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Objective: Argininosuccinate lyase (ASL) gene mutations account for argininosuccinic aciduria (ASA). This study aimed to design a minigene construct of ASL gene in order to investigate the impact of variants on splicing.

Methods: The peripheral blood samples were collected from the family members, and genomic DNA was extracted for gene diagnosis using the total exon sequencing method. The novel mutation gene was cloned into pEGFP-C1 vector, and the pathogenicity of the mutation was examined in cultured cells in vitro.

Results: The clinical diagnosis of the proband as ASA was clear. Two pathogenic mutations, c.281G>T (p.Arg94Leu) and c.208-15 T>A were detected in the ASL gene, and the two mutations had not been reported. The minigene expression in vitro confirmed that c.208-15 T>A could cause aberrant splicing, resulting in the retention of 13 bp in intron 2 to exon 3.

Conclusion: Two new pathogenic mutations of ASL gene, c.208-15 T>A and c.281G>T, were found in an ASA family, which enriches the mutational profile of the ASL gene and provides a basis for genetic diagnosis of ASA. Minigenes are optimal approaches to determine whether the intron mutation can cause aberrant splicing.
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INTRODUCTION

Argininosuccinic aciduria (ASA) is a clinically rare urea cycle disorder, and belongs to the autosomal recessive genetic disease. ASA was first reported by ALLAN in 1958 (Allan et al., 1958). The overall reported prevalence of ASA is 1:70,000 (Nagamani et al., 2012c). ASA is due to the defect of argininosuccinate lyase (ASL) gene which causes arginyl succinic acid not to be cleaved into arginine and fumarate. The arginine succinic acid accumulates in a large amount in the body, and mainly manifests as hyperammonemia clinically. ASA can be divided into neonatal type and delayed type according to the onset of disease. Among them, the neonatal ASA is severe and the mortality rate is high (Chen et al., 2010). The first case of neonatal ASA in China was reported in 2014, and the diagnosis was confirmed by genetic testing after death (Yuan et al., 2014). Late-onset

type of ASA can occur in childhood or even in adulthood, and its manifestation is developmental delay and mental retardation. Baruteau et al. (2017) reported that the neurological phenotype of ASA patients did not correlate with the severity of hyperammonemia and plasma argininosuccinic acid levels. Currently, tandem mass spectrometry is the best method for early detection of ASA.

The ASL gene is located on 7q11.21 and has a total length of 23 kb with 17 exons (MIM: 608310), but the first exon encodes only for 5-untranslated region. Therefore, the coding region starts at exon 1 (NM_001024943.1) (Wen et al., 2016). Up to now, more than 60 ASL gene mutations have been reported, with high incidence in the exons 4, 5 and 7, and their mutation types are diverse, including nonsense mutation, missense mutation, insertion mutation, and deletion (Nagamani et al., 2012b).

However, in suspected patients, part of pathogenic gene variants are variants of unknown clinical significance (VUS), which makes genetic counseling of patients and their families complicated. More importantly, in families who wish to have a healthy child, this causes the difficulty in prenatal diagnosis. Therefore, functional studies for these variants are required. If the pathogenic mutation occurs in the intron, RNA from the patient should be examined by real time-polymerase chain reaction (RT-PCR) analysis to establish whether the variant has any effect on splicing. However, inherited metabolic diseases can manifest as rapid onset and rapid death, leading to the failure to timely keep samples for RNA extraction. Alternatively, the variant in intron can be examined by mini-gene splicing analysis (Bonnet et al., 2008; Théry et al., 2011). Here, we report two novel mutations in ASL gene in ASA patient, one of which is on the intron, and we functionally characterized the mutations.

