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Abstract

With the increased number of identified nucleotide sequence variations in genes, the current
challenge is to classify them as disease-causing or neutral. These variants of unknown clinical
significance can alter multiple processes, from gene transcription to RNA splicing or protein
function. Using an approach combining sevemnailico tools, we identified some exons
presenting weaker splicing motifs than other exons in the Cystic Fibrosis Transmembrane
conductance Regulato€FTR) gene. These exons exhibit higher rates of basal skipping than
exons harbouring no identifiable weak splicing signals using minigene assays. We then
screened 19 described mutations in three different exons, and identified exon-skipping
substitutions. These substitutions induced higher skipping levels in exons having one or more
weak splicing motifs. Indeed, this level remained under 2% for exons with strong splicing
motifs and could reach 40% for exons having at least one weak motif. Further analysis
revealed a functional exon splicing enhancer within exon 3 that was associated with the SR
protein SF2/ASF and whose disruption induced exon skipping. Exon skipping was confirmed
invivo in two nasal epithelial cell brushing samples. Our approach, which point out exons

with some splicing signals weaknesses, will help spot splicing mutations of clinical relevanc
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Introduction

With the introduction of high-throughput sequencing technologies, an increasing number of
missense, silent, and intronic variants are being detected. Assessing the potential for disease
causing of these variations is challenging because of their large number in human genes
(Baralle, et al., 2009). The characteristics of a great number of variants, in terms of altered
RNA processing or protein function, are often unknown. These nucleotide variations are
named unclassified variants (UVSs) or variants of unknown significance (VUS).

In vitro functional studies can reveal altered protein function, stability, or maturation. At the
RNA level, studying the transcriptional product directly, when accessible, or measuring the
effect on RNA splicing efficiency using a minigene approach, can also help to tag UVs as
either neutral or disease-causing (Gaildrat, et al., 2010). In addliti@tico splice tools can

also help detect potential candidate exon-skipping nucleotide substitutions (for review see
(Hartmann, et al., 2008; Houdayer, 2011).

Splicing mechanisms comprise exon recognition within large pre-mRNA molecules and the
precise removal of flanking introns, as determinedibyacting elements, exon length, local

RNA structure, nucleosome density and rate of pre-mRNA synthesis (Graveley, 2005; Hertel,
2008; Luco, et al., 2010; Tilgner, et al., 2009). Three otithacting elements constitute the

core splicing signals: the intronic branch point (BP), the acceptor site (AS) (or 3’splice site),
including an inconstant upstream polypyrimidine tract (PPT), and the giondDS) (or 5’

splice site). These core human splice site motifs contain only a part of the information that
defines exons (Lim and Burge, 2001; Wang and Burge, 2008) while the rest corresponds to
less conserved splicing regulatory elements (SRES). The latter are located within the exon or
flanking introns, promoting or inhibiting exon recognition through exonic/intronic splicing
enhancers (ESE or ISE) or silencers (ESS or ISS), respectively (for review, see (Black, 2003;

Cooper, et al., 2009)). Global approaches have been developed to identify ESE and ESS



motifs generating a comprehensive list of oligonucleotide hexamers (Zhang and Chasin,
2004) or decanucleotides (Wang, et al., 2004). These SREs temmsiaicting splicing

factors, serine/arginine rich proteins (SR-proteins) and heterogeneous nuclear
ribonucleoproteins (hnNRNPs), which activate or suppress splice site recognition or
spliceosome assembly (Chasin, 2007). Consequently, nucleotide substitutions located within
any of these motifs can hinder proper exon recognition, leading to aberrant RNA processing
(Barash, et al., 2010; Cartegni, et al., 2002).

DNA sequence variants of unknown clinical significance were identified among the over
1,900 mutations within the extensively analyzed cystic fibrosis transmembrane conductance
regulator geneGFTR; MIM# 602421; GenBank NM_000492.3). Mutations in GETR

gene are responsible for cystic fibrosis (CF, MIM# 219700), the most common severe
recessive genetic disease in the Caucasian population (Riordan, et al., 1989). This gene needs
to include intact versions of all its 27 exons to be functional, and any mutation affecting its
splicing process (about 12% of the descriB&d@R mutations

[http://genet.sickkids.on.ca/CFTRY]) will reduce the amount of functional full-length
transcripts. Interestingly, a subsetGH TR exons (i.e., exons 10, 13 and 14) undergo patrtial
aberrant skipping in individuals, even with no apparent genomic alterations (Aznarez, et al.,
2003; Hull, et al., 1994; Slomski, et al., 1992), suggesting the presence of weaker splicing
signals along th€FTR sequence. Mutations within these exons increase exon skipping
through SRE disruption (Aznarez, et al., 2003; Pagani, et al., 2003a; Pagani, et al., 2003b). It
is likely that a number of UVs occurring in otH&F TR exons could indeed affect splicing.

