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Abstract 
A large proportion of rare disease patients remain undiagnosed and the vast majority of such conditions remain untreatable whether diagnosed or not.  RNA splicing analysis is able to increase the diagnostic rate in rare disease by identifying cryptic splicing mutations and can help in interpreting the pathogenicity of genomic variants.  Whilst targeted RT-PCR analysis remains a highly sensitive tool for assessing the splicing effects of known variants, RNA-seq can provide a more comprehensive transcriptome-wide analysis of splicing.  Appropriate care should be taken in RNA-seq experimental design since sample quality, processing, choice of library preparation and sequencing parameters all introduce variability.  Many bioinformatic tools exist to aid both in the prediction of splicing effects from DNA sequence and in the handling of RNA-seq data for splicing analysis.  Once identified, splicing abnormalities may be amenable to correction using antisense oligonucleotide compounds by masking cryptic splice sites or blocking key splice regulatory elements, or by use of alternative corrective technologies such as trans-splicing.  A growing number of such drugs have started to enter clinical use, most notably nusinersen for the treatment of spinal muscular atrophy.  By bringing together the fields of RNA diagnostics and antisense therapeutics, it is becoming feasible to envisage the development of a truly personalised medicine pipeline.  This has already been shown to be possible in the case of milasen, an n=1 bespoke antisense drug, and the growth and convergence of these technologies means that similar therapeutic opportunities should arise in the near future.
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1. Introduction

Rare diseases affect between 3.5-5.9% of the global population (260-450 million people) and around 72% of these are genetic in origin.[1]  However, although rapid advances in next-generation sequencing (NGS) technology in recent years have led to great improvements in diagnostic yield with trio whole genome sequencing (WGS) achieving diagnostic rates of up to 42%, the majority of such individuals still remain undiagnosed.[2]  Furthermore, although over 6000 rare diseases are currently known to exist, only some 6% of them have any specific treatments and less than 1% of these can be considered curative.[3]  A wide translational gap therefore exists between our increasing ability to diagnose genetic disorders and our relative inability to treat individuals affected by these conditions.  

One particular area of genomic medicine that has only recently started to gain widespread traction in rare disease diagnostics is RNA-based testing and in particular RNA splicing analysis.[4–7]  Whilst DNA sequencing can consistently and accurately detect germline variants in any given genomic region, interpretation of their effects on gene function is heavily reliant upon predictions of how we expect cellular molecular machinery to work.  Given our limited knowledge of macromolecular structures and their functional interactions, together with our generally poor understanding of how such complexes are regulated, it is not surprising that these predictions often turn out to be wrong.[8–10]  This holds true not only for protein-level predictions but also for predictions relating to splicing.  However, by directly assessing RNA it becomes possible to provide an objective window into the earliest steps of gene function (i.e. transcription and pre-mRNA splicing).  RNA analysis can therefore help to remove at least one level of functional effect prediction when it comes to variant interpretation.  

As well as its diagnostic potential, RNA also represents a unique therapeutic target that sits halfway between DNA sequence information and protein structure and function.  Being a more accessible and modifiable cellular molecule than DNA but still retaining its nucleic acid sequence specificity, RNA therapeutic manipulation is now a well-established field of research with multiple clinical applications.[11]  However, these two areas of genomic medicine, genomic diagnostics and genome-based therapeutics, in many ways still remain largely disconnected in everyday clinical practice.  In this review, we will illustrate how splicing diagnostics and splicing therapeutics can be brought together into a coherent pipeline for the development of personalised medicines. 

