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Analysis of splicing regulation by Third-Generation Sequencing
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In Metazoa, the diversity of transcripts produced by the RNA PolII is generated essentially through post-transcriptional processing of the nascent transcripts. The regulation of exon inclusion by alternative splicing is one of the main sources of this diversity, which leads to the expansion of the proteome. The portfolio of alternative transcripts remains largely underestimated. Improvement of the sequencing technologies has enhanced the characterization of RNA isoforms and led to the perpetual incrementation of gene expression diversity. Here, we describe a high throughput approach to assess in-depth the splicing regulation of target gene (s) using the Third-Generation Sequencing (TGS) technologies.

Introduction

The transfer of genetic information from DNA to mRNA is not contiguous but splits in multiple exons, and multiple post-transcriptional molecular mechanisms affect the transcript diversity [1,2]. Among them, alternative splicing stands as a key mechanism for extending coding capacity. The development of sequence technologies has been an essential contributor to our assessment of the genetic complexity. In the 1970's, the Sanger sequencing method was able to detect only a few alternative transcripts for a given gene, and in the 1980's and 1990's the use of Polymerase Chain Reaction (PCR) has significantly expanded the portfolio of genes subjected to alternative splicing regulation [3]. The introduction at the beginning of the 21-st century of the Next Generation Sequencing (NGS) and the genome annotation have established that alternative splicing affects almost every gene, demonstrating that gene expression is ubiquitously regulated by this mechanism [4]. Over the last decade, the use of Third-Generation Sequencing (TGS) developed by Pacific Bioscience (PacBio) and Oxford Nanopore (ONT) uncovered a greater diversity of transcripts than previously thought. Although the number of isoforms per gene listed in RefSeq databases is on average about 10, recent TGS approaches to analyze the target gene (s) expression highlighted that it may be closer to hundreds or thousands [5][START_REF] Treutlein | Cartography of Neurexin Alternative Splicing Mapped by Single-Molecule Long-Read MRNA Sequencing[END_REF][7][START_REF] Clark | Long-Read Sequencing Reveals the Complex Splicing Profile of the Psychiatric Risk Gene CACNA1C in Human Brain[END_REF][9][START_REF] Bolisetty | Determining Exon Connectivity in Complex MRNAs by Nanopore Sequencing[END_REF]. Currently, the DSCAM (Down's syndrome cell adhesion molecule) gene from Drosophila holds the record with the identification of 18496 splice variants, out of 38016 theoretically possible [5,[START_REF] Bolisetty | Determining Exon Connectivity in Complex MRNAs by Nanopore Sequencing[END_REF].

The whole transcriptome sequencing by NGS approaches is a powerful strategy to determine the global level of gene expression. However, the short length of reads (<600 bp) does not decipher the comprehensive arrangement of all exons included in a transcript. In contrast, the TGS technologies provide sequences of up to 100 kb, but they are less accurate at the single-base level than NGS. Moreover, analysis of TGS data to identify multiple splice variants remains a difficult task. In particular, because bioinformatic tools that allow an accurate clustering of reads corresponding to distinct splice variants are still poorly efficient, many laboratories are forced to develop their own bioinformatics pipelines [START_REF] Clark | Long-Read Sequencing Reveals the Complex Splicing Profile of the Psychiatric Risk Gene CACNA1C in Human Brain[END_REF]9,[START_REF] Sahlin | De Novo Clustering of Long-Read Transcriptome Data Using a Greedy, Quality Value-Based Algorithm[END_REF][START_REF] Tang | Full-Length Transcript Characterization of SF3B1 Mutation in Chronic Lymphocytic Leukemia Reveals Downregulation of Retained Introns[END_REF][START_REF] Kadi | An Automated Pipeline for Nanopore Full-Length CDNA Sequencing Uncovers Novel Transcripts and Isoforms in Yeast[END_REF].

The sequencing depth is a parameter that has a high impact on the characterization of transcript isoforms. Indeed, the whole transcriptome is highly complex and its sequencing leads essentially to the detection of most abundant transcripts due to different levels of expression between genes or splice variants. Therefore, target gene expression analysis is the optimal strategy to identify transcripts regulated by splicing [5,[START_REF] Clark | Long-Read Sequencing Reveals the Complex Splicing Profile of the Psychiatric Risk Gene CACNA1C in Human Brain[END_REF][9][START_REF] Bolisetty | Determining Exon Connectivity in Complex MRNAs by Nanopore Sequencing[END_REF]. Currently, two approaches have been developed to study mRNAs of target genes: the capture of specific transcripts by affinity with exon probes, and the RT-PCR amplification performed with primers matching the first and last exons of transcripts. These two techniques do not allow an exhaustive characterization of all potential splice isoforms. But, they have both led to the identification of many new transcripts. This approach reduces the complexity of samples leading to a better detection of RNA isoforms. Besides, the multiplexing of libraries allows efficient analysis of several genes expressed in a specific cellular pathway. To date, the expression up to 30 genes has been successfully analyzed in one sequencing run [9].

