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Abstract

:

Diagnosis of lysosomal disorders (LDs) may be hampered by their clinical heterogeneity, phenotypic overlap, and variable age at onset. Conventional biological diagnostic procedures are based on a series of sequential investigations and require multiple sampling. Early diagnosis may allow for timely treatment and prevent clinical complications. In order to improve LDs diagnosis, we developed a capture-based next generation sequencing (NGS) panel allowing the detection of single nucleotide variants (SNVs), small insertions and deletions, and copy number variants (CNVs) in 51 genes related to LDs. The design of the LD panel covered at least coding regions, promoter region, and flanking intronic sequences for 51 genes. The validation of this panel consisted in testing 21 well-characterized samples and evaluating analytical and diagnostic performance metrics. Bioinformatics pipelines have been validated for SNVs, indels and CNVs. The clinical output of this panel was tested in five novel cases. This capture-based NGS panel provides an average coverage depth of 474× which allows the detection of SNVs and CNVs in one comprehensive assay. All the targeted regions were covered above the minimum required depth of 30×. To illustrate the clinical utility, five novel cases have been sequenced using this panel and the identified variants have been confirmed using Sanger sequencing or quantitative multiplex PCR of short fluorescent fragments (QMPSF). The application of NGS as first-line approach to analyze suspected LD cases may speed up the identification of alterations in LD-associated genes. NGS approaches combined with bioinformatics analyses, are a useful and cost-effective tool for identifying the causative variations in LDs.
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1. Introduction


The lysosome is an intracellular organelle characterized by its acidic pH, and its main function consists in degradation of intra or extracellular macromolecules into monomers. This metabolic process is carried out by more than fifty lysosomal enzymes. Additionally, over a hundred structural proteins and carriers essential for lysosomal function have been identified [1]. “Lysosomal storage disorders” (LSD) was the conventional term used to describe the group of inborn errors of metabolism (IEMs) related to the absence or failure of substrate degradation or transport, and their subsequent accumulation in the lysosome [2]. However, in recent years, the lysosome is being viewed as a dynamic structure with multiple roles in nutrient sensing, autophagy, apoptosis, and cellular response to environmental cues. It is also a signaling hub that interacts with other organelles [3]. In this context, the chosen term has shifted to lysosomal disorders (LDs) instead of LSD to better reflect the complexity of these diseases. In LDs, the inheritance pattern is autosomal recessive except for three disorders (Fabry, Danon, and Hunter diseases) which are X-linked. Clinical presentations of LDs vary greatly, and age at onset ranges from the antenatal period all the way to adulthood. However, in some cases, cardinal signs may steer clinical physicians towards a particular disorder, such as specific dysmorphic features, ocular or articular involvement, organomegaly, multiple dysostosis, valvulopathy, neurological defects or psychomotor delay. An early diagnosis allows an appropriate medical care, as many specific treatments have recently been developed, and thus reduces morbidity [4,5]. Currently, biological diagnosis relies on a three-phase process: (i) characterization of accumulated metabolites, (ii) enzyme activity assessment, and (iii) molecular investigations. Additionally, in some cases, molecular study as first-line exploration is mandatory to reach the diagnosis. For instance, in case of X-linked pathologies such as Fabry disease, the measurement of enzyme activity may fail to identify heterozygous females due to X inactivation process. Besides, in some autosomal disorders, such as most of neuronal ceroid lipofuscinosis (NCL), no biological tests are available and molecular approaches are the only diagnostic option.



The rise of “omics-based” approaches and the tremendous technological shift, in both multiscale biological information capture and data management, offer a remarkable opportunity to change the ways we screen, diagnose, treat, and monitor inherited metabolic diseases [5,6,7]. Next generation sequencing (NGS) technologies represent an essential tool for rapid and effective diagnosis of these diseases and may be used in some complex situations prior to multiple and often sequential functional studies. Recent studies highlighted the clinical utility of NGS approach for LD genetic diagnosis [8,9,10,11]. Here we report on the design, validation and testing of an NGS panel for genes involved in LDs named LysoGene.




2. Materials and Methods


2.1. Patients


Twenty-one well-characterized LD patients have been included for validation purposes (Supplementary Table S1). Twenty-seven disease-causing variations and 50 benign variations have been previously identified by Sanger sequencing and were used for validation of the single nucleotide variants (SNVs) and small insertions/deletions (indels) sequencing process and the bioinformatics pipeline (Supplementary Tables S1 and S2). To illustrate the clinical utility of this panel, five LD patients are reported.



Case 1: A female child presented at 3 months of age with severe organomegaly (hepatomegaly at 6 cm and splenomegaly at 9 cm), associated with severe malnutrition, without diarrhea. No dysmorphy was noted. The liver biopsy was in favor of a storage disease.