2. Diagnosis of splicing mutations in clinical practice
2.1 RT-PCR analysis
For many years, the mainstay of RNA-based splicing analysis for variant interpretation has been reverse transcription polymerase chain reaction (RT-PCR).[12]  A variety of reverse transcriptase enzymes are commercially available and these can be utilised to synthesise cDNA through the use of random hexamer or oligo(dT) primers, depending on whether total RNA or just polyadenylated transcripts are required.[13]  Gene-specific primers can also be used for reverse transcription if greater specificity is needed or if a one-step RT-PCR protocol is to be employed.  Following reverse transcription, primers sited in exons flanking a specific variant can be used to amplify the cDNA region of interest.  Straightforward gel electrophoresis and Sanger sequencing of PCR products will often then be able to detect abnormal splicing events such as exon skipping.  Molecular cloning of PCR products may sometimes be required to aid in identifying specific alternative splicing products, especially where the RT-PCR reaction yields multiple products.  However, when compared against control samples, the splicing effect of a given variant can usually be determined via this method (see figure 1).  Once identified, gel densitometry can be used as a semi-quantitative method for different splice isoforms but if more accurate relative quantification is needed then quantitative PCR (RT-qPCR) can be performed on cDNA templates, while digital PCR (dPCR) can also potentially be employed for the purposes of relative or absolute quantification.[14–18]
Whilst RT-PCR remains a powerful and highly sensitive technique for targeted RNA analysis, it is limited by several factors.  Principal among these is the requirement for the gene of interest to be expressed in a clinically available tissue (most often blood).  Although blood has been shown to express at least 80% of human coding sequences at a detectable level, a significant proportion of human disease genes are still not expressed well enough for reliable analysis of splicing.[19,20]  A reasonable estimate of whether a gene is likely to be detectable in blood can be made by reference to the Genotype-Tissue Expression (GTEx) project's freely available data (accessible either via data download or via the GTEx online portal - https://www.gtexportal.org/home/).[21]  Analysis of the GTEx data shows that 57% (32,056/56,200) of named human genes have a median transcript per million (TPM) value of zero in whole blood RNA and these are therefore unlikely to be suitable candidates for splicing analysis in blood.  Furthermore, 66% (37,111/56,200) have a median TPM under 0.1 and these genes are also unlikely to be reliably detectable in blood by RT-PCR.  However, looking solely at disease-associated genes in comparison (in this case referring to genes listed on Genomics England's PanelApp resource), only 10% (561/5516) have median TPM values of zero and 25% (1399/5516) have a TPM value of less than 0.1 (see figure 2).[22]  One may therefore expect a potentially detectable level of coverage of the remaining 75% of disease-associated genes with respect to blood splicing analysis by RT-PCR.
For genes that are not expressed in whole blood, alternative sources of RNA may include (see figure 1): cultured fibroblasts obtained via skin biopsy, cultured lymphocytes or lymphoblastoid cell lines, other types of tissue biopsy such as skeletal muscle or biofluids such as urine or saliva (or potentially more usefully a buccal swab of cheek epithelial cells since saliva cellular material is largely of leukocytic origin).[23]  The availability of cultured cells in particular provides an opportunity to examine samples for splice isoforms subject to nonsense-mediated decay (NMD).  Through the application of NMD inhibitors such as cycloheximide or anisomycin to such cultures, the otherwise degraded splicing products of pathogenic splicing mutations can subsequently be detected and quantified, as has been demonstrated in both fibroblasts and lymphocytes.[24,25]  
Another important limitation of RT-PCR analysis is that an abnormal splicing event may yield a product that cannot readily be amplified by the predetermined primer set.  This may either be because the resulting amplicon is too large (e.g. long intron retention) or else because a multi-exon skipping event may encompass one or other of the primer binding sites.  In some cases, transcript-wide RT-PCR assays can be accomplished by setting up overlapping PCR amplicons spanning contiguous exon regions.  This can work to some extent for small genes or where high sample throughput justifies assay development (as has been done in some clinical laboratories for NF1 analysis and historically was also demonstrated for DMD mutation scanning).[26,27]  However, for most genes the time and effort involved in setting up and validating this type of assay is unlikely to prove viable on a clinical diagnostic basis.  Hence, the very nature of targeted RT-PCR that lends strength to its specificity and sensitivity in terms of its lower limit of detection, also conversely gives rise to an inherent lack of sensitivity when it comes to detecting unexpected events.

2.2 RNA sequencing

NGS technologies have allowed RNA splicing analysis to progress beyond the limitations of RT-PCR.  In particular, transcriptome-wide RNA sequencing (RNA-seq) can provide a relatively comprehensive assessment of RNA splicing, potentially allowing detection of unexpected mis-splicing events that may be missed by RT-PCR.[28]  The sequence-level mapping employed in RNA-seq alignments also lends itself ideally to the identification of both large-scale and fine-level splicing alterations without the need for PCR product purification, cloning and/or Sanger sequencing.  Whilst still reliant on the tissue-specificity of an individual gene's expression, RNA-seq can therefore be used relatively easily to look for abnormal splicing events related to variants of uncertain significance (VUSs) of interest (see figure 1).