MATERIALS AND METHODS

Clinical Data

The subjects were from the pedigree of Anhui Province, China. The medical history collection, biochemical tests, and genetic analysis were carried out in our hospital. The pedigree of the family is shown in Figure 1. The family is composed of only two generations and five members. Three persons still survive, and one of them is the patient. The proband (II: 2) is male and 8 years old. The patient’s father (I:1) and mother (I:2) are normal, three children were born, and the first child (II:1) is a daughter. When she was 10 years old, she suddenly fell into a coma without obvious incentives, and died within 24 h. Her blood ammonia > 1,000 μmol/L, but related medical data have been lost. The third child (II: 3) is a daughter. When she was 3 years old, she suddenly fell into a coma without obvious incentives, and was sent to the hospital for rescue and died within 3 days. During the treatment, Tandem mass spectrometry (MS/MS) showed that citrulline (CIT) increased to 100 μmol/L, and blood ammonia was >1,000 μmol/L, considering the possibility of inherited metabolic diseases, but the specimen was not timely kept for genetic testing. In view of the condition of II:1 and II:3, the patient’s parents gave the proband (II: 2) almost pure vegetarian feeding, and he survives till today, but gradually showed hot temper and mental retardation, and is unable to be enrolled in school for normal education. In order to obtain a clear diagnosis and give birth to a healthy child, the patient took II:2 to the specialist clinic of inherited metabolic diseases of our hospital in 2016. After the patient’s parents signed the informed consent form, 2 ml peripheral venous blood was drawn from everyone to extract genome DNA. MS/MS and blood ammonia were rechecked, blood ammonia was 200 μmol/L, and CIT in dry blood spot was 118.65 μmol/L detected by MS/MS, and kidney functional electrolytes were normal. This pedigree has only DNA samples of three persons: the parents of the proband and the proband.
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FIGURE 1. Schematic diagram of the proband pedigree.


Total Exon Detection

2 ml venous blood samples were collected from the proband and his parents. Genomic DNA (QIAamp DNA Blood Midi Kit, Qiagen, Hilden, Germany) was extracted according to the standard procedure and sent to Shenzhen Huada Gene Clinical Inspection Center for total exon detection. The DNA fragments were sequenced using a high-throughput sequencer Illumina HiSeq 2500 Analyzers (Illumina, San Diego, CA, United States), and raw sequencing data was read using Illumina Pipeline software (version 1.3.4). Sequence alignment with HG19 was performed using BWA (Burrows Wheeler Aligner) software. The SNV (single nucleotide variant) and Indel (insertion and deletion) queries were performed using SOAPsnp software and Samtools software, respectively, to generate target region base polymorphism results, followed by the comparison of database (NCBI dbSNP, HapMap, 1000 human genome dataset and database of 100 Chinese healthy adults), the suspicious mutations were annotated and screened. For all pathogenic mutations, the primers were designed upstream and downstream of the fragment in which they were located. Polymerase chain reaction (PCR) amplification was performed, and Sanger sequencing was performed on PCR product to verify the results of gene chip capture and high throughput sequencing.

In silico Analysis

The bioinformatic splicing tool HSF (Human Splicing Finder) version 3.01 was applied to predict the possible influence of mutation in intron.

Construction of Recombinant Plasmids

The constructs were made by three consecutive rounds of PCR: the first PCR was performed using genomic DNA (a total of three sets of DNA) as a template, and ASL-176-F and ASL-1758-R as primers, 30 cycles; the secondary PCR was performed using the first round of PCR products as a template, and ASL-448-F and ASL-1674-R as primers, 30 cycles; the third PCR was performed using PCR product of the second round as a template, and ASL-KpnI-F and ASL-BamHI-R as primers, 30 cycles (primers were shown in Tables 1, 2). The electrophoresis and gel recovery of the last round PCR product was performed. ASL-Wt (Wild-type), ASL-Int-mut (c.208-15 T > A), and ASL-Exon-mut (c.281 G > T) all contained the entire sequence of exon 2 to exon 4, the amplified length was 1,157 bp, and the amplified gene region was shown in Figure 2.

TABLE 1. Genomic DNA and gene names corresponding to each group.
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TABLE 2. Primersused in this study.
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FIGURE 2. Structures and functional analysis of the splicing vector pEGFP-C1 and minigene ASL-Wt /ASL-Int-mut (C.208-15 T > A)/ASL-Exon-mut (C.281 G > T): [EX2 – IVS2 – EX3 – IVS3 – EX4]: the pEGFP-C1 vector contains a CMV promoter. The expected splicing reactions in eukaryotic cells are indicated by arrows.