Case 2: This female child was born at term from a non-consanguineous couple, eutrophic after a normal pregnancy, and with a good adaptation to extra-uterine life. At the age of two and a half years old, she presented with a speech delay and a flat tympanogram and transtympanic ventilation tube was inserted. At 3 years old, she was hospitalized for seizures with predominantly right occipital spikes on the electroencephalogram (EEG) wake and sleep patterns. A second episode of seizures induced by hyperthermia occurred a few months later. She had a disturbed sleep pattern with repeated awakenings, agitation and crying, sensory dysregulation including severe agitation and intolerance to loud noises, and poor communication. Brain MRI showed a retrocerebellar arachnoid cyst and cerebellar atrophy. Based on these elements, late infantile neuronal ceroid lipofuscinosis (CLN2, CLN5, CLN6 or CLN7) was suspected.



Case 3: This was the third child of a couple, born prematurely at 35 weeks of gestation by caesarean section for abnormal fetal heart rhythm. She was hospitalized at 3 months of age for psychomotor regression with decrease of focus and ocular following of objects and persons, as well as axial hypotonia. High blood pressure was diagnosed in the emergency department, and the child was put on calcium channel blocker. The MRI and the EEG showed no anomalies. A cherry red macula was found on ophthalmological examination. A LysoGene panel was requested.



Case 4: The patient was the second child of healthy non-consanguineous parents. Pregnancy was without particularity with a birth weight of 2830 g, a birth length of 47 cm and a head circumference of 34 cm. He was hospitalized in the neonatal intensive care for amniotic fluid aspiration associated with patent ductus arteriosus and suspicion of neonatal infection. This child acquired walking at around 12 months old, day and night cleanliness at 4 years old. At two and a half years old, he was treated for bilateral serous otitis media revealed by a hoarse voice and difficulties understanding. At three years old, he did not pronounce words properly and only formed simple sentences. He had a behavioral disorder with aggressiveness, concentration difficulties and disabling headaches. At 5 years old, he had a height and weight at + 1SD and presented with signs of storage such as square face, skin thickening, and enlarged joints and bone. At the metabolic level, elevated urinary excretion of heparan sulfate and a decreased activity in Heparan-alpha-glucosaminide N-acetyltransferase were consistent with Sanfilippo type C (Mucopolysaccharidosis type IIIC) diagnosis. The HGSNAT gene was analyzed using Sanger sequencing and two pathogenic variants were identified in the heterozygous state: a splicing variant (NM_152419.2:c.234+1G>A-p.?) resulting in a modification of the exon 2 splicing, and a missense variant NM_152419.2:c.710C>A-p.(Pro237Gln). Both variants are reported in the Human Gene Mutation Database (HGMD) and have been published [12]. However, allelic segregation analysis showed that both variants were inherited from the mother who was clinically healthy. Of note, the DNA sample from the father was not available to us. We decided to investigate this case using the LysoGene panel to unveil the alteration inherited from the father.



Case 5: A 31-year-old patient presented with diffuse myalgia. He had progressive exercise intolerance during the last 5 years. He also suffered from sleep apnea. The patient had been hospitalized several times and underwent many explorations without any diagnosis having been reached. Classical neuromuscular work up was normal, including electromyogram (EMG) and creatine phosphokinase (CPK).



Written informed consents were obtained from the parents when the patient is under 18 or from the adult patient in order to perform any investigation related to their pathology.




2.2. NGS Sequencing


DNA extraction: for NGS analysis, blood genomic DNAs were extracted using a silica-membrane-based DNA purification method (QIAamp DNA Blood Mini Kit, QIAGEN). NGS sequencing was performed in the IRIB-Rouen University Hospital Facility (Service Commun de Génomique).



Gene panel design: our approach aimed to capture, and sequence 51 genes implicated in LD (Table 1, Supplementary Table S3). Five additional genes were included for identity monitoring of patients (CCDC88C, NIPBL, MLH1, APC, PTEN). The design of the LysoGene panel covered the coding regions, the promoter region and the flanking intronic sequences for 43 genes. In addition, 3′ untranslated sequences were included for 2 genes (AGA and ARSA), and the entire gene sequences were covered for 6 genes (ARSB, CLN3, CLN8, IDS, SGSH, and NAGLU). In total, 708 regions were targeted including 506 exonic regions. Custom primers were designed using the SureDesign software (Agilent Technologies, Santa Clara, CA, USA).



Library preparation and sequencing: the library preparation protocol was set up using the QXT SureSelect enrichment kit from Agilent. Library construction was done using enzymatic fragmentation and the SureSelectQXT kit (Agilent Technologies, Santa Clara, CA, USA) to capture targeted sequences. Patients’ libraries were pooled after the enrichment step. The protocol was either performed manually or automated on a Sciclone NGSx workstation (PerkinElmer, Waltham, MA, USA). Libraries were sequenced on a MiSeq or a NextSeq 500 platform (Illumina, San Diego, CA, USA) using 2 × 150 bp paired-end sequencing.



