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Abstract 

The identification of molecular anomalies
in patients with inherited arrhythmias or car-
diomyopathies is a multi challenge due to: i)
the number of genes involved; ii) the number
of polymorphisms and the fact that most muta-
tions are private; and iii) the variable degree
of penetrance which complicates family segre-
gation study. Consequently, a number of
unclassified variants (UV) are found in
patients’ DNA and some (outside the canonical
GT/AG) may affect splicing. Mutational screen-
ing on the most prevalent genes involved in
arrythmias syndromes or in cardiomyopathies
was performed on a cohort made up of 740
unrelated French index probands. To identify
splice variants among the identified UVs, a
combination of available in silico and in vitro
tools were used since transcript is not avail-
able. Using this approach, 10 previously identi-
fied UVs were reclassified as disease-causing
mutations and, more precisely, as haploinsuffi-
ciency mutations rather than dominant-nega-
tive mutations. Most of them (7 of 10) were
observed in MYBPC3. 

Our study highlighted the importance of the
combined use of in silico and in vitro splicing
assays to improve the prediction of the func-
tional impact of identified genetic variants.
The primary challenge now, with new sequenc-
ing technologies, is to distinguish between
background polymorphisms and pathogenic
mutations. Since splice site mutations can
account for almost 50% of disease-causing
mutations, recognizing them from among
other variations is essential.

Introduction

Cardiomyopathies and arrhythmia syn-
dromes represent major genetic causes of sud-
den cardiac death.1 Most of them are charac-
terized by an autosomal-dominant mode of
inheritance. Identification of disease-causing
mutations may help to confirm a clinical diag-
nosis, to allow an appropriate clinical follow up
and treatment in family members carrying the
mutation(s) and to exclude the disease in non-
carriers. However, their identification remains
a challenge as molecular testing identifies
nucleotide variations that may represent
either known disease-causing mutations or
polymorphisms, but also a large number of
sequence variants of unknown clinical signifi-
cance: so-called Unclassified Variants or UVs.2

Mutational screening on the most prevalent
genes involved in arrythmias syndromes or in
cardiomyopathies was performed on a cohort
made up of 740 unrelated French index
probands [250 with long QT syndrome
(LQTS)], 100 with Brugada syndrome, 280
patients with hypertrophic cardiomyopathy
(HCM), and 110 patients with dilated car-
diomyopathy (DCM).3-5 Based on the nature of
the mutation, segregation studies and previ-
ously reported experimental data, genomic
identified variants were classified either as
disease-causing mutations (mutations previ-
ously reported and characterized), or as likely
disease-causing mutations (frameshift muta-
tions, nonsense mutations, severe missense
mutations or mutations affecting the canoni-
cal dinucleotides of splice sites), or as UVs. 

Among these UVs, some may affect normal
splicing either by decreasing the efficiency of
the natural donor and acceptor splice sites, by
creation of new splice sites, or by alteration of
sequence recognition for splicing regulatory
elements such as exonic/intronic splicing
enhancers or silencers (ESE, ISE, ESS, ISS).
Splicing defects induced by susbstitutions
located outside the canonical gt/ag may have
different functional impact, ranging from
severe (complete abolition of normal splicing)
to mild (decrease in the number of normally
spliced products). The aim of our study was to
identify splice site mutations among nucleo-
tidic substitutions from our patients’ cohort.
Obviously, if the transcript is available, RNA
based assay is the method of choice to visual-
ize splicing anomalies. If not (most of the
genes involved in cardiac disease are not tran-
scribed in lymphocytes), in silico based predic-
tions and in vitro splicing assay are valuable
tools for the evaluation of splicing outcome of
genomic variants.6,7 Given the large number of
variants identified, a 3-step strategy was
applied. The first round of selection was the
elimination of variations with a known patho-
genic effect. Then, an in silico screening was

applied on remaining variants in order to
select those that could affect natural splice
sites or create new splice sites (excluding vari-
ants that could affect splicing regulators).
Finally, in vitro functional assays were per-
formed to evaluate the functional impact on
splicing of the genomic variants previously
selected.