Polymerase chain reaction (PCR) products were purified, ASL-Wt (Wild-type), ASL-Int-mut (c.208-15 T > A) and ASL-Exon-mut (c.281 G > T), and inserted into the eukaryotic expression vector pEGFP-C1 using KpnI/BamHI to construct three sets of plasmids: pEGFP-C1-ASL-wt, pEGFP-C1-ASL-Exon-mut, and pEGFP-C1-ASL-Int-mut. The recombinant plasmids were digested with KpnI and BamHI, and verified by gene sequencing.

Transfection of Eukaryotic Cells

The recombinant vectors (pEGFP-C1-ASL-wt, pEGFP-C1-ASL-Exon-mut, and pEGFP-C1-ASL-Int-mut) were transiently transfected into human lung epithelial cells (A549), human embryonic kidney cells (HEK-293T) and cervical cancer cells (Hela) according to the instructions, and the transfected cells were cultured for 48 h and then collected for analysis.

Real Time-Polymerase Chain Reaction

The total RNA was extracted from A549, 293T, and HeLa cells by Trizol method (RNA extraction kit, Omega), and the cDNA was reverse transcribed using a reverse transcription kit (Thermo) according to the manufacturer’s instructions. The concentration and purity of the extracted RNA were determined by UV spectrophotometry. PCR products were identified by 2% agarose gel electrophoresis and verified by sequencing.

RESULTS

Genetic Test Results

Two pathogenic mutations were detected in the ASL gene, as shown in Figure 3, Table 3, and Supplementary Table S1. No other disease-causing mutations were detected in the pathogenic genes of diseases that caused an increase in CIT. The parents of this patient divorced when the patient was diagnosed by genetic test, and the mother (I: 2) re-establishes a new family, and has a healthy baby boy. Now the patient and his father only received follow-up in peripheral blood examination by MS/MS and did not like to provide sample for RNA extraction. Alternatively, the variant in intron can be examined by mini-gene splicing analysis. We constructed a mini-gene vector for the new mutation of c.208-15 T > A, and further confirmed whether the mutation would cause aberrant splicing of mRNA and cause abnormalities in gene expression.

TABLE 3. Total exon detection results.
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FIGURE 3. Total exon sequencing map and Sanger sequencing map: two pathogenic mutations C.281G > T (P.R94L|p.Arg94Leu) and C.208-15 T > A are detected in the ASL gene, and they have not been reported. (A,C) Total exon sequencing map. (B,D) Sanger sequencing map for pedigree verification, C.281G > T(P.R94L|p.Arg94Leu) is inherited from the patient’s father; C.208-15 T > A is inherited from the patient’s mother.



In silico Splicing Analysis

Human Splicing Finder can be used to identify splicing mutations, providing a better understanding of clinical and biological data. Here, this bioinformatic tool was applied and showed that the mutation of c.208-15T > A in Intron is an “Activation of an intronic cryptic acceptor site,” and if cryptic site use, exon length will increase 13 bp.

Construction of Recombinant Plasmids

The exon 2 to exon 4 of the ASL gene of the proband and his father were amplified by PCR and recombinnat plasmids pEGFP-C1-ASL-wt, pEGFP-C1-ASL-Exon-mut, and pEGFP-C1-ASL-Int-mut were successfully constructed. The three recombinant plasmids were digested with restriction endonuclease KpnI and BamHI, and two fragments were found to be consistent with the expected ones, confirming that the target fragment ASL-wt/Exon-mut/Int-mut minigene was successfully inserted into the vector. The sequencing results are shown in Figure 4.
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FIGURE 4. Sequencing results of target fragment (A–C)ASL-wt/Exon-mut/Int-mut minigene.