Bioinformatics pipelines: for the detection of SNVs, indels and copy number variants (CNVs), a double bioinformatics pipeline was used with complementary algorithms in order to optimize the disease-causing variant detection rate:




	(i)

	
The bcl2fastq conversion software (Illumina, v2.20) was used for reads demultiplexing and generation of Fastq files. Sequenced reads were mapped to the human reference sequence (GRCh37, Hg19) using the Burrows–Wheeler Aligner (BWA v.0.7.17). Read duplicates were marked with Picard tools (v2.18.0), local realignments around indels, base-quality-score recalibration and variant calling were performed with the Genome Analysis Toolkit (GATK 4.0.6.0). Single-nucleotide variants and small indels were identified with the GATK HaplotypeCaller (v4.0.6.0), VarScan2 (v2.4.3) and Vardict (v1.5.1). Variants were then annotated with SnpEff (v.4.2) and Alamut-batch (v.1.12).




	(ii)

	
The second pipeline, large-scale rearrangements and the related CNVs were detected using the CANOES and GRIDSS software [13,14,15].









For each sequencing run, PDF quality reports integrating the number of clusters/mm2, percentage of bases with a Qscore > 30, FastQC reports, percentage of mapped, reads, on- and off-targets percentages, percentage of covered bases and mean sequencing depth were automatically generated using the in-house tool PyQua (Python Qualitics).



Data analysis: An in-house software, CanDiD allowed for the prioritization and filtration of variants using defined criteria such as minor allele frequency in public databases or consequences of the variant (missense, synonym, nonsense, splicing). The filtered variants were compared to variant databases including dbSNP (https://www.ncbi.nlm.nih.gov/snp/ (accessed on 10 January 2021)), GnomAD (https://gnomad.broadinstitute.org/ (accessed on 10 January 2021)), HGMD (http://www.hgmd.cf.ac.uk/ (accessed on 10 January 2021)), LOVD (https://databases.lovd.nl/shared/genes (accessed on 10 January 2021)), and gene specific databases such as NPC-db2 (https://medgen.medizin.uni-tuebingen.de/NPC-db2/ (accessed on 10 January 2021)), Pompe variant database (http://www.pompevariantdatabase.nl/ (accessed on 10 January 2021)), and dbFGP (http://www.dbfgp.org/dbFgp/fabry/Mutation.html (accessed on 10 January 2021)).



The analysis of the captured sequence takes into account the clinical context. In this perspective, we defined five overlapping sub-panels for sequence analysis (Figure 1): Organomegaly (27 genes), neurological impairment (38 genes), bone abnormalities (23 genes), neuronal ceroid lipofuscinoses (10 genes), and cherry red spots (8).



Evaluation of the pathogenicity of the variants were analyzed with in silico tools such as SIFT [16], PolyPhen2 [17] or MutationTaster [18] and M-CAP [19] to predict potential deleterious effect on protein function, and HumanSplicingFinder 2.4.1 [20], MaxEntScan [21], NNSPLICE [22], GeneSplicer [23], SpliceSiteFinder [24], and ESEFinder [25] for possible effect on splicing. Variant classification was done according to the recommendations of the American College of Medical Genetics [26].



The control of the sample identity was performed using a multiplex SNaPshot analysis comparing five SNPs located within the captured regions of 5 genes unrelated to LDs included in the panel. To validate the panel in a diagnostic context, analytical accuracy, intra-assay and inter-assay reproducibility were assessed.





3. Results


3.1. Quality Metrics


The NGS assay provided an average read depth of 474×. This deep coverage allowed for simultaneous detection of SNVs and CNVs in one comprehensive analysis. All the targeted regions were covered above the minimum depth required of 30×.




3.2. Panel Performances for the Detection of SNVs and Indels


Accuracy: The concordance between this panel results and the reference data was 100% for all 77 variants. Thus, the detection of these variants has been achieved with 100% analytic sensitivity.



Intra- and inter-assay reproducibility: the ratios between the values obtained for all metrics measured in the samples used for intra- and interassay reproducibility tests were equal or close to 1 (Supplementary Tables S4 and S5) demonstrating the consistency of the results.




3.3. Panel Performances for the Detection of CNVs


For CNVs, the performances of the in-house bioinformatics tool, CANOES, for assessing the read depth from capture-based NGS data were evaluated. The validation of this workflow has been published recently and highlighted very high sensitivity and positive predictive value for NGS gene panels [27].




3.4. Clinical Utility Assessment


To illustrate the clinical utility of this panel, we report 5 cases in which the NGS approach proved to be significantly more efficient than traditional Sanger sequencing. All the variants identified through the NGS workflow have been confirmed using Sanger sequencing (SNVs and indels) or quantitative multiplex PCR of short fluorescent fragments-QMPSF (CNVs).