In the present work, we first evaluated the strength of splicing signalsCFER exons

usingin silico tools and identified those containing weak core splicing elements or
inconsistent SRE densities. Next, we compared these results with the basal exon skipping

level detectable in several minigene constructs containing individuaCHMIR exon and



found that significant basal exon skipping could be observed for those exons having weaker
identified splicing signals. The predictability of exon skipping induced by nucleotide
variations was then evaluated by comparmglico predictions and experimental minigene
results. After analyzing 19 naturally occurring exonic sequence variations in three different
exons, our results led to consider some of them as exon-skipping nucleotide substitutions,
with consequences on splicing anticipatedrbsilico tools with a correct rate of success (16
out of 19). Interestingly, the level of exon skipping was linked to the strength of splicing
motifs, mutations in several exons with weaker splicing signals inducing higher levels of
skipping. We further characterized a functional ESE mo@HTR exon 3 that recruited the

SR protein SF2/ASF. We were able to confirm exon 3 skipping by dirento analysis of

CFTR mRNA of heterozygous carriers, showing that this ESE motif could be disrupted by
nucleotide variations initially considered to be neutral variants or polymorphisms. These
results support the hypothesis that exons presenting weak core splicing motifs or SREs are

more likely to include exon-skipping nucleotide substitutions that are clinically relevant.



Materialsand Methods

Mutation and refer ence sequence nomenclature

Recommendations of the Human Genome Variation Society (HGVS)
(http://mvww.hgvs.org/mutnomen/) were followed for exon numbering and mutations names,
using +1 as the A of the ATG translation initiation start site in the GenBRifiR reference
sequence NM_000492.3 for the RNA/cDNA. All the studied variants were previously
reported to the CFTR database [http://genet.sickkids.on.ca/CFTRY].

Ethics statement

Informed consent was obtained, and the local ethics committee approved the study.

In silico analysis

The strength of core binding motifs and SRE densities as well as the effect of the different
base substitutions were analysed using the free online software packages indicatedtin the tex
or in Supplementary Material (Supp. Table S1).

Cloning, plasmid constructs, and mutagenesis

TheCFTRexons 3, 4, 5, 6, 11, 13, 14, 16, 17, 21 and 23 and intronic flanking regions were
amplified using the primers summarized in Supp. Table S2 as previously described
(Hinzpeter, et al., 2010), and subcloned into an exon trap vector pETO1 (MoBiTec). Mutants
were generated by site directed mutagenesis as previously described (Hinzpeter, et al., 2010).
Cdll culture and transfection

HEK293, HelLa, HT-29, BEAS-2B, and IB3-1 cells were cultured in DMEM or LHC-8
medium supplemented with 10% fetal calf serum (Invitrogen Life Technologies). Cells were
transfected with TurboFect (Thermo Fisher Scientificcording to the manufacturer’s

instructions.


http://www.genomic.unimelb.edu.au/mdi

Hybrid minigene splicing assays

One pg of minigene constructs containing either WT or mutant exon were transfected into the
different cell lines, seeded in 6-well plates. After 24 hours, total RNA was purified and
analyzed as previously described (Hinzpeter, et al., 2010).

Electrophoretic mobility shift assay

EMSA was performed using 280 ng recombinant SF2/ASF (Abnova) and radiolabeled RNA
probe containin@FTR exon 3 as indicated in Supplementary Material.

Modulation of SF2/ASF expression

SF2/ASF cDNA was cloned in pcDNA3.1/V5-His-TOPO vector (Invitrogen Life
Technologies) using specific oligonucleotidés@ccatgtcgggaggtggtgt; 5°-
ttatgtacgagagcgagatesg). Overexpression of SF2/ASF was obtained by transfection using
Lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer's
instructions. sSiRNA experiments were performed using 100 pmol ON-TARGETplus siRNA
(Thermo Fisher Scientific). Cells were incubated for 48 hours before analysis.

Western blot analysis

After transfection, to compare mRNA expression to protein content in the same sample, cells
were lysed using the Allprep kit (Qiagen) following the manufacturer’s instructions. Proteins

were separated by 12% SDS-PA€IEctrophoresis and transferred onto PVDF membranes
before being probed using anti-SF2/ASF (Santa Cruz Biotechnology) or anti-LaminB1
(Abcam) antibodies and revealed through chemiluminescence (GE Healthcare Life Sciences).
Total RNA purification and quantification of splice variants

Nasal epithelial cells were obtained by nasal brushing€&A® transcripts were analyzed as
previously described (Hinzpeter, et al., 2010). Semi-quantitative RT-PCR was performed
using FAM-labeled primer in exon 1'¢(6cagcgttgtctccaaactti3and a reverse primer in exon

