N
N

N

HAL

open science

Exon identity influences splicing induced by exonic
variants and in silico prediction efficacy

Natacha Martin, Anne Bergougnoux, Nesrine Baatallah, Benoit Chevalier,

Jessica Varilh, David Baux, Bruno Costes, Pascale Fanen, Caroline Raynal,

Isabelle Sermet-Gaudelus, et al.

» To cite this version:

Natacha Martin, Anne Bergougnoux, Nesrine Baatallah, Benoit Chevalier, Jessica Varilh, et al.. Exon
identity influences splicing induced by exonic variants and in silico prediction efficacy. Journal of

Cystic Fibrosis, 2020, 20, 10.1016/j.jcf.2020.12.003 . hal-03176502

HAL Id: hal-03176502
https://hal.umontpellier.fr /hal-03176502

Submitted on 22 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.umontpellier.fr/hal-03176502
https://hal.archives-ouvertes.fr

Exon identity influences splicing induced by exonic variants and in

silico prediction efficacy

Natacha Martin®', Anne Bergougnoux”“!, Nesrine Baatallah®¢, Benoit Chevalier %,
Jessica Varilh¢, David Baux "<, Bruno Costes?, Pascale Fanen®', Caroline Raynal’*,
Isabelle Sermet-Gaudelus%¢, Emmanuelle Girodon%¢ Magali Taulan-Cadars ‘",

Alexandre Hinzpeter ¢+

3 INSERM, U955, Institut de Recherche Henri Mondor, IMRB, Créteil, France
Y CHU de Montpellier, Laboratoire de Génétique Moléculaire, Montpellier, France

¢Université de Montpellier, Laboratoire de Génétique de Maladies Rares, EA7402 Montpellier, France

4 INSERM U1151, Institut Necker Enfants Malades, INEM, Paris, France
€ Université Paris Descartes, Paris, France
fDepartment of Genetics, GH Henri Mondor, APHP, Créteil, France

& Laboratoire de Génétique et Biologie Moléculaires, Hopital Cochin, APHP Centre-Université de Paris, Paris, France

ABSTRACT

Keywords:

CFTR

Splicing

Minigene

Exon skipping

In silico predictions

1. Introduction

Background: Minigenes and in silico prediction tools are commonly used to assess the impact on splicing
of CFIR variants. Exon skipping is often neglected though it could impact the efficacy of targeted thera-
pies. The aim of the study was to identify exon skipping associated with CFTR variants and to evaluate in
silico predictions of seven freely available software.

Methods: CFTR basal exon skipping was evaluated on endogenous mRNA extracted from non-CF nasal
cells and on two CFTR minigene banks. In silico tools and minigene systems were used to evaluate the
impact of CFTR exonic variants on exon skipping.

Results: Data showed that out of 65 CFTR variants tested, 26 enhanced exon skipping and that in silico
prediction efficacy was of 50%-66%. Some in silico tools presented predictions with a bias towards the
occurrence of splicing events while others presented a bias towards the absence of splicing events (non-
detection including true negatives and false negatives). Classification of exons depending on their basal
exon skipping level increased prediction rates up to 80%.

Conclusion: This study indicates that taking basal exon skipping into account could orientate the choice
of the in silico tools to improve prediction rates. It also highlights the need to validate effects using in
vitro assays or mRNA studies in patients. Eventually, it shows that variant-guided therapy should also
target exon skipping associated with variants.