Materials and Methods

Patients
The study included 740 unrelated index

cases with a confirmed clinical diagnosis: 350
arrythmia patients (250 with LQTS and 100
with Brugada syndrome), 280 HCM patients
and 110 DCM patients.3-5 The study was con-
ducted in accordance with the principles of the
Declaration of Helsinki. Informed consent was
obtained for all cases.
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Mutation analysis 
Genomic DNA was extracted from whole

blood using a WIZARD Genomic DNA
Purification kit (Promega, Madison,WI, USA).
Mutation detection was performed using an
HRM/sequencing strategy as previously report-
ed.8-11 Each exon and 50 flanking intronic
bases were screened for mutations in the fol-
lowing genes:
- LQTS cases were screened for mutations in

6 genes coding ion channels subunits:
KCNQ1 (potassium voltage-gated channel,
KQT-like subfamily, member 1,
NM_000218.2); KCNH2 (potassium voltage-
gated channel, subfamily H (eag-related),
member 2, NM_000238.3); SCN5A (sodium
channel, voltage-gated, type V, alpha sub-
unit, NM_198056.2); KCNE1 (potassium
voltage-gated channel, Isk-related family,
member 1, NM_001127669.1); KCNE2
(potassium voltage-gated channel, Isk-relat-
ed family, member 2 NM_172201.1);

- Brugada cases were screened for SCN5A
mutations;

- HCM patients were screened for mutations
in 4 sarcomeric genes: MYBPC3 (myosin
binding protein C, cardiac, NM_000256.3);
MYH7 (myosin, heavy chain 7, cardiac mus-
cle, beta, NM_000257.2); TNNT2 (troponin
T type 2 (cardiac), NM_000364) and TNNI3
(troponin I type 3 (cardiac), NM_000363.4).

- DCM patients were screened for mutations
in the gene coding the nuclear membrane
protein lamin A gene (LMNA,
NM_170707.3), in MYH7, TNNT2, and
SCN5A for some of the DCM patients with
arrhythmia.

One variant, KCNQ1 c.683+5G>A, was identi-
fied by Dr J Albuisson, (CHU Nantes,
France).

These variations were not found in 200 normal
chromosomes.

Another variant, c.1359+5G>A in the pros-
aposin gene (PSAP, NM_001042465.1) is not
involved in heart disease but was included
as a negative control, because this substitu-
tion has no impact on splicing [MT Vanier,
G. Millat, personal communication 2007,
and rs11000016 (dbSNP XML build 135) is
found with a relative frequency of 0.788 for
G and 0.212 for A in HapMap CEU]. 

Splicing predictions
Several algorithms for computational scoring

of 5’ and 3’ splice sites based on different
concepts were used, applying default param-
eters settings. 

- Alamut (Interactive Software) is a resource
integrating four different algorithms:
Neural Network Splice Prediction
(NNSplice),12 MaxEntScan,13 Splice site
Finder Like (SSF), Human Splicing Finder
(HSF);14

- HBond;15

SSF, NNSplice and HSF use the Weight Matrix
Model. This algorithm scores the frequency
of each nucleotide for the 5’ or the 3’ss.16

The MaxEntScan score for 5’ and 3’ss, uses
the maximum entropy principle and takes
into account dependencies between neigh-
boring and non-neighboring bases. The
HBond score models the 5’ splice site base
pairing with 11 nucleotides (the last 3 exon-
ic and the first 8 intronic) to U1 snRNA and
provides a qualitative prediction of the prob-
ability of a mutation’s aberrant splicing.

Minigene splicing reporter assay
For variations with a positive in silico effect,

the exon with 150 flanking intronic bases was
amplified from the patient DNA. Wild-type
(WT) and mutated polymerase chain reaction
(PCR) products were inserted in the NdeI
restriction site of the pTB minigene vector.6

Transfection in HeLa cells and real time PCR
(RT-PCR) procedures and analysis have been
previously described.17

Mutagenesis
Site-directed mutagenesis was performed

with the QuickChange® II XL Site-Directed
Mutagenesis kit (Stratagene, Agilent
Technologies) to obtain the MYBPC3
p.Val219Leu and the p.Val219Ile mutant mini-
genes from the p.Val219 minigene.