RNA-seq data generation can be achieved via multiple routes and any laboratory embarking on such work must carefully consider its choice of library preparation method and sequencing parameters, since these will largely influence the suitability of the output data for subsequent analyses.  RNA quality is distinctly important in this regard, since long intact transcripts are preferable for adequate analysis of splicing.  The RNA integrity number (RIN) that can be generated from Agilent Bioanalyzer/Tapestation assays provides a measure of RNA sample degradation on a scale from 10 (no degradation) to 1 (total degradation).[29]  High-quality RNA is especially important if a poly(A) library prep method is employed.  This is because using a degraded sample can lead to pronounced skewing of coverage towards the 3´ end of transcripts and this can in turn severely limit the assay's ability to capture and analyse splice junction reads.  Quantification can also be affected since different transcripts can be degraded at different rates.[30]
A common clinical starting point is a patient blood sample and if this is the case then a frequently used technique is globin depletion, which employs probe-based removal or inhibition of haemoglobin-related transcripts. This greatly increases the relative number of reads that will be generated from non-globin RNA, since globin transcripts comprise between 50-80% of blood mRNA.[31–33]  Removal of ribosomal RNA through ribodepletion is another commonly used approach to increase relevant read coverage as rRNA can account for some 75-90% of total cellular RNA in blood.[34,35]  This type of preparation allows retention of RNA species that may lack polyadenylation, such as many non-coding RNAs.[36]  Alternatively, poly(A)-selection may be preferred if mRNAs are the sole species of interest.  Importantly, most commonly used poly(A) and total RNA library prep methods include a size-selection step, which effectively excludes short RNAs and so this must be considered if, for example, miRNAs and/or similarly sized RNA species are to be studied. 

Illumina-style short-read sequencing platforms can generate relatively consistent outputs in terms of numbers and lengths of sequence reads per flowcell.  However, the maximum read length available and the total sequencing capacity per flowcell are instrument-dependent.  Using longer read lengths increases the likelihood of individual reads capturing splice events and employing paired-end sequencing increases this still further by sequencing the first and second reads from the opposite ends of the inserted DNA fragments within a library.  The choice of how many reads to sequence per sample largely depends on the needs of the downstream analysis.  Since splice isoforms can exist at variable abundance and are often subject to RNA degradation, the expression levels of the relevant target genes of interest need to be taken into account.  As such, there is no set standard for the minimum required read count per sample when it comes to transcriptome-wide splicing analysis and in practical terms it is cost that becomes the ultimate limiting factor.  It must also be emphasised that adequate quality control is essential at every step of the RNA-seq process, not only relating to the quality of starting RNA material but also to the quality of the sequencing output and the quality of subsequent alignment steps.[37]
2.3 Detecting splicing mutations

Once sequenced, RNA-seq data in the form of .fastq files must be aligned to the reference genome (unless de novo transcriptome assembly is attempted) using a splice-aware mapping program to produce .bam files.  One of the most widely-used aligners is STAR, which has the benefit of being very fast (usually providing alignments within a couple of hours) but with a disadvantage of the user needing access to a high-performance computing (HPC) cluster owing to its high memory requirements.[38]  If HPC access is not available, similar alignments can be produced by a program such as HISAT2 running on a personal computer.[39]  However, it should be noted that alignments do vary depending on what aligner is used and employing different command options and settings can significantly affect the resulting output.  Aligned .bam files can be subsequently sorted and marked for duplicate reads if appropriate.  Marking of duplicates is a common QC procedure in DNA-based NGS owing to the possibility of PCR duplicates introduced during library amplification, which can potentially lead to a bias in read counting.  However, there is some debate as to whether duplicate marking is always appropriate in RNA-seq.[40–42]
Perhaps the most difficult and rapidly evolving part of RNA-seq splicing analysis comes next, in the form of identifying abnormal splicing events in relevant genes.  Where a known VUS exists in a patient's DNA, the process is fairly straightforward since the spliced reads that are mapped to any given locus can be inspected visually using software such as the Integrative Genomics Viewer (IGV) and splice junction usage can be highlighted using Sashimi plots.[43]  By comparing such visualisations in a patient's data against that of similar batched controls (e.g. other patient samples), a specific splicing alteration can become immediately apparent.  However, in situations where no candidate variants are known, the problem of performing a 'comprehensive' analysis of splicing becomes less tractable.  The issue is somewhat akin to undertaking whole-genome analysis, where there is no such thing as a 'complete' analysis; one can only ever perform limited sets of analyses looking at the data in certain ways and using specified parameters.  Indeed, transcriptome-wide splicing analysis is in some ways conceptually more complex than genome analysis.  This is because it encompasses additional variables such as technical variation in RNA handling, preparation and sequencing, relative isoform usage levels, the dynamic effects of post-transcriptional RNA regulation and a much larger potential space for unannotated splice variants.