ASL mRNA Expression in Cells Transfected With Recombinant Plasmids

Real time-polymerase chain reaction analysis of ASL gene showed that the band of the intron mutant (Int) was bigger than the wild-type (wt) and the exon mutant (Exon) and the migration became slower (Figure 5). DNA sequencing results (Figure 6) indicated that wild-type minigene (ASL-wt) formed normal mRNA composed of exons 2, 3, and 4; the exon mutant minigene (ASL-Exon) did not affect splicing, and its splicing pattern is consistent with wild-type. The intron c.208-15 T > A mutant minigene caused aberrant splicing, resulting in the retention of the 13 bp base in intron 2 to exon 3 (Figures 6, 7). This result is consistent with HSF analysis result.
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FIGURE 5. Gel electrophoresis of RT-PCR products: the band of the intron mutant (Int) was bigger than the wild-type (wt) and the exon mutant (Exon).
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FIGURE 6. Minigene product sequencing results: (A) wild-type minigene (ASL-wt) formed normal mRNA composed of exons 2, 3, and 4; (B) the intron C.208-15 T > A mutant minigene caused a splicing abnormality, resulting in the retention of the 13 bp base in intron 2; (C) the exon mutant minigene (ASL-Exon) did not affect splicing, and its splicing pattern is consistent with the wild-type (A).
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FIGURE 7. The intron c.208-15 T > A mutant minigene caused aberrant splicing, resulting in the retention of the 13 bp base in intron 2 to exon 3. There are 222 codons (74 amino acid residues) between the promoter (ATG) and the first termination codon (TGA) because of the insertion of 13 bases. In theory, there are 1596 codons (532 amino acid residues) between the promoter (ATG) and the first termination codon (TAG) in ASL gene.


DISCUSSION

Two mutations in the ASL gene of the proband in this study are detected: (1) exon 3: c.281G > T (p.Arg94Leu) from the father; (2) intron 2: c.208-15T > A from the mother. Two suspicious pathogenic mutations have not been reported, of which c.281G > T is a missense mutation, the incidence is extremely low in the population, and SIFT and PolyPhen software predicted it to be a pathogenic mutation. c.208-15T > A is an intron region mutation, the incidence in population is low, and the clinical significance is unknown. According to the “Interpretation Criteria and Guidelines for Gene Sequence Variation” established in 2015 (Richards et al., 2015), the pathogenicity analysis is carried out: (1) the incidence of two mutation sites in the normal population is very low, does not belong to polymorphic change (medium strong pathogenic evidence PM2); (2) the two pathogenic sites are both on the ASL gene, are derived from his father and mother, respectively, and are consistent with the hereditary rule of recessive hereditary disease (moderate strong pathogenic evidence, PM3); (3) before the death, the MS/MS test results of 2 sisters of the patient are similar to that of the patient, both show an increase in CIT accompanied by hyperammonemia, the clinical manifestations of the patient and similar manifestations of family members are highly consistent with the phenotype of arginyl succinate induced by ASL gene mutation (supportive pathogenic evidence, PP4). Taken together, the evidence intensity of c.281G > T and c.208-15T > A mutation is “PM2+PM3+PP4” and is judged to be a pathogenic mutation (very strong pathogenic evidence).

In order to further clarify the pathogenicity of suspicious intron mutations, we performed RT-PCR splicing validation by constructing the miningene vector. The results showed that the intron c.208-15 T > A mutation caused aberrant splicing, resulting in the retention of 13 bp in intron 2 to exon 3.

The clinical interpretation of the splicing results of a genetic variant is complex. A variant would be considered pathogenic when it causes frame shift, major splicing aberrations and in-frame insertion/deletion. In HSF and mini-gene, the variant c.208-15T > A was predicted to cause in-frame insertion of 13 bp (Supplementary Figure S1). Normally, there are 1596 codons (532 amino acid residues) between initiation codon (ATG) and the first termination codon (TAG) in ASL gene. However, there are 222 codons (74 amino acid residues) between initiation codon (ATG) and the first termination codon (TGA) because of the insertion of 13 bases, and therefore the deletion of 458 amino acid residues could change the structure and function of the protein. Thus the mutation site may be one of the pathogenic mutations of the proband.

The exon c.281G > T mutation does not affect the splicing, and the splicing pattern is consistent with wild-type, but the mutation is from the father, causing the change of amino acids. Its incidence is extremely low in the population, and SIFT and PolyPhen software predicted it to be a pathogenic mutation so we tend to think that this site is also the pathogenic site of ASA.