(CF) and CFTR-related disorders (CFTR-RD) [1]. As Next Generation
Sequencing (NGS) has been introduced in laboratories for routine

The CFTR gene is extensively studied for diagnostic purposes
and over 2000 CFTR variants have been identified in Cystic Fibrosis
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diagnosis, the number of variants will probably greatly increase,
along with the need of properly addressing them as disease caus-
ing or not. While a number of variants have been clearly shown
to cause disease, many are still uncharacterized and are referred
to as variants of unknown significance (VUS). CFTR disease-causing
variants have been classified depending on their consequences on
protein production, maturation, function, regulation or stability [2].
Around 11% of reported CFIR variants are referred to as splicing
variants [1] and most of them affect key splicing elements, such
as acceptor and donor sites (AS and DS, respectively) or induce



the inclusion of pseudo-exons in transcripts [3]. If the open read-
ing frame is disrupted, transcripts will be additionally degraded by
the nonsense mediated mRNA decay (NMD) pathway [4]. A few
studies have shown exon skipping associated to exonic variants
[5-9] which can modify splicing regulatory elements (SREs), such
as exon splicing enhancers (ESE) and exon splicing silencers (ESS)
motifs. This mechanism is not routinely investigated and is proba-
bly underestimated.

Alterations in exon splicing can be measured on endogenous
mRNAs if available or in vitro using minigene systems. Minigenes
enable to evaluate the effect of both exonic and intronic variants
on exon skipping or the use of cryptic AS or DS. On the other
hand, absence of translation of the produced transcripts in mini-
genes prevents eligibility to NMD. Multiple in silico tools have also
been developed to predict splicing defects associated to variants.
While these tools usually successfully recognize the impact of vari-
ants affecting 5’ and 3’ splice sites, the impact of variants located
in branch points (BP), polypyrimidin tracts (ppt-tract) or SREs is
harder to assign.

Recently, the knowledge of multiple defects associated to single
variants has led to a renewed interest in the era of CF personal-
ized medicine [2,10] because it is of importance to predict efficacy
of CFTR modulators and adapt treatments. Increased exon skipping
could hinder treatment efficacy by reducing the amount of tran-
scripts targeted by readthrough inducing molecules [9,11] or the
amount of protein targeted by CFTR modulators (e.g. correctors or
potentiators) [11]. In this context, we evaluated the effect of ex-
onic variants on exon skipping using minigenes. We first compared
two CFTR minigene banks to endogenous basal exon skipping and
alternative splicing in non-CF nasal cells to identify the most rel-
evant system. This minigene was then used to evaluate the effect
on splicing of 65 CFTR exonic variants and results were used to
challenge commonly used in silico prediction tools.

2. Material and methods
2.1. Ethical statement

Informed consent for genetic analysis and functional assays was
obtained from all subjects and the local ethics committee approved
the study (local ethic committee, CPP #2011.12.08ter Sud Méditer-
ranée III; n°ID- RCB: 2011-A01520-41).

2.2. Mutation nomenclature

The recommendations of the Human Genome Variation So-
ciety (HGVS, http://www.hgvs.org/mutnomen/) were followed for
exon numbering and variant names, using reference sequences
NM_000492.3 and NG_016465.3. For readability, traditional names
of tested variants were used in the figures.

2.3. Nasal epithelial cell sampling

Nasal epithelial cells from control individuals were sampled and
processed as previously described [3]. The analysis of the CFTR
transcript was performed by fluorescent PCR on cDNA using the
Multiplex PCR Kit (Qiagen, Hilden, Germany) and primers listed
in Table S1. Fragments size analysis of the fluorescent PCR prod-
ucts was performed using the Genemapper® 4.0 software. Level of
basal exon skipping was determined using a relative quantification
and the ratio of the alternative peak area (without exon) on the
expected full exon inclusion peak area.

The quantitative analysis of CFTR transcripts in nasal epithelial
cells was performed by qPCR as previously described [12].

2.4. Cell culture

BEAS-2B cells were grown and transfected as previously re-
ported [3,7]. T84 cells were cultivated as previously described and
were used as reference for CFTR mRNA quantification because high
levels of mRNA are detected [13].

2.5. Minigene constructs

pETO01 and pSPL3 minigene constructs containing single WT
CFTR exons and their flanking intronic sequences have already been
published [7,14,15] or were PCR amplified using the primers indi-
cated in Table S2 or in Table S3. Mutagenesis was performed us-
ing the QuickChange XL II mutagenesis kit (Agilent, Courtaboeuf,
France) following the manufacturer’s instructions.