Here, we will describe the procedure that we have recently used to assess the expression of gephyrin (GPHN) in several samples using the PacBio and ONT technologies. First, total RNAs are isolated with a procedure recovering all transcripts. Second, GPHN mRNAs are amplified by RT-PCR with primers targeting the first and last exons. Third, each sample is barcoded with a unique identifier. Fourth, PCR samples are stoichiometrically mixed to build a unique multiplexed sequencing library. A general schema is outlined in Fig. 1 to report the library preparation guideline. Fifth, the library is sequenced using TGS, and we describe in Fig. 3 the principle of each technology. Sixth, bioinformatic pipeline allows the demultiplexing of samples and the clustering of alternatively spliced isoforms.

Methods

3.1 Total RNA isolation Our standard protocol to isolate total RNA is a modified version of the single-step method from Chomczynski and Sacchi [START_REF] Chomczynski | The Single-Step Method of RNA Isolation by Acid Guanidinium Thiocyanate-Phenol-Chloroform Extraction: Twenty-Something Years On[END_REF]. This procedure is suitable for a large panel of samples: tissues, cultured cells, plants, yeasts, and bacteria. This method does not use ion exchange columns and allows quantitative isolation of RNAs independently of their length. In addition, proteins corresponding to RNA samples can be analyzed by Western blots (see Note 2). After homogenization in solution D, samples can be stored at -80 °C for years giving an opportunity to perform RNA isolation later. We describe here the procedure for approximately 1,2 x 10 6 cells which are cultivated in a dish of 35 mm. To isolate RNAs from tissue, the volume of solution D should be adjusted to 1 mL per 100 mg and other solutions should be adjusted proportionally.

1. Discard the culture medium and add directly in the dish 0,4 mL of freshly prepared solution D, resuspend the cells by pipetting (tissues and rigid specimens can be homogenized with a Dounce or a glass-Teflon homogenizer). 2. To extract RNA add to lysate 3 M sodium acetate to 10% (v/v), mix and add 1 volume of phenol and 0,2 volume of chloroform/isoamyl alcohol. Shake the tubes, incubate 15 min on ice then centrifuge at 10,000g for 20 min at 4 °C. 3. Transfer the aqueous phase in a new tube without disturbing the interphase, add 1 volume of isopropanol, shake vigorously and incubate for 1 hour at -20 °C. Centrifuge at 10,000g for 20 min at 4 °C, put tubes on ice, and discard the supernatant, repeat this centrifugation for 1 min to remove the traces of supernatant. 4. To digest the residual proteins, resuspend the pellet in 50 μL of PK buffer supplemented with 2 μg of proteinase K, incubate during 15 min at 50 °C. 5. To extract RNA add 150 μL of RNase free water to the 50 μL solution from (4), 10% (v/v) of 3 M sodium acetate, 1 volume of phenol, 0,2 volume of chloroform/isoamyl alcohol. Shake the tubes and centrifuge at 10,000g during 20 min at 4 °C. 6. Transfer the aqueous phase in a new tube and precipitate the RNA by adding 3 volumes of ethanol, shake vigorously and incubate for 1 hour at -20 °C. Centrifuge at 10,000g for 20 min at 4 °C, put tubes on ice, discard the supernatant, wash the pellet with 800 μL of 80% ethanol, repeat the centrifugation for 1 min, discard the ethanol and centrifuge again for 1 min to remove the traces of ethanol.

7. To digest the residual DNA resuspend the pellet in 50 μL of DNAse I digestion buffer supplemented with 10 U of DNase I and incubate 15 min at 37 °C. 8. Repeat steps 5 and 6. 9. Dissolve the RNA pellet in 30 μL of TE, measure the concentration by Nanodrop or Qubit fluorometer. Analyze the quality of RNAs by running agarose gel or in the Bioanalyzer system (Agilent). High quality total RNAs give 28S RNA, 18S RNA (with a ratio 2:1) and 5S rRNA.