4 (5'- cgatagagcgttcctccttg-8



Results

In silico identification of exons proneto harbor nucleotide substitutions promoting exon-
skipping

We postulated that mutations with#TR exons bearing weaker splicing signals could

render them more susceptible to skipping. To identify such weak signals, the strength of the
core splicing motifs was first calculated for @FTR exons using fourteen different freely
availablein silico tools (Table 1, Supp. Table S3, S4 and Supp. Figure S1). Values for the
intronic polypyrimidine tracts and branch points were assigned to the corresponding
downstream exons. Analysis of some core splicing motifs could not be performed on exons 1
and 27, the first and last exonfs@FTR, respectively. Using a similar strategy to that initiated

by Steiner and colleagues (Steiner, et al., 2004), strength values for core motifs were
compared with the median value for GFTR exons (Table 1, Supp. Table S3, S4 and Supp.
Figure S1). A subset of exons had at least one core motif with a score in the outliers under the
lower inner fence90% Confidence Interval, CI190) depending on the software used (Table 1).
Noteworthy, despite the heterogeneity in the results, several exons presented one of their AS
or DS as weak by more than five out of thirteen tools, namely exons 5, 7, 9, 14, 15, 20, 25,
and 27, which will be further considered as weak. Other exons displayed weak BP or PPT (2,
7, 10, and 22) however these latter were detected by a unique tool.

Additionally, a low frequency of ESE or high frequency of ESS (Wang, et al., 2005; Zhang, et
al., 2009), as well as a higher density of intronic ESS elements in the vicinity of splice sites
(Woolfe, et al., 2010), are suggestive of architectural weaknesses in the exon definition and
could lead to reduced inclusion. These features were evaluated by calculating the frequency of
putative ESE and ESS (and consequently their ratio (ESS/ESE)) within the entire exon or its
exonic/intronic boundaries. This was done foIGHITR exons by using the EX-SKIP

(Raponi, et al., 2011) and the SKIPPY tools (Woolfe, et al., 2010).



A similar analysis betwee@F TR exons revealed an ESE frequency below the lower inner
fence CI90) and/or an ESS frequency above the upper inner f&188)(and/or ESS/ESE

ratio above the upper inner fen€& 90) for exons 3, 6, 8, 13, 16, 18, and 25 when using EX-
SKIP software (Figure 1 and Table S4), for exons 3, 6, 13, 15, 18, 20, and 22 when using
SKIPPY software (Figure S2 and Table S4). Additionally, exons 2, 6, 7, 15, 16, 18, and 25
displayed high intronic ESS densities up- or downstream of their splice sites, a feature
calculated by SKIPPY software that might influence exon recognition (Figure S2 and Table
S4).

Hence, the list of exons presenting weak splicing signals was different according to the
sdtware used but when merging all, 17 out of 27 anal@€tR exons harboured at least one
putative weak splicing signal, whereas some exons lacked such identifiable weak points,
namely exons 1, 4, 11, 12, 17, 19, 21, 23, 24, and 26. These results led us to evaluate basal
exon skipping using a minigene approach to corretatero exon splicing behaviours with
possible weaknesses in their splicing signals highlightad &¥ico tools.

Basal exon skipping observed in minigene constructs cor relates with weaker splicing

signals

Basal exon skipping levels were assessed using the daErBfexons 10, 13, and 14

performed by other groups (Aznarez, et al., 2003; Pagani, et al., 2003a; Pagani, et al., 2003b).
We constructed additional minigenes containing @ATR exons 3, 4, 5, 6, 11, 13, 14, 15,

16, 17, 21, or 23 plus approximately 300 nucleotides of their flanking intronic regions. After
transfection in the bronchial epithelial cell line BEAS-2B and total RNA purification, samples
were amplified by RT-PCR and analyzed by capillary electrophoresis as illustrated Figure 2A.
From this expression system, a single 245 bp transcript was amplified from the empty
plasmid, as predicted (Figure 2B). In constructs containing the studied exon, up to two peaks

could be detected: a major peak corresponding to the full-length mRNA and a minor peak



corresponding to exon skipping (illustrated for exon 3 in Figune B&sal exon skipping

using the different WT constructs was measured (Table 2), ranging from not detectable (exons
6, 11, 16, 21, and 23) to 44% (exon 13). As exon recognition involves multiple signals, we
combinedn silico tools i.e. AS, DS, BP, PPT, SREs (Supp. Tables S5 and S6). When
comparing these profiles to the computational analyses, a particular feature emerged. On the
one hand, the majority of exons presenting a basal skipping level above 5% in our minigene
assays had at least one weak splice signal, namely exons 3, 5, 10, 13, 14, and 15. Exceptions
were exons 6 and 16, which presented one weak splice signal (Table 1 and Table 2) but with
no skipped transcript detected (Table 2). On the other hand, exons 4, 11, 21, and 23, which
showed stronger splice sites, had basal exon skipping under 1% (Tables 1 and 2), with the
exception of exon 17 which presented basal skipping (14% + 1%, n = 3). When comtining
silico tools, prediction success rates reached up to 10 out of 13 (Table Supp. S5 and S6).
Hence, it appeared that exons presenting at least one weak point in their intrinsic splicing
signals detectable by silico tools were prone to basal skipping abovei&%itro.

