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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 RMNA splicing analysis is able

to increase the diagnostic rate in rare disease by iiginiy cryptic splicing mutations and
can help in interpreting the pathogenicity of genomic variantghilst targeted RIPPCR
analysis remains a highly sensitive tool for assessing the splicing effects of known variants,
RNAseq can provide a more comprelswne transcriptomevide analysis of splicing.
Appropriate care should be taken in RN&q experimental design since sample quality,
processing, choice of library preparation and sequencing parameters all introduce variability.
Many bioinformatic tools existo aid both in the prediction of splicing effects from DNA
sequence and in the handling of RNé&g data for splicing analysiSnce identified, splicing
abnormalities may be amenable to correction using antisense oligonucleotide compounds
by masking cryic splice sites or blocking key splice regulatory elementsby use of
alternative corrective technologies such @ans-splicing A growing number of such drugs
have started to enter clinical use, most notably nusinersen for the treatment of spinal
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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 pipelineThis has already been shown to be possible in the case of mikasers1
bespoke antisense drug, and the growth and convergence of these technologies means that
similar therapeutic opportunities should arise in the near future.

Keywords
RTPCR RNAseq; splicing; splicing prediction; bioinformatic tools; antisense
oligonucleotides

1. Introduction

Rare diseases affect between &% of the global population (26060 million people) and
around 72% of these are genetic in origih]. 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) achidiaggostic rates of up to 42%,
the majority of such individuals still remain undiagnog2fl Furthermore, although over 6000
rare diseases are currently known to exist, only some 6% of them have any specific treatnents a
less than 1% of these can be considered curaf8leA wide translational gap therefore exists
between our increasing ability to diagnose genetic dieos 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 Rd&sed testing and in particular RNAising analysi$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 deular molecular machinery to workGiven 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 wrond8-10]. This holds true not only for proteilevel predictions but also for
predictionsrelating to splicingHowever, by directly assessing RNA it becomes possible to provide
an objective window into the earliest steps of gene function (i.e. transcription anemBtislA
splicing). RNA analysis can therefore help to remove at least one lef/durmctional effect
prediction when it comes to variant interpretation.

As well as its diagnostic potential, RNA also represents a unigue therapeutic target that sits
halfway between DNA sequence information and protein structure and funcBemg a mos
accessible and modifiable cellular molecule than DNA but still retaining its nucleic acid sequence
specificity, RNA therapeutic manipulation is now a wgetiablished field of research with multiple
clinical application§l1]. However, these two areas of genomic medicine, genomic diagnostics and
genomebased therapeutics, in many waysllssemain 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.
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2. Diagnasis ofSplicing Mutationgn Clinical Practice
2.1 RT-PCRAnalysis

For many years, the mainstay of RN&sed splicing analysis for variant interpretation has been
reverse transcription polymerase chain reaction-fROR]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 required13]. Genespecific primers can also be used for reverse transcription if
greater specificity is needed or if a ostep RTPCR protocol is to be employdebllowing reverse
transcription, primers sited in exons flanking a specific variant can be used to amplify the cDNA
region of interestStraightforward gel electrophoresis and Sanger sequencing of PCR products will
often then be able to detect abnormal spliciegents such as exon skippirigolecular cloning of
PCR products may sometimes be required to aid in identifying specific alternative splicing products,
especially where the RFCR reaction yields multiple producksowever, when compared against
control sanples, the splicing effect of a given variant can usually be determined via this method
(seeFigurel). Once identified, gel densitometry can be used as a sprantitative method for
different splice isoforms but if more accurate relative quantificatismeeded then quantitative
PCR (RGPCR) can be performed on cDNA templates, while digital PCR (dPCR) can also potentially
be employed for the purposes of relative or absolute quantificafioh18].

