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Table 16. Lists of genes analysed directly from patients’ blood samples
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<Science never solves a problem without creating ten more.=
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number of VUS may represent <normal genetic 

background noise= that exist



. These contradictory findings highlight the complexity of the <Splicing 

Code= 

, defined as <

known mechanism of disease= 

he <PS3 well

d functional studies= criteria are



 

mRNA maturation steps include 59

polyadenylation of the 39 end where a poly

Malu[ki 

 

In the first reaction, the 59 end of the intron is cleaved at the intron

intermediate composed of an upstream exon that exposes its 39 end and an intron in the form of 

nucleophilic attack is performed by its 29hydroxyl group (29

bond of the 59 splice site. The result is a 29 59 phosphodiester bond in the intron and a free 39

esterification, the 39 splice site 

is attacked by the 39 hydroxyl group of the 59 exon, resulting in the joining of the two exons and 



 

 

identification of the 59 splice 

U2AF65/U2AF35to the BPS, polypyrimidine tract, and 39 acceptor splice site (AG) 

can interact at the 59 splice site. Simultaneously,
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elements localised in every intron in precursor RNAs. These elements include the 59 splice 



(59 ss), the 39 splice site (39 ss), the located upstream of 39 splice 

site), and the polypyrimidine tract located between BPS and 39 

59 ss defines the exon:intron junction at the 59end of the intron in the 



The BPS is typically located 18 to 40 nucleotides upstream from the 39

nucleophile for 59 ss

The AG dinucleotide defines the 39 border of the intron and is located just downstream of the 

 



 



and 39

involve the <looping out= mechanism, where the hnRNP proteins bind both ends of the exon, 



 

splice sites, 59ss and 39ss, as a result, short and long forms of exons are present in the mature 





 

substitutions affect the canonical 59 and 39 splice sites (typically GT and AG, respectively)in 



activation, intron retention, or the generation of 8fake9 exons. T

like troponin T, ´

 



The minigene assay, which is based on the patient9s genomic DNA, represents a valid and 
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and 39ss



Predicts 59 and 39 ss

Predicts 59and 39ss

Predicts 59 and 39 ss

Predicts 59 and 39 ss

Predicts 59 and 39 ss

Predict 59 and 39ss

Predict 59 and 39ss

Prediction of 59 and 
39 ss from primary 

Predict 59 and 39ss



mRNA transcript to be a 59 and/or 39 splice sites. The algorithm examines a 

∆

the sensitivity values of g 90% were achieved. This high sensitivity supports improvement 



 

A 39 end. A key point during the process is amplification 

The minigene is not only a useful tool for <Precision diagnosis= but also for developing 

<Precision therapeutics=. Splice switching oligos such as 29MeO, 29MOE and morpholinos 

usefulness of minigene in both diagnosis and therapeutics in the <Precision Medicine= era.



 

international ethical committees9 approval for handling of patient samples and data. These 





 

unified gold standard guideline for splicing read count to validate as <aberrant= 

a strong 39 bias in transcript coverage 



 



patterns. HCM causes hypertrophy of the left ventricular wall (IVSd g 1.5 cm) with a decrease of 



 



17 different variants located in 59 and 
39 
Disruption of 59ss exon1

1 variant in 59ss
Disruption of 59 ss and activation of 

Disruption of 39 ss and activation of 
cryptic 39ss

Disruption of 59 ss exon 4
Disruption of 59 ss and activation of 
cryptic 59ss in exon 5
Disruption of 59 ss exon 7 and 11
Generation of 39 ss exon 13
Disruption of 39 ss and activation of 

Disruption of 59 ss exon 7 

Disruption of 59 ss exon 10
Disruption of 59 ss exon 7

Disruption of 59ss exon3



 

 



 

 



 



 

 

 

 



 

 

 





illustrated: 59 splicing, 39 splicing, and IER, that target the 59 and 39 ends, or internal 

represented to correct a mutation located in 59 ss. Reproduced from 

 



RNAseH should be activated for mRNA degradation. However, the ASOs9 structure showed 

of the sugar furanose ring, alterations at 29 positions of the ribose sugar ring (29

[29



 

positioned upstream of a 59 ss to disrupt the binding site of the U1 snRNP binding and suppress 

 

nucleotide duplexes with overhanging 39 ends (siRNAs) 



stranded overhangs on the 39 ends. The structure of synthetic siRNA mimics that of Dicer 
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splicing, which targets the 5' region, and 39 splicing, that targets the 39 region.



 

59 tail over the mutated 59 ss of a specific exon can correct the aberrant splicing of coagulation 

U1 snRNAs that carry an engineered 59 tail which interacts with intronic sequences downstream 

of the 59ss of a specific exon by complementarity. The ExSpeU1 strategy has two important 



mRNA maturation by identifying the sequence of the histone 39 

 



) 59 splice site recognition by U1 

the binding of U1 small nuclear ribonucleoprotein (U1 snRNP) to the 59 splice site, an important 
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• 5X DNA loading buffer: 100g sucrose, 40g UREA, 100μl TBE 5X, 1 % bromophenol blue 

• –

 

O at 1μg/μl final concentration. 