Predicting the effect of missense alterations on exon skipping

While the consequences of nucleotide substitutions affecting core splicing motifs in their
conserved motifs are predictadsilico with a good success rate (Houdayer, et al., 2008),
prediction of those occurring deeper in the exon is more delicate since SREs are less
conserved (Homolova, et al., 2010; Mucaki, et al., 2011) and thus less predictable. One
proposed approach consists of comparing the predicted number of ESS and ESE identified
within the exon and their ratio for both WT and mutated sequences by the EX-SKIP tool
(Raponi, et al., 2011). According to this approach, if the mutated exon has a higher number of
ESS, a lower number of ESE or a higher ESS/ESE ratio than the WT exon, it would be

considered to be more vulnerable to skipping.
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Similarly, SKIPPY software focused on the loss or gain of ESE or ESS, while giving more
weight to substitutions which convert an ESE to an ESS for example (Woolfe, et al., 2010).
The tendency of a nucleotide substitution to be a splicing-altering variation is calculated with

a log odd ratio (LOR); the highest the calculated LOR is, the higher the predicted splicing
alteration is.

Consequently, by comparing the results from the splicing pattern of mutations located within
exons 10 and 13 tested with a minigene (Pagani, et al., 2000; Pagani, et al., 2003b) and the
EX-SKIP predicted skipping susceptibility, we obtained 50% and 100% success rates of
prediction, respectively (Supp. Table S7). In parallel, SKIPPY predictions were less
correlated, with success rate of prediction reaching only up to 50% (Supp. Table S7).

In light of these results, we wanted to evaluate the presence of exon-skipping nucleotide
substitutions irCFTR exons presenting weak or strong splicing sigralsilico analysis

identified exon 3 as having an ESS number and an ESS/ESE ratio in the outliers above the
upper inner fenced] 90) calculated for alCFTR exons (Figure 1 and Supp. Table S4).
Conversely, exon 4 had no apparent weak points, whereas exon 5 displayed a weak donor site
(Table 1 and Supp. Figure S1). Therefore, exons 3 and 5 would be more likely to harbor exon-
skipping nucleotide substitutions compared with exon 4. To test this hypothesis, we picked
natural sequence variations occurring in exons 3, 4, and 5 from the CF mutation database and
evaluated their effect on splicing using a minigene strategy.

Hybrid minigene splicing assay identifies exonic mutations that affect splicing

We constructed hybrid minigenes containing exonic mutatio@§iFR exons 3, 4, or 5 and
transfected them, as well as control wild-type constructs, into BEAS-2B cells. The results
obtained with the minigene splicing assay revealed exon-skipping nucleotide substitutions
(summarized in Supp. Table S8). Increased exon 3 skipping was observed with several

nucleotide substitutions (p < 0.001), including ¢.178G>T (32% % 1.6%, n = 3), ¢.220C>T
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(39% + 0.3%, n = 4), c.223C>T (17% + 1.8%, n = 4), ¢.224G>T (37% + 5.2%, n = 4), and
C.224G>A (39% + 0.3%, n = 4), while ¢.202A>G (2% + 0.3%, n = 3), ¢.263T>G (3% = 0.3%,
n = 3), and ¢.263T>C (4% £ 0.7%, n = 3) did not increase exon 3 skipping (Supp. Figure S3
and Supp. Table S8).

Some nucleotide substitutions within exon 4, such as ¢.328G>C (1.8% + 0.3%, n = 3),
€.366T>A (1.9% + 0.6%, n = 3), c.350G>A (1.9% % 0.2%, n = 3), significantly increased

exon skipping (p < 0.02) compared to WT construct (0.7% = 0.2%, n = 6), but the latter
remained under 2%. Other mutations did not significantly induce exon skipping compared to
WT, such as ¢.419C>T (1.3% + 0.3%, n = 3), ¢.443T>C (0.6% + 0.1%, n = 3), and c.472A>C
(0.3% = 0.1%, n = 3) (Supp. Table S8), while complete exon skipping was observed with both
€.274-2A>C and ¢.489+1G>T mutations, affecting acceptor and donor sites respectively (data
not shown).