Patient without
candidate variant

Patient with VUS

Primer design Targeting method

cDNA synthesis Library prep
Targeted PCR NGS parameters

Gel electrophoresis FASTQ files

Splicing abnormality

il il identified or not

QC + trimming

TA-cloning Splice-aware alignment

Sanger sequencing jutn ineco QC + mark duplicates

Figure 1 RNA splicing analysis forreadisease diagnostics. Patients with or without
candidate variants of uncertain significance (VUSs) can have RNA sampled from a
variety of sources. The HPICR analysis pipeline is most often applicable to targeted
VUS interpretation. RNSeq analysis cabhe 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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Whilst RTPCR remains a powerful and highly sensitive technique for targetedcaRNysis, it is
limited by several factor®rincipal among these is the requirement for the gene of interest to be
expressed in a clinically available tissue (most often bloatfhough blood has been shown to
express at least 80% of human coding seqasnat a detectable level, a significant proportion of
human disease genes are still not expressed well enough for reliable analysis of §plcitj. A
reasonable estimate of whether a gene is likely to be detectable in blood can be made by
reference tothe GenotypeTissue Expression (GTEX) project's freely available data (accessible
either via data download or via the GTEx online portatps://www.gtexportal.org/home)) [21].
Analysis of the GTEbata 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 bldéarthermore, 66% (37,111/56,2DbGave a
median TPM under 0.1 and these genes are also unlikely to be reliably detectable in blood by RT
PCRHowever, looking solely at diseaassociated genes in comparison (in this case referring to
genes listed on Genomics England's PanelApp resqung) 10% (561/5516) have median TPM
values of zero and 25% (1399/5516) have a TPM value of less than OFlgig®?2) [22]. One may
therefore expect a potentially etectable level of coverage of the remaining 75% of disease
associated genes with respect to blood splicing analysis #RT.

A GENCODE B PANELAPP
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Figure 2 Median transcripts per million (TPM) values in whole blood. A. A chart
including all GENCODE listed genes (56200tal) tdemonstrates 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 arrangedén ofthcreasing TPM value. Note that
genes with TPM values of zero cannot be displayed.
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For genes that are not expressedwmole blood, alternative sources of RNA may include (see
Figurel): cultured fibroblasts obtained via skin biopsy, cultured lymptex 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 nonsemseiated decay (NMD).
Through the application of NBI inhibitors such as cycloheximide or anisomycin to such cultures,
the otherwise degraded splicing products of pathogenic splicing mutations can subsequently be
detectedand quantified as has been demonstrated in both fibroblasts and lymphodg&25].

Another important limitation of RFPCR analysis is that an abnormal splicing event may yield a
product that cannot readily be amphkid by the predetermined primer sefThis 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 $itesome cases,
transcriptwide RTPCR assays can be accomplished by setting up overlapping PCR amplicons
spanning contiguous exon regionghis can work to some extent for small genes or where high
sample throughput justifies assay development (as has been done in some clinicatdales for
NF1 analysis and historically was also demonstrated BIVID mutation scanningp6, 27].
However, for most genes the time and effort involved in setting nd a&alidating this type of
assay is unlikely to prove viable on a clinical diagnostic bddsisce, the very nature of targeted
RTFPCR that lends strength to its specificity and sensitivity in terms of its lower limit of detection,
also conversely givessa to an inherent lack of sensitivity when it comes to detecting unexpected
events.

2.2RNASquencing

NGS technologies have allowed RNA splicing analysis to progress beyond the limitations of RT
PCR.In particular, transcriptomavide RNA sequencing (RN&q) can provide a relatively
comprehensive assessment of RNA splicing, potentially allowing detection of unexpected mis
splicing eventshiat may be missed by FPICH28]. The sequencdevel mapping employed in RNA
seq alignments also lends itself ideally to the identification of both laage and findevel
splicing alterations without the need for PCR product purification, cloning and/or Sanger
sequencing.Whilst still reliant on the tissuspecificity of an individual gene's expression, FiEé
can therefore be used relatively easily to look for abnormal splicing events relatearitmts of
uncertain significanceMUS$of interest (sed-igurel).