Case 1: The LysoGene panel enabled the characterization of 2 pathogenic heterozygous variants in NPC2 gene. The variant NM_006432.3:c.58G>T-p.(Glu20 *) has been reported in HGMD and has been published [28]. The second frameshift variant, c.87del-p.(Val30Trpfs*5) is novel. The presence of these variants was consistent with the diagnosis of Niemann Pick C type 2 disease. Sanger sequencing of NPC2 in the parents confirmed allelic segregation.



Case 2: The analysis of the neuronal lipofuscinosis ceroid sub-panel allowed the characterization of two pathogenic heterozygous variants in the TPP1 gene in this patient. Both variants, NM_000391.3:c.196C>T-p.(Gln66 *) and c.622C>T; p.(Arg208 *), have been reported in HGMD and previously published [29,30]. Allelic segregation was confirmed by the study of the parents’ DNA.



Case 3: Given the clinical picture, priority was given to the analysis of genes involved in pathologies with macular cherry-red spots (Figure 1). Two pathogenic variants were identified in HEXB, NM_000521.3:c.1165dup-p.(Gln389Profs*22) which has never been described before, and c.1417+5G>A-p.? predicted to abolish the splicing donor site [31]. Enzymatic activities of hexosaminidase A and total hexosaminidases were greatly reduced in leukocytes and plasma. All these results pointed to Sandhoff disease.



Case 4: NGS sequencing of HGSNAT gene succeeded in retrieving the variants inherited from the mother (NM_152419.2:c.234+1G>A-p.? and c.710C>A-p.(Pro237Gln)) and enabled the identification of a heterozygous deletion of exon 15 (NM_152419.2:c.(1464+1_1465-1)_(1542+1_1543-1)del-p.?) which is carried by the paternal allele. This finding made it possible to confirm on a molecular basis the diagnosis of Sanfilippo type C in this patient.



Case 5: Rapid GAA gene sequencing using the LysoGene panel enabled the characterization of two pathogenic heterozygous variants: NM_000152.2:c.-32-13T>G-p.? in intron 1 which has previously been reported in adult form of Pompe disease [32], and c.2238G>C-p.(Trp746Cys) in exon 16 [33]. Sanger sequencing of the parents’ DNA confirmed allelic segregation. Metabolic work up showed a reduced acid maltase activity.





4. Discussion


Diagnostic difficulties in LDs arise from the wide clinical, biochemical and molecular heterogeneity observed in these pathologies and highlight the crucial need of multidisciplinary collaboration for the diagnosis and management of these diseases [34,35]. LDs, like other IEMs, are primarily due to monogenic alteration, but a large number of genetic and environmental factors modulate their phenotypic expression and underlie the wide range of clinical severity associated with LDs. This concept has been extended to connect IEMs to common diseases as part of a metabolic disease spectrum. All these pathologies imply necessarily several genes and represent a continuum. Indeed, in IEMs, the influence of one gene is dominant and in common diseases an equivalent contribution of several gene alterations might be observed [36]. In addition, some LDs display phenotypic overlaps that often lead to misdiagnosis. Testing several hypotheses sequentially may result in a delay or failure to succeed in reaching the diagnosis. Of note, some lysosomal hydrolases may have reduced in vitro activity in clinically healthy individuals, referred to as pseudodeficiency. A set of variants known to cause pseudodeficiency has been characterized in the sequences of the corresponding genes that leads to an in vitro instability of the enzyme while the enzyme remains functionally active in vivo [37].



To smooth out and speed up LD screening and diagnosis, a paradigm shift is urgently needed to move from hypothesis-driven to data-driven strategies. Omics approaches along with bioinformatics tools offer a great opportunity to establish a validated workflow enabling the assessment of a large panel of diseases. Subsequently, targeted approach technologies may be used to confirm the identified abnormalities.



Here, we describe the analytical validation of an NGS-based sequencing panel encompassing 51 genes implicated in LDs. The assay demonstrated a high sensitivity and reliability and was efficient in characterizing both variants involving a small number of nucleotides (SNVs/indels) and large-scale rearrangements (CNVs). By multiplexing patient samples and several genes on a single platform, the limitations related to Sanger sequencing were addressed. This approach allowed for both lowering the costs and enhancing the diagnostic effectiveness. Recent studies reported NGS-based analyses in LD genetic diagnosis [8,9,10,11]. CNV detection was reported in only one study that included 28 LD genes [11]. Of note, the present work enabled the analysis of CNVs, not reachable by Sanger sequencing, for all the included 51 LD-related genes. This markedly broadens the scope of this panel for LD genetic investigations.



To illustrate the clinical integration of our panel, we reported 5 LD patients for which NGS analysis provided with fast and accurate results.