Compared with the WT construct (5% £ 0.7%, n = 4), the results obtained with mutations
within exon 5 revealed an increase in exon skipping (p < 0.01) for mutants c.496A>G (9% +
0.4%, n = 3), ¢.509G>A (18% + 2.2%, n = 4) and ¢.533G>A (22% + 0.2%, n = 3), c.547C>A
(10% = 0.2%, n = 3), and ¢c.574G>A (8% % 0.9%, n = 3) (Supp. T&B)le

The best prediction obtained with EX-SKIP for the mutations tested was 100% for exon 3 (8
out of 8), 67% in exon 4 (4 out of 6), and 80% in exon 5 (4 out of 5) (Supp. Table S8). With
the SKIPPY software, the best predictions were done with substitutions affecting exon 4 (3
out of 6) (Supp. Table S8).

Nonetheless, even if the negative or positive impact of the substitution on the exon inclusion
was correctly predicted by these tools, they are not predictive of the level of exon skipping,
which appeared to be correlated to the strength of the splicing signals. Indeed, for exons with
at least one weak splicing signal, skipping was present in up to 39% of transcripts for exon 3

and 22% for exon 5 (Supp. Table S8). Similarly, examples of exons with weak splicing
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signals reported in the literature were excluded in up to 85% of transcripts carrying mutations
in exon 10 and 100% of transcripts carrying mutations in exon 13 (Supp. Table S7). In
addition, when the tested mutations within the exon 4 having no detected weak signal induced
skipping, this affected less than 2% of transcripts (Supp. Table S8

Cell-specific effects on exon 3 skipping

We further focused the study on the region of exon 3 containing nucleotides ¢.220 to c.224,
where the polymorphism ¢.224G>A, which represents 3% of alleles in the European
population (dbSNP 135, rs1800076), is located. We evaluated exon 3 splicing behaviour in
cell lines of different origin: the lung CF epithelial cell line IB3-1, the colonic cell line HT-29,
the embryonic kidney cell line HEK293 and the cervical cancer cell line HeLa. Basal exon
skipping with the WT construct ranged from 6% + 0.9% (n = 6) in IB3-1 cells%+13.8%

(n = 6) in HEK293 cells (Supp. Figure S4 and Supp. Table S9). The results obtained with
mutation-containing constructs were globally similar throughout the different cell lines tested,;
€.220C>T, ¢.224G>T, and c.224G>A substitutions induced a 2- to 5-fold increase in exon 3
skipping. However, skipping was highest in BEAS-2B epithelial cells and lower in HEK293
and Hela cells. The ¢.223C>T substitution presented a more complex pattern, with a
significant increase in exon 3 exclusion measured in the colonic and in the two lung epithelial
cell lines. By contrast, HeLa cells showed a similar splicing pattern to the WT construct,
whereas the substitution had an opposite effect on HEK293 cells, significantly improving
exon 3 recognition (two-fold) compared with WT (p < 0.006).

In silico prediction of a molecular mechanism responsiblefor exon 3 skipping

Exon skipping can be the consequence of altered binding of SR-proteins and hnRNPs to the
nucleotide stretchin silico analyses, using HSF, ESEfinder3.0, and ASSA, enabled the
detection of putative binding site disruption or creation for some of these splicing factors

(Supp. Table S10 and S1Alteration of these binding sites can give clues to the nature of the
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molecular mechanism responsible for exon skipping. Indeed, the implication of some of these
splicing factors had been previously confirmedibyitro modulation studies for exons 10

and 13 by others (Pagani, et al., 2003a; Pagani, et al., 2003b) (indicated with a # in Supp.
Table S10.

Interestingly, the three substitutions associated with a 3- to 5-fold increase in exon 3 exclusion
(r.220c>u, r.224g>u, and r.224g>a) reduced the score of the sole predicted SF2/ASF-binding
motif located within exon 3 under the default threshold value of 1.867 with ESEfinder3.0
(Figure 3A and Supp. Table S11). Indeed, the SF2/ASF score matrices showed a decrease
from 2.7 to 0.99 for both r.220c>u and r.224g>a, and to 0 for r.224g>u. Two substitutions,
r.220c>u and r.223c>u, also abolished a potential SRp55-binding motif, while r.224g>u and
r.224g>a disrupted two 9G8-binding motifs predicted by HSF (Supp. Tab)eF&kficularly,

the r.223c>u mutation also led to the appearance of a new potential SF2/ASF-binding motif
(CUUCGGUG) with a 2.06 score, three nucleotides upstream of the normal SF2/ASF-binding
motif (CGGCGAUG) (Figure 3A in bold). This novel SF2/ASF-binding motif is in

accadance with the reduced splicing defect associated with this substitution (17%) compared
to ¢.220C>T, ¢.224G>A, and ¢.224G>T (37-39%) (Supp. Figures S3 and S4, and Supp. Table
S8. Exon 3 exclusion detected in epithelial cell lines associated to the ¢.223C>T mutation
could be caused by the decreased affinity of this new potential binding site compared to WT
(from a score of 2.7 to 2.06).