RNAseq 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 thepoudata for subsequent
analyses.RNA quality is distinctly important in this regard, since long intact transcripts are
preferable for adequate analysis of splicifidpe RNA integrity number (RIN) that can be generated
from Agilent Bioanalyzer/Tapestati@ssays provides a measure of RNA sample detjosdan a
scale from 10 (no degradation) to 1 (total degradatig@®]. Highquality RNA is especially
important if a poly(A) library prep method is employdchis is because using a degraded sample
can lead to pronounced skewing of coverage towards the 3" end oftapts and this can in turn
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severely limit the assay's ability to capture and analyse splice junction r€adsitification can
also be affected since different transcripts can be degraded at different [a0ds

A common clinical starting point is a patient blood sample and if this is the case then a
frequently used technique is globotepletion, which employs probbased removal or inhibition
of haemoglobirrelated transcripts. This greatly increases the relative number of reads that will be
generated from norglobin RNA, since globin transcripts comprise betweer8@® of blood
MRNA[31-33] Removal of ribosomal RNA through ribodepletion is another commonly used
approachto increase relevant read coverage as rRNA can account for sor@%5of total
cellular RNA in bloofB4, 35]. This type of preparation allows retention of RNA species that may
lack polyadenylation, such as many Aomling RNA$36]. Alternatively, poly(Apelection may b
preferred if MRNAs are the sole species of interesportantly, most commonly used poly(A) and
total RNA library prep methods include a sssdection step, which effectively excludes short RNAs
and so this must be considered if, for example, miRNAkaarsimilarly sized RNA species are to
be studied.

llluminastyle shortread sequencing platforms can generate relatively consistent outputs in
terms of numbers and lengths of sequence reads per flowmdellvever, the maximum read length
available and th total sequencing capacity per flowcell are instrumdapendent.Using longer
read lengths increases the likelihood of individual reads capturing splice events and employing
pairedend sequencing increases this still further by sequencing the first aconsgl reads from
the opposite ends of the inserted DNA fragments within a libr&he choice of how many reads
to sequence per sample largely depends on the needs of the downstream an8lysis. splice
isoforms can exist at variable abundance and atero$ubject to RNA degradation, the expression
levels of the relevant target genes of interest need to be taken into accé@msuch, there is no
set standard for the minimum required read count per sample when it comes to transcriptome
wide splicing angkis and in practical terms it is cost that becomes the ultimate limiting falttor.
must also be emphasised that adequate quality control is essential at every step of theeBNA
process, not only relating to the quality of starting RNA material but &lsthe quality of the
sequencing output and the quality of subsequent alignment s{8gk