Amplification of specific transcripts

We describe here the RT-PCR strategy applied to enrich GPHN transcripts from total RNAs extracted at different developmental stages (see schema in Fig. 1; RT and PCR1 steps). Note that each sample is processed in parallel until the preparation of the sequencing library (see subheading 3.3.2). The primers are designed after an analysis of available RNA sequences, which are aligned to the gene locus to determine the first and the last exon (see Note 4). The reverse transcription (RT) reaction is performed with a specific reverse primer (REV) to reduce the complexity of the cDNAs mixture and improve the quality of PCR1 amplification. Note that oligo(dT) primers can also be used for RT in contrast to random primers that are not adapted (see Notes 5 and 6). Second, PCR1 reactions are performed with primers fused to universal sequences (F-U1 and R-U2) to amplify sequences interposed between the first and last exons (see note 7). Note that each PCR1 amplicon is finally flanked with U1/U2 sequences. Moreover, a low number of cycles is used during the amplification to avoid template switching that generates artificial sequences [START_REF] Bolisetty | Determining Exon Connectivity in Complex MRNAs by Nanopore Sequencing[END_REF]. A description of alternative procedure to capture and enrich specific transcripts using exon probes affinity is described in Ray et al. ( [9]; see note 3). 

Barcoding and preparation of a multiplexed TGS library

In this procedure, specific barcodes are symmetrically incorporated to distinct PCR1s, all samples are stoichiometrically mixed before the ligation of sequencing adapters. First, individual PCR1 amplicons are processed in a PCR2 reaction to tag their extremities with the identifier sequence (BC-U1 and U2-BC; see note 8). As for PCR1, the PCR2 amplifications are performed with a low number of cycles, and the diversity of amplicons can be checked later by the analysis of known splicing events (see Note 9; Fig. 2). Second, the PCR2 samples are mixed at 1:1 ratio to ensure a similar depth of sequencing. Third, the sequencing library is prepared by ligation of TGS adapters to the mixture of amplicons. Note that the principles of PacBio and ONT sequencing are different and therefore library preparation also vary. DNA polymerase immobilized at the bottom of optical nanostructures (ZMWs) binds the hairpin adapter present at both extremities of circular DNA and replicates one strand of the target dsDNA. If the lifetime of the polymerase is long enough, both strands can be sequenced multiple times making the concatenation of several copies separated by adapters (CLR). PacBio software recognizes the adapters, and cuts the CLR, and aligns together the multi-copies of sequences to generate a unique circular consensus sequence (CCS) that has a higher accuracy. The characteristics of CLR that you can expect to obtain with the PacBio sequel sequencing system are the following: number of reads between 5x10 5 and 4x10 6 , length of CLR up to 30 kb, and CCS accuracy of >99.999%.

ONT (right panel Fig. 3): ONT sequencing relies on the changes in electrical conductivity generated when nucleic acid passes through a biological pore, called nanopore. The sequence is determined by matching the voltage variations to the nucleotides passing through the nanopores. A motor protein attached to the sequencing adapter recruits nucleic acid to the nanopore and unzips the dsDNA. A measure of voltage at individual nanopores is streamed online. Thus, the length of sequencing is correlated to time with the possibility to acquire data during 48 hours. Distinct nanopore flow cells include various numbers of pores that influence the depth of sequencing. Currently, the MinION flow cell containing 512 nanopores is the most popular. Its sequencing characteristics are the following: number of reads between 5x10 6 and 10x10 6 (depending on the length of molecule), the current record for longest fragment sequenced is 4.2 Mb, and a read accuracy -99.1%.

An important advantage of PacBio is the accuracy of CCS that is currently better than ONT reads. In contrast, the main advantage of ONT is the inexpensive starting package, the minimal space used by the MinION, a higher and longer number of reads on average than PacBio. [Fig. 3 near here] 3.5 Demultiplexing and clustering of alternative isoforms In our experience, software provided by Pacific Bioscience or Oxford Nanopore did not give homogeneous clusters of identical sequences. Thus, we describe here our homemade pipeline (Fig. 4), and a list of several other pipelines recently published. Demultiplexing:

We have used porechop to isolate sequences corresponding to each sample [START_REF] Wick | Demultiplexing Barcoded Oxford Nanopore Reads with Deep Convolutional Neural Networks[END_REF]. Clustering of identical sequences: Fastq files corresponding to PacBio and ONT sequencing were aligned to the Gphn mouse genome locus using STARlong [START_REF] Dobin | STAR: Ultrafast Universal RNA-Seq Aligner[END_REF] or alternatively Nanopipe 2 [START_REF] Shabardina | NanoPipe-a Web Server for Nanopore MinION Sequencing Data Analysis[END_REF]. Genomic intervals showing alignments corresponding to potential exons were extracted using bedtools merge [START_REF] Quinlan | A Flexible Suite of Utilities for Comparing Genomic Features[END_REF]. Only those framed with canonical GT-AG dinucleotides at their splice sites were kept. Retained exons are further aligned to raw sequences with Blastn-short algorithm of Blastn [START_REF] Camacho | Architecture and Applications[END_REF](using an e-value threshold of 0.001 and a penalty for nucleotide mismatch of -2) to annotate each sequence with a binary code 1 and 0 corresponding to the presence or absence of distinct exon respectively. Sequences with identical annotation were pulled together in clusters and theoretical sequences corresponding to each cluster were generated. To assess the quality of clustering, the raw sequences composing a cluster are next aligned against each theoretical sequence (using a gapped global alignment, similar to the Needleman-Wunsch algorithm with Exonerate 2.4.0) and poorly aligned CCS were removed [START_REF] Slater | Automated Generation of Heuristics for Biological Sequence Comparison[END_REF]. Other pipelines which can be used for the analysis:

-isONclust: https://github.com/ksahlin/isONclust [START_REF] Sahlin | De Novo Clustering of Long-Read Transcriptome Data Using a Greedy, Quality Value-Based Algorithm[END_REF] -ToFU, Quiver, IsoPops [9] -Mandalorion version II, FLAIR, minimap2, Pinfish [START_REF] Tang | Full-Length Transcript Characterization of SF3B1 Mutation in Chronic Lymphocytic Leukemia Reveals Downregulation of Retained Introns[END_REF] -Homemade pipeline to study CACNA1C [START_REF] Clark | Long-Read Sequencing Reveals the Complex Splicing Profile of the Psychiatric Risk Gene CACNA1C in Human Brain[END_REF] -UNAGI [START_REF] Kadi | An Automated Pipeline for Nanopore Full-Length CDNA Sequencing Uncovers Novel Transcripts and Isoforms in Yeast[END_REF] [Fig. 4 near here] 1. A stock solution can be prepared by dissolving 250 g guanidinium thiocyanate in 293 ml water at 65 °C followed by addition of 17.6 ml of 0.75 M sodium citrate, pH 7.0 and 26.4 ml of 10% (w/vol) Sarcosyl. The stock solution is aliquoted in 50 ml tubes and can be stored up to 3 months at room temperature and several years at -20 °C. To prepare the working solution D, add 0.36 ml of 98% 2mercaptoethanol to 50 ml of stock solution. 2. Proteins present in lysate can be prepared for Western blot analysis as follows:

dilute 80 μL of solution D lysate with 120 μL H2O, supplement with 30 μg of Glycogen, add 800 μL of acetone, shake vigorously and store at -80 °C for at least 20 min. Centrifuge at 10,000 g for 20 min at 4 °C, place tubes on ice, remove supernatant, repeat the centrifugation for 1 min to remove traces of acetone and resuspend the pellet in 60 μL of buffer containing 100 mM Tris-HCl pH 6.8, 2.5 % SDS, 100 mM NaCl, 1 % Triton X-100. For the resuspension of big pellets additional vortexing, heating at 85 °C, and sonication of samples might be required. 3. The RNA capture approach allows an enrichment of RNA independently of the transcript annotation, and therefore, can lead to the identification of new untranslated regions (UTRs). However, this procedure includes a "switching" step that can generate artificial 5' UTRs. In addition, the lengths of splice variants and the exon architecture are two parameters that can influence the capture and the efficiency of reverse transcription. 4. To determine the first and last exon of transcripts, we align the RNA sequences available in the public database with the gene locus. Annotation of these exons can change depending on the activation of alternative promoters and polyadenylation sites in specific tissues or cells . 5. The 3'UTR of transcripts often includes multiple poly-adenylation sites (CAs) that can remove the sequence targeted by the primer REV, therefore this primer has to be chosen upstream to the first CA present in the last exon. To identify the CAs in a sequence use the database: https://polyasite.unibas.ch/search. 6. Reverse transcriptions performed at elevated temperatures (50 to 55 °C) can improve the cDNA synthesis by release of RNA structures that block the reverse transcriptase. The primer REV is therefore designed with a melting temperature around 60 °C. 7. To improve the amplification of PCR products above 1 kb, the reactions of reverse transcription can be treated for 20 min with 2 U of RNase H at 37°C. The RNase H cleaves RNA in RNA/DNA duplexes. Note that the 5'-end of the F-U1 and R-U2 primer is modified (e.g., 5'AmMC6) to prevent the undesirable ligation of PCR1 amplicons during library construction. Failure to block the 5'end reduces yield of barcoded reads.