Direct association of SF2/ASF to exon 3 RNA probes

To test whether the SF2/ASF protein could bind to the exon 3 pre-mRNA strand according to
the software predictions, direct association between SF2/ASF and exon 3 was assessed by
electrophoretic mobility shift assay (EMSA) experiments using a RNA probe containing
complete WT or mutar€FTR exon 3 (109 nucleotides) and increasing quantities of

recombinant purified SF2/ASF protein. The results showed a dose dependent electrophoretic
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shift of the RNA probe, indicating a direct association between the WT nucleotide sequence
and recombinant SF2/ASF (n = 3, Figure 3B). Results obtained with probes containing the
r.224g>a mutation revealed a reduced electrophoretic shift at higher concentrations of
SF2/ASF compared to WT probes (n = 3, Figure 3B), compatible with a reduced affinity of
the SF2/ASF binding site.

Modulation of SF2/ASF levels

To evaluate the importance of SF2/ASF for exon 3 recognition and to rescue exon skipping,
we upregulated its expression in the CF bronchial epithelial cell line IB3-1 transfected with
the minigene. The amounts of SF2/ASF were measured by Western blot, normalized by
LaminB1 expression, and reported relative to 100% of control. The results illustrated in
Figure 3C, obtained 48 hours after transfection, indicated that a 5-fold upregulation slightly
but significantly increased exon insertion (from 4.4% + 0.4% to 3.2% + 0.1%, n =6, p <
0.01), whereas a 5-fold downregulation of SF2/ASF did not affect WT exon 3 recognition.
Skipping of exon 3 bearing the ¢.224G>A substitution was more sensitive to SF2/ASF
upregulation; a 4-fold overexpression significantly corrected exon 3 splicing, from 27% +
1.0% to 18% = 0.3% (n = 3, p < 0.001). Similar treatment using the minigene containing the
€.220C>T substitution resulted in an analogous profile, with a significant correction of the
splicing defect after a 3-fold upregulation of SF2/ASF from 18% + 1.0% to 11% + 0.7% (n =
3, p <0.001) (Supp. Figure S5). The observation that upregulation of SF2/ASF partially
corrected the splicing defect associated with both ¢.224G>A and ¢.220C>T substitutions
indicates that SF2/ASF might play an important role in exon 3 recognition and that the
reduced affinity of the binding site could be compensated by overexpression of SF2/ASF.
Direct transcript analysis corroborates in vivo skipping of exon 3

CFTR mRNA obtained from nasal epithelial cells of two healthy volunteers heterozygous for

the ¢.224G>A nucleotide variation was subjected to both a quantitative and a semi-
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guantitative RT-PCR analysis. For these two samples, no other mutation was detected after
genomic analysis of the whole coding sequence and flanking regionsCFdtaltranscripts

were quantified by gRT-PCR, but this showed no statistically significant differences in the
levels of any of the ¢.224G>A (p.Arg75GIn) heterozygotes compared with three healthy
controls (data not shown). Capillary electrophoresis of the two samples revealed skipping of
exon 3in 13% * 1% (n = 6) of transcripts, whereas samples obtained from three controls
showed skipping in less than 1% of transcripts (Figure 4). These shorter transcripts are
predicted to encode a truncated, non-functional 69 amino acid CFTR peptide since a

premature termination codon appears in exon 4.
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Discussion

TheCFTR gene is a useful model for the study of genotype/phenotype correlation, CF and
related disorders being associated with a large spectrum of symptoms and sequence
variations. We tested the predictability of the impact of a subset of exonic nucleotide
substitutions on the splicing pattern of the correspon@mTR exon. In the present study, we
sought to recognize exons prone to harbor exon-skipping associated mutations. To this
purpose, we first calculated using sevenadlico tools the mean strength of the splicing

motifs for all 27CFTR exons, and considered them subsequently as having weak splicing
signal when one of their calculated score was in the out{@®@9); under the lower inner

fence (for core splicing signals and ESE density) or above the upper inner fence (for ESS
density and ESS/ESE ratio).

