation analysis were performed by the Sanger sequencing ABI 3130xl Genetic Analyzer (Applied Biosystems).



Data Analysis and Variant Interpretation

Variants were classified as pathogenic (class 5), likely pathogenic (class 4), and variants of uncertain significance (VoUS; class 3) according to American College of Medical Genetics Guideline for germline variant classification (Li et al., 2017). To this aim, public databases were used (VarSome https://varsome.com; GnomAD https://gnomad.broadinstitute.org). In silico analyses of variants were performed using SIFT,2 PolyPhen2,3 PROVEAN,4 and Mutation Assessor.5 The new mutations identified have been submitted in ClinVar database.6




RESULTS


Multiple Ligation-Dependent Probe Amplification Analysis

The variation of the whole PMP22 gene CNV was assessed through MLPA, confirming the clinical diagnosis in 26 out of 67 patients (38.8%). In detail, 20/67 (30%) were carriers of the heterozygote whole gene duplication, thus confirming the clinical diagnosis of CMT1A; 5/67 (7.4%) were carriers of the heterozygote whole gene deletion, confirming HNPP clinical diagnosis; and one was a carrier of a rare whole gene mosaic duplication of 1.5-Mb in heterozygous in PMP22 gene (MIM 601097), considered as pathogenic (Rautenstrauss et al., 1998) and thus responsible for CMT disease 1A, autosomal dominant (MIM 118220). (Family ID 564, II:1; Figure 1A), classified as sporadic on anamnesis.

[image: Figure 1]

FIGURE 1. Pedigree and electropherograms of class 4 and 5 mutations identified by next-generation sequencing (NGS). (A) Family ID: 564, MPLA analysis and identified a mosaic duplication of 1.5-Mb (17p11.2–12); (B) Family ID: 882, heterozygous stop mutation in mitofusin-2 (MFN2) gene: NM_001127660.1:c.[2258dupT], NP_001121132.1:p.(Gln754AlafsTer9; rs773371488); (C) Family ID: 896, heterozygous stop mutation in MPZ gene: NM_000530.8: c.[306delA], NP_000521: p.(Asp104ThrfsTer14), (rs281865125); (D) Family ID: 402, heterozygous missense mutation in HSPB1 gene: NM_001540.3:[c.570G > C], NP_001531.1:p.(Gln190His); (E) Family ID: 184, heterozygous missense mutation in KIF1A gene: NM_001244008.2:c.[5332C > T], NP_ p.(Arg1778Trp), (rs765668490); (F) Family ID: 1196, heterozygous stop mutation in GADP1 gene: NM_018972.2: c.[140delA], NP_061845.2: p.(Lys47ArgfsTer3); (G) Family ID: 1251, homozygous splicing mutations in SH3TC2 gene: NM_024577.3: c.[805 + 2T > C], (rs139052887); (H) Family ID: 1141, heterozygous deletion mutation in KIF5A gene: NM_004984.2:c.[2868_2870delTCT], NP_004975.2:p.(Leu957del), (rs575223790); and (I) Family ID: 580, homozygous missense mutation in MTMR2 gene: NM_016156.5:c.[463T > C], NP_057240.3:p.(Cys155Arg).




Next-Generation Sequencing Analysis

The remaining 41 patients were tested by NGS using a target panel that considers 49 genes associated with CMT (Table 1). This approach identified the causative variants (pathogenic or likely pathogenic), in 8/41 patients (19.5%; Figure 2A). Thus, NGS improved the detection rate to 50.8% (38.8% MLPA + 12% NGS). The onset of all patients with a genetic diagnosis ranges from 7 to 57 years old, and the clinical features, consistent with phenotypes reported in OMIM database, are summarized in Table 2.

[image: Figure 2]

FIGURE 2. Genotype and phenotype of Charcot-Marie-Tooth (CMT) patients from this study (A), and CMT patients reviewed from the literature (B). (A) Variants identified in 67 CMT patients (blue: copy number variation 38.8%; orange: MPZ mutation 1.5%; gray: HSPB1 mutation 1.5%; light yellow: MFN2 mutation 1.5%; light blue: KIF1A mutation 1.5%; green: GAPD1 mutation 1.5%; dark blue: MTMR2 mutation 1.5%; brown: KIF5A mutation 1.5%; dark gray: SH3TC2 mutation 1.5%; yellow: no cause detected 41.8%; and dark green: uncertain pathogenetic 7.4%). (B) This graphic compares detection yield in CMT phenotypes obtained from the literature. (light yellow: CMT1; orange: CMT2; gray: CMT4; light blue: CMTX; green: HMSN; and blue: undiagnosed). Bar 1: data obtained in this study; Bar 2: data obtained from three Italian studies; and Bar 3: data obtained from 20 European studies (see Supplementary Material).




TABLE 2. Genetic and clinical data in the cohort of patients analyzed. Clinical (A) and genetic (B) features of the 15 CMT patients (16 variants) identified by NGS.
[image: Table2]

These variants fall in eight different genes: MFN2, MPZ, GDAP1, SH3TC2, HSPB1, KIF5A, MTMR2, KIF1A, responsible for demyelinating CMT (5/64, 8%), and axonal or intermediate CMT (3/64, 4.7%; Table 2).

Of these variants, three have been previously reported as causative of CMT (Families ID 896, 125, 402; Warner et al., 1996; Capponi et al., 2016; Piscosquito et al., 2016), five are new variants (Figure 1).

In six out of eight probands, familiar members were available for segregation analysis. Of these, four variants were already classified as pathological (Families ID 882, 1141, 721, 961), while two patients were carriers of variants classified as VoUS, but reclassified as pathological through data obtained from familiar segregation (Families ID 580, 184; Figure 1). The variants identified have been classified as sporadic (3/8, 37.5%) or familiar (5/8, 62.5%).



Causative Variants Identified as Sporadic


Family ID 882

The proband, a 45 years old female (II:1; Figure 1B), onset at 7 years old, presented with a moderate hyposthenia, axonal neuropathy, and normal conduction velocity (>45 m/s). She is a carrier of the new heterozygous stop mutation: NM_001127660.1:c.[2258dupT], NP_001121132.1:p.(Gln754AlafsTer9; rs773371488) in mitofusin-2 (MFN2; MIM 608507) considered as pathogenic and thus responsible for CMT disease 2A2A and autosomal dominant (MIM 609260). The variant was considered as sporadic since it is not present in the mother (I:2), and her father (I:1) is reported as neurological healthy.



Family ID 896

The proband, a 45 years old male (II:1; Figure 1C), onset at 20 years old, presented with axonal and demyelinating neuropathy with a very slow conduction velocity (>15 m/s). Molecular analysis identified the known heterozygous stop mutation: NM_000530.8: c.[306delA], NP_000521: p.(Asp104ThrfsTer14), (rs281865125) in MPZ (MIM 159440) considered as pathogenic (Warner et al., 1996) and thus responsible for CMT disease-dominant intermediate D (MIM 607791). The variant was considered sporadic. Family members were not available for testing, but both his mother I:2 and father I:1 were reported as neurological healthy before the age of 20 years old.



Family ID 402

The proband, a 76 years old female (II:1; Figure 1D), onset at 56, presented with progressive ankle instability and gait difficulties with and foot drop. She had a diagnosis of axonal neuropathy with an intermediate conduction velocity (38 m/s). Molecular analysis identified the known heterozygous missense mutation: NM_001540.3:c.[570G > C], NP_001531.1:p.(Gln190His) in HSPB1 (MIM 602195) considered as likely pathogenic (Capponi et al., 2016) and thus responsible for CMT disease, axonal, and type 2F autosomal dominant (MIM 606595). Family members were not available for testing.




Causative Variants Identified as Familiar


Family ID 184

The proband, a 67 years old male (II:1; Figure 1E), onset at 45 years old, presented with neuropathy, mild hyposthenia of the distal musculature, and hearing loss. He showed a slow conduction velocity (25 m/s) and signs of pyramidal tract dysfunction. Molecular analysis identified a new heterozygous missense mutation: NM_001244008.2:c.[5332C > T], NP_ 001230937:p.(Arg1778Trp), (rs765668490: C > T) in KIF1A (MIM 601255), initially considered as VoUS, but classified as likely pathogenic because of its presence in his affected brother (II:2). This variant is responsible for neuropathy, hereditary sensory, type IIC, and autosomal recessive (MIM 614213).



Family ID 1196

The proband, 69 years old male (II:1; Figure 1F), onset at 57 years old, presented with axonal neuropathy. He showed a normal conduction velocity. Molecular analysis identified a new heterozygous stop mutation: NM_018972.2: c.[140delA], NP_061845.2: p.(Lys47ArgfsTer3) in GADP1 (MIM 606598) considered as pathogenic and thus responsible for CMT disease axonal, autosomal dominant, and type 2K (MIM 607831). His sister (II:9) has a similar condition but was not available for testing.



Family ID 125

The proband, a 45 years old male (II:1; Figure 1G), onset at 20 years old, presented with early onset demyelinating neuropathy with slow conduction velocity (18 m/s). Molecular analysis identified the known homozygous splicing mutations: NM_024577.3: c.[805 + 2T > C], (rs139052887T > C) in SH3TC2 (MIM 608206) considered as pathogenic (Piscosquito et al., 2016) and thus responsible for CMT disease, autosomal recessive, and type 4C (MIM 601596). Both parents (I:1 and I:2) are heterozygote healthy carriers of this variant.



Family ID 1141

The proband a 60 years old male (II:1; Figure 1H), onset at 40 years old, presented with neuropathy and spastic paraplegia. He showed an intermediate conduction velocity (40 m/s). Molecular analysis identified a new heterozygous deletion mutation: NM_004984.2:c.[2868_2870delTCT], NP_004975.2:p.(Leu957del), (rs575223790) in KIF5A (MIM 602821) considered as likely pathogenic and thus responsible for spastic paraplegia 10 with neuropathy and autosomal dominant (MIM 604187). This variant is familiar since it is present in his affected sister (II:2) and absent in his healthy sister (II:4).



Family ID 580

The proband is a 30 years old female (II:1; Figure 1I), onset at 22, presented with axonal neuropathy and an intermediate conduction velocity (<35 m/s). Molecular analysis identified the new homozygous missense mutation: NM_016156.5:c.[463T > C], NP_057240.3:p.(Cys155Arg) in MTMR2 (MIM 603557) initially considered as VoUS, but classified as likely pathogenic because of its presence in homozygous in her affected brother (II:2), and in heterozygous in her parents (I:1 and I:2). Thus, this variant is responsible for CMT disease, type 4B1, and autosomal recessive (MIM 601382).




Variants Identified as VoUs

Seven VoUS were found in 6/67 patients (7%; Table 2; Figure 2A). Heterozygous variants identified in AGRN, SCP2, DNM2, MED25, DYNC1H1, and BSCL2 genes associated with autosomal dominant and recessive CMT.


Family ID 721

The proband a 59 years old male (II:1; Figure 3A), onset at 55 years old, presented with axonal neuropathy. He showed a very slow conduction velocity (>15 m/s). He had clear psychic slowness, cognitive impairment, and floating paresthesia in the upper limbs. Molecular analysis identified two new heterozygous missense mutations: (a) in AGRN (MIM 103320) NM_198576.4:c.[5851C > T], NP_940978.2: p.(Arg1951Cys), (rs746117937) responsible for myasthenic syndrome, congenital, 8, with pre- and postsynaptic defects, autosomal recessive (MIM 615120), and SCP2 (MIM 184755) NM_002979.5 c.[886C > T] and NP_001317516.1:p.(Pro296Ser) responsible for leukoencephalopathy with dystonia and motor neuropathy, autosomal recessive (MIM 613724). Both variants are not present in the healthy sister (II:2), but these data are not sufficient to consider this variant as likely pathogenic.