2.3 DetectingSplicing Mutations

Once sequenced, RN#&q dda in the form of .fastq files must be aligned to the reference
genome (unlessle novotranscriptome assembly is attempted) using a spieere mapping
program to produce .bam fileOne of the most widelused aligners is STAR, which has the
benefit of keing very fast (usually providing alignments within a couple of hours) but with a
disadvantage of the user needing access to a-pgtiormance computing (HPC) cluster owing to
its high memory requirement$38]. If HPC access is not available, similar alignments can be
produced by a program such as HISAT2 running on a personal corf@iteddowever, 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 oudigned .bam files can
be subsequently sorted and marked for duplicate reads if appropriegking of duplicates is a
common QC procedure in DNbased NGS owing to the possibility of PCR duplicates introduced
during library amplification, which can potentially lead to a bias in read courttogeever, there
is some debate as to whether duplicate markis always appropriate in RM&q[40-42].
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Perhaps the most difficult and rapidly evolving part of Rig4 splicing analysis comes next, in
the form of identifying abnormal splicing events in relevant geftésere a known VUS exssin 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 usBaghimi plots[43]. By comparing such
visualisations in gatient's data against that of similar batched controls (e.g. other patient
samples), a specific splicing alteration can become immediately appatentever, in situations
where no candidate variants are known, the problem of performing a ‘compreherasiedysis of
splicing becomes less tractablEhe issue is somewhat akin to undertaking whgdgmome 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 aoding specified parametersindeed,
transcriptomewide 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 sequoeing, 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.
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 filtereldweve, this approach suffers from two
significant problems.Firstly, unannotated sampispecific splicing events are surprisingly
abundant in RNAeq data (se€&igure3). This means that a substantial number of batched control
samples (e.g. samples from othpatients) may be needed if the numbers of unique filtered
junctions are to be reduced to a manageably short and manually curatable candidat#ilising
publicly available RN#eq datasets, such as that provided through the Genoffissue
Expression@TEX) project, may prove helpful in terms of boosting control numli2disHowever,
it remains to be seen whether such datasets,osé 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 someontrol samplesBlanket filtering out of shared junctions across samples
therefore risks removing and thus overlooking such splice vari@nis. possibility to help address
this second issue might be to pfifter control data to remove lowevel spliceynctions prior to
their use in filtering.This could help ensure that only highguality bona fidesplice junctions are
used for subsequent filtering steps.
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Splice junctions in blood RNA-seq data
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B Post-QC total 137424 119744 163140 154053 132198 156932 165427
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Figure3 Example of splice junction filtering among a batch of seven blooddeN§A
samples. PAXme blood RNA samples underwent globin and rRNA depletion with
stranded total RNA library prep and 70M 150bp paiezdl read sequencing per
sample. Data were mapped to GRCh37 using STAR and GENCODE v19 annotations.
STAR splice junctions were quafligntrol (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
samplespecific junctions being retained

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 junctionsAlternative splicing can usugllbe 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)[44, 45]. Assessing differential alternative splicing between samples requires a
measure of relative usage, such as the commonly used pesmitedin (PSI) valug¢t6]. When
properly calculated, the PSI value for a splice evengdakto 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 requireseredd
coverage data from @oss the entire interval spanning the splice event of inter&igtis is
especially relevant in the case iotron retention, where the event may be completely missed if
relying on analysis of splice junction counts alone.

Several recent studies have denstrated how RNAeq can be used to identify splicing
mutations in a rare disease diagnostic sett[d@-52]. Cummings et al. analysed muscle R3¢4
data from a cohort of patients with undiagnosed neuromuscular conditions @oket primarily
for unique splicing abnormalities compared to 184 selected control samples from the GTEX project,
yielding an overall diagnostic rate of 39%@]. In order to allow more valid comparison to GTEX
data, sequencing was performed using similar parametéraonstrand-specific poly(A) library
preparation and 7ép pairedend reads with 50 or 100 million reads per sampdeemer et al.
performed RNAseq on cultured fibroblasts from 48 patients with undiagnosed mitochondrial
disorders and looked at aberrargxpression, splicing and monoallelic expression, yielding a
diagnosis in 10% of casdd8]. Nonstrandspecific poly(A) selection was used in library
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preparation and sequencing was performed with 4§f® pairedend reads Abnormal glicing was
investigated using LeafCutter software with individual samples being compared to the others in
the cohort as internal control§53]. Fresard et al. performed whole blood RN&g on 94 rare
disease patients compared to 49 unaffected relatives with additional comparison to existing
datasets from 1594 controlgt9]. By lookingat outlier expression of candidate genes in patient
samples as likely evidence for a ka$dunction 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 patientSlobin depletion and poly(A) selection were used and
sequencing was performed at around 50 million reads per sample with a mixture-top and
150-bp paired end readddamanaka et al. performed a focussed study ousthagnosed cases of
nemaline myopathy and undertook RM&q on muscle biopsies, fibroblasts and lymphoblastoid
cell lines using poly(A) selection and stranded library preparation wibp92airedend readq50].