The NGS panel allowed us to guide the diagnosis toward of Niemann-Pick type C in Case 1, Sandhoff disease in Case 3 and Pompe disease in Case 5 while the clinical pictures were unspecific. In Case 2, the clinical presentation was suggestive of a ceroid lipofuscinosis. A fast molecular diagnosis was critical as a clinical trial for TPP1 deficiency based on intraventricular enzyme replacement therapy was ongoing. To be efficient, this treatment had to be implemented before psychomotor regression [38]. NGS analysis helped in identifying pathogenic variants in TPP1 gene and the patient was successfully included in the ongoing clinical trial. The clinical utility of simultaneous CNV characterization is exemplified in Case 4. Indeed, the NGS workflow allowed the retrieval of the SNVs located on the maternal allele as well as the characterization of a CNV inherited from the father. Thus, NGS approach enabled the confirmation of this diagnosis on a molecular basis.




5. Conclusions


Clinical heterogeneity, phenotypic overlap, and variable age at onset are still major hurdles for fast and effective diagnosis of LDs. Combining NGS-based technology capabilities with efficient bioinformatics workflows offer a promising opportunity to enhance LD characterization through high throughput molecular profiling. Two main driving diagnosis situations stand out: (i) in typical clinical presentation, targeted biochemical profiling is the gold standard informative way to go with a subsequent molecular confirmation; (ii) in challenging clinical situation, first-tier NGS-based molecular profiling seems to be more informative to parse the clinical puzzle. In addition, conventional biochemical profiling confirmation is strongly recommended whenever possible.








Supplementary Materials


The following are available online at https://www.mdpi.com/2075-4418/11/2/294/s1, Table S1: cohort molecular data, Table S2: variant effect, Table S3: panel gene classification, Table S4: intra-assay variation assessment, Table S5: inter-assay variation assessment.





Author Contributions


Conceptualization, S.B.; formal analysis, B.S.-A., H.D. and M.V.; data curation, B.S.-A., S.S., I.D., L.A.-D., A.L., B.H., I.M., M.D.-A., S.M., A.T., and S.B.; writing—original draft preparation, B.S.-A., S.B.; writing—review and editing, A.T., S.M. and S.B.; visualization, A.T.; supervision, S.B.; project administration, S.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of Rouen University Hospital N° E2021-09.




Informed Consent Statement


Informed written consent was obtained from all subjects involved in the study.




Data Availability Statement


All the data that support the findings are presented in the manuscript and the Supplementary Materials.




Acknowledgments


The authors would like to thank the patients and the family members for their participation in this research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Coutinho, M.F.; Alves, S. From rare to common and back again: 60years of lysosomal dysfunction. Mol. Genet. Metab. 2016, 117, 53–65. [Google Scholar] [CrossRef]

	



de Duve, C. The lysosome turns fifty. Nat. Cell Biol. 2005, 7, 847–849. [Google Scholar] [CrossRef]

	



Parenti, G.; Andria, G.; Ballabio, A. Lysosomal storage diseases: From pathophysiology to therapy. Annu. Rev. Med. 2015, 66, 471–486. [Google Scholar] [CrossRef]

	



Schultz, M.L.; Tecedor, L.; Chang, M.; Davidson, B.L. Clarifying lysosomal storage diseases. Trends Neurosci. 2011, 34, 401–410. [Google Scholar] [CrossRef]

	



Tebani, A.; Afonso, C.; Marret, S.; Bekri, S. Omics-based strategies in precision medicine: Toward a Paradigm shift in inborn errors of metabolism investigations. Int. J. Mol. Sci. 2016, 17, 1555. [Google Scholar] [CrossRef] [PubMed]

	



Sudrié-Arnaud, B.; Marguet, F.; Patrier, S.; Martinovic, J.; Louillet, F.; Broux, F.; Charbonnier, F.; Dranguet, H.; Coutant, S.; Vezain, M.; et al. Metabolic causes of nonimmune hydrops fetalis: A next-generation sequencing panel as a first-line investigation. Clin. Chim. Acta. 2018, 481, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Tebani, A.; Abily-Donval, L.; Afonso, C.; Marret, S.; Bekri, S. Clinical metabolomics: The new metabolic window for inborn errors of metabolism investigations in the post-genomic era. Int. J. Mol. Sci. 2016, 17, 1167. [Google Scholar] [CrossRef] [PubMed]

	



Encarnação, M.; Coutinho, M.F.; Silva, L.; Ribeiro, D.; Ouesleti, S.; Campos, T.; Santos, H.; Martins, E.; Cardoso, M.T.; Vilarinho, L.; et al. Assessing lysosomal disorders in the NGS era: Identification of novel rare variants. Int. J. Mol. Sci. 2020, 21, 6355. [Google Scholar] [CrossRef] [PubMed]

	



Gheldof, A.; Seneca, S.; Stouffs, K.; Lissens, W.; Jansen, A.; Laeremans, H.; Verloo, P.; Schoonjans, A.S.; Meuwissen, M.; Barca, D.; et al. Clinical implementation of gene panel testing for lysosomal storage diseases. Mol. Genet. Genom. Med. 2019, 7, e00527. [Google Scholar] [CrossRef]

	