2.6. Hybrid minigene splicing assays

One g of minigene plasmids were transfected in BEAS-2B cells
seeded in six-well plates. After 24 hr, total RNA was purified using
Trizol (ThermoFisher Scientific, Courtaboeuf, France) following the
manufacturer’s instructions and RT-PCR analysis performed as pre-
viously described [16].

2.7. In silico analysis

In silico analysis was performed using the different freely avail-
able software, using default settings.

2.8. Statistical analysis

Mean values are given with standard deviation, ‘n’ represent-
ing the number of repeats. Unpaired t-tests were performed to
evaluate the effect of variants compared to WT minigenes. Non-
parametric Wilcoxon-Mann-Whitney (U-test) was used to define if
the minigene system reflects the behavior of the CFTR gene mean-
ing to define if the exon skipping obtained for minigene system
reflects that quantified in control nasal cells samples with p<0.05,
p=<0.01.

3. Results

3.1. CFTR basal exon skipping levels in human nasal cells and
minigenes

mRNA was obtained from nasal epithelial cells of four healthy
volunteers who had no disease-causing mutation as assessed by
complete sequencing of the CFTR locus with NGS [12]. CFTR tran-
scripts were quantified by qRT-PCR revealing similar expression
levels (Suppl. Fig. S1). Transcripts were then amplified with over-
lapping RT-PCRs and fragments analyzed by capillary electrophore-
sis. Basal exon skipping (>1%) was observed in at least one sample
for exons 3, 5, 10, 12, 13, 14, 15 and 22, while alternative tran-
scripts were detected associated to the use of cryptic ASs within
exons 8 (¢.940_941) and 14 (c.1960_1961/c.2013_2014) (Table 1).
Alternative transcripts of exon 14 had been previously reported
[5,17]. While not observed in our samples, transcripts containing
a truncated exon 22 were previously described associated with the
use of a cryptic donor site (c.3518_3519) [5] (Table 1).

These results were compared to data obtained with minigenes
of CFTR exons 2 to 26 subcloned in either pETO1 or pSPL3 plasmids.
Each minigene contains a single exon and its flanking intronic re-
gion (detailed in Tables S2 and S3) corresponding to the CFTR refer-
ence sequence NG_016465.3. RT-PCR analysis showed that all mini-
genes produced transcripts containing full length exons, indicating
the presence of all core splicing elements. Exons 1 and 27 cannot



Table 1

Basal skipping and alternative transcripts of endogenous CFIR and CFTR minigenes. Percentage of exon skipping are indicated. De-
tectable basal exon skipping >1% was considered for comparison between endogenous CFTR and minigenes. Alternative transcripts
generated by the usage of cryptic acceptor (cAS) or donor (cDS) sites are indicated. Ref are results from the literature. Haplotypes
for healthy individuals at ¢.1210-34_1210-6TG(9_13)T(3_9) (TGmTn for simplification) #1: TG11T7/TG11T7; #2: TG10T9/TG10T9;
#3: TG11T7/TG11T7; #4: TG11T7/TG11T5; pET01-exon10 : TG11T7 ; pSPL3-exon10 : TG11T7. To assess if the observed exon skip-
ping by using minigenes are similar to those quantified in control nasal cells samples (CNC), a U-test (Wilcoxon - Mann Whitney)
was used. No (N) means that values are significantly different with p-values that are indicated in brackets with p<0.05 or p<0.01.
Yes (Y) means non-significantly different from the NCN, indicating that values found with minigene system belong to the same
group than the control group, reflecting a good correspondence between endogenous CFTR and minigenes.