In the setting of a genomic sequence variant that creates an entirely novel splice junction, detection of the event can potentially be achieved through a process of splice junction filtering.  In its most basic form, this relies on the novel junction not being present in any of the control samples against which the sample is being filtered.  However, this approach suffers from two significant problems.  Firstly, unannotated sample-specific splicing events are surprisingly abundant in RNA-seq data (see figure 3).  This means that a substantial number of batched control samples (e.g. samples from other patients) may be needed if the numbers of unique filtered junctions are to be reduced to a manageably short and manually curatable candidate list.  Utilising publicly available RNA-seq datasets, such as that provided through the Genotype-Tissue Expression (GTEx) project, may prove helpful in terms of boosting control numbers.[44]  However, it remains to be seen whether such datasets, whose samples are invariably processed and sequenced under diverse conditions and with different parameters, can be reliably used in this way.  Secondly, it is not uncommon for a pathogenic cryptic splice junction to be present at low levels in at least some control samples.  Blanket filtering out of shared junctions across samples therefore risks removing and thus overlooking such splice variants.  One possibility to help address this second issue might be to pre-filter control data to remove low-level splice junctions prior to their use in filtering.  This could help ensure that only higher-quality bona fide splice junctions are used for subsequent filtering steps.

Filtering for the presence of unique splice junctions will not generally detect intron retention and neither will it detect differential alternative splicing between existing annotated or otherwise shared splice junctions.  Alternative splicing can usually be categorised into a set number of possible types or modes: constitutive splicing (CS), mutually exclusive exons (MXE), cassette alternative exon (CAE), alternative 5´ splice site (A5SS), alternative 3´ splice site (A3SS), and intron retention (IR).[45,46]  Assessing differential alternative splicing between samples requires a measure of relative usage, such as the commonly used percent-spliced-in (PSI) value.[47]  When properly calculated, the PSI value for a splice event takes into account both the sequencing read length and the length of the alternatively included or excluded feature (such as a skipped exon).  PSI therefore cannot be calculated from splice junction count data alone but requires read-level coverage data from across the entire interval spanning the splice event of interest.  This is especially relevant in the case of intron retention, where the event may be completely missed if relying on analysis of splice junction counts alone. 

Several recent studies have demonstrated how RNA-seq can be used to identify splicing mutations in a rare disease diagnostic setting.[48–53]  Cummings et al. analysed muscle RNA-seq data from a cohort of patients with undiagnosed neuromuscular conditions and looked primarily for unique splicing abnormalities compared to 184 selected control samples from the GTEx project, yielding an overall diagnostic rate of 35%.[48]  In order to allow more valid comparison to GTEx data, sequencing was performed using similar parameters of non-strand-specific poly(A) library preparation and 76-bp paired-end reads with 50 or 100 million reads per sample.  Kremer et al. performed RNA-seq on cultured fibroblasts from 48 patients with undiagnosed mitochondrial disorders and looked at aberrant expression, splicing and monoallelic expression, yielding a diagnosis in 10% of cases.[49]  Non-strand-specific poly(A) selection was used in library preparation and sequencing was performed with 100-bp paired-end reads.  Abnormal splicing was investigated using LeafCutter software with individual samples being compared to the others in the cohort as internal controls.[54]  Fresard et al. performed whole blood RNA-seq on 94 rare disease patients compared to 49 unaffected relatives with additional comparison to existing datasets from 1594 controls.[50]  By looking at outlier expression of candidate genes in patient samples as likely evidence for a loss-of-function variant, and by looking at outlier splice junction usage in a similar way, the authors successfully identified a causal variant in 7.5% and highlighted a candidate gene in 16.7% of patients.  Globin depletion and poly(A) selection were used and sequencing was performed at around 50 million reads per sample with a mixture of 75-bp and 150-bp paired end reads.  Hamanaka et al. performed a focussed study on six undiagnosed cases of nemaline myopathy and undertook RNA-seq on muscle biopsies, fibroblasts and lymphoblastoid cell lines using poly(A) selection and stranded library preparation with 92-bp paired-end reads.[51]  By analysing splicing across 161 muscle disorder genes and using LeafCutter, four out of six cases were found to have NEB splicing mutations in their second alleles.  Gonorazky et al. again looked at neuromuscular conditions and performed RNA-seq on 25 undiagnosed patients and four positive control patients with known disorders, utilising GTEx control samples for comparison.[52] Samples were taken either from skeletal muscle, cultured fibroblasts or from myotubes transdifferentiated from fibroblasts.  Library preparation used poly(A) selection (or ribodepletion in one family) and sequencing employed 50-100 million 126-bp paired-end reads per sample.  Splice junction filtering was carried out based upon the method of Cummings et al. and the overall diagnostic rate in this study was 36% using combined analysis of splicing, allelic imbalance and gene expression outliers.  Finally, in our own study, we analysed 257 VUSs in rare disease patients by RT-PCR of whole blood RNA and in 17 cases also performed RNA-seq using ribodepletion and globin depletion with stranded library preparation and 70 million 150-bp paired-end reads per sample.[10]  In four cases the RNA-seq analysis confirmed abnormal splicing seen by RT-PCR but in one case RNA-seq revealed a splice mutation previously undetected by RT-PCR, whilst in another case the abnormal RT-PCR event had insufficient read support in the RNA-seq data to reliably report.