Málaga, D.R.; Brusius-Facchin, A.C.; Siebert, M.; Pasqualim, G.; Saraiva-Pereira, M.L.; Souza, C.F.M.; Schwartz, I.V.D.; Matte, U.; Giugliani, R. Sensitivity, advantages, limitations, and clinical utility of targeted next-generation sequencing panels for the diagnosis of selected lysosomal storage disorders. Genet. Mol. Biol. 2019, 42, 197–206. [Google Scholar] [CrossRef]

	



Muñoz, G.; García-Seisdedos, D.; Ciubotariu, C.; Piris-Villaespesa, M.; Gandía, M.; Martín-Moro, F.; Gutiérrez-Solana, L.G.; Morado, M.; López-Jiménez, J.; Sánchez-Herranz, A.; et al. Early detection of lysosomal diseases by screening of cases of idiopathic splenomegaly and/or thrombocytopenia with a next-generation sequencing gene panel. JIMD Rep. 2020, 51, 53–61. [Google Scholar] [CrossRef]

	



Hrebícek, M.; Mrázová, L.; Seyrantepe, V.; Durand, S.; Roslin, N.M.; Nosková, L.; Hartmannová, H.; Ivánek, R.; Cízkova, A.; Poupetová, H.; et al. Mutations in TMEM76 * cause mucopolysaccharidosis IIIC (Sanfilippo C syndrome). Am. J. Hum. Genet. 2006, 79, 807–819. [Google Scholar] [CrossRef] [PubMed]

	



Backenroth, D.; Homsy, J.; Murillo, L.R.; Glessner, J.; Lin, E.; Brueckner, M.; Lifton, R.; Goldmuntz, E.; Chung, W.K.; Shen, Y. CANOES: Detecting rare copy number variants from whole exome sequencing data. Nucleic Acids Res. 2014, 42, e97. [Google Scholar] [CrossRef] [PubMed]

	



Muller, E.; Brault, B.; Holmes, A.; Legros, A.; Jeannot, E.; Campitelli, M.; Rousselin, A.; Goardon, N.; Frébourg, T.; Krieger, S.; et al. Genetic profiles of cervical tumors by high-throughput sequencing for personalized medical care. Cancer Med. 2015, 4, 1484–1493. [Google Scholar] [CrossRef] [PubMed]

	



Cameron, D.L.; Schröder, J.; Penington, J.S.; Do, H.; Molania, R.; Dobrovic, A.; Speed, T.P.; Papenfuss, A.T. GRIDSS: Sensitive and specific genomic rearrangement detection using positional de Bruijn graph assembly. Genome Res. 2017, 27, 2050–2060. [Google Scholar] [CrossRef]

	



Ng, P.C.; Henikoff, S. Predicting deleterious amino acid substitutions. Genome Res. 2001, 11, 863–874. [Google Scholar] [CrossRef]

	



Adzhubei, I.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; Kondrashov, A.S.; Sunyaev, S.R. A method and server for predicting damaging missense mutations. Nat. Methods 2010, 7, 248–249. [Google Scholar] [CrossRef]

	



Schwarz, J.M.; Rödelsperger, C.; Schuelke, M.; Seelow, D. MutationTaster evaluates disease-causing potential of sequence alterations. Nat. Methods 2010, 7, 575–576. [Google Scholar] [CrossRef] [PubMed]

	



Jagadeesh, K.A.; Wenger, A.M.; Berger, M.J.; Guturu, H.; Stenson, P.D.; Cooper, D.N.; Bernstein, J.A.; Bejerano, G. M-CAP eliminates a majority of variants of uncertain significance in clinical exomes at high sensitivity. Nat. Genet. 2016, 48, 1581–1586. [Google Scholar] [CrossRef] [PubMed]

	



Desmet, F.O.; Hamroun, D.; Lalande, M.; Collod-Béroud, G.; Claustres, M.; Béroud, C. Human Splicing Finder: An online bioinformatics tool to predict splicing signals. Nucleic Acids Res. 2009, 37, e67. [Google Scholar] [CrossRef]

	



Yeo, G.; Burge, C.B. Maximum entropy modeling of short sequence motifs with applications to RNA splicing signals. J. Comput. Biol. 2004, 11, 377–394. [Google Scholar] [CrossRef]

	



Reese, M.G.; Eeckman, F.H.; Kulp, D.; Haussler, D. Improved splice site detection in Genie. J. Comput. Biol. 1997, 4, 311–323. [Google Scholar] [CrossRef]

	



Pertea, M.; Lin, X.; Salzberg, S.L. GeneSplicer: A new computational method for splice site prediction. Nucleic Acids Res. 2001, 29, 1185–1190. [Google Scholar] [CrossRef]

	



Leman, R.; Gaildrat, P.; Le Gac, G.; Ka, C.; Fichou, Y.; Audrezet, M.P.; Caux-Moncoutier, V.; Caputo, S.M.; Boutry-Kryza, N.; Léone, M.; et al. Novel diagnostic tool for prediction of variant spliceogenicity derived from a set of 395 combined in silico/in vitro studies: An international collaborative effort. Nucleic Acids Res. 2018, 46, 7913–7923. [Google Scholar] [CrossRef] [PubMed]