Measuring exon skipping in a subset of WT minigene constructs (n=12) in a second step, led
us to observe basal exon skipping above 5% for 6 exons. By compavitrg andin silico

results, it appeared that exons presenting weak splicing signals had a basal skipping above
5%. The correlation reached 10 out of 13 when comhlimaidico tools which evaluate the
strength of AS, DS, PPT, BP and SREs. Correlation could be improved if taking into account
other signals known to influence exon recognition. Indeed, the length of the exons influences
their recognition as proposed by the exon definition model (Berget and coworkers), which
invokes the necessary communication of 3’- and 5’-splice site complexes across an exon for
efficient splicing (Berget, 1995; Robberson, et al., 1990). The requirement for communication
across an exon led to the model that splice site recognition is more efficient when exons are
small, and exon inclusion decreases with increasing exon size (Berget, 1995). The small
length of exon 16 (38 bp, under tGE0 lower inner fence, Supp. Table S4 and Figure S6),

can therefore account for the absence of skipped transcripts. In contrast, the larger exon 14

(724bp, above th€l90 higher inner fence, Supp. Table S4 and Figure S6) would be less
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efficiently recognized, in addition to its weak acceptor site (predicted by 8 out of 12
algorithms, Table 1). Concordantly, this exon has been previously shown to use a cryptic
acceptor site (Aznarez, et al., 2003) and results obtained with our minigene model revealing
the use of cryptic acceptor sites and exon skipping (data not shown).

Two other discrepancies were observed for exons 6 and 17, which exhibited differential
behaviorin silico andin vitro. Therefore, caution should be exercised witllico analyses

tools available at present. The presence of basal exon skipping in a minigene construct is
relatively relevant for pointing out an exon as having putative strong or weak splicing signals,
and when paired tm silico analyses facilitates further characterization of these weak points
and definition of their appropriate thresholds for an efficient prediction.

This classification oCFTR exons splicing signals as either strong or weak, albeit simplistic,
could help anticipate the impact of exonic nucleotide substituéindscould be useful to
investigate sequence variations as putative splicing mutations. While the occurrence of exon
skipping was appropriately anticipated by thailico tool EX-SKIP (success rates from 67%

to 100%) with our minigene constructs (Supp. Table S8), its level was not. This latter
parameter appeared to be correlated to the strength of the splicing motifs of the exon, as exon
skipping levels differed between exons 3 and 5 having weak signals (up to 39%) and exon 4
without any detectable weak signal (up to 1.9%) after nucleotide substitutions. High exon
skipping rates were also associated with mutations located VEIR exons 10 and 13,

both presenting splicing signal weaknesses (up to 85% and 100%, respectively) (Pagani, et al.,
2003a; Pagani, et al., 2003b). On the other hand, SKIPPY skipping tendency did not
successfully anticipate the effect of nucleotide substitutions (success rate 12.5% to 50%)
(Supp. Table S8). Therefore exon skipping mutations located within exons with low-strength
splicing motifs are more likely to have biological consequences and can be predicted with a

higher success rate. The nature of the nucleotide substitution itself, its location in such exon
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and therans-acting splicing factors which are possibly altered, have also to be taken into
account byn silico analyses, however, some parameters such as local RNA structure,
nucleosome density and rate of pre-mRNA synthesis were not.

Consequently, to finally define the molecular mechanism responsible for increased exon 3
skipping, we looked at the binding of splicing factors putatively altered by a subset of
naturally occurring substitutions. ESEfinder3.0 predicted an alteration of the sole potential
SF2/ASF binding motif within the exon 3, this uniqueness led us to further explore the
involvement of this factoln vitro analysis revealed a functional ESE within exon 3 that was
associated with SF2/ASF and whose disruption induced exon skipping. Remarkably, exon 3
skipping was significantly reduced after overexpression of SF2/ASF. An opposite effect was
reported folICFTR exon 10, in which over-expression of SF2/ASF increased exon skipping

via an intron splicing silencer (ISS) sequence located in intron 10 (Pagani, et al., 2000;
Pagani, et al., 2003c). These results illustrate the dual effect of SR-proteins such as SF2/ASF,
which have been shown to either correct or increase exon skipping depending on the exon
under study (Cartegni and Krainer, 2002; Xu, et al., 2005). Great improvement of gplicing
silico tools has occurred since the first splice sites algorithms by Shapiro and Senapathy
(Shapiro and Senapathy, 1987). The postulate that alternatively spliced exons harbor less
auxiliary splicing signals than constitutive exons is emerging (Sterne-Weiler, et al., 2011),
illustrated by the development of recent multi-analysis tools which compile several algorithms
(Woolfe, et al., 2010). However, these computational tools do not take into account the
recognition of a motif in a local region, which depends both on the nucleotide constitution and
the geometry of the space occupied by the mRNA strand (Buratti and Baralle, 2004, Liu, et
al.). ESEfinder and HSF calculations, based on the SELEX method, use the primary
nucleotide sequence to score SR binding sites without taking into account RNA secondary

structures. These secondary 2D-structures are illustrated for WT and mutated exon 3 showing
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possible modification of the local secondary structure in the region r.217-r.227 (Supp. Figure
S7), which could have consequences on the binding of SF2/ASF protein. Conversely, these
2D-predictions do not reckon with the steric hindrance of the splicing factors which bind to
the mRNA strand and modify the local conformation (Jin, et al., 2011), and deserve to be
further explored byn vitro structural experiments. In accordance with these assumptions, we
observed that full-length exon 3 mRNA probe (109 nucleotides) was more sensitive to
substitution by EMSA than a 25 nucleotides probe (data not shown). The larger probe
uncovers subtle modifications in RNA secondary structure due to point mutation, which
would influence the efficient binding of SF2/ASF protein.