3. Bioinformatic tools in splicing analysis

A growing plethora of bioinformatic tools are available for analysis of splicing.  These can be broadly divided into those aiming to predict the occurrence of splicing based on DNA sequence data and those that seek to identify changes in normal splicing within RNA-seq data.  Prediction of splicing from DNA has long been something of a 'holy grail' in molecular biology and much has been written in search of a 'splicing code'.[55–58]  However, to date a comprehensive code remains elusive.  This should perhaps not be especially surprising, given the complexity of the splicing system and the many influences it receives from both cis- and trans-acting elements whose effects are context-dependent and which are themselves subject to differential regulation from tissue to tissue and from cell to cell.

From the clinical perspective of variant interpretation, several splice prediction programs are in common usage, most of which were first developed over at least a decade ago.  SpliceSiteFinder-like computes donor and acceptor splice site scores based on a sequence scoring algorithm first published in 1987.[59]  NNSplice (1997) uses a neural network approach to predict donor and acceptor splice sites by analysis of dinucleotide frequencies.[60]  GeneSplicer (2001) uses maximal dependence decomposition enhanced with Markov modelling to predict splice sites from sequences focussing on a 16-nt region around the putative donor site and a 29-nt region around the putative acceptor site but also incorporating information from up to 80 nt flanking the predicted sites.[61]  Another commonly used and reliably performing algorithm is MaxEntScan (2004), which relies on maximum entropy modelling to score 9-nt sequence motifs as splice donor sites and 23-nt sequence motifs as splice acceptor sites.[62]  Human Splicing Finder (2009), incorporates a range of different splice prediction tools but principally uses position weight matrices to predict the strengths of donor (9-mer matrix) and acceptor (14-mer matrix) splice sites.[63]  More recently, SpliceAI has been developed using a deep learning neural network approach to predict splice donor and acceptor sites from within the context of 10,000 nt of flanking sequence.[64]
The splicing predictions of these tools have been compared against the results of experimentally determined splicing effects and sensitivities and specificities of between 70-95% are variously reported.[8–10]  The machine learning approach of SpliceAI in particular has shown itself to frequently outperform other algorithms in this regard.  However, the accuracy of all such predictions does somewhat depend on user-defined criteria of what scores to accept as significant.  There is also some variability between 5´ and 3´ splice site predictions and a general decrease in accuracy with increasing distance from canonical splice regions.  Furthermore, limitations in our understanding of splicing mutations mean that GT>GC 5´ splice donor site variants, which can quite often retain the ability to splice correctly, are often misinterpreted in predictions.[65]  Interpretation of variants affecting putative splice regulatory elements is another area of uncertainty and currently in most cases lies outside the scope of clinical application.  However, a number of predictive tools exist that try to identify such regulatory elements, although again several of these commonly used tools were developed over 15 years ago and it may be that more modern machine learning techniques will prove helpful in future when applied to these problems.  ESEfinder searches for putative exonic splicing enhancers (ESEs) in query sequences using SELEX-determined 6-8-nt motifs that bind the serine/arginine-rich (SR) proteins SF2/ASF (SRSF1), SC35 (SRSF2), SRp40 (SRSF5) and SRp55 (SRSF6).[66]  RESCUE-ESE is a computational method that looks for putative ESE hexamer sequences that are enriched in exons compared to introns and that are more frequent in exons with non-consensus splice sites.[67]  Sequences forming exonic splicing silencers (ESSs) have also been investigated experimentally and these can be searched for in sequences using tools such as FAS-ESS.[68]  Computational predictive methods have also been developed to try to identify ESS sequences by looking at motif enrichment within pseudoexons.[69,70]  The prediction of RNA-binding protein (RBP) interactions with RNA targets is intrinsically linked to the identification of enhancer and silencer elements.  Databases of experimentally determined RBP motifs can be used to query sequences for potential splice factor binding sites via tools such as SpliceAid 2 and RBPmap.[71,72]  Deep learning has also recently been applied to predictions of RBP binding sites and changes in RNA-protein interactions based upon sequence changes.[73]
Beyond the prediction of splicing, an even larger and ever-growing cohort of tools have been developed to try to detect alternative splicing from RNA-seq data.  Cufflinks was one of the first such programs to attempt transcript isoform quantification using a probabilistic method.[74]  MISO (mixture-of-isoforms) is a model that statistically estimates the expression of alternatively spliced exons and their isoforms.[75]  Insert length information is incorporated into the probabilistic assignment of read pairs to specific isoforms, which appears to increase the accuracy of PSI estimates.  DEXSeq statistically tests for differential exon usage via the fitting of negative binomial generalised linear models.[76]  This is a computationally intense process and also relies on the transcript inventory being predefined.  rMATS (replicate multivariate analysis of transcript splicing) employs statistical modelling to detect differential alternative splicing events between groups of replicate samples with RNA-seq data.[77]  It uses a hierarchical framework to model variability among replicates as well as modelling the estimation uncertainty of isoform proportions within each replicate.  MAJIQ (Modeling Alternative Junction Inclusion Quantification) uses GFF3 transcript annotations and also identifies unannotated exons from sample .bam files to characterise and quantify local splicing variations in terms of PSI values and changes in PSI.[20]  LeafCutter analyses mapped split reads to identify and quantify alternative splicing without requiring isoform inference.[54]  It is based upon intron excision events and consequently does not detect intron retention.  However, it is memory efficient in terms of processing and is therefore computationally fast.