Same group that CNC Yes

Control nasal cells Minigenes (Y) or No (N)
. 2 3 4 Ref PETO1 pSPL3 DPETO1 pSPL3
2 - - - - - - Y Y
3 13 - 45 - Skipping 8 +32 - N (p<0.01) Y
4 - - - - - 18+06 Y N (p<0.01)
5 - 1.4 14 - 5+07 1.8 £05 N (p<0.05) Y
6 - - - - 12+11 23+12 Y Y
7 - - - - - - Y Y
8 - - - - - - Y Y
+ cAS + cAS + cAS Yes Yes
9 - - - - - - Y Y
10 20.8 2.7 20.6 39.3 25+05 - N (p<0.01) N (p<0.01)
11 - - - - - - Y Y
12 1.3 - 1.6 2.7 - - N (p<0.05) N (p<0.05)
13 59 7.3 10.1 10.2 50+ 15 45+3.1 N (p<0.01) N (p<0.01)
14 - - - 3.4+ cAS  Skipping+ 8 £2.0+ 64 + 1.7+ N (p<0.05) Yes N (p<0.01)
cAS cAS cAS Yes
15 13 5.1 1.3 5.3 Skipping 3 +07 - N (p<0.05)
16 - - - - - - Y Y
17 - - - - 5+06 12+47 N (p<0.05) N (p<0.05)
18 - - - - - - Y Y
19 - - - - - - Y Y
20 - - - - 15+13 10+32 Y N (p<0.05)
21 - - - - - - Y Y
22 1.6 - - 14 Skipping+ - 4+19 Y N (p<0.05)
cDS + cDS + ¢DS Yes Yes
23 - - - - - - Y Y
24 - - - - - - Y Y
25 - - - - 3+£07 4422  N(p<001) N (p<0.05)
26 - - - - - - Y Y
Basal skipping 17/25 15/25
Alternative transcripts 3/3 3/3

be studied with these minigenes due to the lack of flanking ex-
ons, preventing their amplification. Additional transcripts were de-
tected in both pETO1 and pSPL3 minigenes containing exons 8, 14
and 22, as identified in tissues (Table 1) and by other groups using
different minigene systems [5,17]. These additional transcripts cor-
respond to the use of cryptic ASs or DSs (Fig. 1A), as confirmed by
sequencing and identified by in silico analysis (Table S4).

In pETO1, minigenes containing exons 3, 5, 6, 10, 13, 14, 15, 17,
20 and 25 consistently produced detectable amounts of basal exon
skipping greater than 1% (Fig. 1D and Table 1) and exons 4, 5, 6,
13, 14, 17, 20, 22 and 25 in pSPL3. U-test was used to compare the
exon skipping obtained from both minigene systems (pETO1 and
pSPL3) and events quantified in endogenous CFTR. When compar-
ing to the occurrence of endogenous basal exon skipping in nasal
cells, pETO1 minigenes mimicked basal skipping in 17 out of 25
exons (binomial probability p<0.032). Correlation was not signif-
icantly different between pSPL3 and control nasal cells, with mini-
genes mimicking endogenous basal exon skipping in 15 out of 25
exons (binomial probability p<0.097; Fig. 1D and Table 1). For ex-
ons that do not belong to the same group than control nasal cells
group (correlation not significant by comparing exon skipping of
control samples and minigenes), out of the eight exons skipped
in pETO01, only six were seen in at least in one controls. In pSPL3,
ten exons showed basal skipping of which three could be detected
in controls. Therefore, only 6/8 in pETO1 and 3/10 in pSPL3 were
consistent with the results from the controls. In addition, there

were two exons skipped in pETO1 (exons 17 and 25) and three
in pSPL3 (exons 4, 17 and 25) that were not skipped in the con-
trols. Also, skipping levels were not similar. Compared to control
samples, higher skipping levels was measured in pETO1 minigenes
containing exon 3, 5, 13, 14, 17 or 25 while lower levels were mea-
sured with exon 10. Differences could be in part attributed to the
strength of upstream DS and downstream AS which is constant in
minigenes and variable in endogenous CFTR (Suppl. Fig. S2). For
exon 13, the weak upstream DS (HSF 6.38) could favor skipping
as compared to minigenes. Also, skipping of exon 10 is linked to
the length of the ppt-tract, with greater skipping associated to the
TG11T5 genotype as compared to TG11T7 and TG11T9. This could
be observed in control samples where exon skipping well corre-
lated with the length of the ppt-tract. Finally, distant intronic SREs
could be missing in the minigenes due to the limited upstream
and downstream intronic regions cloned (Suppl. Tables S2 and S3).
Analysis of the variants identified in the four control individuals
(n=49, n=100, n=33 and n=99) using Splice Al [18] did not pre-
dict alterations in the CFTR splicing pattern (data not shown), sug-
gesting that variants found by NGS do probably not affect splicing
events.