	



Cartegni, L.; Wang, J.; Zhu, Z.; Zhang, M.Q.; Krainer, A.R. ESEfinder: A web resource to identify exonic splicing enhancers. Nucleic Acids Res. 2003, 31, 3568–3571. [Google Scholar] [CrossRef] [PubMed]

	



Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the american college of medical genetics and genomics and the association for molecular pathology. Genet. Med. 2015, 17, 405–424. [Google Scholar] [CrossRef]

	



Quenez, O.; Cassinari, K.; Coutant, S.; Lecoquierre, F.; Le Guennec, K.; Rousseau, S.; Richard, A.C.; Vasseur, S.; Bouvignies, E.; Bou, J.; et al. Detection of copy-number variations from NGS data using read depth information: A diagnostic performance evaluation. Eur. J. Hum. Genet. 2020. [Google Scholar] [CrossRef]

	



Naureckiene, S.; Sleat, D.E.; Lackland, H.; Fensom, A.; Vanier, M.T.; Wattiaux, R.; Jadot, M.; Lobel, P. Identification of HE1 as the second gene of Niemann-Pick C disease. Science 2000, 290, 2298–2301. [Google Scholar] [CrossRef]

	



Sleat, D.E.; Donnelly, R.J.; Lackland, H.; Liu, C.G.; Sohar, I.; Pullarkat, R.K.; Lobel, P. Association of mutations in a lysosomal protein with classical late-infantile neuronal ceroid lipofuscinosis. Science 1997, 277, 1802–1805. [Google Scholar] [CrossRef] [PubMed]

	



Sleat, D.E.; Gin, R.M.; Sohar, I.; Wisniewski, K.; Sklower-Brooks, S.; Pullarkat, R.K.; Palmer, D.N.; Lerner, T.J.; Boustany, R.M.; Uldall, P.; et al. Mutational analysis of the defective protease in classic late-infantile neuronal ceroid lipofuscinosis, a neurodegenerative lysosomal storage disorder. Am. J. Hum. Genet. 1999, 64, 1511–1523. [Google Scholar] [CrossRef] [PubMed]

	



Maegawa, G.H.; Tropak, M.; Buttner, J.; Stockley, T.; Kok, F.; Clarke, J.T.; Mahuran, D.J. Pyrimethamine as a potential pharmacological chaperone for late-onset forms of GM2 gangliosidosis. J. Biol. Chem. 2007, 282, 9150–9161. [Google Scholar] [CrossRef]

	



Huie, M.L.; Chen, A.S.; Tsujino, S.; Shanske, S.; DiMauro, S.; Engel, A.G.; Hirschhorn, R. Aberrant splicing in adult onset glycogen storage disease type II (GSDII): Molecular identification of an IVS1 (−13T⟶G) mutation in a majority of patients and a novel IVS10 (+1GT⟶CT) mutation. Hum. Mol. Genet. 1994, 3, 2231–2236. [Google Scholar] [CrossRef]

	



Wan, L.; Lee, C.C.; Hsu, C.M.; Hwu, W.L.; Yang, C.C.; Tsai, C.H.; Tsai, F.J. Identification of eight novel mutations of the acid alpha-glucosidase gene causing the infantile or juvenile form of glycogen storage disease type II. J. Neurol. 2008, 255, 831–838. [Google Scholar] [CrossRef] [PubMed]

	



Coutinho, M.F.; Matos, L.; Alves, S. From bedside to cell biology: A century of history on lysosomal dysfunction. Gene 2015, 555, 50–58. [Google Scholar] [CrossRef] [PubMed]

	



Mehta, A.B.; Winchester, B. Lysosomal Storage Disorders—A Practial Guide, 1st ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2012; pp. 20–28. [Google Scholar]

	



Argmann, C.A.; Houten, S.M.; Zhu, J.; Schadt, E.E. A next generation multiscale view of inborn errors of metabolism. Cell Metab. 2016, 23, 13–26. [Google Scholar] [CrossRef]

	



Olkhovych, N.V.; Gorovenko, N.G. Determination of frequencies of alleles, associated with the pseudodeficiency of lysosomal hydrolases, in population of Ukraine. Ukr. Biochem. J. 2016, 88, 96–106. [Google Scholar] [CrossRef]

	



Schulz, A.; Ajayi, T.; Specchio, N.; de Los Reyes, E.; Gissen, P.; Ballon, D.; Dyke, J.P.; Cahan, H.; Slasor, P.; Jacoby, D.; et al. Study of intraventricular cerliponase alfa for CLN2 disease. N. Engl. J. Med. 2018, 378, 1898–1907. [Google Scholar] [CrossRef] [PubMed]