By analysing splicing across 161 muscle disorder genes and using LeafCutter, four out of six cases
were found to haveNEBsplicing mutations in their second allel€3onorazky et al. againdked at
neuromuscular conditions and performed Ri&q on 25 undiagnosed patients and four positive
control patients with known disorders, utilising GTEx control samples for compaftsign
Samples were taken either from skeletal muscle, cultured fibroblasts or from myotubes
transdifferentiated from fibroblastd_brary preparation used poly(A) selection (or ribodepletion in
one family) and sequencing employed-500 million 12ebp pairedend reads per samplé&plice
junction filtering was carried out based upon the method of Cummings et al. and the overall
diagnosic rate in this study was 36% using combined analysis of splicing, allelic imbalance and
gene expression outlierginally, in our own study, we analysed 257 VUSs in rare disease patients
by RTPCR of whole blood RNA and in 17 cases also performees@&Niing ribodepletion and
globin depletion with stranded library preparation and 70 million -bg0pairedend reads per
sample[10]. In four cases the RN#eq analysis confirmed abnormal splicing seen bP&R but in

one case RNA&eq revealed a splice mutatigereviously undetected by RACR, whilst in another

case the abnormal RACR event had insufficient read support in the RE# data to reliably
report.

3. Bioinformatic Tools inSplicing Analysis

A growing plethora of bioinformatic tools are available &walysis of splicingThese 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 withind&iyAlataPrediction of
splicing from DNA has longén something of a 'holy grail' in molecular biology and much has
been written in search of a 'splicing cod&4-57]. However, to date a comprehensive code
remains elusiveThis should perhaps not be especially surprising, given the complexity of the
splicing system and the many influences it receives from lm$hand trans-acting elements
whose effects are contexdependent 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 @doped over at least a decade adepliceSiteFinder
like computes donor and acceptor splice site scores based on a sequence scoring algorithm first
published in 198758]. NNSplice (1997) uses a neural network approach to predict donor and

Paged/23



OBM Genetic2021; 5(1), doi:10.21926/obm.gene?101125

acceptor splice sites by analysis of dinucleotide frequeri&gs GeneSplicer (2001) uses maximal
dependence decomposition enhanced with Markov modelling to predict splice sites from
sequences focussing on a-tit6region around the putative donor site and a-@0region around

the putative acceptor sitebut also incorporating information from up to 80 nt flanking the
predicted sites[60]. Another commonly used and reliably performing algorithm is MaxEntScan
(2004), which relies on maximum entropy modelling to scerg Sequerte motifs as splice ahor

sites and 23t sequence motifs as splice acceptor sifé4]. Human Splicing=inder (2009),
incorporates a range of different splice prediction tools but principally uses position weight
matrices to predict the strengths of donor-(8er matrix) and acceptor (dher matrix) splicesites

[62]. More recently, SpliceAl 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
sequencdg63].

The splicing predictions of these tools have been compared against the results of
experimentally determined splicing effects and sensitivities and specificities of betwe86%0
are variously reported8-10]. The machine learning approach of SpliceAl in particular has shown
itself to frequently outperform other algorithms in this regatdowever, the accuracy of all such
predictions does somewhat depend on uskafined 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 increasingisiance from canonical splice regiorfaurthermore, 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 predictifgy.
Interpretation of variants affecting putative splice regulatory elements is another area of
uncertainty and currently in most cases lies outside the scope of clinical applicdtevever, a
number of predctive 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 applietiésd problems.
ESEfinder searches for putative exonic splicing enhancers (ESES) in query sequences using SELE>
determined 68-nt motifs that bind the serine/arginingich (SR) proteins SF2/ASF (SRSF1), SC35
(SRSF2), SRp40 (SRSF5) and SRp55 (8 SRESCUESE is a computational method that looks
for putative ESE h@mer sequences that are enriched in exons compared to introns and that are
more frequent in exons with neononsensus splice sitg66]. Sequences forming exonic splicing
silencers (ESSs) have also been investigated experimentally and these can be searched for in
sequences using tools such as ##8§67]. Computational predictive methods have also been
developed to try to identify ESS sequences by looking at motif enrichment within pseuddé8pns
69]. The prediction of RNAiInding protein (RBP) interactions with RNA targets is intrinsically
linked to the identification of enhancer and silencer elemeriDatabases of experimentally
determined RBP motifs can be usedquery sequences for potential splice factor binding sites via
tools such as SpliceAid 2 and RBP1¥d) 71]. Deep learning has also recently been applied to
predictions ofRBP binding sites and changes in RkbAein interactions based upon sequence
changed72].