[image: Figure 3]

FIGURE 3. Pedigree and electropherograms of variants of uncertain significance identified by NGS. (A) Family ID: 721, two missense variants in (a) AGRN gene NM_198576.4:c.[5851C > T], NP_940978.2:p.(Arg1951Cys), (rs746117937) and (b) SCP2 gene NM_002979.5 c.[886C > T], p.(Pro296Ser); (B) Family ID: 856, missense variant in DNM2 gene NM_001005360.2:c.[890G > A], NP_001005360.1:p.(Arg297His); (rs763894364); (C) Family ID: 608, missense variant in MED25 gene NM_030973.3:c.[949G > T], NP_112235.2: p.(Gly317Cys); (rs1280659782); (D) Family ID: 962, N missense variant in DYNC1H1 gene NM_001376.4:c.[9919G > T], NP_001367.2:p.(Val3307Leu); (E) Family ID: 731, missense variant in DYNC1H1 gene NM_001376.4:c.[6743A > G], NP_001367.2:p.(Glu2248Gly); and (F) Family ID: 1261, missense variant in BSCL2 gene NM_001122955.3:c.[124C > T], NP_001116427.1:p.(Arg42Cys); (rs201493373).




Family ID 856

The proband, a 67 years old female (II:1; Figure 3B), presented with axonal neuropathy. She showed a slow conduction velocity (<35 m/s). Molecular analysis identified a new heterozygous missense mutation: NM_001005360.2:c.[890G > A], NP_001005360.1:p.(Arg297His; rs763894364) in DNM2 (MIM 602378) responsible for CMT disease, axonal type 2M, and autosomal dominant (MIM 606482). Family members were not available for testing.



Family ID 608

The proband, a 53 years old female (II:1; Figure 3C), onset at 50, presented with axonal neuropathy. She showed an intermediate conduction velocity (<35 m/s). Molecular analysis identified a new heterozygous missense mutation: NM_030973.3;c.[949G > T], NP_112235.2: p.(Gly317Cys; rs1280659782 G > T) in MED25 (MIM 610197) responsible for CMT disease, type 2B2, and autosomal recessive (MIM 605589). Family members were not available for testing.



Family ID 962

The proband, 36 years old male (II:1; Figure 3D), onset at 34, presented with demyelinating neuropathy. He showed a slow conduction velocity (20 m/s). Molecular analysis identified a new heterozygous missense mutation: NM_001376.4:c.[9919G > T], NP_001367.2:p.(Val3307Leu) in DYNC1H1 (MIM 600112) responsible for CMT disease, type 20, and autosomal dominant (MIM 614228). Family members were not available for testing.



Family ID 731

The proband, 63 years old female (II:1; Figure 3E), presented with axonal neuropathy. She showed a slow conduction velocity (<35 m/s). Molecular analysis identified a new heterozygous missense mutation: NM_001376.4:c.[6743A > G], NP_001367.2:p.(Glu2248Gly) in DYNC1H1 (MIM 600112) responsible for CMT disease, type 20, and autosomal dominant (MIM 614228). Family members were not available for testing.



Family ID 1261

The proband, 48 years old male (II:1; Figure 3F), onset a 42 years old, presented with demyelinating neuropathy. He showed a very slow conduction velocity (>15 m/s) and hollow foot. Molecular analysis identified a new heterozygous missense mutation: NM_001122955.3:c.[124C > T], NP_001116427.1:p.(Arg42Cys); (rs201493373) in BSCL2 (MIM 606158), responsible for neuropathy, distal hereditary motor, and type VA (MIM 600794) autosomal dominant. Family members were not available for testing.





DISCUSSION

In this study, 67 patients with a clinical diagnosis of CMT were selected for molecular analysis of genes known to be related to the disease. Although the genetic of CMT is featured by a strong genetic heterogeneity, most of the patients carry 17p CNV of PMP22. Among this CNV, almost all cases carry the whole gene duplication of PMP22. The prevalence of the duplication varies among populations, ranging from 15% in Norwegian studies, up to more than 50% in Italy and Spain (Abe et al., 2011; Saporta et al., 2011; Murphy et al., 2012; Østern et al., 2013; Sivera et al., 2013; Høyer et al., 2014). In this study, only 30% of Italian patients (20/67) carry the whole gene duplication of PMP22, thus under-representing other Italian studies though still being in line with prevalence measured in European studies (Figure 2B).

When ruling out carriers of 17p CNV in PMP22, NGS identified the causative variants in 8/41 patients, which correspond only to 12% of the patients analyzed in this study (8 out of 67), being over 50% of the total of causative variants confirming the clinical diagnosis detected in the present analysis. Thus, combining various genetic tools using a target panel of 49 genes allowed to cover to a greater extent the complex clinical setting.

Several cohort studies tried to identify the diagnostic yield in CMT patients. To this aim, we conducted a systematic review of 23 cohort analysis studies consisting of Italian and European CMT patients in the period between 1997 and 2020. This data, summarized in Figure 2B and Supplementary data, identified a diagnostic yield of 71.7% in Italy (Mostacciuolo et al., 2001; Manganelli et al., 2014; Gentile et al., 2020) and 26.7% in Europe (Bort et al., 1997; Saporta et al., 2011; Murphy et al., 2012; Gess et al., 2013; Østern et al., 2013; Sivera et al., 2013; Høyer et al., 2014; Antoniadi et al., 2015; Laššuthová et al., 2016; Lupo et al., 2016; Dohrn et al., 2017; Marttila et al., 2017; Bacquet et al., 2018; Hoebeke et al., 2018; Milley et al., 2018; Nicolas et al., 2018; Lerat et al., 2019; Vaeth et al., 2019; Cortese et al., 2020; Figure 2B). Therefore, the prevalence of genetic cases of CMT provided by the present data represents an average compared with the general prevalence measured in Italy and Europe. The differences in the diagnostic rate may be explained by the differences in the specific features of the cohorts being analyzed, the number of demyelinating CMT cases enrolled, and the heterogeneous inclusion criteria considering the common causative, which were genes adopted by the previous MLPA and Sanger sequencing.

In our cohort, NGS approach identified variants in eight different genes: MFN2, MPZ, GDAP1, SH3TC2, HSPB1, KIF5A, MTMR2, and KIF1A (Table 2), five responsible for demyelinating CMT, and three for axonal or intermediate CMT. These NGS-identified variants appeared as sporadic (3/8) or familial (5/8).

A frequency of sporadic or de novo mutations is reported in 28–34% (Marques et al., 2005; Ando et al., 2017), although this percentage may vary and some studies report up to a half of the patients as sporadic (Ando et al., 2017). In this study, variants considered as sporadic are reported in three out of eight patients with a NGS genetic diagnosis (37.5%). This percentage, in line with other studies, may represent an overestimation since this trend cannot be verified in a few families where a full familial anamnesis is lacking. This point is crucial since it demonstrates how a careful, multifaceted genetic approach with a complete familial anamnesis and genetic segregation analysis could provide a reduction of sporadic CMT.

Among sporadic variants, the proband Family ID 564 (Figure 1A) is a carrier of a whole gene mosaic in the PMP22 gene. This is consistent with the high instability of the PMP22 gene which undergoes de novo PMP22 duplications in up to 90% of sporadic CMT1 (Boerkoel et al., 2002; Marques et al., 2005).

The other probands carry sporadic variants in the gene MFN2, MPZ, and HSPB1. Mutations in MFN2 cause CMT type 2A by altering mitochondrial fusion and trafficking along with the axonal microtubule system (Guerriero et al., 2020). Pathogenic variants in MFN2 are typically inherited as autosomal dominant and are usually missense variants (Di Vincenzo et al., 2014).

The sporadic variant identified, Family ID 883 (Figure 1B), consists of a single base insertion in the coiled-coil domains producing a stop mutation p.(Gln754AlafsTer9). This could be a de novo variant. De novo MFN2 mutations are regularly found in patients with a classical CMT2 phenotype (Østern et al., 2013), and some MFN2 mutations have also been reported as de novo in several patients (Züchner et al., 2004; Chung et al., 2006; Verhoeven et al., 2006; Cho et al., 2007). The early onset of the proband, at 7 years old, is in line with data reporting that mutations in MPZ, MFN2, or NEFL are the most frequent disease causes of patients with infantile-onset CMT (Hsu et al., 2019).

Thanks to NGS studies, several data are broadening the phenotype spectrum produced by mutations in some CMT genes. For example, mutations in the N-terminal motor domain of KIF5A are responsible for hereditary spastic paraplegia (SPG10 MIM 604187) and CMT type 2 (CMT2), clustered in the switch regions SWI (199–204) and SWII (232–237) necessary for microtubules interaction (Filosto et al., 2018). On the other hand, mutations in the C-terminal cargo-binding tail domain (Tail domain) are related to a specific ALS phenotype (ASL MIM 617921), with an early disease onset but a longer survival compared with typical amyotrophic lateral sclerosis (ALS; Brenner et al., 2018; Nicolas et al., 2018). Beyond these main phenotypes, other complex and overlapping phenotypes are emerging, which demonstrates that KIF5A mutations may be responsible for a wide range and heterogeneous disease spectrum (Schüle et al., 2008; Tessa et al., 2008). For example, in a patient, a mixed slowly progressive disease was described resembling ALS as well as HSP and axonal neuropathy. This is caused by a mutation within the terminal region of the stalk domain (Cho et al., 2007). Additionally, the patient Family ID 1141 (Figure 1H) reported in this paper represents the first case of a familial mutation, the new heterozygous deletion p.Leu957del, falling in the tail domain of KIF5A producing spastic paraplegia 10 with autosomal dominant neuropathy (MIM 604187).

Taken together, these results broaden the phenotypic spectrum of KIF5A mutations and confirm the importance of cytoskeletal defects in the pathogenesis of both ALS and CMT.

In line with this, the phenotype related to heat shock protein 27 (HSP27) is broadening. For instance, mutations in the HSPB1 gene have been reported to cause autosomal dominant CMT with minimal sensory involvement (CMT 2F MIM 606595). Then, two independent studies reported different HSPB1 mutations in two sporadic cases and one consanguineous family with ALS, suggesting that the disease spectrum of HSP27 may not be limited to CMT2/dHMN (Scarlato et al., 2015; Capponi et al., 2016; Adriaenssens et al., 2017). In this study, we identified the known heterozygous missense mutation p.Gln190H in Family ID 402 (Figure 1D), which falls in the C-terminal domain involved in the control of its chaperone-like activity, responsible for CMT, axonal, and type 2F autosomal dominant (MIM 606595; Lelj-Garolla and Mauk, 2012). This variant falls in the C-terminal domain involved in the control of chaperone-like activity (Lelj-Garolla and Mauk, 2012; Capponi et al., 2016). It has been previously reported in a sporadic ALS patient with onset at 58 yo, and axonal neuropathy with an intermediate conduction velocity (38 m/s; Capponi et al., 2016). Therefore, considering this study in which the same variant has been identified in a CMT patient, the genotype-phenotype correlation is very complex. Functional characterization of different mutations located in the C-terminal domain did not show a clear correlation between the location of the mutation and associated cellular phenotype. This suggested that the genomic variant, more than its location, determines the cell pathology and phenotype, However, the present study contradicts such a conclusion which is not consistent with the present data which indicate how the same substitution has been identified in patients owing to a different disease (ALS in one case CMT in another; Capponi et al., 2016). This suggests the importance of how specific genetic backgrounds may alter the expression of the genetic variants while explaining how rare variants, like VoUS may be responsible for the disease.

In this study, seven VoUS were identified in six (7%) patients. These variants, all in heterozygous status, all fall in one of those genes associated with autosomal dominant and recessive CMT: AGRN, SCP2, DNM2, MED25, DYNC1H1, and BSCL2. This high number of VoUS is in line with the previous studies reporting a higher number of VoUS in neuropathy-associated genes, including single mutations in autosomal recessive CMT genes compared with the control population, with some patients presenting more than one VoUS in different CMT genes (Gonzaga-Jauregui et al., 2015). For instance, here, we report multiple VoUS in the proband of Family ID 721 (Figure 3A) characterized by two VoUS in AGRN and SCP2. A recent hypothesis suggests that a combinatorial effect of rare variants contributes to the disease burden in CMT and partly explains its various phenotypes. This confirms what was demonstrated by using in vivo experimental models in zebrafish (Cortese et al., 2020). Therefore, the interpretation of VoUS remains a key diagnostic challenge in the current NGS era.