Effective treatment is very important for ASA patients. The drug treatment with arginine, sodium benzoate, and lactulose can reduce ammonia. In the remission period there is no specific drug and low-protein and high-calorie diet, mainly starch carbohydrates such as rice and noodles, can reduce the protein decomposition in the body. It is speculated that the proband in this study survives because of the long-term low-protein diet, but his quality of life is poor, with intelligence and mental development abnormality. In addition, the patient can be treated with nitrogen scavenger sodium phenylbutyrate orally, supplemented with L-carnitine and arginine, and avoid the ingestion of sodium valproate and hepatotoxic drugs (Uçar et al., 2014). Fagerberg et al. examined the distribution of ASL enzyme, based on RNA sequencing of 95 normal tissue samples representing 27 different tissues, it was found that ASL was mainly present in the liver (Fagerberg et al., 2014), which provides a basis for the treatment by liver transplantation. The long-term prognosis for patients with ASA under pharmacologic and dietary therapy remains poor. Liver transplant should be considered a treatment option in selected cases (Mercimek-Mahmutoglu et al., 2010; Nagamani et al., 2012a; Yankol et al., 2016). Liver transplant provides sufficient enzymatic activity to correct the deficiency, and reduces the risk of metabolic decompensation with dietary protein restriction. However, liver transplant in neonates or small infants (under 1 year of age) is still technically challenging and has a high morbidity and mortality rate.

In summary, based on the minigene vector technology, we confirm that the intron c.208-15 T > A mutation can cause aberrant splicing, resulting in the retention of 13 bp in intron 2, and is a pathogenic site. Splicing reporter minigenes in our study have the following advantages: (i) no need to extract RNA from the patient; (ii) analysis and quantification of the splicing outcome of a single mutant allele without the interference of the wild-type one; (iii) high reproducibility of results. Our reports on c.208-15 T > A and c.281G > T pathogenic sites enrich the mutational profile of the ASL gene and provide a basis for genetic diagnosis of ASA.

ETHICS STATEMENT

This study was approved by the local Ethics Committee of Nanjing Maternity and Child Health Care Hospital. Informed written consent was obtained from all patients prior to their enrollment in this study. We sincerely thank all the family members for their participation and cooperation in this study.

AUTHOR CONTRIBUTIONS

YW conceptualized and designed the study, completed the experiment, led the review process, and drafted the initial manuscript. YS reviewed all manuscript. XZ assisted YW to complete the experiments. ML responsible for the physical examination and follow-up of children. TJ responsible for the overall content. All authors made substantial contributions to revising the manuscript and read and approved the final manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2019.00436/full#supplementary-material

FIGURE S1 |In silico predictions for c.208-15T > A in intron using HSF.

TABLE S1 |Verification results of mutation sites in pedigree.

FOOTNOTES

1 http://www.umd.be/HSF3/

REFERENCES

Allan, J. D., Cusworth, D. C., Dent, C. E., and Wilson, V. K. (1958). A disease, probably hereditary, characterised by severe mental deficiency and a constant gross abnormality of aminoacid metabolism. Lancet 271, 182–187. doi: 10.1016/s0140-6736(58)90666-4

Baruteau, J., Jameson, E., Morris, A. A., Chakrapani, A., Santra, S., Vijay, S., et al. (2017). Expanding the phenotype in argininosuccinic aciduria: need for new therapies. J. Inherit. Metab. Dis. 40, 357–368. doi: 10.1007/s10545-017-0022-x

Bonnet, C., Krieger, S., Vezain, M., Rousselin, A., Tournier, I., Martins, A., et al. (2008). Screening BRCA1 and BRCA2 unclassified variants for splicing mutations using reverse transcription PCR on patient RNA and an ex vivo assay based on a splicing reporter minigene. J. Med. Genet. 45, 438–446. doi: 10.1136/jmg.2007.056895

Chen, B. C., Ngu, L. H., and Zabedah, M. Y. (2010). Argininosuccinic aciduria: clinical and biochemical phenotype findings in Malaysian children. Malays. J. Pathol. 32, 87–95. 