[image: Diagnostics 11 00294 g001 550] 





Figure 1. Overview of the genes included in the different LysoGene sub-panels. 
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Table 1. Included genes in the LysoGene panel.
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	Disease
	Inheritance
	Gene
	NM_





	α-glucosidase deficiency
	AR
	GAA
	NM_000152.3



	α-mannosidase deficiency
	AR
	MAN2B1
	NM_000528.3



	Aspartylglucosaminidase deficiency
	AR
	AGA
	NM_000027.3



	β-mannosidase deficiency
	AR
	MANBA
	NM_005908.3



	α-fucosidase deficiency
	AR
	FUCA1
	NM_000147.4



	Cathepsin A deficiency
	AR
	CTSA
	NM_000308.2



	α-N-acetylgalactosaminidase deficiency
	AR
	NAGA
	NM_000262.2



	α-neuraminidase deficiency
	AR
	NEU1
	NM_000434.3



	Cystinosin deficiency
	AR
	CTNS
	NM_004937.2



	Lysosome-associated membrane protein 2 deficiency
	XL
	LAMP2
	NM_002294.2



	Niemann-Pick disease type C1
	AR
	NPC1
	NM_000271.4



	Niemann-Pick disease type C2
	AR
	NPC2
	NM_006432.3



	Sialin deficiency
	AR
	SLC17A5
	NM_012434.4



	Mucolipin 1 deficiency
	AR
	MCOLN1
	NM_020533.2



	Lysosomal acid lipase deficiency
	AR
	LIPA
	NM_000235.2



	Cathepsin K deficiency
	AR
	CTSK
	NM_000396.3



	UDP-N-acetylglucosamine-2-epimerase/N-acetylmannosamine kinase deficiency
	AR
	GNE
	NM_005476.5



	UDP-N-acetylglucosamine-1-phosphotransferase α/β subunit deficiency
	AR
	GNPTAB
	NM_024312.4



	α-iduronidase deficiency
	AR
	IDUA
	NM_000203.3



	Iduronate sulfatase deficiency
	XLR
	IDS
	NM_000202.5



	Heparan N-sulfatase deficiency
	AR
	SGSH
	NM_000199.3



	N-acetylglucosaminidase deficiency
	AR
	NAGLU
	NM_000263.3



	Heparan-α-glucosaminide N-acetyltransferase deficiency
	AR
	HGSNAT
	NM_152419.2



	N-acetylglucosamine 6-sulfatase deficiency
	AR
	GNS
	NM_002076.3



	N-acetylgalactosamine 6-sulfatase deficiency
	AR
	GALNS
	NM_000512.4



	Hyaluronidase deficiency
	AR
	HYAL1
	NM_153281.1



	N-acetylgalactosamine 4-sulfatase deficiency
	AR
	ARSB
	NM_000046.3



	β-glucuronidase deficiency
	AR
	GUSB
	NM_000181.3



	Palmitoyl-protein thioesterase 1 deficiency
	AR
	PPT1
	NM_000310.3



	Cathepsin D deficiency
	AR
	CTSD
	NM_001909.4



	Progranulin deficiency
	AD, AR
	GRN
	NM_002087.2



	Tripeptidyl-peptidase 1 deficiency
	AR
	TPP1
	NM_000391.3



	CLN3 disease
	AR
	CLN3
	NM_001042432.1



	CLN4 disease
	AD
	DNAJC5
	NM_025219.2



	CLN5 disease
	AR
	CLN5
	NM_006493.2



	CLN6 disease
	AR
	CLN6
	NM_017882.2



	CLN7 disease
	AR
	MFSD8
	NM_152778.2



	CLN8 disease
	AR
	CLN8
	NM_018941.3



	Osteopetrosis
	AR
	OSTM1
	NM_014028.3



	Formyl-glycine generating enzyme deficiency
	AR
	SUMF1
	NM_182760.3



	GM2 activator protein deficiency
	AR
	GM2A
	NM_000405.4



	Arylsulfatase A deficiency
	AR
	ARSA
	NM_000487.5



	Acid ceramidase deficiency, inflammatory phenotype
	AR
	ASAH1
	NM_177924.3



	α-Galactosidase A deficiency
	XL
	GLA
	NM_000169,2



	Glucocerebrosidase deficiency
	AR
	GBA
	NM_001005741.2



	β-galactosylceramidase deficiency
	AR
	GALC
	NM_000153.3



	Acid sphingomyelinase deficiency
	AR
	SMPD1
	NM_000543.4



	β-hexosaminidase β-subunit deficiency
	AR
	HEXB
	NM_000521.3



	β-hexosaminidase α-subunit deficiency
	AR
	HEXA
	NM_000520.4



	β-galactosidase deficiency, GM1 gangliosidosis phenotype
	AR
	GLB1
	NM_000404.2



	Atypical Gaucher disease due to saposin C deficiency
	AR
	PSAP
	NM_002778.2
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