CONCLUSION

This cohort analysis demonstrates the importance of combining different molecular approaches to identify the causative variant in CMT patients. The use of NGS target panel consisting of 49 genes identified the causative variants in eight patients, improving the detection rate to 50.8%. Although this seems to represent only a small fraction of patients, the identification of rare mutations allows dissecting of unexpected phenotypes associated with previously known or unknown genotypes, thus broadening the phenotype expression produced by variants. This is the example of a patient carrying a novel familial mutation in the tail domain of KIF5A (a protein domain previously associated with familial ALS), and a CMT patient carrying an HSPB1 mutation, previously reported in ALS.

In this cohort, the higher frequency of VoUS identified is in line with the previous studies, confirming that the interpretation of VoUS remains a key diagnostic challenge in the current NGS era. In line with this, in this cohort, the segregation analysis allowed to correctly interpret two variants, initially reported as VoUS, but re-classified as pathological.

To improve the detection rate in CMT patients, whole-genome sequencing (WGS) and whole-exome sequencing (WES) are strongly required. While the use of WES is now accepted for diagnostic purposes, WGS is able to both identify novel and rare variants in coding as well as noncoding regions. Therefore, these approaches allow the identification of new genes and rare variants, thus improving the genetic detection rate.
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An erythrocytosis is present when the red blood cell mass is increased, demonstrated as elevated hemoglobin and hematocrit in the laboratory evaluation. Congenital predispositions for erythrocytosis are rare, with germline variants in several genes involved in oxygen sensing (VHL, EGLN1, and EPAS1), signaling for hematopoietic cell maturation (EPOR and EPO), and oxygen transfer (HBB, HBA1, HBA2, and BPGM) that were already associated with the eight congenital types (ECYT1–8). Screening for variants in known congenital erythrocytosis genes with classical sequencing approach gives a correct diagnosis for only up to one-third of the patients. The genetic background of erythrocytosis is more heterogeneous, and additional genes involved in erythropoiesis and iron metabolism could have a putative effect on the development of erythrocytosis. This study aimed to detect variants in patients with yet unexplained erythrocytosis using the next-generation sequencing (NGS) approach, targeting genes associated with erythrocytosis and increased iron uptake and implementing the diagnostics of congenital erythrocytosis in Slovenia. Selected 25 patients with high hemoglobin, high hematocrit, and no acquired causes were screened for variants in the 39 candidate genes. We identified one pathogenic variant in EPAS1 gene and three novel variants with yet unknown significance in genes EPAS1, JAK2, and SH2B3. Interestingly, a high proportion of patients were heterozygous carriers for two variants in HFE gene, otherwise pathogenic for the condition of iron overload. The association between the HFE variants and the development of erythrocytosis is not clearly understood. With a targeted NGS approach, we determined an actual genetic cause for the erythrocytosis in one patient and contributed to better management of the disease for the patient and his family. The effect of variants of unknown significance on the enhanced production of red blood cells needs to be further explored with functional analysis. This study is of great significance for the improvement of diagnosis of Slovenian patients with unexplained erythrocytosis and future research on the etiology of this rare hematological disorder.

Keywords: NGS – next-generation sequencing, erythrocytosis, targeted panel sequencing, iron metabolism, diagnostics, rare disease (RD)


INTRODUCTION

Erythrocytes or red blood cells are the most abundant cells in the blood with the main function of tissue oxygen delivery (Lee and Percy, 2011). An increase in red blood cell mass (RCM) for more than 125% of predicted for age and sex is defined as absolute erythrocytosis. Increased RCM leads to raised blood viscosity and manifests as elevated hemoglobin (Hb) and hematocrit (Ht). Different criteria of Hb and Ht have been published for the diagnosis of erythrocytosis, with the consensus that Hb > 185 g/L and Ht > 0.52 in men and Hb > 165 g/L and Ht > 0.48 in women in at least two separate blood counts at 2 months apart requires further investigations (Patnaik and Tefferi, 2009; Keohane et al., 2013; McMullin, 2014, 2016; Bento, 2018). Clinical signs are associated with increased blood viscosity and include non-specific signs like dizziness, itching, facial plethora, redness of the hands, pulmonary hypertension, and, in some patients, serious complications like thromboembolic events and death (Lee and Arcasoy, 2015; McMullin et al., 2019a,b).

Several factors could lead to increased RCM. The cause of erythrocytosis could be congenital or acquired and can be further divided into primary and secondary. An erythrocytosis is classified as primary, when there is an intrinsic defect in the erythroid progenitor cells, and secondary when the defect outside the erythroid compartment is driving the bone marrow to produce more red blood cells (McMullin, 2016; Bento, 2018). The most common reasons for erythrocytosis are acquired, due to somatic variants or various extrinsic factors that lead to reduced oxygen supply and thus stimulation of erythropoiesis, such as chronic pulmonary, cardiac, renal, hepatic diseases, erythropoietin (EPO)-secreting tumors, high-altitude living, smoking, sleep apnea, recombinant EPO, and androgen administration (McMullin, 2008; Lee and Percy, 2011; Bento, 2018). Genetic defects in several pathways and mechanisms that regulate erythropoiesis lead to erythrocytosis, including oxygen-sensing pathway and regulation of EPO transcription, EPO signal transduction mediated via EPOR-JAK2 signaling cascade, and regulation of hemoglobin-oxygen affinity (Gaspersic et al., 2020). Primary acquired erythrocytosis, i.e., somatic erythrocytosis (OMIM ID: 133100), is the consequence of somatic genetic variants in Janus kinase 2 (JAK2) gene and SH2B adaptor protein 3 (SH2B3) gene, which lead to constant activation of EPO signaling pathway (McMullin and Cario, 2016; Maslah et al., 2017; Bento, 2018). Somatic variant p.Val617Phe and variants in exon 12 of the JAK2 gene are the reason for the development of somatic erythrocytosis also termed polycythemia vera (PV) (OMIM ID: 263300) in 98% of erythrocytosis cases (Baxter et al., 2005; Scott et al., 2007; Bento, 2018). Cases with congenital erythrocytosis due to germline variants are much rarer. Based on the genetic origin, there are eight types of congenital (familiar) erythrocytosis, namely, ECYT1–8. Heterozygous variants in the EPO receptor gene (EPOR) are responsible for the development of ECYT1 (OMIM ID: 133100). The mechanism underlying ECYT2–5 (OMIM IDs: 263400, 609820, 611783, and 617907) is impairment of genes von Hippel–Lindau tumor suppressor (VHL), egl-9 family hypoxia-inducible factor 1 (EGLN1), endothelial PAS domain protein 1 (EPAS1), and EPO involved in the oxygen sensing. ECYT6–8 (OMIM IDs: 617980, 617981, and 222800) are developed due to variants in hemoglobin genes HBB, HBA1, and HBA2 and biphosphoglycerate mutase (BPGM), which lead to increased oxygen affinity of hemoglobin (Figure 1; McMullin, 2016; Bento, 2018). Except for VHL and BPGM-associated erythrocytosis, all other familial types have shown an autosomal-dominant type of inheritance (Amberger et al., 2019). Besides the above-mentioned genes, also other genes are included in the pathways of red blood cell production but were not yet associated with the clinical outcome of erythrocytosis (Gaspersic et al., 2020).
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FIGURE 1. Schematic presentation of genes responsible for eight types of congenital erythrocytosis (ECYT1–8) and somatic erythrocytosis. Genes are involved in pathways of (A) oxygen sensing, (B) signaling for proliferation and differentiation of erythroblasts and (C) oxygen transfer. (A) Oxygen is detected in the liver and kidney. In the normal oxygen conditions, hypoxia-inducible transcription factor (HIF) (the main isoform associated with the erythropoiesis is EPAS1) is hydroxylated by prolyl hydroxylase EGLN1, following binding of VHL. This results in ubiquitination and degradation of HIF. Under hypoxic conditions (e.g., 1% O2), oxygen availability is limited; thus, hydroxylation is diminished. This results in the stabilization of HIF that is transported to the nucleus where it forms a dimer complex with its beta subunit HIF1B (officially termed ARNT) and acts as transcription factor on numerous target genes, including EPO. (B) EPO is transported to the bone marrow, where it binds with its receptor EPOR on the erythroblast cells. This subsequently activates JAK2 signaling cascade for proliferation and differentiation of erythroblasts. SH2B3 is an inhibitor of JAK2 kinase. (C) Hemoglobin alpha (HBA1 and HBA2) and beta (HBB) are important binding proteins for oxygen and are involved in oxygen transfer. The enzyme BPGM forms an allosteric effector 2,3-biphosphoglycerate (2,3-BPG) for regulation of hemoglobin oxygen affinity.


It is increasingly evident that the same genes and pathways could be involved in the pathology of different diseases. Hereditary hemochromatosis (HH) is a disorder of systemic iron overload, due to the deficiency in iron regulatory hormone hepcidin. Variants in genes encoding HH protein (HFE), hemojuvelin (HJV), hepcidin (HAMP), transferrin receptor protein 2 (TFR2), and ferroportin (SLC40A1) could lead to loss of hepcidin transcription or activity and development of five HH types. The most common causes for HH are homozygous or compound heterozygous defects (p.Cys282Tyr, p.His63Asp, and p.Ser65Cys) in gene HFE, resulting in autosomal-recessive HH type 1 (Lanktree et al., 2017; Brissot et al., 2018). Recently, several research groups found HFE variants at higher frequencies among patients with unexplained erythrocytosis, i.e., idiopathic erythrocytosis (IE), compared with the general population (Biagetti et al., 2018; Burlet et al., 2019; Gurnari et al., 2019). Similarly, patients with the HFE variants had significantly higher Hb and Ht values than normal (Barton et al., 2000; Asif et al., 2019). It was suggested that HFE mutations could induce erythropoiesis through higher iron bioavailability, since iron is dedicated to the synthesis of Hb (Hentze et al., 2010; Biagetti et al., 2018; Burlet et al., 2019). Several gene panels of hemochromatosis and iron metabolism-associated genes have been developed (Badar et al., 2016; Faria et al., 2016; Ferbo et al., 2016; Lanktree et al., 2017).

In the past, most of the laboratories and diagnostic centers included only genes for ECYT1–8 in their routine laboratory evaluation for congenital erythrocytosis, using Sanger sequencing as a predominant method (Gaspersic et al., 2020). However, the practice has been so far that only about 20–30% of patients received a proper diagnosis with screening for known variants associated with erythrocytosis. Therefore, the majority of patients remained idiopathic (Bento et al., 2013; Camps et al., 2016; Girodon et al., 2017; Bento, 2018). This implicates that several other genes and mechanisms must be involved in the disease development. In recent years, the next-generation sequencing (NGS) approach was introduced into diagnostics of patients with IE or suspected congenital erythrocytosis. The biggest advantage of NGS sequencing in rare disease diagnostics is that it allows a massive parallel sequencing of multiple genomic regions of interest at once (Fernandez-Marmiesse et al., 2018). Several researchers used whole-genome sequencing (WGS) to identify novel candidate genes and variants involved in the development of congenital erythrocytosis (Taylor et al., 2015; Lenglet et al., 2018). To overcome the drawbacks of WGS, like high cost and processing a huge amount of data, targeted NGS panels were established. Camps et al. (2016) developed the erythrocytosis gene panel of 21 candidate genes, which are involved in key disease-driven pathways or were identified in prior WGS projects (Taylor et al., 2015; Camps et al., 2016). Targeted NGS of erythrocytosis-associated genes was later also used by a French research group studying erythrocytosis (Girodon et al., 2017; Filser et al., 2021), and erythrocytosis gene panels are gradually introduced into the routine clinical practice (Gaspersic et al., 2020).