0 (100ng/μl final concentration).

 

 

 

K12 strain DH5³ competent cells were used to perform transformations with 

ch) was added to a final concentration of 100μg/mL to allow 



 

 

transformation, 60μl of freshly thawed 

DH5³ competent cells were incubated on ice for 30min with 20ng of plasmid DNA. The cells

minutes. 60μl of preheated LB medium was added to bacteria and incubate

ic concentration (100μg/mL Ampi

 

kit (Promega) according to the manufacture9s guidelines. The method is based on the alkaline 



 

optical density of 1.0 at 260 nm is considered equivalent to a concentration of 50μg/mL for 

double stranded DNA (dsDNA) and 40μg/mL for single stranded DNA (ssDNA) and RNA. The 

 

 

volume of 20μl containing the appropriate units (U/μl) of the restriction enzyme per μg of DNA. 

that recognizes the 59 39 

 

 



 

dependent formation of phosphodiester bonds between adjacent 39hydroxyl 

and 59phosphoryl termini of DNA. The reaction was performed with 20ng of digested vector and 

DH5³ competent cells after 8

 

 

Netherlands) according to manufacturer9s directions. Finally, samples were eluted in 20 50μL of 



 

 



 

restriction sites at their 59 ends 

SEQUENCE 5’ 3’



(TaKaRa) according to the manufacture9s protocol, to avoid the introduction of nucleotide 

µ

µ

µ

 

³ globin), consisting of exons 1, 2, 3 and related introns; the intron (8int fibronectin9) in between 



already present in Baralle9



 

α

(59 39) that recognises the pTB vector

µ

µ

 



™

The PCR reaction was performed in a final volume of 50μl by combing the following reagents

 



µ

µ

After PCR, 5μl of the reaction was loaded on 1% agarose gel to check the amplification and the 

PCR product was treated with 1μl of the DpnI enzyme for 3h at 37°C. This endonuclease 

After digestion, 10μl of the nicked vector DNA containing the desired modifications 

DH5³ strain. Plasmid DNA was extracted

SEQUENCE 5’ 3’



mutated positions are underlined in red. The primer name and its 59 39 sequence are indicated.

 

removed after gentle centrifugation and the cells seeded in 10mL of Dulbecco9s modified 

Eagle9s medium (DMEM: preheated glutamine, sodium pyruvate, pyridoxine and 4.5g/L glucose 



For AC16 expansion and storage the manufacturer9s 

 

transient transfection was conducted with 0.7μg of construct DNA diluted with GibcoTM Opti

volume of 125μl. In the meantime, a second mix including 117.5µl Opti

 

transferred into 1.5mL microcentrifuge tube and 150μL chloroform was added. Samples were 



for 30min. Following this, the RNA pellet was washed with 200μL 70% ethanol and centrifuged 

50μL of autoclaved ddH

 

 

(Invitrogen) and sterile water to reach a final volume of 15μL. The mixture was then denatured at 

 

µ

µ
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³ 2,3 FW

 

 

 

 



cells/mL in 100μL and incubated at 37°C, 5% CO

400μL/well of 10% Alamar blue dye (Invitrogen), 

 

 

 

(Qiagen), following the manufacturer9s protocol. RNA quality control was performed on agarose 



 

not compromised by amplification of genomic DNA. Each 20μl RNA sample was mixed with 1μl 

of DNaseI enzyme, 2μl of DNase buffer (10x), and incubated at 37°C for 30min.

2μl of DNase Inactivation reagent. The samples 

manufacturer9s instructions.

 

to the manufacturer9s instructions, 

SEQUENCE 5’ 3’



the primer name and its 59 39 sequence are indicated

 

designed downstream of the identified variants. Primer9s specificity for each gene was tested 

SEQUENCE 5’ 3’

primer name and its 59 39 sequence are indicated. Abbreviations: ex, exon; FW, forward; RV, 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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% ��Āÿ �ÿ��ĂĀ�Āÿ = band of interest (WT transcript)Total bands  x 100

significant. *p f 0.05, **p f 0.01, ***p f 0.001, and ****p f 0.0001.

 

set up to interpret the SpliceAI Δ

and donor gain; for each the Δscore 



 

 

 

seq raw reads data analysis was performed using the University of Southampton9s 



The reference genome was generated with STAR9s genome generating using 
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https://rseqc.sourceforge.net/


 

 





 



ΔPosition/Δ score

 





∆



 

 



 

3 C>A, occurs in the region of the 39 splice site of exon 43, outside of 



to disrupt the canonical acceptor site (1.00 Δscore). The 
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Δscore). 