4. Antisense oligonucleotide correction of splicing mutations

Since splice site selection is heavily reliant on the recognition of sequence motifs by the spliceosome and by splicing factors, masking of such motifs within specific pre-mRNA molecules can prove an effective way to manipulate specific splice events. This idea forms the basis for the growing number of splice-switching antisense oligonucleotide (ASO) compounds that are undergoing drug development or in some cases are now in clinical use. ASOs are chemical analogues of nucleic acids that retain the ability to perform Watson-Crick base pairing with their complementary RNA targets but which usually have chemical modifications of their backbone structure both to enhance stability and resist nuclease degradation and also to help direct their mechanism of action based upon their chemistry.[78] Commonly used modifications in currently available ASO drugs include 2´O-methyl (2´OMe) and 2´O-methoxy-ethyl (2´MOE) ribose sugar modifications in combination with phosphorothioate (PS) linkages in place of phosphate, and phosphorodiamidate morpholino (PMO) compounds, which employ a morpholine ring configuration instead of a sugar.[79,80]
Importantly, the chemical design of an ASO will determine the cellular pathway by which it acts.[81]  A significant proportion of ASO drugs currently in development and/or in clinical use target dominantly inherited diseases such as Huntington disease (IONIS-HTTRx now known as RG6042), hereditary transthyretin-related amyloidosis (inotersen), SOD1-related amyotrophic lateral sclerosis (tofersen) and others, where a toxic accumulation of aberrant protein products is linked to disease pathology.[82–84]  Non-splice-switching ASOs of this type typically utilise a "gapmer" design, whereby the flanking nucleotides employ nuclease-resistant modifications such as 2´MOE-PS, while the internal nucleotides retain a more natural DNA-like structure (for example only utilising PS linkages) so as to retain the ability to engage RNase H enzymes (primarily RNase H1) when bound as a heteroduplex to their target RNA, inducing its cleavage.[85]  However, for splice-switching ASOs, the aim is not to induce RNase H-mediated cleavage but simply to act as a steric blocker and so their chemical design tends to utilise nuclease-resistant modifications throughout.  An additional factor to consider in the design of PS-modified ASOs is stereoisomerism, since the use of PS linkages introduces chirality around the bridging phosphorus atom of the backbone.[86]  This can effectively result in such drugs comprising highly heterogeneous mixtures of stereoisomers with differing physicochemical and pharmacological properties.  On account of this, methods have now been developed that allow production of stereopure ASOs and indeed control of stereochemistry has been shown to significantly improve ASO stability and efficacy.[87]
To date, at least 10 different ASO drugs have been licensed for clinical use across the world and of these, four involve manipulation of splicing (see table 1).[11]  The most dramatically effective of these drugs so far has been nusinersen, a 2´MOE phosphorothioate compound targeting an intronic splicing silencer element (ISS-N1) located in intron 7 of the SMN2 gene.[88]  Children with spinal muscular atrophy (SMA) have biallelic SMN1 gene mutations causing motor neurone degeneration and death in infancy.[89]  The highly homologous duplicated gene SMN2 can potentially compensate for SMN1 loss but usually skips exon 7 leading to an unstable protein.[90]  However, when given intrathecally to infants with SMA, the nusinersen ASO sterically blocks the ISS-N1 silencer and promotes exon 7 inclusion within SMN2 transcripts.[91]  This treatment leads to dramatically improved motor function in affected children and has changed the natural history of SMA from a lethal disease of infancy to one where the condition appears to be treatable and manageable with motor milestones of unaided sitting, standing and walking being achieved.[92–94]  Later-onset milder forms of SMA have also been found to demonstrate improvement following ASO treatment.[95]  Furthermore, when treatment is started pre-symptomatically in early infancy, current trial evidence suggests that motor milestones can actually be rescued to within the normal range in the majority of cases.[96]  