Beyond the prediction of splicing, an even larger and @rewing cohort of tools have been
developed to try to detect alternative splicing from REkqg data.Cufflinks was one of the first
such programgo attempt transcript isoform quantification using a probabilistic methjd@].

MISO (mixtureof-isoforms) is a model that statisticall\stemates the expression of alternatively
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spliced exons and their isoformiZ4]. Insert length information is incorporated into the
probabilistic assignment of read pairs to specific isoforms, which appears to increase the accuracy
of PSI estimatedDEXSeq statistically tests for differential exon usage haafitting of negative
binomial generalised linear mod€]85]. This is a computationally intense processl atso relies

on the transcript inventory being predefinebMATS (replicate multivariate analysis of transcript
splicing) employs statistical modelling to detect differential alternative splicing events between
groups of replicate samples with RIMAq dat [76]. It uses a l@rarchical framework to model
variability among replicates as well as modelling the estimation uncertainty of isoform proportions
within each replicateMAJIQ (Modeling Alternative Junction Inclusion Quantification) uses GFF3
transcript annotations and ads identifies unannotated exons from sample .bam files to
characterise and quantify local splicing variations in terms of PSI values and changeR@j. PSI
LeafCutter analyses mapped split reads to identihd aquantify alternative splicing without
requiring isoform inferencd53]. 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. AntisenseOligonucleotide Correctiorf Splicing Mutations

Since splice site selection is heavily reliant on the recognition of sequentiés rby the
spliceosome and by splicing factors, masking of such motifs within speciroRKA molecules
can prove an effective way to manipulate specific splice events. This idea forms the basis for the
growing number of spliecswitching antisense olapucleotide (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 Wat€oick base pairing with their
complementary RNA targets but wh usually have chemical modifications of their backbone
structure both to enhance stability and resist nuclease degradatand also to help direct their
mechanism of action based upon their chemig#y]. Commonly used modifications in currently
available ASO drugs include 2fethyl (20Me) and 2Gmethoxy-ethyl (2MOE) ribose sugar
modifications in combination with phosphorothioat@S)linkages in place of phosphate, and
phosphorodiamidate morpholino(PMO) compounds, which employ a morpholine ring
configuration instead of a sugf#8, 79].

Importantly, the chemical design of &850 will determine the cellular pathway by which it acts
[80]. A significantproportion of ASO drugs currently in developmemtd/or in clinical usdarget
dominantly inherited diseases such as Huntington disge@&lISHT kxnow known asRG6042)
hereditary transthyretirrelated amyloidosis (inotersen), SOD%related amyotrophic lateral
sclerosistpfersen)and others, wherea toxic accumulation of aberrant protein products is linked
to disease pathology81-83]. Nonsplie-switching ASOs of this type typically utilise a "gapmer"
design, whereby the flanking nucleotides employ nucleasistant modifications such asNOE
PS, while the internal nucleotides retain a more natubdlAlike structure (for example only
utilising PS linkages) so as to retain the ability to engage RNas&ymegprimarily RNase H1)
when boundas a heteroduplexo their target RNAinducingits cleavagg84]. However, or splice
switching ASOs, the aim is not to induce RNaseediated cleavage but simply to act as a steric
blocker and so their chemicdksign tends to utilise nucleasesistant modifications throughout.
An additional factor to consider in the design ofR&dified ASOs is stereoisomerism, since the
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use of PS linkages introduces chirality around the bridging phosphorus atom of the ba¢&56j
This can effectively result in such drugs comprising highly heterogeneous mixtures of
stereoisomers with differingghysicochemical angharmacological propertieOn account of this,
methods have now been developed thatoall production of stereopure ASOs and indeed control
of stereochemistry has been shown to significantly improve ASO stability and efB&hcy