The diagnostic procedures for the evaluation of patients with abnormally high Hb and Ht had been insufficient in Slovenia so far (Mlakar, 2008). A previous genetic analysis of patients with signs of erythrocytosis included only the examination of the JAK2 gene for variants causative for PV, with allele-specific PCR, high-resolution melting (HRM) analysis, and Sanger sequencing (Baxter et al., 2005; Ugo et al., 2010; Geay et al., 2020). A huge proportion of patients with excluded PV were undiagnosed and remained idiopathic. It was urgent to modernize the diagnostic algorithm for erythrocytosis and to extend the genetic analysis for other known and novel candidate genes associated with the development of erythrocytosis. We have recently developed a national diagnostic algorithm for erythrocytosis, differentiating patients with absolute erythrocytosis, in whom acquired causes and PV are excluded (Anzej Doma et al., 2021a). The precise selection of patients to the point where genetic testing is considered is important to improve the diagnostic yield.

In the previous study, we have described and verified the targeted NGS method, which we developed for the genetic characterization of IE (Kristan et al., 2021). In the same gene panel, we included for the first time genes associated with erythrocytosis and HH. This was an important improvement to the erythrocytosis gene panels already used in international clinical practice since erythropoiesis and iron metabolism pathways are clearly intertwined. In the present study, we used targeted NGS to diagnose a group of patients with IE, which were selected over a period of 8 years (Anzej Doma et al., 2021a). The targeted NGS approach, in combination with the national diagnostic algorithm, improved the diagnostic accuracy of the Slovenian patients with IE, as we provided new explanations for the development of erythrocytosis to the patients.



MATERIALS AND METHODS


Patients

Adult patients with erythrocytosis of unknown cause were selected based on the diagnostic algorithm for erythrocytosis (Anzej Doma et al., 2021a) from individuals followed up at University Medical Centre Ljubljana (UMCLj) between 2011 and 2019. All patients were of Slovenian ethnic origin. A complete hemogram was performed for the patients, with additional relevant hematological parameters like ferritin values and saturation of transferrin. The inclusion criteria were (a) confirmed absolute erythrocytosis with hemoglobin >185 g/L for men and 165 g/L for women or hematocrit >0.52 for men and >0.48 for women twice over at least 2 months; (b) absence of pathogenic JAK2 variants p.Val617Phe and exon 12 variants for PV; and (c) absence of any defined cause of secondary acquired erythrocytosis. Participants gave informed consent; the study was approved by the National Medical Ethics Committee, Ministry of Health of the Republic of Slovenia, approval no. 115/07/15 (0120-198/2015-4, 0120-287/2019-4). Patients were also reviewed for a family history of erythrocytosis. Several patients reported similar symptoms of erythrocytosis in families, and we were able to gather additional samples of other family members. Overall, 25 patients were selected for the genetic analysis with targeted NGS: 21 unrelated patients and two families, each with two participating members. Additionally, a family member without erythrocytosis from one of the families was included. DNA samples were extracted from granulocytes as described earlier (Kristan et al., 2021). We also included commercial reference DNA control NA12878, obtained from the Coriell Institute.



Targeted Next-Generation Sequencing and Data Analysis

We used targeted NGS to analyze samples from selected patients, one family member without erythrocytosis, and a reference DNA control. Library preparation and enrichment of 39 genes involved in erythropoiesis and hemochromatosis development were performed as described previously (Kristan et al., 2021). For enrichment, sample libraries were combined into multiplex pools of 12 samples pooled by mass. Enriched libraries were sequenced on MiniSeq sequencer (Illumina, San Diego, CA, United States) in 2 × 150 cycles. After duplicates were removed, the alignment of reads to UCSC hg19 reference assembly was done using BWA algorithm (v0.6.3), and variant calling was done using GATK framework (v2.8). Only variants exceeding the quality score of 30.0 and depth of 5 were used for downstream analysis. Variant annotation was performed using ANNOVAR and snpEff algorithms, with pathogenicity predictions in dbNSFPv2 database. Reference gene models and transcript sequences are based on the RefSeq database. Variants with population frequency exceeding 1% in 1000 genomes and ESP6500, synonymous variants, intronic variants, and variants outside the clinical target were filtered out during analyses (Bergant et al., 2018). Separately, we also looked for clinically significant variants in HFE gene, which has a higher population frequency than 1%. The interpretation of sequence variants was based on ACMG/AMP standards and guidelines (Richards et al., 2015), modified in accordance with the ACGS recommendations (Ellard et al., 2019). Variants are classified as follows: class 1, benign variants; class 2, possibly benign variants; class 3, variants of uncertain significance, not enough evidence; class 4, possibly pathogenic variants; and class 5, pathogenic variants. Classification of variants is supported by the evidence categories (Richards et al., 2015). A list of in silico tools with deleterious predictions of variants was obtained from the Varsome database1 (Kopanos et al., 2019). A variant was predicted to have a deleterious effect on the gene or gene product (evidence category PP3), when the majority of computational predictors or the majority of meta-predictors (REVEL, METALR, METASVM, and CADD) supported a deleterious effect. The cutoff value on deleteriousness for CADD (Combined Annotation Dependent Depletion) score was set to >20 (Rentzsch et al., 2019). The frequencies of identified variants in the general population were gathered from the GnomAD browser, version v2.1.12. We reviewed databases ClinVar (Landrum et al., 2018), LOVD (Fokkema et al., 2011), HGMD (Stenson et al., 2003), COSMIC (Tate et al., 2019), and CIViC (Griffith et al., 2017) to search for clinically relevant data of variants. Gene abbreviations are according to the official symbols in HUGO Gene Nomenclature Committee (Tweedie et al., 2021). The purpose of the reference DNA sample was to serve as a control for sequencing performance. For benchmarking the method sensitivity, reference DNA NA12878 was sequenced, and variant calls were compared against the high-confidence variant calls provided by the NIST Genome in a bottle consortium (v.3.3.2).



Validation Using Sanger Sequencing

All identified pathogenic variants were further confirmed by Sanger sequencing (GATC Biotech, Konstanz, Germany). Sanger sequencing and prior PCR amplification were performed with custom-designed primers (IDT) and are available upon request.



RESULTS


Sequencing Performance

All 27 samples, including patients, one individual without erythrocytosis, and a reference DNA control, were sequenced by the targeted NGS. On average, 87% of mapped reads were on target regions, which indicates a successful enrichment. Targeted sequenced bases had high quality, as over 92% of aligned bases were sequenced with the minimum quality of Q30. With sequencing, we reached the median coverage of 230× (Figure 2A). The capture design encompassed 377 regions, of which we attained an average coverage of at least 10× for 362 regions (96%) across the sequenced samples, indicating that the majority of captured regions were sequenced at sufficient coverage for sensitive variant detection (Figure 2B). Only 15 target regions (4.0%) had an average coverage lower than 10× across samples, probably due to the high guanine–cytosine (GC) content of these regions (Supplementary Table 1). We cross-referenced the regions with poor coverage against the published pathogenic or likely pathogenic variants in the ClinVar database and found that these regions do not contain any known erythrocytosis-associated clinically relevant variants.
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FIGURE 2. Coverage of 25 sequenced patient’s samples. (A) Each bar represents median coverage depth for an individual sample. (B) Each dot represents the percentage of target regions with coverage at least 10× for an individual sample.


Using our analysis approach, we detected 47 out of 51 variants within the targeted region of the NA12878 reference sample. Of these, three undetected variants were located within the known regions of poor coverage and were thus not considered in the sensitivity calculation. Apart from that, only a single variant was not detected in the sensitivity experiment due to the low coverage of the region in the control sample, corresponding to an estimated sensitivity of 97.9% for our sequencing approach.



Identified Variants

Several variants were identified using the erythrocytosis and hemochromatosis gene panel (Figure 3). Four variants were identified in the known erythrocytosis-causing genes EPAS1, JAK2, and SH2B3 (Table 1). One variant in EPAS1 gene had been already reported in the literature as causing erythrocytosis, while the remaining variants were not yet clinically associated with erythrocytosis. In addition, we also identified variants from the hemochromatosis set of genes, two HFE variants (Table 2) and one in the SEC23 homolog B (SEC23B) gene, which was found to be associated with a different condition. All the identified variants were located in the coding regions of the analyzed genes.
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FIGURE 3. Workflow of the study and overview of the identified variants in selected patients using targeted NGS of 39 genes.



TABLE 1. Known and novel variants detected in the known erythrocytosis genes.
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TABLE 2. Distribution of HFE variants among IE patients and number of variant carriers with elevated ferritin and transferrin saturation.
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Known Pathogenic Variants

Heterozygous variant c.1609G>A in EPAS1 gene is a pathogenic variant that represents an established cause of familial erythrocytosis type 4 (ECYT4, OMIM ID 611783). This variant has been previously reported as pathogenic in numerous unrelated individuals with erythrocytosis (Gale et al., 2008; Percy et al., 2008a; Perrotta et al., 2013; Liu et al., 2017; Oliveira et al., 2018). In addition, it has been reported to co-segregate with erythrocytosis in multiple affected family members (Gale et al., 2008; Percy et al., 2008a; Liu et al., 2017). The variant is also classified as pathogenic in the ClinVar, LOVD, and HGMD databases (ClinVar ID: 6469, LOVD ID: EPAS1_000002, HGMD ID: CM081583); and the deleterious effect on the protein was confirmed in functional studies (Gale et al., 2008; Furlow et al., 2009; Perrotta et al., 2013; Tarade et al., 2018). The clinical presentation of the patient was highly consistent with the disease.



Novel Variants in Known Candidate Genes

Three heterozygous variants c.2120A>C, c.1767C>A, and c.901G>A with unknown clinical impact were identified in known erythrocytosis-associated genes EPAS1, JAK2, and SH2B3 genes, respectively.

Heterozygous variant c.901G>A in SH2B3 gene has been already recorded in the HGMD database (ID: CM1614293). It was previously reported in one patient with IE without a family history of erythrocytosis (Camps et al., 2016).

On the contrary, heterozygous variant c.2120A>C in EPAS1 gene has not yet been reported in association with human diseases in the literature and is not recorded among the clinically relevant variants in ClinVar, LOVD, and HGMD databases at the time of data analysis.

Similarly, heterozygous variant c.1767C>A in JAK2 gene has not been yet recorded among the clinically relevant variants in ClinVar, HGMD, COSMIC, and CIViC databases. The variant in JAK2 gene was not found in other affected or unaffected relatives, and the allele fraction [variant allele frequency (VAF)] was calculated to be 22%, which indicates its possible somatic origin.

We classified all three variants as variants with unknown significance (VUS) due to low population frequency in the GnomAD project or high pathogenicity. Variants in EPAS1 and JAK2 genes were observed at extremely low frequencies in the gnomAD project or were absent from the GnomAD controls. Variant SH2B3 c.901G>A was predicted to have a deleterious effect on the protein as the majority of meta-predictors (REVEL, METASVM, and CADD) supported its deleteriousness.



Variants in the Hemochromatosis Genes

With the targeted NGS analysis, we identified two heterozygous variants p.(Cys282Tyr) and p.(His63Asp) in HFE gene. Out of 25 patients with IE, 10 patients were carriers for variant p.(Cys282Tyr) or variant p.(His63Asp). Comparing the observed VAFs with the allele frequencies in the Slovenian population (Cukjati et al., 2007), IE patients had a higher incidence of variant p.(Cys282Tyr). Only a few patients with identified heterozygous HFE variants had elevated ferritin and saturation of transferrin > 45%, which is indicative of iron overload (Table 2).