Fagerberg, L., Hallström, B. M., Oksvold, P., Kampf, C., Djureinovic, D., Odeberg, J., et al. (2014). Analysis of the human tissue-specific expression by genome-wide integration of transcriptomics and antibody-based proteomics. Mol. Cell. Proteomics 13, 397–406. doi: 10.1074/mcp.M113.035600

Mercimek-Mahmutoglu, S., Moeslinger, D., HäBerle, J., Engel, K., Herle, M., Strobl, M. W., et al. (2010). Long-term outcome of patients with argininosuccinate lyase deficiency diagnosed by newborn screening in Austria. Mol. Genet. Metab. 100, 24–28. doi: 10.1016/j.ymgme.2010.01.013

Nagamani, S. C., Lee, B., and Erez, A. (2012a). Optimizing therapy for argininosuccinic aciduria. Mol. Genet. Metab. 107, 10–14. doi: 10.1016/j.ymgme.2012.07.009

Nagamani, S. C. S., Erez, A., and Lee, B. (2012b). Argininosuccinate Lyase Deficiency. GeneReviews®- NCBI Bookshelf. University of Washington Seattle: Washington, DC 14, 501–507

Nagamani, S. C. S., Erez, A., and Lee, B. (2012c). Argininosuccinate lyase deficiency. Genet. Med. 14, 501–507. doi: 10.1038/gim.2011.1

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

Théry, J. C., Krieger, S., Gaildrat, P., Révillion, F., Buisine, M. P., Killian, A., et al. (2011). Contribution of bioinformatics predictions and functional splicing assays to the interpretation of unclassified variants of the BRCA genes. Eur. J. Hum. Genet. 19, 1052–1058. doi: 10.1038/ejhg.2011.100

Uçar, S. K., Ozbaran, B., Altinok, Y. A., Kose, M., Canda, E., Kagnici, M., et al. (2014). One year experience of pheburane®(sodium phenylbutyrate) treatment in a patient with argininosuccinate lyase deficiency. JIMD Rep. 19, 31–33. doi: 10.1007/8904_2014_361

Wen, W., Yin, D., Huang, F., Guo, M., Tian, T., Zhu, H., et al. (2016). NGS in argininosuccinic aciduria detects a mutation (D145G) which drives alternative splicing of ASL: a case report study. BMC Med. Genet. 17:9. doi: 10.1186/s12881-016-0273-7

Yankol, Y., Mecit, N., Kanmaz, T., Acarli, K., and Kalayoglu, M. (2016). Argininosuccinic aciduria-A rare indication for liver transplant: report of two cases. Exp. Clin. Transplant. 15, 581–584. doi: 10.6002/ect.2015.0078

Yuan, D., Yanyan, M. A., Tongfei, W., Li, X., Liu, Y., Wang, Q., et al. (2014). A case of neonatal death due to argininosuccinic aciduria. J. Clin. Pediatr. 32, 1112–1115.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Wang, Sun, Liu, Zhang and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-10-00436-t003.jpg
Gene Reference Nucleotide Amino acid Gene Heterozygosity = Chromosome Reference Varianttype Inherited
sequence change/ change subregion location
mutation name
ASL NM_ c281G>T p.Arg94Leu EX3 Heterozygous Chr:65547428 - VUS Father
001024943.1
ASL NM_ 000048 ¢.208-15T > A - - Heterozygous Chr:65547340 - VUS Mother





OPS/images/fgene-10-00436-t002.jpg
Primers Sequence 5'—3' Melts Product
degree length
ASL-176-F cagcctggccgacaaagt- 58 1583
gagac
ASL-1758-R ggcccgagagegtg- 65
gagcaggtc
ASL-448-F ggcceggtttgtgggtgcagtg 61 1227
ASL-1674-R ggccgatgtgttgetteect- 60
gag
ASL-Kpnl-F cgacggtaccat- 62 1157
gagtgggaagctt
tggggtggceggttigtgggtgcag
ASL-BamHI-R  cggtggatccctggtca 62

ttcoggeteegteceg





OPS/images/cross.jpg
3,

i





OPS/images/fgene-10-00436-g007.jpg
1 CCaggogiag Grgagrgege g9cggcogga t99gcg9gac §9909tggag gacgccgage
COGOgLecec aagygctgog ctecctcaag ogcagtgece
CCOPPPPIAC CCRPCLPJCC AagJagytog tcagtcoggt
GACCJAAgCt TCOPJACTAC GAgJaaccyge ccaa