To date, at least 10 different ASO drugs have been licensed for clinical use across the world and
of these, fourinvolve manipulation of splicing (sdable 1)[11]. The most dramatically effecev
of these drugs so far has been nusinersen, a 2MOE phosphorothioate comporgeting an
intronic splicing silencer element (F813) located in intron 7 of th&MN2gene[87]. Children with
spinal muscular atrophy (SMA) have bialleéiN1 gene mutations causing motor neurone
degeneration and death in infancj88]. The highly homologous duplicated ger&@MN2 can
potentially compensate foBMN1loss but usually skips exon 7 leading to an unstable pr¢&ih
However, when given intrathecally to infants with SMAg thusinersen ASO sterically blocks the
ISSN1 silencer and promotes exon 7 inclusion witBiMIN2transcripts[90]. 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 agpeabe treatable and
manageable with motor milestones of unaided sitting, standing and walking being achi\ed
93]. Lateronset milder forms of SMA have also been found to demonstrate improvement
following ASO treatmenf94]. Furthermore, when treatment is started pgymptomatically in
early infancy, current trial evidence suggests that motor milestones can actually be rescued to
within the normal range in the majority of casig%)].

Table 1Clinically licensed splieswitching ASO drugs. Golodirsen and vitolarsen both
have the same PMO chemistry and target the sabidD exon but have slightly
differing sequences. 2MOE, 2@ethoxyethyl phosphorothioate; PMO,
phosphorodiamidate morpholino.

Year first

ASO dug Chemistry Gene target Mechanism of action
approved

Binds exon 51 inducin
Eteplirsen PMO DMD exon skipping to restore 2016[96]
reading frame
Nusinersen 2MOE SMN2 Binds ISS in intron 7t ), 6107
promote exon inclusion
Binds exon 53 inducin
Golodirsen PMO DMD exon skipping to restore 2019[98]
reading frame
Binds exon 53 inducin
Viltolarsen PMO DMD exon skipping to restore 2020[99]

reading frame

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 mutapense ASGbased
approaches do naturally lend themselves to the therapeutic silencing of cryptic splice sites.
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However, this brings with it a difficulty of scale, since most suahations are novel or soalled
‘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 pfmacological modality, have the potential to be used as
truly personalised medicine€ne notable example of this has been the development of milasen, a
22-mer 2MOE ASO that was designed solely for the treatment of a specific individual, a child
named Mih with a diagnosis dCLN7related Batten diseasfLO(. Milasen targets and silences a
cryptic splice site introduced by insertion of a transposable element within intron 6 ofCthN7

gene. This 2kb retrotransposition event was undetectable by initial exome sequencing but was
identified by whole genome analysiRemarkably, 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. TransSplicing Therapy

Whilst ASO compounds represent an easily adaptable andtiv@umeans by which to
therapeutically manipulate splicing, they are not the only way in which to d®se. alternative
approach is to employ the phenomenon todns-splicing[101-103]. 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 trypanosonieg has subsequently
been found to be a widespread feae of naturalMRNA processing across viruses, prokaryotes
and higher eukaryotes including humgi®©4-117. Despite the occurrence afans-splicing being
much lower in vertebrates compared to protozoa and its physiologatabeing for the most part
poorly understoodjts potential for applicabn as a therapeutic strategy of splicing correction has
been demonstrated for a number of diseaséscluding cystic fibrosis, haemophilia, Duchenne
muscular dystrophy and alsmrrection of mutatedTP53in hepatocellular carcinom§l13-116].