Additionally, we identified a carriership of a pathogenic missense c.40C>T (NM_006363.4) variant in SEC23B gene, associated with the congenital dyserythropoietic anemia, type 2 (CDAII; OMIM:224100) in two unrelated patients. The significance of this finding in the development of erythrocytosis is not clear and is less likely causative concerning a high frequency of heterozygous variant carriers in the population. This variant was therefore excluded from the further report and interpretation of variants.



DISCUSSION

With previously established targeted NGS of 39 erythrocytosis and hemochromatosis-associated genes, we identified high-confidence variants among patients with IE and discovered few potential disease-causing variants in patients who previously lacked a specific diagnosis. We were able to provide an actual genetic cause (variant p.Gly537Arg in EPAS1 gene) for erythrocytosis in one patient, which was also validated by Sanger sequencing. This is the first patient in Slovenia with a conclusive diagnosis of congenital erythrocytosis type 4 (ECYT4). Relatives of this patient will be further included in the study and genetically tested, to provide proper prognosis and genetic counseling to the family. Three novel candidate variants in the genes known to be associated with erythrocytosis, i.e., EPAS1, JAK2, and SH2B3, were identified. Interestingly, another research group studying erythrocytosis identified the majority of variants in genes EPAS1, SH2B3, JAK2, and EGLN1 (Girodon et al., 2021). Variant c.901G>A (NM_005475.2) in SH2B3 gene was the only one already identified in the erythrocytosis patient without myeloproliferative neoplasm (MPN) (Camps et al., 2016). Nevertheless, further segregation analyses and functional studies are necessary to support and ascertain its pathogenic nature.

Among all identified variants, the variants located within or in the vicinity of the important regions for protein function will have a higher likelihood of causality. The identified pathogenic EPAS1 variant c.1609G>A (p.Gly537Arg) is located six amino acids from the hydroxylation site p.Pro531, crucial for the oxygen-dependent regulation of EPAS1 stability (Kristan et al., 2019). Another amino acid change (c.1609G>T; p.Gly537Trp) (Percy et al., 2008b) (evidence category PM5) and the same amino acid change caused by a different base substitution (c.1609G>C; p.Gly537Arg) (Oliveira et al., 2018) (evidence category PS1) have been reported as pathogenic in patients with erythrocytosis. Furthermore, several amino acid substitutions c.1601C>G (p.Pro534Arg), c.1601C>T (p.Pro534Leu), c.1603A>G (p.Met535Val), c.1603A>T (p.Met535Leu), c.1604T>C (p.Met535Thr), c.1615G>A (p.Asp539Asn), c.1620C>A (p.Phe540Leu), and c.1631C>G (p.Pro544Arg) in the immediate vicinity of the identified variant have been reported in patients with erythrocytosis as pathogenic (Bento, 2018; Kristan et al., 2019), suggesting the critical importance of the identified region for the function of EPAS1 protein and severe effect on patient’s phenotype (Anzej Doma et al., 2021b). Some previous studies have shown that identified variant c.1609G>A (p.Gly537Arg), similar to other variants located C-terminal to p.Pro531, inhibits the binding of the EGLN1 hydroxylase to the EPAS1 protein. This results in impaired degradation and thus enhanced stabilization of EPAS1, which affects increased expression of target genes (Gale et al., 2008; Furlow et al., 2009; Perrotta et al., 2013; Tarade et al., 2018). Another identified variant in EPAS1 gene, c.2120A>C (p.Lys707Thr), is located far downstream of the primary hydroxylation site, unlikely to have an effect on hydroxylation and degradation. However, the variant is located within the nuclear localization signal (NLS) at the C-terminus of the EPAS1 protein. Two basic NLS motifs were shown to be present in region 705–742 amino acids and are required for localization of transcription factor EPAS1 to the nucleus under hypoxia and normoxia. Furthermore, the introduced variant p.Lys709Thr partly impaired the nuclear accumulation of EPAS1 induced by hypoxia (Luo and Shibuya, 2001). This, together with the low frequency of variant among GnomAD controls, implies the potential effect of variant p.Lys707Thr on protein function and activity. Further functional studies are needed to provide further evidence of variant causality. No variants in the NLS region were previously associated with ECYT4, indicating that analysis of this region may be of importance in further diagnoses.

Gene JAK2 codes for a non-receptor tyrosine kinase, in which its roles are to phosphorylate tyrosine residues in the EPO receptor and signal transducers and activators of transcription (STATs) and to activate the transcription of target genes for proliferation and differentiation of hematopoietic stem cells. The protein JAK2 has four major domains, with two Jak homology (JH) domains important for downstream signaling. The C-terminal JH1 domain (849–1124 aa) is a kinase domain responsible for phosphorylation, while structurally similar pseudo-kinase domain (JH2) (545–809 aa) lacks catalytic activity, and it is involved in auto-inhibition of JAK2 in the absence of ligand–receptor interaction (Gnanasambandan and Sayeski, 2011; Seif et al., 2017; UniProt Consortium., 2021). Variants in exons 12–15 were found in patients with various hematological disorders, and those exons (except for the exon 12) are located in the JH2 domain (Ma et al., 2009; Gnanasambandan and Sayeski, 2011). The most common somatic pathogenic variant in the exon 14, p.Val617Phe, which is responsible for the development of PV and other MPNs, allows the kinase to evade negative regulation and confer constitutive activation of JAK2 (Gnanasambandan and Sayeski, 2011). Identified variant p.(Asn589Lys) in the exon 13 of JAK2 gene is also located in the auto-inhibitory domain JH2; therefore, the potential pathophysiological mechanism for enhanced erythrocytes production could be the same.

SH2B3 protein (also termed LNK) is a negative regulator of erythropoiesis, as it binds to the cytokines and JAK2 and inhibits downstream signaling pathways (Maslah et al., 2017). SH2B3 has three domains: a dimerization domain, central pleckstrin homology domain (PH), and a Src homology 2 (SH2) domain. The PH domain (194–307 aa) has a role in binding the adapter protein SH2B3 to the plasma membrane, which is important for early inhibitory action during cytokine signaling. A mutational hotspot in the SH2B3 protein is present in the PH domain, encompassing exons 2, 3, and 4. Identified SH2B3 variant in our study was located in exon 4, at the C-terminus of the PH domain. The majority of the SH2B3 variants found in patients with PV and also in patients with p.Val617Phe-negative erythrocytosis were located in the PH domain, with the amino acid residue 208 (exon 2) as a preferential mutational target site (Spolverini et al., 2013; McMullin and Cario, 2016; Maslah et al., 2017).

Somatic variants in JAK2 and SH2B3 genes are the cause for somatic erythrocytosis (OMIM ID: 133100), somatic myelofibrosis (OMIM ID: 254450), and thrombocythemia (OMIM ID: 614521, 187950) (McMullin and Cario, 2016; Amberger et al., 2019). In addition, germline variants in the JAK2 gene are causative for thrombocythemia 3 (OMIM ID: 614521) (Mead et al., 2012; Amberger et al., 2019); and in several cases, germline JAK2 variants, also in combination with other variants, were responsible for the activation of JAK2/STAT signaling in hereditary erythrocytosis or PV patients (Kapralova et al., 2014, 2016; Milosevic Feenstra et al., 2016; Wu et al., 2018). Heterozygous variant identified in the JAK2 gene was present in only one affected family member and was observed in 22% of the sequence reads, as VAF was 0.22. The expected VAF for heterozygous germline variants is around 50%, with the distribution from 40 to 60%. For the somatic variants, VAF deviates from the germline and is usually lower (<40%), because the acquired variant is not present in all cells (Montgomery et al., 2018; Baer et al., 2019). This together indicates that JAK2 p.(Asn589Lys) could be of somatic origin; however, further testing of different type of sample (e.g., buccal swab) is required to confirm that. We already reported about two additional variants in the same individual with the JAK2 p.(Asn589Lys) variant, missense in the EGLN1 gene and intronic in the JAK2, that showed segregation in the family (Kristan et al., 2021). In the present study, we used different filtration parameters for the selection of variants as in the previous study by Kristan et al. (2021); therefore, those two variants were filtered out. None of the two variants were directly involved in the development of erythrocytosis; however, the correlation between the variants, together with the novel, potential somatic variant in the JAK2 gene, should be tested.

Besides known erythrocytosis genes, additional genes involved in the HIF and other erythropoiesis and iron metabolism pathways were included in the gene panel, in an attempt to discover novel candidate genes for the development of erythrocytosis. Unfortunately, we did not identify any novel disease-driver genes to be implicated in the erythropoiesis; however, we recognized a high incidence of heterozygous variants in HFE gene among the studied group of IE patients. This confirmed the observations of other researchers (Biagetti et al., 2018; Burlet et al., 2019; Gurnari et al., 2019). The difference of allele frequencies among our population of IE patients and the general population was larger for variant p.(Cys282Tyr). However, due to the small number of patients, this finding is of limited importance. Although homozygous variants p.(Cys282Tyr) have a high prevalence, the penetrance is low, as only 25–60% of patients develop clinical signs and only 55–82% of patients have increased serum ferritin level (Brissot et al., 2018). Low penetrance of causal HFE variants could indeed explain elevated ferritin values and saturation of transferrin in a small number of patients from our cohort. It would be useful to compare ferritin and saturation of transferrin values between larger cohorts of IE patients with HFE variants and IE HFE-wt patients, to see if there is any statistical significant difference. Biagetti et al. (2018) showed a higher frequency of elevated ferritin in mutated patients; however, the difference was not statistically significant due to a small group of patients (Biagetti et al., 2018). The pathophysiological mechanism between HFE variants and enhanced erythropoiesis is not clearly understood. In patients with high ferritin and transferrin values, this correlation could be explained by iron overload. However, this is not the case in patients with normal values; therefore, additional mechanisms must be involved. One possible explanation could be the linkage between the HIF pathway and iron metabolism. Schwartz et al. (2019) showed that low levels of hepatic iron regulator hepcidin lead to iron uptake and stabilization of EPAS1, through decreased prolyl-hydroxylase EGLN1 activity, as iron is an important co-factor for hydroxylation. Stabilized duodenal EPAS1 than activates target genes which regulate iron efflux (Schwartz et al., 2019). However, Schwartz et al. (2019) focused on the regulation of EPAS1 in duodenal enterocytes, and it would be interesting to study this mechanism also in other cell types and potentially find a connection with increased erythropoiesis.

With our sequencing approach, we achieved a high accuracy of sequenced bases, and high percentage of targeted regions had sufficient depth of coverage for germline variant calling. The sensitivity of our approach was high, as we accurately detected approximately 98% of variants calls in the reference NA12878 sample. Nevertheless, some limitations of the method were recognized and should be taken into consideration for future applications. The biggest limitation was insufficient coverage of some target regions. The majority of the target regions with poor coverage were seen in the first coding exons, as those regions are GC rich. Inadequate coverage in the first exon regions with high GC content is a common problem in the NGS approach, and usually other methods are applied to sufficiently sequence those regions (Chen et al., 2013). Another shortcoming of the applied method was the detection of variants in HBA1 and HBA2 genes, which was also observed by other researchers (Girodon et al., 2017; Filser et al., 2021). NGS, particularly read alignment for these two genes, is challenging, due to high sequence similarity. For future analysis of genes with high homology, a classical sequencing approach is suggested. One limitation of the study was also a low number of studied patients, but this was expected, as congenital erythrocytosis is a rare disorder. We identified only a few pathogenic variants and VUS with a likely causative mechanism in 16% (four out of 25) of patients with high Hb and Ht included in the study. This percentage is similar to the proportion of identified variants observed by other researchers, despite differences in the gene panel (Girodon et al., 2021). This indicates that the number of genes and gene regions included in the targeted panel must be extended. Also, we should consider the possibility that we missed larger structural variants, for instance, larger deletions, insertions, translocations, or copy number variations, that are harder to detect with limited targeted NGS or Sanger sequencing. To bypass this limitation, whole-exome sequencing (WES) or WGS needs to be applied in the future, especially the long-read sequencing approach for more sensitive and specific identification of larger variants.