Although the ASO drugs licensed so far have been for SMA and for Duchenne muscular dystrophy (DMD), neither of which are typically caused by splicing mutations per se, ASO-based approaches do naturally lend themselves to the therapeutic silencing of cryptic splice sites.  However, this brings with it a difficulty of scale, since most such mutations are novel or so-called 'private' mutations and are not widely shared amongst cohorts of individuals affected by rare diseases.  Nevertheless, the sequence specificity of ASO design means that these compounds, perhaps above and beyond any other pharmacological modality, have the potential to be used as truly personalised medicines.  One notable example of this has been the development of milasen, a 22-mer 2´MOE ASO that was designed solely for the treatment of a specific individual, a child named Mila with a diagnosis of CLN7-related Batten disease.[97]  Milasen targets and silences a cryptic splice site introduced by insertion of a transposable element within intron 6 of the CLN7 gene.  This 2kb retrotransposition event was undetectable by initial exome sequencing but was identified by whole genome analysis.  Remarkably, the time that elapsed between confirming the genetic diagnosis in this case and delivering the first intrathecal injection of the drug was less than one year.  
5. Trans-splicing therapy
Whilst ASO compounds represent an easily adaptable and intuitive means by which to therapeutically manipulate splicing, they are not the only way in which to do so.  One alternative approach is to employ the phenomenon of trans-splicing.[98–100]  This is where splicing occurs across two separate RNA molecules using the splice donor site from one and the splice acceptor site from the other.  The process was originally identified in trypanosomes but has subsequently been found to be a widespread feature of natural mRNA processing across viruses, prokaryotes and higher eukaryotes including humans.[101–109]  Despite the occurrence of trans-splicing being much lower in vertebrates compared to protozoa and its physiological role being for the most part poorly understood, its potential for application as a therapeutic strategy of splicing correction has been demonstrated for a number of diseases, including cystic fibrosis, haemophilia, Duchenne muscular dystrophy and also correction of mutated TP53 in hepatocellular carcinoma.[110–113] This can be achieved through substitution of part of a mutated pre-mRNA sequence with a corrected coding sequence.  The most widely described version of this approach is spliceosome-mediated RNA trans-splicing (SMaRT), where a pre-mRNA trans-splicing molecule (PTM) can be designed that contains the following features: a binding domain sequence complementary to the target intron, an artificial intronic sequence region including polypyridine tract and branch point and a coding sequence flanked by the appropriate splice site (either 5´ or 3´ depending on the position of the desired splicing replacement).  By including strong splice sites within the PTM, the replacement sequence is able to compete against the native molecule's splice sites and achieve trans-splicing.[114]
Despite trans-splicing representing a promising therapeutic approach, its use has thus far been limited by several factors.  These include frequently low rates trans-splicing efficiency, issues of adequate PTM delivery to target cells, potential for off-target trans-splicing to affect other genes and the potential for aberrant cis-splicing of the PTM itself and unintentional PTM translation.[98,115]  Nevertheless, continued development and refinement of trans-splicing technology will likely prove beneficial, not only in terms of understanding its biology but also by offering a potential therapeutic solution for genomic variants unamenable to ASO-mediated therapy.  Whilst alternative approaches such as clustered regularly interspaced short palindromic repeat/CRISPR associated protein 9 (CRISPR/Cas9) gene editing do of course exist for the targeted correction of almost any given genomic variant, RNA-based therapies benefit from their pharmacological titratability, their relative ease of manufacture and in most cases the need to only deliver a single therapeutic compound rather than a combination. 
5. Conclusion