This can be achieved through substitution of part of a mutated-pRNA sequence with a
correctedcoding sequenceThe most widely described version of this approachkpikceosome
mediated RNArans-splicing (SMaR;Tvhere a pre-mRNAtrans-splicng molecule (PTMgan be
designed that contains the following features: a binding domain sequence complementary to the
target intron, an artificial intronicsequenceregionincluding polypyridine tract and branch point

and a coding sequence flanked by thppropriate splice site (either’®r 3 depending on the
position of the desired splicing replacemenBy including strong splice sites within the PTM, the
replacement sequence is able to compete against the native molecule's splice sites and achieve
transsplicing[117].

Despitetrans-splicing representing a promising theragieuapproach, its use hakus farbeen
limited by several factorsThese includdrequently low rates of trans-splicing efficiencyissues of
adequate PTM devery to target cells potential for off-target trans-splicingto affect other genes
and the potential for aberrantissplicing of the PTMself and unintentional PTM translatiod 01,

118. Nevertheless, continued development and refinementrahs-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 unamerg@bto AS@mediated therapy. Whilst
alternative approaches such atustered regularly interspaced short palindromic repeat/CRISPR
associated protein IQRISPR/Cas§ene editing do of course exist for the targeted correction of
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almost anygiven genomic vaant, RNAbased therapies benefit from their pharmacological
titratability, their relative ease of manufacture and most cases the need to only deliver a single
therapeutic compound rather than a combination.

6. Conclusion

We are now able to predict andketect clinically relevant splicing abnormalities more accurately
and more easily than ever beforén some cases we are also now learning how to correct the
abnormal splicing and to treat the resulting diseashis 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 (seleigure4). As the detection of splicing muians 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 beredicted bioinformatically to a degree, there remains no
substitute for wetlab-based experimental work in this regarfiools such as minigene assays and
CRISPRas9 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 needgd9, 12(0. In determining the individual
regulatory elements of specific m#plicing events, it should in many cases become feasible to
design bespoke spliegwitching ASOs and other compounds to hdiftghe balance of splicing
back towards normalityBetter understanding of molecular pathogenesis pathways should also
bring to light alternative therapeutic targets, not only for correction of abnormal splipgrgse
but also for up and downregulation of relevant target genes, for example through destructive
spliceswitching [121]. Thus, notwithstanding the considerable challenges inherentRNA
targeted drug development, such as ensuring adequate tissue drug delivery, the future looks
bright for spliceswitching therapeutics, as evidenced by the multibillion dollar industry that ASO
pharmaceuticals have beconjg22].
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Figure 4 From RNA splicing analysis to personalised spiicdulating therapies.
Detecting splimg mutations from RNAeq data requires not only appropriate samples
and sequencing parameters but also comprehensive analysis and interpretation.
Designing therapeutically effective sphswitching compounds requires an
understanding of splicing regulah 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 gpequisite for developing a splice
modulating drug. Later stage research and development (R&D) trials generally require
pharmaceutical industry collaboration.

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 RiNAtherapeutics pipelineTo begin with, RNA&eq will need
to be brought from the research laboratory setting into routine clinical diagnostic practice for rare
disease, along with the necessary standard operating mhoes and accreditationgAside from
the technical aspects of how to control for variable batch effects in sequencing and how to deal
with tissuespecific splicing and splicing artefacts apparent in read mapping, a critical part of this
will be the develoment of clinical guidelines relating to how splicing abnormalities should be
interpreted in terms of their pathogenicity in variant classificatidnitial attempts at such
guidelines have been made in relation to cancer susceptibility genes but itlis thke¢ 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 reguldt&sh Beyond
diagnostics, funding of translational researchoitherapeutic splicing manipulation will be key.
Few rare disease families have access to the philanthropy and esourded funding that made
milasen's rapid development possibl&oing forward, it will be important for all relevant
stakeholders from farnty 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 listsed and how they cabe
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utilised in a fair and equitable way for all those in neéuhly then can we hope tbridge the
translational gap inpersonalised medicinecompleting the circle from RNA diagnostics to
personalisedplicing therapeutics.
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