CONCLUSION

Through the study, we examined the patients with suspected congenital erythrocytosis for the first time with the established targeted NGS in the Slovenian clinical setting. As far as we know, this is the first established erythrocytosis gene panel for NGS, which includes genes associated with enhanced erythropoiesis and iron uptake. We showed that targeted NGS was indeed useful to explore variants in cases with suspected congenital erythrocytosis; however, in only approximately 15% of the patients, clinically interesting variants were identified. We identified ECYT4 with a known pathogenic variant in EPAS1 gene and provided a diagnosis for one patient enabling proper decision regarding prognosis, genetic counseling, and treatment. Three VUS were identified in the known erythrocytosis genes, i.e., EPAS1, JAK2, and SH2B3. Further functional studies are necessary in order to elucidate the mechanism of action and explore the effect of variants on the development of erythrocytosis. Additionally, the germline or somatic origin should be clarified for the variants in JAK2 and SH2B3, as those two genes are commonly associated with the somatic type of erythrocytosis.

In several patients, we detected two heterozygous variants in HFE gene, which confirmed the observations of other researchers. However, for the comprehensive study of the involvement of the HFE variants in erythropoiesis, we need to perform additional research on a larger group of patients.

For the remaining patients with no identified variants, broader approaches like WGS and WES should be applied, to detect the possible genetic cause of congenital erythrocytosis.
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Case Report: Whole Exome Sequencing Revealed Two Novel Mutations of PIEZO1 Implicated in Nonimmune Hydrops Fetalis
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Nonimmune hydrops fetalis (NIHF) is a serious and complex fetal condition. Prenatal diagnosis of hydrops fetalis is not difficult by ultrasound. However, determining the underlying etiology of NIHF remains a challenge which is essential to address for prenatal counseling. We extracted DNA from a proband prenatally diagnosed unexplained NIHF. Trio-whole exome sequencing (WES) was performed to filter candidate causative variants. Two gene mutations were identified as a compound heterozygous state in the proband. Both variants located on the PIEZO1 gene: c.3895C > T, a missense mutation in exon 27 paternally inherited; c.4030_4032del, a maternally inherited in-frame deletion in exon 28. Both variants were first reported to be related to NIHF. PIEZO1 gene mutations, leading to an autosomal recessive congenital lymphatic dysplasia, which can present as NIHF and partial or complete resolution postnatally. In conclusion, WES can aid in the elucidation of the genetic cause of NIHF and has a positive effect on the assessment of prognosis.
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INTRODUCTION

Nonimmune hydrops fetalis (NIHF) is a rare and serious congenital disease, accounting for about 90% of hydrops fetalis cases, with a prevalence estimated to be ~0.03%~0.06% (Norton et al., 2015). The underlying pathogenesis of NIHF is complicated, ranging from cardiovascular, chromosomal, hematologic, infectious, thoracic, twin-twin transfusion, urinary tract abnormalities, gastrointestinal, lymphatic dysplasia, tumors, skeletal dysplasias, syndromic, inborn errors of metabolism, miscellaneous, and other unknown causes. The prognosis of NIHF appears poor generally (mortality reported is over 50%) (Norton et al., 2015). Despite the rapid development of intrauterine therapy, the decisions and survival rates of prenatal management depend on the definable and treatable causes. Therefore, identifying the underlying cause of NIHF is particularly important for prenatal counseling. The Society of Maternal-Fetal Medicine (SMFM) published clinical guidelines for NIHF in 2015. Targeted ultrasonic evaluation, middle cerebral artery (MCA) Doppler, fetal karyotype or chromosomal microarray analysis, and polymerase chain reaction (PCR) for cytomegalovirus, parvovirus, toxoplasmosis are recommended as the first-line workup of NIHF (Norton et al., 2015). Even with standard evaluations, the cause remains unknown in 20% to 68% of cases as reported (Sparks et al., 2019).

In recent years, genetic testing has been widely used to identify the causes of fetal anomalies. Traditional chromosome karyotyping by G-banding technique accounted for 9%~19% of fetal structural abnormalities. Chromosomal microarray analysis (CMA) further reveals additional findings in 6% of cases (Staebler et al., 2005; Wapner et al., 2012; Norton et al., 2015; Levy and Wapner, 2018). In a large and multicenter cohort study (65 NIHF cases were included), the underlying etiology of prenatally diagnosed NIHF was determined in 44% of cases, and a genetic cause was identified in 25% of those receiving standard genetic testing (Sparks et al., 2019). More recently, WES has been applied to explain those cases with normal results of karyotype and CMA. In a prospective cohort study enrolling 234 parents-fetus trios with structural anomalies but were negative in karyotype and chromosomal microarray findings. The genetic diagnostic yield of WES was approximately 10% (Petrovski et al., 2019). In another large case series of unexplained NIHF (127 cases were included), diagnostic genetic variants were identified in 29% of cases by WES (Sparks et al., 2020). A total of 131 genes were summarized with strong evidence for a relationship with NIHF and further categorized as follows: cardiovascular, inborn metabolic issues, hematological, lymphatic, skeletal, neuromuscular, syndromic disorders. Lymphatic disorders play an important part in the etiology of NIHF and comprise 15% of NIHF (Bellini et al., 2015). Based on strong and emerging evidence genes, the genetic variants associated with lymphatic malformations account for approximately 5.1% of NIHF, including FLT4, CCBE1, ADAMITS3, PIEZO1, EPHB4, SOX18, and FOXC2 (Quinn et al., 2021).

PIEZO1 is known to encode a mechanically activated ion channel in the plasma membrane of several types of cells (including hepatic erythroblasts, fetal splenic plasma cells, and lymphatic vessels of fetal peritoneum) and highly conserved in mammalia (Coste et al., 2010; Andolfo et al., 2013). PIEZO1 gain of function mutations is identified to be the cause of autosomal dominant dehydrated hereditary stomatocytosis (DHS) (OMIM 194380), which is a rare genetic cause of hemolytic anemia. Biallelic PIEZO1 loss-of-function mutations were first reported in 2015 to relate with other different phenotypes. These include autosomal recessive congenital lymphatic dysplasia (GLD) (OMIM 616843), which is one rare cause of NIHF in utero and can present as generalized lymphoedema involving hydrothorax, hydropericardium, chylothorax, facial and extremities lymphoedema, intestinal or pulmonary lymphangiectasia (Fotiou et al., 2015; Lukacs et al., 2015).

More and more genetic defects are revealed to have a relationship with NIHF (Norton et al., 2015; Sparks et al., 2020). Some cases may be accompanied by characteristic manifestations which can be screened by prenatal sonographic scannings. Yet this is not always the case, such as in lymphatic disorders. In those circumstances, WES is considered a potential technique to aid in the systematic evaluation of unexplained NIHF cases (Sparks et al., 2020; Quinn et al., 2021).

In our study, we performed whole exome sequencing in a case of prenatally diagnosed NIHF. Two novel homozygous variants in PIEZO1 were identified which were suspected to be the pathogenesis of lymphatic dysplasia with NIHF.



MATERIALS AND METHODS


Patient Information

A 33-year-old primipara presented at 30 weeks gestation with fetal hydrothorax examined by routine prenatal ultrasound. These parents were referred to our prenatal diagnosis center for further confirmation. No remarkable abnormalities of prior prenatal examinations during pregnancy were found, including normal nuchal fold thickness and low risk prenatal serum screening results (chromosomes 18, 21, and NTD). Both of the parents denied a family history of hydrops fetalis, congenital metabolic diseases, and lymphoedema. At 31 weeks gestation, a thorough fetal systematic ultrasound was performed by prenatal diagnostic ultrasound specialists and showed massive bilateral pleural effusion, generalized skin edema (skin thickness of head and neck region was 18 mm), minor ascites, and polyhydramnios (amniotic fluid index was 28.5 cm) (Figures 1A–C). No other structural anomalies were found. Then systemic evaluations about hydrops fetalis showed Rh-positive blood type, negative serologic testing for TORCH, normal blood urine routine examinations, hepatorenal function, and fetal echocardiogram. After comprehensive counseling, the couples declined utero fetal therapy including fetal thoracentesis or placement of thoracoamniotic shunt for drainage even though the underlying etiology of NIHF was unclear. For fear of poor prognosis, the parents terminated the pregnancy at 31 weeks. A female fetus was delivered with a birth weight of 2,610 g and presented as anasarca in appearance. Further autopsy and pathology information for the fetus was not available.


[image: Figure 1]
FIGURE 1. Fetal sonographic findings at 31 gestation in the NIHF case with PIEZO1 mutations: (A) Bilateral pleural effusion on axial view. (B) Skin edema on axial view. (C) Peritoneal effusion on axial view. (D) Pedigree of the family. The affected fetus is marked in black.




Ethics Approval

After giving full authorization and signing a written informed consent by both of the parents, whole exome sequencing (WES) (trio analysis of the proband, mother, and father) was carried out. Our study was approved by the Ethics Committee of the Women's Hospital, Zhejiang University, School of Medicine (approval number: IRB-20210124-R) and conformed with ethical standards of experiments on human subjects.



DNA Extraction

For DNA sampling, 5 ml peripheral whole blood was collected from the biological parents, and a medial thigh muscle tissue (1 × 1 × 1 cubic centimeter) was obtained from the aborted fetus. Then EDTA was added for anticoagulation. A Qiagen Blood DNA mini kit (Qiagen®, Germany) was applied to extract genomic DNA from 2 ml peripheral whole blood of the parents. In addition, a Genomic DNA Purification Kit (Invitrogen, cat. K0512, USA) was used for DNA extraction from the muscle sample. Then all of the DNA samples were preserved at −20°C. The remaining samples were stored at −80°C refrigeration.



Whole Exome Sequencing and Data Analysis

The detailed exome sequencing process for the proband sample and data filtering protocol have been described previously (Jiang et al., 2019). In brief, for targeted enrichment of target region sequences, the precapture library was enriched by multiple probe hybridization using Agilent SureSelect Human Exon Sequence Capture Kit (Agilent, USA). The target region included the coding sequence of the target gene and its neighboring 10 bp intron region. The quality control testing of the sequencing data was achieved by Qubit (Agilent High Sensitivity DNA Kit, Agilent). The postcapture sequencing libraries were analyzed by Illumina DNA Standa ds and Primer Premix Kit (Kapa Biosystems, USA). All filtered variants by new-generation sequencing (NGS) using Illumina HiSeq 2,500 platform (Illumina, USA) were further validated by Sanger sequencing in the proband and parental samples. Fastp (v.0.12.0) was used for quality control of fastq files by using the -N 15-L 30 parameters and low quality reads were filtered out from all sequencing dates using a quality score of 20 (Q20).

The sequencing data were compared to the GRCh37/hG19 reference sequence of the human genome using BWA (v.0.7.17-r1188) with MEM align method. Then variants were called by GATK (v.4.0) and annotated to public databases by Annovar. Pre-treatment for variant calling included: 1) sorting the matched SAM file according to the chromosomal position, and converting it into the compressed binary file BAM by Picard-SortsAM. 2) Adding a sample ID for matched reads by Picard-Add Or Replace Read Groups. 3) Marking the same sequence created by PCR duplication, optical duplication by Picard-Mark Duplicates. 4) GATK-Baserecalibrator and GATK-ApplyBQSR were used for site quality correction according to the known SNP and InDel sites of 1,000 Genomes Project. 5) GATK-Haplotypecaller was used for variant identification and forming a VCF file. Susceptibility genes, mitochondrial genes, genes related to polygenetic diseases, and complex diseases were not included in this analysis.