Our data illustrate the importance of SRE motifs in the regulation of exon recognition as 9
mutations (out of 19 tested) induced exon skipping in 10% to 39% of the transcripts. The
disease relevance of a reduced level of functional full-length transcripts must be considered
for each gene. Nonetheless, these splicing mutations do not abolish wild-type expression
completely, and this may lead to milder phenotypes. Concordantly, we identified alternative
splicing iInCFTR exons 3 and 5 associated with mutations that do not cause severe CF but
were identified in patients affected by either mild forms of the disease or CFTR-related
disorders (reviewed in Bombieri, et al., 2011). How reduced CFTR channel function is
implicated in the onset of these clinical manifestations is still a field in progress.

In conclusion, an approach categorizing exons as either weak or strong could help spot exon
skipping mutations reaching clinical relevance. These observations also emphasize the
necessity of using a minigene approach to adjustico analysis (Houdayer, et al., 2012).
Before deciphering the ‘splicing code’, in silico tools appear, today, to be more useful for
providing preventive knowledge of the weak points of each exon than for simple and
complete explanation of the consequences of an exonic nucleotide change on splicing

(Desmet and Beroud, 2012). Such a preventive analysis could help prioritize samples for
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further RNA-based analyses to confirm splicing defects (Houdayer, 2011). The identification
of such exon-skipping mutations can aid in the understanding of their associated phenotype

variability and can improve the interpretation of genetic test results (Plon, et al., 2008).
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Figure Legends

Figure 1. In silico analysis of CFTR exons.

Cl90 box plot of the mean frequency of exon splicing enhancers (ESE) and exon splicing
silencers (ESS) per 100 bp, calculated foCHTR exons with thd&EX-SKIP tool (left side).

Cl190 box plot of the ESS/ESE ratio, calculated forGHITR exons, is also shown (right side).
Exons presenting with ESS scores and ESS/ESE ratio above the upper inneCiféd)oar (

with ESE score under the lower inner fenC) are indicated.

Figure 2. Hybrid minigene splicing assaysfor control constructs.

(A) Schematic representation of the minigene construct produced transcripts and expected
size exemplified foCFTR exon 3. Examples of capillary electrophoresis analysis of RT-PCR
products obtained after 25 cycles. RNA was purified from BEAS-2B cells transfected with
empty pETO1 plasmid (B), minigene containing WT exo€B RT-PCR was performed

using a Fluorescein amidite (FAM)-labeled forward primer located within the splice donor
exon and a reverse primer within the splice acceptor exon of the pETO01 plasmid. The
corresponding size and relative amount for each peak is indicated. The peak at 245 bp
corresponds to exon 3-skipped mMRNA, whereas the peak at 354 bp corresponds to full-length
MRNA.

Figure 3. In silico analysis of exon 3 binding motifsand in vitro binding assay.

(A) Score matrix of various SR proteins predicted to bind to exon 3 RNA, as predicted by
ESE finder version 3.0 using the default threshold value. The motifs predicted by SF2/ASF
are in purple (threshold value of 1.867), SC35 in blue (threshold value of 2.383), SRp40 in
green (threshold value of 2.67), and SRp55 in yellow (threshold value of 2.676). Nucleotides
r.205-248 of exon 3, encompassing the region of interest, are illustrated. Sequences
corresponding to nucleotides r.217-227 are illustrated under histograms with the SF2/ASF-

binding motif in bold and the corresponding nucleotide substitution underlined. (B) EMSA
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assays performed with WT and mut@®TR exon 3 RNA probes and increasing amounts of
recombinant SF2/ASF. (§F2/ASF modulation affects exon 3 inclusibipper panel: semi-
guantification of exon 3 exclusion measured for WT sequence or for sequences containing
either the ¢.224G>A mutation, in IB3-1 cellower panel: Western blot analysis measuring
SF2/ASF and LaminB1 expression in corresponding cells. Mean % of control measures of
SF2/ASF normalized to LaminB1 signal.

Figure4. Direct transcript analysis.

An example of capillary electrophoresis analysis of RT-PCR products obtained after 30 cycles
from control samples (n = 3) (A) or ¢.224G>A/- (p.Arg75GIn/-) heterozygotes (n = 2) (B).

The corresponding size and relative amount of each peak are indicated. The peak size

corresponds, respectively, to full-length mRNA (333 bp) and to exon 3-skipped mRNA (224

bp).
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