We are now able to predict and detect clinically relevant splicing abnormalities more accurately and more easily than ever before.  In some cases we are also now learning how to correct the abnormal splicing and to treat the resulting disease.  This parallel advancement and convergence of technologies means that we are in effect gradually accumulating all the prerequisite knowledge and expertise needed for the development of a personalised medicine pipeline of splice-modulating therapeutics (see figure 4).  As the detection of splicing mutations becomes easier and more widely implemented in a clinical setting, the next main focus of investigation that will likely need much greater research effort and investment is in the understanding of splicing regulation.  Whilst regulatory elements can be predicted bioinformatically to a degree, there remains no substitute for wet-lab-based experimental work in this regard.  Tools such as minigene assays and CRISPR-Cas9 genome editing screens facilitate the investigation of splicing effects in response to sequence element changes, whilst molecular biological confirmations of predicted macromolecular interactions will always be needed.[116,117]  In determining the individual regulatory elements of specific mis-splicing events, it should in many cases become feasible to design bespoke splice-switching ASOs and other compounds to help shift the balance of splicing back towards normality.  Better understanding of molecular pathogenesis pathways should also bring to light alternative therapeutic targets, not only for correction of abnormal splicing per se but also for up- and down-regulation of relevant target genes, for example through destructive splice-switching.[118]  Thus, notwithstanding the considerable challenges inherent in RNA-targeted drug development, such as ensuring adequate tissue drug delivery, the future looks bright for splice-switching therapeutics, as evidenced by the multibillion dollar industry that ASO pharmaceuticals have become.[119]
Having said this, a number of key issues still need to be addressed if we are to bring to reality the dream of an RNA diagnostics to RNA therapeutics pipeline.  To begin with, RNA-seq will need to be brought from the research laboratory setting into routine clinical diagnostic practice for rare disease, along with the necessary standard operating procedures and accreditations.  Aside from the technical aspects of how to control for variable batch effects in sequencing and how to deal with tissue-specific splicing and splicing artefacts apparent in read mapping, a critical part of this will be the development of clinical guidelines relating to how splicing abnormalities should be interpreted in terms of their pathogenicity in variant classification.  Initial attempts at such guidelines have been made in relation to cancer susceptibility genes but it is likely that a much more nuanced and perhaps experimentally evidenced approach will be needed in order to try to take account of the complexity of RNA metabolism and splice isoform regulation.[120]  Beyond diagnostics, funding of translational research into therapeutic splicing manipulation will be key.  Few rare disease families have access to the philanthropy and crowd-sourced funding that made milasen's rapid development possible.  Going forward, it will be important for all relevant stakeholders from family support groups and charities through to researchers, research funders and drug companies, together with clinicians, medicines regulators and wider society at large to discuss and consider how these novel technologies should best be used and how they can be utilised in a fair and equitable way for all those in need.  Only then can we hope to bridge the translational gap in personalised medicine, completing the circle from RNA diagnostics to personalised splicing therapeutics. 
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Figure 1. RNA splicing analysis for rare disease diagnostics. Patients with or without candidate variants of uncertain significance (VUSs) can have RNA sampled from a variety of sources. The RT-PCR analysis pipeline is most often applicable to targeted VUS interpretation. RNA-seq analysis can be used for detection of abnormal splicing whether or not a candidate VUS is present.  Quality control (QC) of materials and data remains relevant at all stages of the process.
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Figure 2. Median transcripts per million (TPM) values in whole blood. A. A chart including all GENCODE listed genes (56200 in total) demonstrates that the majority have low TPM values. B. A chart of clinically relevant genes listed on PanelApp shows that the majority have TPM values above 1. C. Expression values (logarithmic scale) of all GENCODE and PanelApp genes arranged in order of increasing TPM value. Note that genes with TPM values of zero cannot be displayed.
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Figure 3.  Example of splice junction filtering among a batch of seven blood RNA-seq samples.  PAXgene blood RNA samples underwent globin and rRNA depletion with stranded total RNA library prep and 70M 150bp paired-end read sequencing per sample.  Data were mapped to GRCh37 using STAR and GENCODE v19 annotations.  STAR splice junctions were quality-control (QC) filtered to exclude those with fewer than 3 spliced reads and those with apparently artefactual "intron lengths" of 1bp.  Filtering out junctions shared between samples still results in several thousand unique sample-specific junctions being retained.
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Figure 4. From RNA splicing analysis to personalised splice-modulating therapies.  Detecting splicing mutations from RNA-seq data requires not only appropriate samples and sequencing parameters but also comprehensive analysis and interpretation.  Designing therapeutically effective splice-switching compounds requires an understanding of splicing regulation and knowledge of a disease's molecular pathogenesis, since targeting other genes in a pathway may be an alternative route to achieving therapeutic benefit.  Adequate modelling of abnormal splice events and accurate validation of their correction is a prerequisite for developing a splice modulating drug.  Later stage research and development (R&D) trials generally require pharmaceutical industry collaboration.

Table 1 Clinically licensed splice-switching ASO drugs.  Golodirsen and vitolarsen both have the same PMO chemistry and target the same DMD exon but have slightly differing sequences. 2´MOE, 2´O-methoxyethyl phosphorothioate; PMO, phosphorodiamidate morpholino.
	ASO drug
	Chemistry
	Gene target
	Mechanism of action
	Year first approved

	Eteplirsen
	PMO
	DMD
	Binds exon 51 inducing exon skipping to restore reading frame
	2016 [121]

	Nusinersen
	2´MOE
	SMN2
	Binds ISS in intron 7 to promote exon inclusion
	2016 [122]

	Golodirsen
	PMO
	DMD
	Binds exon 53 inducing exon skipping to restore reading frame
	2019 [123]

	Viltolarsen
	PMO
	DMD
	Binds exon 53 inducing exon skipping to restore reading frame
	2020 [124]
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