FIIITFICOT JLLLGLPPIT GCAGLPPACC CCatcatgga
CCTACFACOY GCACCUULGY GAPITYTALY TRCANGICAg
LGFAFAAGIC AGPFCLCCUC ACCANIGICOG AgatGgacca

61
121
181
241
301
361
421
481
41
€01
€61
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501

1561
1621
1681
1741
1801
1861
1921
1981
2041

aAcCogtggoge gogetcacgt

agaactogga
ctegretece
crtoggagage
gaagrtcaac
caaagectac
gatactccat
ctccaatgat
A2099¢a999
getgtggatg
catggtggat
gagegcccag
agactetgag
ggccattgea
rQgggccate
ccrgreetgg
ctactgcace
ccrgatgece
tLgLLegyy
caaagactta
gctecagoty
ggctetcage
gecattecge
gategeccte
cgacgtgate
cactgogoge
gcaggcctag
tgrgreeece
ACaqTCA939
A2G3TgCgag
ccatcectac
gctacttgta
tatgatcacy
Aataazataaa

gccagecegg
agaccoggag
@ogaagetet
gogtecattyg
AGCAge9gcc
ggcctagaca
gaggacatce
aagcetgcaca
cggcagacct
CYPFcaqgagq
cccateoget
oggcrgetgg
ggcaatcece
actctcaaca
geteegetge
aaggaattca
Cagaagaaaa
c99tgtgcog
caggaggaca
gocactggeg
ccogacatge
caggeccacy
aaccagerge
RGOLgta9g
tccagogteg
grecteccac
geeccagect
ACLGFa9099
qatgettgag
tCaataataa
aggctgaggt
ccactgcatt
Oglllll‘.l

acacagccaa
cg9gaceIag
gctecacgct
cggaacgtga
ggagccacty
AGILGCgFaa
LIt Itgga
geatggatge
geatgaceca
geteogtgea
acccogacag
ggctectgat
aggaagerge
tcatctctac
tggccactga
aggectcogy
cactgcagya
actacgggca

actggcagat
acetgeceee
ggcteectog
CAGeICAee9
gecaggagee
Aacaaatage
gagaggacac
ccagectgga
a

99
tgagegecge
coggaatgac
ctogggecte
tgttctette
gattctgage
goggatcaat
Cogagagerg
cactagrgag
RCRCAGCAy
getctcagat
teLggagetg
gaccctcaag
grttgaagtyg
gctgcagate
cetegectat
gaaagergeg
getgeagace
cagtgtggag
cogecagytyg

GIIGLPIFCE CAQPICACEt tCaaactgaa

ctgaagjage
cagytgotca
ctctgggage
coggggtaca
cacgecgtyg
grectgecee
cteogageag
cgggactetg
ATGICCqa99
gectacagea
atcoqgaqca
ggacttccca
tcagacacta
caccaagaga
tacetggtee
tecatggceg
atcageecee
cagtatggty
cg9gcgctac

taataaagtg 99cgogagag

tegetggget
tggcctgtaa
tgacacagee

LLCQPgIcty
reecageace
tgggcaacac

CLPFOPLPIT ggcccatgea
tLGLGCCCag gagrggagyc

taacagagtg

agaacctate

tcattgytge
cagaccrcag
tcattaggac
cccatttgea
cactgaceey
L9999t e9
aactcaacee
Lggcogaget
accrcatcer
CGPJragcag
A9PCT999<9
gcacctacaa
tgagrgecegt
acatgggaca
GCaragegat
AJaCCa2G99
(2131410 - )
CCCrPPIcq9

tgcaggcaca
Faggergerg
Fecagsgy
tEGgaa999¢c
A999agacee
tafilrceca
tgcaggage
tctaaaaata