Bioinformatics Analysis of Variants

The comparison for all filtered single nucleotide variants (SNVs) and small insertions/deletions with the population were conducted on several public databases, including Human Gene Mutation Database (HGMD) (http://www.hgmd.org), Clinvar (http://www.ncbi.nlm.nih.gov/clinvar), Exome Aggregation Consortium (ExAC) (http://exac.broadinstitute.org), Genome Aggregation Database (gnomAD), 1,000 Genomes (http://exac.broadinstitute.org) database, and Genome Asia 1,000k (http://www.genomeasia100k.com/) database, to exclude the mutation sites as known polymorphic sites. The genetic effects and evolutionary conservation of novel variants were further predicted and estimated using SIFT (http://sift.jcvi.org), PROVEAN, Polyphen2 (http://genetics.bwh.harvard.edu/pph2) and Mutation Taster (http://www.mutationtaster.org) programs. The domain information of the protein was retrieved from UniProt (https://www.uniprot.org/). The pathogenicity of identified variants was interpreted according to the American College of Medical Genetics and Genomics (ACMG) standards and guidelines (Richards et al., 2015). Multiple sequence alignment was conducted using NCBI HomoloGene and DNAMAN program to compare PIEZO1 protein sequences with different species including H. sapiens, P. troglodytes, M. mulatta, C. lupus, B. taurus, M. musculus, and R. norvegicus. The variants interpretation and ACMG classification are based on the current understanding of the disease and variants at the time of documenting.




RESULTS

Coverage information for WES is provided in Supplementary Table 1. The trio-based WES detected two novel heterozygous mutations in the PIEZO1 gene (NM_001142864.3) of the proband: a missense variant (exon 27, Chr16:88792765: c.3895C>T) and an in-frame deletion (exon 28, Chr16:88792029-88792031: c.4030_4032del) (Table 1). The family pedigree is presented in Figure 1D.


Table 1. Diagnostic variants of the proband and parents.
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The c.3895C > T variant generated a single amino acid substitution from Arg to Cys at position 1,299 (p.R1299C) in exon 27 of the PIEZO1 gene located at chromosome 16, which was paternally inherited (Figure 2A). To date, the variant c.3895C > T is not present in HGMD, Clinvar, ExAC, gnomAD, or the 1000 Genomes database (PM2). Bioinformatics analysis predicted the novel variant (NM_001142864.3: c.3895C > T, p.R1299C) to be deleterious by SIFT (score 0.000) and PROVEAN (score −6.84). Mutation Taster suggested that this mutation was located in a highly evolutionarily conserved site, leading to a change of amino acid sequence. Protein features might also be affected (PP3).


[image: Figure 2]
FIGURE 2. The Sanger sequencing and conservation analysis of PIEZO1 variants. The chromatograms demonstrated the compound heterozygous status of (A) c.3895C > T and (B) c.4030_4032del in the PIEZO1 gene in the proband, proband's father, and proband's mother. The position of the variant or the corresponding wild type nucleotide are labeled with red arrows. Conservation analysis shows that the affected amino acids at positions 1,229 (C) and 1,344 (D) are located in a highly conserved region across species.


The c.4030_4032del variant detected from the proband was located in exon 28 of the PIEZO1 gene, resulting in an in-frame deletion of glutamic acid at position 1,344 (p. E1344del) and a change in protein length (PM4). According to the results by Sanger sequencing, we found that the in-frame deletion variant was maternally inherited and the unaffected mother was heterozygous for this mutation (Figure 2B). c.4030_4032del have not been reported in the HGMD and Clinvar databases, although the gnomAD database reported an extremely minor population frequency of the mutation as 0.00002568 (PM2). However, no homozygote has been reported, and no carriers of the mutation have been found in East Asian populations. According to the information obtained from the Uniprot website, the amino acid at position 1,344 is located on a coiled coil domain (1,339–1,368) of the PIEZO1 ion channel pore. The coiled coil is a highly versatile folding motif that may determine many biological functions involving signal transduction, molecular recognition, protein refolding, and ion channel formation (Burkhard et al., 2001). One amino acid deletion was supposed to affect the stability or rigidity of the coiled coils motif. p.Ile1357Val, p.Ile1357Met, p.R1358P, and p.Q1361R, which are adjacent to position 1,344, have been previously described as pathogenic mutations leading to autosomal dominant dehydrated stomatocytosis (Albuisson et al., 2013; Kager et al., 2018; Picard et al., 2019). The two mutations associated with amino acids positions were both located in conserved functional domains, which were deeply conserved across species (Figures 2C,D).



DISCUSSION

By whole exome sequencing, we identified two heterozygous de novo variants of PIEZO1 in an unexplained NIHF case by routine ultrasound examinations prenatally. One was a novel missense mutation in exon 27, inherited from the father of proband. The other was a maternally inherited in-frame deletion in exon 28. Both variants were firstly reported in the PIEZO1 gene, and PIEZO1-associated autosomal recessive congenital lymphatic dysplasia is one rare cause of NIHF in utero.

Hydrops fetalis is defined as the presence of two or more abnormal fluid collections in the fetus by prenatal ultrasonography. The sonographic features include ascites, pleural effusions, pericardial effusions, and generalized skin edema (defined as skin thickness over 5 mm) (Norton et al., 2015). Hydrops fetalis is usually considered a lethal fetal condition and the affected mother may suffer from mirror syndrome (Désilets et al., 2018). According to the pathophysiology of hydrops fetalis, the etiology is classified as immune and nonimmune (Norton et al., 2015). With the routine examination of maternal Rh(D) type and application of preventive Rh(D) immunoglobulin, the incidence rate of red cell alloimmunization associated with hydrops fetalis is decreased. Combining thorough ultrasound scanning with fetal MRI, the majority of structural abnormalities associated with NIHF can be prenatally diagnosed (Norton et al., 2015). Even though, it is still a challenging task to elucidate the exact etiology of NIHF, which is essential for prenatal counseling and determination of the appropriate therapy if available (Norton et al., 2015). In recent years, whole exome sequencing (WES) has been gradually applied to identify de-novo mutations for evaluation of fetal abnormalities, which is insufficient by conventional molecular approaches such as karyotyping and chromosomal microarray analysis (CMA), including NIHF (Sparks et al., 2020; Quinn et al., 2021).

In our study, the affected proband is compound heterozygotes for a missense variant and a single amino acid in-frame deletion in the PIEZO1 gene, both of which were not previously reported. Up to now, approximately 13 mutations in the PIEZO1 gene have been reported to present as GLD associated with NIHF, which consist of six missense variants, four nonsense mutations, and three splicing mutations (Yates et al., 2017; More et al., 2020). The effects of PIEZO1 variants present significantly more severe prenatally, while the complete or partial resolution of the edema postnatally has been reported in some patients. Fotiou et al. identified 10 PIEZO1 mutations in six families which cosegregate with the GLD phenotype. The affected individuals suffer from in utero demise, complete resolution after birth, the reappearance of lymphoedema in peripheries at early childhood, or recurrent facial cellulitis (Quinn et al., 2021).

Along with development, the junctions of lymphatic endothelial cells transform from zippers into buttons and buttons initially appear at birth, which means a significant change occurs in lymphatics during prenatal and postnatal development. In addition, dexamethasone has promoted button formation during the early development period after birth (Yates et al., 2017). Another study analyzed PIEZO1 protein expression in human fetal tissues. An obvious positive result was observed in fetal lymphatic vasculature while the immunoreactivity of PIEZO1 protein was completely negative in healthy adult subjects (Andolfo et al., 2013). Based on these findings in vitro, one reasonable inference is that PIEZO1 plays an important role in maintaining the lymphatic system in utero state, but has a decreased significance at neonate state. The clinical outcomes of PIEZO1 associated NIHF range from fetal demise to a complete resolution after birth (Martin-Almedina et al., 2018). Whether various clinical outcomes are related to different mutations of the PIEZO1 gene remains unclear. Questions remain regarding the kinds of variants in PIEZO1 that result in poor outcomes or which can even be lethal, and which kind of variants have a good prognosis and are worthy of aggressive treatment.

In our report, the clinical manifestation of proband was severe hydrops fetalis without accompanied fetal structural abnormalities. This was determined by searching population frequency databases and undertaking bioinformatics analysis using several software packages, c.3895C > T and c.4030_4032del mutations are not suspected to be benign variations. Due to the lack of an identified human PIEZO1 channel structure by experimental methods, high-resolution cryo-electron microscopy (cryo-EM) structure and the mechanogating mechanism of the mouse PIEZO1 channel have been determined (Zhao et al., 2018). The residues H1300 to S1362 are assigned to the beam structure, which is considered to act as a lever-like mechanotransduction apparatus for converting the tension-induced conformational change of the peripheral blade to the intracellular gate. The two mutations are located beside and in the key structure and are supposed to affect the conductance and mechanosensitivity of the PIEZO1 channel. However, the exact biological effect needs to be further verified according to more functional experiments. In addition, when combined with the carrier state of the parents, as confirmed by Sanger sequencing, the inherited pattern is consistent with the PIEZO1 associated autosomal recessive congenital lymphatic dysplasia. Thus, the phenotype of the patient could be considered as supporting evidence (PP4). Since well-established functional studies in vivo or in vitro of a damaging effect on the mutations were not available and reported information was rare, both variants were classified as a variant of unknown clinical significance (VUS) based on ACMG guidelines (c.3895C > T: PM2 + PP3 + PP4; c.4030_4032del: PM2+PM4+PP4).

In conclusion, our report suggested that two novel variants (c.3895C > T and c.4030_4032del) identified in PIEZO1 could be associated with NIHF, which might be a severe phenotype of GLD in utero. These results provide additional information that reveals the specific mechanisms underlying PIEZO1-related lymphatic development and function. Our data also advocates the application of WES to further detect the underlying genetic cause of unexplained NIHF by standard genetic testing, which is important for making an accurate diagnosis for the precise evaluation of the recurrence risk and prognosis, detailed prenatal counseling, and high-quality perinatal and postnatal management.
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#See (Richards et al, 2015; Ellard et al,, 2019; Riggs et al, 2020). In general, PVST indicates a very strong level of pathogenicity, PS designations indicate strong evidence of pathogenicity, PM designations indicate a moderate level of
oathogenicity, and PP designations indicate supporting evidence of pathogenicity.

#¥Based on https://www.ncbi.nim.nih.gov/clinver/ (ClinVer ratings solely by our institute are not lsted).

##¥This is a pathogenic variant. However, haploinsufficiency of SIX2 has been associated with frontonasal dysplasia with ptosis and hearing loss but is not known to be associated with renal hypodysplasia so far, hence no exact genetic

diagnosis (see Discussion).