3.2. Testing exonic variants

As pETO1 minigene system appeared to correlate better to en-
dogenous basal skipping, this system was used to study 65 exonic
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variants located in 21 CFTR exons known as disease-causing or as-
signed as VUS (Fig. 2 and Suppl. Tables S5A and S5B). Two disease-
causing variants favored the production of alternative transcripts
that were not identified in the WT minigene. The ¢.2491G>T,
p.Glu831* (E831X) mutation within exon 15 led to the production
of an additional transcript missing 3bp due to the generation of
a new AS, as previously described [16], and ¢.2128A>T, p.Lys710*
(K710X) within exon 14 favored the production of two novel tran-
scripts corresponding to the use of cryptic ASs (c.2147_2148 and
€.2285_2286).

Results also revealed that 26 out of the 65 variants significantly
increased exon skipping, ranging from 3% up to 94% (Fig. 2 and
Suppl. Table S5A). For mutations within exons 14 and 22, which
constitutively produced alternative transcripts, a decrease of tran-
scripts containing the full-length exon was considered as defective
(Suppl. Table S5B). The effect of some mutations has been vali-
dated from mRNA obtained from nasal brushings of CF patients
(Fig. 2, with variants underlined bold, from [5-7,9,16] and our data,
summarized in Suppl. Table S6), results showing a single discrep-
ancy observed for ¢.3472C>T, p.Arg1158* (R1158X).

3.3. In silico predictions of the effect of exonic variants on exon
skipping

We used results obtained with the mutant minigenes to eval-
uate the prediction efficacy of six freely available online in silico
tools based on the calculation of either the ESS/ESE ratio (Skippy
[19], EX-SKIP [20], AtESRseq [21]), AHZg (HEXplorer [22]) or AW
(Spidex [23]) and MutPred Splice [24]. Analysis was also performed
with Splice Al [18], a deep learning-based tool based on artificial
intelligence to identify splicing variants (Table S7). In silico anal-
ysis was performed and results are summarized in Fig. 3, where
predictions correlated with results of minigenes experiments are
indicated.

Prediction efficacy was globally low, ranging from around 50%
to 66% (Fig. 4) and could be associated to either high levels of false
negative predictions (MutPred Splice and Splice Al) or false posi-
tive predictions (AtESRseq, Spidex, HEXplorer and EX-SKIP), while
Skippy was associated equally to both (Fig. 4A). Results also re-
vealed that the tools differed in their ability to correctly predict
skipping events for variants that have no effect on exon skipping
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Fig. 2. CFTR exonic variants tested using the pETO1 minigene system.
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(Fig. 4B). Indeed, while Skippy, MutPred Splice and Splice Al were
more successful in identifying variants that did not affect exon
recognition, AtESRseq, EX-SKIP, Spidex and HEXplorer were more
successful identifying variants that increased exon skipping.

Additionally, prediction efficacy appeared variable from one
exon to another. We compared the success rates obtained with
CFIR exons 3, 4, 5, 15, and 26 in which 5 or more variants were
tested. Exon 3 was readily analyzed by six of the seven tools, with
success rates ranging from 66% up to 100% while Splice Al had a
success rate of 44%. On the other hand, variants within exons 5 and
15 were more successfully analyzed with AtESRseq, Spidex, Hex-
plorer and EX-Skip than with Skippy, MutPred Splice or Splice AL
Exon 4 was poorly analyzed by AtESRseq, Spidex and exon 26 was
poorly predicted by all software except MutPred Splice and Splice
Al (Suppl. Table S8).