OPS/images/fgene-10-00436-g006.jpg
A ASL-Wt(Wild-type )

1o o oo Mt
B ASL-Int-mut ( C.208-15T>A)

| Exond
ceccTe AAGJe AGC

fie o W J.u,n.uhmhm Hnuhdmmmhummumlmtluummmlmhmhm
C ASL-Exon-mut ( C.281 G>T)

TGAAGGAGCTCATTGGTGC

e





OPS/images/fgene-10-00436-g005.jpg





OPS/images/fgene-10-00436-g004.jpg
A ASL-Wt ( Wild-type )

B ASL-Int-mut (c. 208-15 T>A)

¢:'208=15 T>A






OPS/images/cover.jpg
’ frontiers

in Genetics

Functional Characterization of

Argininosuccinate Lyase Gene

Variants by Mini-Gene Splicing
Assay





OPS/images/fgene-10-00436-g003.jpg
depth

depth

0

GGAGTGGGCCCAGGGCACCTTCAAACTGAACTCCAATGATGAGGACATCCACACAGCCAATGAGCGCCGCCTGAAGGTACGACCCC

TTTCCTTGCCTCCCCTCTCCACCTTGCCCA

B € € A A T 6 A 6 € T € C

0
-
®
o
kel
o]

i B} 3%

- 3 base
T clip
T s XT:AM
I e s c ¢c A~ 2 T G A G C G CcC c e ccT e = = ¢
ppp= e
Frrrrrrrrrererrrrerrererrerrrrrrrerrrrerrrrrerernd )L » l
- Tee- CeaC T
Lerrrrerererrrrereerrrerrrrrrrrerrrrererrrrrrrrrnd
IIIIIlIIIIIIIIIII_lIIIIIIIIIIIIIIIII|lIIIIIIllIIIII
el | | |
LErrrrrnl 1 | |
I T
--I-I-I---'{c' Tt B € € A 3 T & A 6 € T € € & € & T & A A &
- ASL:; NM_001024943.1; c.281G=T;p.R94L | p.Arg94Leu;
I;_IIIIIIIlIIlIIIIIIIlIIIIIIllIIIIIIllIIIIIIlIIIIII

ASLNM_00102 4943.1 c.281G>T chr7:655474283

65547400

65547450

TAGGGTGGGACCAAGGC

c

TCTCTTGGCTGCTGATGCCTGCTCACCTGACCCCGGCATTGCTGCTACCCACTACAGGTGGCTGAGGAG

G A CCCCE

iGCAITGCiGC'IACCCACTACAG

TTCAAACTGAACTCCAATGATGA

A A A A

G A C C C C ¢

3 6 CATTGCTGCTACCCACTACHASG

v X
7/

l

3 6 CATTGCAGCTACCCACTACRRKMSGSG

6 A CCCCG66CATTGCTOGCTACCCACTA ACAHLAMASE

-T TA
i ps T N -
» c s base
a clip
« s XT:AM

& A b A € € € C &

A 'S
A c GeaT T

ASLNM_00102 4943.1 c.208-15T>A chr7:65547340 T nnnnnnnnn

65547300 65547350 65547400

ASL; NM_000048;¢c.208-15T>A





OPS/images/fgene-10-00436-g002.jpg
l c.208-15T>A l

(2495-2527)ASL-Exon4-BamHI-R

(1371-1420)ASL-Exon2-Kpnl-F

Intron3 H Exon4

Exon 2 |— Intron2 [— Exon 3

l c218G>T |

/| CMV promoter







OPS/images/fgene-10-00436-g001.jpg








OPS/images/logo.jpg
’ frontiers
in Genetics





OPS/images/fgene-10-00436-t001.jpg
Genomic DNA Name of gene

(1) Control group ASL-Wt (Wild-type)
(2) Experimental group (proband) ASL-Int-mut (c.208-15T > A)
(8) Experimental group (proband’s father) ASL-Exon-mut (¢.281 G > T)