AD, autosomal dominant; AR, autosomal recessive; CAKUT, congenital anomalies of the kidney and urinary tract; CAKUTHED, congenital anomalies of kidney and urinary tract syndrome with or without hearing loss, abnormel ears, or

developmental delay; het, heterozygous; hom, homozygous;

L, not listed.
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Genomic location Gene
on hg19

Chr.2:46607420  EPAST
Chr.9:5072617 JAK2
Chr. 2:46608809 EPAST

Chr. 12:111884812 SH2B3

Coding DNA Protein RS number  Allele
change change frequency
(RefSeq (GnomAD)
transcript)

c.1609G>A  p.(Gly537Arg) rs137853036 NA

(NM_001430.5)

c.1767C>A
(NM_004972.4)

p.(Asn589Lys) rs1362123436 0.000004

c.2120A>C rs960180639 NA

(NM_001430.4)

p.(Lys707Thr)

c.901G>A rs374278232  0.00004

(NM_005475.3)

p.(Glu301Lys)

In silico tools with
deleterious predictions?
(CADD value)

18/22: BayesDel addAF,
BayesDel noAF, DANN,
DEOGEN?2, EIGEN, EIGEN PC,
FATHMM-MKL, FATHMM-XF,
LIST-S2, LRT, MVP, MutPred,
Mutation assessor,
MutationTaster, PROVEAN,
PrimateAl, SIFT, SIFT4G; meta
predictors: CADD (29.7)

12/22: DANN, DEOGENZ2,
FATHMM, FATHMM-MKL,
LIST-S2, LRT, Mutation
assessor, MutationTaster,
PROVEAN, PrimateAl, SIFT,
SIFT4G; meta predictors:
CADD (23.6)

12/21: BayesDel addAF,
BayesDel noAF, DANN,
DEOGEN2, EIGEN PC,
FATHMM-MKL, FATHMM-XF,
LIST-S2, Mutation assessor,
MutationTaster, SIFT, SIFT4G;
meta predictors: CADD (26)

15/21: BayesDel noAF, DANN,
DEOGEN2, EIGEN, EIGEN PC,
FATHMM-MKL, FATHMM-XF,
LRT, MVP, MetalLR, MetaSVM,
MutationTaster, PROVEAN,
PrimateAl, SIFT, SIFT4G; meta
predictors: MetaSVM, CADD
(28.4)

Patient information? Genotype

Female; age, 21 years; Hb, Het
197 g/L; Ht, 0,59; RBC

6,35 x 10'2/L; platelets,

184 x 10%/L; EPO, 73.4 IU/L;
smoking; several

thromboembolic events;

pulmonary hypertension;
erythrocytosis since childhood;
phlebotomy; anticoagulation
therapy

Male; age, 62 years; Hb, Het
221 g/L; Ht, 0.65; RBC,

6.36 x 10'%; EPO 11.4 U/L;
platelets, 211 x 10%/L;

smoking; elevated blood

pressure and heart rate;
phlebotomy; positive family

history, son also affected but
without variant

Male; age, 54 years; Hb, Het
182 g/L; Ht, 0.53; RBC,

6.24 x 10'2; EPO 6.1 IU/L;
platelets, 271 x 10%/L;

smoking; mild sleep apnea;
asthma; Hashimoto’s thyroiditis,
phlebotomy; possible positive
family history, brother also

similar symptoms

Male; age, 57 years; Hb, Het
181 g/L; Ht, 0.53; RBC,

6.05 x 10'%; EPO 10.1 IU/L;
platelets, 226 x 10%/L;

possible sleep apnea; aspirin;

no positive family history

Classification® (evidence
categories)

Pathogenic (PS1, PS3, PS4,
PM1, PM2, PM5, PP1_STR,
PP4)

VUS (PM2)

VUS (PM2)

VUS (PP3)

VUS, variant of unknown significance; Het, heterozygous; Hb, hemoglobin; Ht, hematocrit; RBC, red blood cells; EPO, erythropoietin; NA, not available; hg19, genome assembly GRCh37/hg19.
" Number of pathogenicity predictions tools out of all indicated in silico tools with deleterious effect were collected from the Varsome database.

2The indicated hematological parameters (Hb, Ht, RBC, and platelets) and age were registered at the first examination; however, additional measurements have been made later, and Hb and Ht were elevated at least
twice over > 2 months but are not reported here.

SClassification of variants based on ACMG/AMP standards.

Hb normal range: 130-170 g/L for male and 120~150 g/L for female; Ht normal range: 0.40-0.50 for male and 0.36-0.46 for female; RBC normal range: 4.5-5.5 x 102/ for male and 3.8-4.8 x 10"2/L for female;
platelet normal range: 150-410 x 10%/L; EPO normal range: 3.3-16.6 IU/L; ferritin normal range: 20-300 wg/L for male and 10-120 wg/L for female, transferrin saturation normal range: 0.15-0.45.
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Genomic Coding DNA Protein RS numberGenotype Number of Proportion of Allele Allele Variant Variant
locationon change change patients patients (%) frequencies frequencies in carriers with carriers with
hg19 (RefSeq (N =25) Slovenian elevated elevated
transcript) population‘ ferritin transferrin
saturation
Chr. c.845G>A p.(Cys282Tyr)  rs1800562 Het 4 0.16 0.08 0.036 1 2
6:26093141  (NM_000410.3)
Chr. c.187C>G p.(His63Asp)  rs1799945 Het 6 0.24 D2 0.128 0 1
6:26091179  (NM_000410.3)

Het, heterozygous, hg19, genome assembly GRCh37/hg19.
1 Allele frequencies were obtained from the 1,282 Slovenian blood donors tested for the HFE variants (Cukjati et al., 2007).
Ferritin normal range: 20-300 wg/L for male and 10-120 pg/L for female. Transferrin saturation normal range: 0.15-0.45.
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Patient
Gene

Variant

1st allele — ¢. position

1st allele — p. position
allele frequency (gnomAD)

2nd allele — ¢. position
2nd allele — p. position
allele frequency (gnomAD)

Sex

Origin

Parental consanguinity
Age at inclusion

Age at 1st manifestation

Chronic kidney disease (stage)”
Proteinuria: albumin/creatinine
ratio (mg/g creatinine)
Increased echogenicity

Renal cysts

Kidney stones
Extrarenal manifestation
Arterial hypertension
Liver phenotype

FAM1-1ID 1
PKHD1

hom.
C.664A > G
p.(le222Val)
0.0056%

C.664A > G
p.(l6222Val)
0.0056%

Female
Romany
No
18 years
18 years

G1
174

+

+
Bilateral small cysts

FAM1-1D 1.1
PKHD1

comp.
het. c.664A > G
p.(lle222Val)
0.0056%

c.7916C > A
p.(Ser2639%)
0.0039%

Male
Romany
Not reported
1.5 years
Prenatal oligohydramnion

G1-2
31

+

++
bilateral multiple cysts

Bilateral pneumothoraces
+

The variants reported refer to RefSeq NM_138694.3 (PKDH1), NM_001009944.2 (PKD1).
Abbreviations: comp. het., compound heterozygous; hom., homozygous; het, heterozygous; WT, wild-type; y, years; * Chronic kidney disease refers to the classification
of the “Kidney Disease: Improving Global Outcomes” (KDIGO) initiative. gnomAD v2.1.1 — population specific allele frequency (http://gnomad.broadinstitute.org/).
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Genomic coordinates

12:12315180-12315180
12:12397589-12397589
12:12317479-12317479
12:12334204-12334204
12:12318166-12318166
12:12291470-12291470
12:12303769-12303769
12:12356267-12356267
12:12332883-12332883
12:12279857-12279857
12:12291252-12291256
12:12312886-12312886
12:12397449-12397450
12:12334254_12334255
12:12318094-12318094
12:12311984-12311984

Reference base (s)

OO0 -400000

-

CACTT

G
C

Variant base (s)

CAA
A
CA

8
Q

4—>»dd400>»0 404

HGVS description (NM_002336.3)

€.2224_2225dupTT
c.56C >T
¢.1779dupT
c.1144_1145dupAG
¢.1609G > A
€.3398-2A > C
2994 + 1G> A
c.517C > G
c.1406C > T
c.4082-2A > G
€.3607 + 3_6delAAGT
€.2292G > A
¢.195dup
¢.1095dup
c.1681C>T
c.2570G > A

HGMD, The Human Gene Mutation Database (http.//www.hgmd.cf.ac.uk/ac/index.php).
HGVS, Human Genome Variation Society (http://www.hgvs.org/).

PMID, PubMed paper ID (https.//pubmed.ncbi.nim.nih.gov/).

Protein alteration

p.L742Ffs*7
p.A19V
p.E594*
p.A383Gfs*8
p.G537R
Splice site
Splice site
p.R173G
p.P469L
Splice site
Splice site
p.W764*
p.Y66lfs*4
p.D366Rfs*13
p.R561*
p.R857H

References (PMID)

PMID:
PMID:
PMID:
PMID:
PMID:
PMID:
PMID:
PMID:
PMID:
PMID:
PMID:
PMID:
PMID:
PMID:
PMID:

26387593
26387593
26387593
26387593
26963285
26963285
26963285
26963285
26963285
26963285
28813618
33164649
33164649
33164649
33164649

This study
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-2 M 29yr 4
-3 F 28yr 10

Sparse hair
NA
NA
Sparse hair

F, female; M, Male; yr, years old; NA, not applicable.
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“We assessed the Human Gene Mutation Database an the Leiden Open Variation Database (LOVD) to check novel variants in April 2021. Nucleotide positions are numberedin accordance with the reference sequences
(NM_000789.3 for ACE, NM_000458.4 for HINF18, NM_003990.3 for PAX2, NM_000272.3 for NPHP1, NM_014425.3 for INVS, NM_153240.4 for NPHP, NM_015102.3 for NPHP4, NM_001023570.2 for IQCB,
NIM_025132.3 for WORTS, and NM_003361.2 for UMOD) using the first coding ATG of exon 1 as the intation codon.

Patients 8, 10, 13, 18, 21, 24, 30, 32, 34, and 38 have alreacy been reported (Deng et al., 2019). Patients 6, 28, and 29 have also been reported (Wang e al, 201 7). Patients 23 and 31 have also been reported
(Deng et al, 2020).

sLovo.

ACMG, the American College of Medical Genetics and Genomics; CKD, chronic kidhey cisease; ND, not done; PD, peritoneal diaysis; VS, intron; EX, exon; Hom, homozygous; Het, heterozygous; M, months; Y. years;
PVS, pathogenic very strong; PS, pathogenic strong; PM, pathogenic moderate; PR, pathogenic supporting.
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Patient Gender Age at Clinical Renal Renal Extrarenal  Follow-up (at  Gene Nucleotide Genomic Deduced amino Location ACMG classify ACMG Ref.

ID onset diagnosis ultrasound biopsy manifestations age) alteration position and acid changes (zygosity, sequence variants interpretation
findings (at age) SNP segregation)
22 Female 2Y2M  Cystic kidney Normal size Chronic Short stature  CKD5 (6Y6M)  NPHP3 c.3813-3A >G 9.132400937T >C - IVS26 (hom, PM2 PP3 PP4 Unknown This report
diseases, CKD5 kidneys without  tubulointerstitial mother) significance
cysts nephropathy
69 Male 3Y  Cystic kidney Normal size FSGS Abnormal liver PD (3Y8M) NPHP3 c.3813-3A >G 9.132400937T >C - IVS26 (het, father) PM2 PP3 PP4 Unknown This report
diseases, CKD5  kidneys with function significance
cysts
NPHP3 c.1135T >C 0.132427085A >G p.Cys379Arg EX7 (het, mother)  PM2 PP3 PP4 Unknown This report
significance

Accession no.: NPHP3, NM_153240.4. ACMG, the American College of Medical Genetics and Genomics; CKD, chronic kidney disease; FSGS, focal segmental glomerulosclerosis; PD, peritoneal dialysis; IVS, intron;
EX, exon; Hom, homozygous; Het, heterozygous,; PM, pathogenic moderate;, PR, pathogenic supporting.
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Parameter Patients with Patients without
molecular diagnosis* molecular diagnosis
(n = 35) (n =34)

Gender (M, F) 15,20 25,9
Age of onset, years 9.4 (0-16.7) 8.1 (0-15.0)
Follow-up time, months 27 (7-120) 17 (83-120)
Age of genetic test, years 10.0 (1.0-16.7) 8.8 (0.2-16.0)
Clinical diagnosis

Renal hypoplasia/dysplasia 25 23
Cystic kidney disease 9 1
Unknown non-glomerular 1 0
disease

CKD stage at disease onset
(CKD stage 2, 3, 4, 5, n)

<1 year

1-3 years

3—6 years

6—12 years

12—18 years

“— PO NO
W OO N
NN

O
o =N

AAAOA
el R=NeRel
oo

Extrarenal manifestations 14 g
Renal histopathologic

diagnosis

Chronic tubulointerstitial 10 2
nephropathy with or without

glomerular lesions

Oligomeganephronia with 1 0
atypical membranous

nephropathy

Oligomeganephronia? 0 1
Focal proliferative sclerosing 1 0
purpura nephritis with

glomerular hypertrophy

Focal segmental glomerular 1 1
sclerosis

Family history 5 5

*Including two cases carrying putatively pathogenic NPHP3 variants that required
further functional verification.