These exons differ by their level of basal exon skipping (Suppl.
Table S8). We therefore categorized CFTR exons based on the level
of basal exon skipping, applying a threshold of 0%, 2%, 5% and
10% (Fig. S3). Consequently, this also categorized variants located
within these exons, enabling to re-evaluate prediction rates of the
65 tested variants (Fig. 5 and Suppl. Table S9).

For example, while the global success rate of AtESRseq was as-
sessed at 58%, this success rate increased to 90% considering the
32 variants located in exons with a basal skipping higher than 2%,
but decreased down to 36% for the 33 variants located in exons
presenting a basal skipping lower than 2%. Exon categorization af-
fected prediction success rates (Fig. 5 and Suppl. Table S9). These
rates were globally increased for AtESRseq, Spidex, HEXplorer and
EX-Skip for exons presenting a high basal exon skipping levels,
with a concomitant decrease in correct predictions for exons pre-
senting low skipping levels. An opposite result was obtained with

MutPred Splice and Splice Al, while Skippy appeared only moder-
ately affected by exon categorization.

4. Discussion

Classification of CFTR variants is essential to ensure accurate
diagnosis and appropriate genetic counseling. Pathogenicity is as-
sumed when variants introduce premature termination codons
(PTCs), when an amino acid change is shown to alter protein func-
tion or if affecting pre-mRNA processing. In the context of ther-
apies targeting the protein function such as CFTR potentiators or
correctors, efficacy could be hindered by reduced amounts of tar-
get protein resulting from enhanced exon skipping.

In this work, we first compared two minigene banks to en-
dogenous CFTR transcripts from control nasal cells. Analysis was
performed with a sensitive method using capillary electrophoresis,
which enabled the detection of low level transcripts (with a RFU
signal above 50 to eliminate background). CFTR mRNA transcripts
analyzed from control individuals revealed the presence of alterna-
tive transcripts for exons 8, 14, 22 and basal exon skipping greater
than 1% for exons 3, 5, 10, 12, 13, 14, 15 and 22. Minigenes also
produced alternative transcripts for exons 8, 14 and 22, but at dif-
ferent levels. Regarding basal exon skipping, a level greater than 1%
was observed for exons 3, 5, 6, 10, 13, 14, 15, 17, 20 and 25 using
pETO01 and exons 4, 5, 6, 13, 14, 17, 20, 22, and 25 using pSPL3.

Differences with endogenous CFTR transcripts could be at-
tributed to several parameters that are missing in the minigene
systems, such as absence of distant SREs. Another factor is NMD
that will degrade transcripts lacking out of frame exons in primary
cells while not in the minigene system, e.g. exons 3, 6, 8, 12, 14,
16, 17, 18, 19, 21, and 25, reducing apparent skipping levels in pa-
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ig. 3. In silico predictions for 65 exonic variants using the six software.
Correctly predicted events for each software are illustrated while incorrectly predicted effects were removed. Variant names are indicated according to the traditional

nomenclature, in order to facilitate readability.
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tient samples. This could explain the discrepancy observed for ex-
ons 6, 17, and 25, which showed basal exon skipping in minigene
but none in nasal epithelial cells (Table 1). Also, the strength of the
upstream DS and downstream AS could influence exon skipping.
While both downstream AS and upstream DS are constant in the

minigene, they are of variable strength in CFTR pre-RNA [7] (Suppl.
Fig. S2). For example, basal skipping of exon 13 in primary cells
could be favored by the weak DS of exon 12 and be absent in mini-
genes having a stronger DS. Despite weaknesses underlined in this



study, minigene systems are robust enough to assess the impact of
exonic mutations when patient samples are not available.