 



that a cryptic 39ss is 



cryptic 39 ss in the first nucleotides of exon 226 (c.41609) which removes 3



 



 

splicing of exon 2, while the 411bp fragment was the result of using a cryptic 59 ss. The 

the native 59 ss. The same 



variant which seems to activate a cryptic 59 ss. 

correct splicing of exon 2, the 400bp fragment was the result of using a cryptic 59 ss. Whereas 

hypothesis and the usage of a 59 cryptic ss at 61nt downstream of 

∆



alternative 39ss in the fibronectin intron, the middle band of 385bp correspond

the ³ 3 fibronectin and ´





cryptic 59 ss at 168nt downstream 



of the 59 splice site of exon 33

∆



showed that a cryptic 59ss was used 31bp downstream of the canonical GT, compared to the 
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induce the activation of cryptic 59

cryptic 59ss



intron10) changing C to T 8 nucleotides downstream of the native 59 ss. This variant was labelled 







disruption of the canonical donor site (Δscore 1.00). The splicing profile was evaluated by 

to a cryptic 59 splice site in intron 46 located 132bp downstream of the canonical 



Considering the insert size and the primer positions relative to ³2

the exon 77 skipping and activation of a cryptic 59ss 



relative position of primers over ³2



transcript in which exon 144 is skipped (∆E144 –

deletes 4nt downstream of the native 59 ss. The deletion was 

classified as VUS by ACMG/AMP criteria and predicted to cause the loss of the canonical 59 ss 



and mutant constructs, where cryptic splice sites, 59 and 39 



 



 

minigene carrying the variant was found to disrupt the canonical 39 ss, resulting in the exclusion 
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Intron retention (80bp)

3’ss cryptic site - ex43 (∆73nt)
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pTB DMD c.6118-3 C>A
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Correct splicing

To be confirmed





canonical acceptor splice site and the activation of a cryptic 39ss
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splicing disruption by exon 9 skipping and activation of a cryptic 59ss





the activation of a cryptic 59ss, a 
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c.7251+1 G>A is located at the donor site GT→AT and as this nucleotide is 

and the VUS had a 0.99 ∆



∆score

splicing by SpliceAI (0.00 ∆score)



(0.48 ∆score)

identified, with usage of a cryptic 59 splice site in exo



donor site (0.88 ∆score). RNA analysis was performed from RNA isolated from wh



∆score). 
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mapped to the 39 ss of exon 10 (Figure 72B).



located in 59UTR was invest

the 59UTR and exon 1 where the variant was mapped.

the mutation c.1053+1G>A disrupted the natural 59 ss and created a 



located at the 59 ss



cryptic 59 donor site

variant detected the activation of a cryptic 59 ss 175nt upstream the canonical 59ss of exon 78

59 cryptic site 

seq confirmed the usage of a cryptic 59 ss 



was detected in patient9s blood sample. Therefore, RNA

skipping in patient9s sample compared to the healthy control (Figure 77A). T



patient9s blood confirmed

of the cryptic 39 ss (Figure 78A). However, the read coverage mapped 
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molecule acts specifically at the 59 ss of exon 7 to 
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μ μ μ

In the presence of 300μM Kinetin, 200μM Zeatin and 5μM Branaplam, the level of exon 2 

B, representative graphs of the cells treated with 300μM Kinetin and 200μM Zeatin show that the 

approximately 10%, while cells treated with 5μM of Branaplam 
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μ

μ
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which carries the +3A>T variant leading to use a cryptic 59ss and complete skipping of exon 2 in 
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200μM Zeatin and 500μM VPA

between the treated and control cells. 5μM Branapla



 

μM kinetin, the percent exon inclusion increased from 21% to 



 





 

the 59 ss and modify the activity of the 

recruitment of the U1 snRNP on the 59ss and improve

the 39 ss when disrupted.
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with a ∆score g 0.22 for

variant) variants showed a ∆score 



(6 variants in 39 ss and 18 variants in 59 ss)

dinucleotides of splice sites (5 in 39ss and 5 in 59ss), and 7 affected the consensus splice site 

ive variants were identified to disrupt 39ss, two of which (

c 39 ss (

part of the consensus 39ss not induce mis

to affect the 59 ss consensus sequence were analysed

59 ss

the disruption of the 59ss and 

containing only ³2
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PVS1 criterion, which was defined as <null variant (nonsense, frameshift, 

function (LoF) is a known mechanism of disease= 









 



in both 59 and 39 splice site



has been reported to modulate binding between the 59 splice site and U1 snRNP protein (a 

at the canonical donor splice site, increasing efficient recognition of the cryptic 59 splice site. 

carrying a single point mutation in 39 ss, pTB

land on the 59 ss is a major avenue to help rescue of splicing impairments.
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