8. The kit of barcoded universal F/R primers proposed by PacBio is suitable for preparation of samples for ONT. Each barcode sequence contains 16 bases that allows sufficient number of combinations for discrimination during sequencing analysis despite the error rate of TGS technologies. Note that the primers (BC-U1 and U2-BC) are aliquoted by pairs allowing only symmetric tagging of PCR2 with the same identifier. The synthesis of BC-U1 and U2-BC is a cost-effective alternative for their asymmetric incorporation in order to increase the multiplexing possibilities. Barcode sequences are available at the PacBio website. 9. The two steps of amplification might affect the initial diversity present in the expression of the target gene. Analysis of PCR2 amplicons can be performed by using internal primers targeting exons upstream and downstream of the alternative splicing regulation (see Fig. 2). 10. The ONT ligation kit generates a DNA fragment with open ends while the PacBio ligation kit creates loops at the DNA ends (see Fig. 1). These structures are associated with the sequencing principle of each technology (see Fig. 1 and3).

1 .

 1 Add a specific barcode to each PCR1 amplicon. Assemble individual PCR2 reactions like in section 3.2.2 with 2 μL of PCR1 eluate and barcoded primers (BC-U1 and U2-BC). After amplification, treat with the Exonuclease I and purify the amplicons with the NGS clean-up and size selection kit like in the sections 3.2.3. and 3.2.4. Measure the concentration of PCR2 amplicons by Nanodrop or Qubit fluorometer and analyze 200 ng of PCR products on agarose gel (see Fig.2). Repeat the PCR2 amplification in case the amount of DNA is too low to proceed to the step 3.3.2. 2. Mix together the PCR2 amplicons in a ratio 1:1. Prepare the sequencing library by ligation of adapters following the instructions of the PacBio or ONT ligation sequencing kits. The multiplexed PCR2 amplicon is treated to repair DNA damage, end-repair and adding of A-tailing, then the sequencing adapters are ligated (see note 10). [Fig.2 near here] 3.4 Pacbio and ONT sequencing principles PacBio (left panel Fig.3): PacBio sequencing relies on the single-molecule real-time detection of fluorescence issued by the incorporation of nucleotides during the DNA replication.

  

  

  1. RT reactions are assembled in a final volume of 20 μL and processed in parallel for each sample. Mix 1 μg of total RNA, 2 pmol of specific reverse primer (REV), 1 μL of 10 mM dNTP mix, supplement up to 13 μL with RNAse free water and heat the mixture to 65°C for 5 min. Spin and keep the tube on ice. Add 4 μL of 5X First-Strand Buffer, 1 μL of DTT, 1 μL RNaseOUT, and 1 μL of SuperScriptTM III RT. Incubate the tube at 55 °C for 60 min. Inactivate the reaction by heating at 70°C for 15 min (see note 7). 2. Perform the PCR1 amplification to enrich the sequences between the first and last exons. Dilute the RT reaction 5 folds with RNAse free water (for easy pipetting). The PCR1 mix is prepared at room temperature in a final volume of 50 μL. Add 2 to 5 μL of diluted RT reaction, 5 μL of 10X reaction buffer, 0,5 μL of 25 mM dNTP mix, 1 μL of each primer (U1-F and R-U2), 1 μL of PfuUltra II fusion HS DNA polymerase and set the thermocycler for 15 to 25 cycles of amplification. To assess the efficiency of PCR1, process an identical reaction during 38 cycles of amplification and analyze the PCR product (s) by separation in agarose gel (see Fig.2). 3. Digest the excess of primers in PCR1 by adding 1 μL of Exonuclease I (20 U) directly to the PCR tube. Mix by pipetting and incubate at 37 °C for 15 min, then inactivate the enzyme by incubation at 80 °C for 15 min. 4. Purify PCR1 reactions at room temperature with the NGS clean-up and size selection kit. Homogenize the bead solution in a shaker for approximately 30 min at room temperature before the beginning of the procedure. Add 50 μL of RNAse free water to each PCR1 reaction and mix with 100 μL of bead solution by pipetting. Then, leave the mix for 5 min at room temperature to allow binding of the PCR1 fragments. Concentrate the beads at the magnetic separation rack until the solution is clear, and discard the supernatant (tubes will stay on magnet until the elution step). Add 200 μL of 80% ethanol, wash by slow pipetting with the tip at the bottom of the tube to avoid disturbance of beads, discard ethanol and repeat the wash one more time. Discard the second wash, dry the beads at room temperature for 15 min, remove tubes from magnet, resuspend the beads in 20 μL of the elution buffer and leave for 5 min at room temperature. Put the tubes on the magnet rack for 5 min and transfer 19 μL of clear PCR1 eluate to a new tube.

[Fig.1 near here]
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