The evaluation of 65 CFTR exonic variants using minigenes pro-
vides substantial data on the effect on exon skipping that could be
integrated in databases such as CFTR2 [25] and CFTR-France [26].
Out of the 65 CFIR exonic variants evaluated, 26 significantly in-
creased exon skipping in pETO01. Six of these could be confirmed
in samples obtained from nasal epithelial cells. Of note, while a
good correspondence with the occurrence of exon skipping was
observed, the levels of exon skipping were different. Nevertheless,
exon-skipping events should be taken into account in the mech-
anism of pathogenicity of these variants, that impact not only on
diagnosis but also on therapeutic purposes.

Interestingly, 22 out of the 26 variants increasing exon skipping
were found in exons presenting a basal skipping level greater than
2%, while 30 out of the 39 variants tested that did not induce exon
skipping were located in exons presenting a basal skipping lower
than 2%. Notable basal exon skipping therefore appeared to be in-
dicative of a greater susceptibility of the exon to exonic skipping
mutations. It could be speculated that exons presenting weaker
core splicing motifs need additional signals to improve exon recog-
nition such as ESE/ESS motifs. When exons present strong core mo-
tifs, alteration of ESE/ESS motifs could be less critical.

The occurrence of splicing defects and in particular exon skip-
ping associated to exonic variants is not routinely searched for.
Nonetheless, it is important to document such effects of variants
that may have no impact on protein function, such as for c¢.220C>T,
p.Arg74Trp (R74W) [27,28] to understand the mechanisms underly-
ing variant pathogenicity. In the case of known CF-causing variants,
the level of enhanced exon skipping may not directly impact on
diagnosis and genetic counseling issues but on treatment options
[29,30], as for numerous nonsense variants here studied, such as
c178G>T, p.Glu60* (E60X), ¢.223C>T, p.Arg75* (R75X), c.1657C>T,
p.Arg553* (R553X), c.2491G>T, p.Glu831* (E831X) or ¢.2551C>T,
p.Arg851* (R851X).

In silico tools are commonly used to predict effects on splic-
ing, and exon skipping events identified by minigenes were used
to challenge them. Overall prediction efficacy was around 50-66%
with low scores associated to either high levels of false nega-
tive or false positive results. Interestingly, Splice Al which showed
the highest success rate (66%) correctly assigned all thirty-nine
mutations not affecting exon skipping and identified four out of
the twenty-six mutations inducing exon skipping. However, Splice
Al unlike to others did not predicted some splicing events, e.g.
exon 3 skipping associated with p.Arg75GIn (R75Q) which was ob-
served in nasal epithelial cells (13%) and by using pETO1 minigene
(39%)(Suppl. Table S6) [7].

These results were in contrast to Soukarieh et al. who ob-
tained much higher success rates using CFTR exon 13 (exon 12
in their study in legacy nomenclature) [8]. Such a discrepancy
could be due to different minigene constructs and protocols used.
In other respects, only three natural variants among 42 were in-
vestigated in their study and consistent results were obtained for
¢1727G>C, p.AlaG576Ala (G576A), with 92% and 94% of exon skip-
ping in Soukarieh et al. and with pETO01, respectively. This mutation
showed complete exon skipping in pSPL3 in a previous study [12].

Importantly, categorizing CFTR exons on the basis of their level
of basal skipping enabled to enhance prediction efficacy up to 70-
100%. Exons presenting a basal exon skipping were better analyzed
by deltaESR, EX-Skip, Hexplorer and Spidex while MutPred Splice
and Splice Al were found to be better for exons with no basal skip-
ping. Skippy prediction scores were not modified by exon catego-
rization. This could lead to the preferential use of specific in silico
tools depending on the exon type, namely exons carrying active
ESEs involved in exon recognition.

While prediction tools are being constantly improved, this
study illustrates the difficulties to predict the effect of sequence
variants on exon splicing and highlights the need to validate the
predicted effects using in vitro assays or, preferably, samples ob-
tained from patients. Eventually, it shows that variant-guided ther-
apy should also target exon skipping associated with variants.
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