Results 

Due to the large number of genomic vari-
ants identified, a first round of selection was
applied with elimination of both common
reported polymorphisms and variations with a
known well-characterized pathogenic effect.
After the first selection, the number of varia-
tions to be submitted to in silico analysis was
366. Use of several algorithms for computa-
tional scoring of 5’ and 3’ splice sites selected
15 genomic variations that could putatively
affect natural splice sites or create new splice
sites. Each variant with a potential positive or
unclear in silico effect was investigated using
an in vitro minigene splicing assay. Tables 1
and 2 showed a detailed overview of the
results. 

Donor splice site (5’ss)
Canonical donor splice sites of the human

protein-coding genes has well-defined, more
or less conserved, additional positions to the
invariable intronic dinucleotide gt:
MAGgtragt (M: A or C; R: purine) for pairing
with U1 snRNA.18 After in silico analysis, a 10%
change between wild-type and mutant score
values in at least two different algorithms,19 or
unclear predictions (such as an increase in

the score of the mutant splice site for one pro-
gram while another program lowered the score
for the same mutant) were criteria for per-
forming an in vitro functional assay for the
variations concerned. 

Using these criteria, 9 genomic variations
were selected and further investigated using
minigene splicing assay: 4 of them affected the
highly conserved G (80%) at intronic position
+5. These 4 variations were analyzed using the
PSAP c.1359+5G>A variation as a negative
control. If we scan this variation with the splic-
ing prediction softwares, 4 of them predicted
an effect ranging from -11.1% (NNSplice) to -
27.9% (MaxEntScan) (Table 1). HBond pre-
dicted that it would not interfere with splicing
and, indeed, transcript analysis in the patient’s
lymphoblasts, skin fibroblasts and minigene
experiments confirmed that this change does
not affect splicing. The donor splice site of the
PSAP exon 12 (CAG|gtacgc) has a high score
and the number of adjacent bonds (14), as
defined by HBond, is identical in the WT and
the mutant. The 5 other variants were all exon-
ic and 4 of them affected the last nucleotide of
exon. 

Detailed characteristics of each of these 9
nucleotide variations are presented below.

KCNQ1 c.477+5G>A (intron 2)
All 5 algorithms predicted a severe impact

on splicing with a strong decrease in the natu-
ral donor splice site strength and the potential
use of a donor cryptic site located at intronic
position c.477+80 (Table 1). These predictions
were confirmed by minigene assay as, in HeLa
cells transfected with the mutant minigene,
the donor site at position c.477+80 was exclu-
sively used (Supplementary Figures 1-1). The
corresponding transcript would encode the
first 159 amino acids (AA) followed by 4 aber-
rant AA and a premature termination codon
(PTC). This aberrant mRNA is likely to be
degraded by nonsense-mediated decay (NMD)
causing a complete loss of function from this
allele. This mutation was identified in a 56-
year old LQTS patient.

KCNQ1 c.683+5G>A (intron 4)
This variant was also predicted to have a

severe impact on splicing (Table 1). In vitro
assay showed exon 4 to have been completely
skipped and the resulting transcript would
encode the first 202 AA followed by 8 aberrant
AA and a PTC (Supplementary Figures 1-2).
This transcript is probably degraded by NMD
and must be considered as a null allele.
c.683+5G>A was identified in a young com-
pound heterozygous patient with the KCNQ1
missense p.Arg190Leu (c.569G>T). The
patient suffered from syncope triggered by
emotion or swimming from the age of three
years while his father, carrier of the
c.683+5G>A, is currently asymptomatic.

Article

Non
-co

mmerc
ial

 us
e o

nly



[page 28] [Cardiogenetics 2012; 2:e6]

KCNQ1 c.1032+5G>A (intron 7)
Both in silico and in vitro analysis showed

a severe impact of this substitution on splic-
ing. In HeLa cells transfected with the
mutant minigene, 2 aberrantly spliced prod-
ucts were found: one skipped exon 7 and the
other used a cryptic donor splice site at
intronic position c.1032+16 as suggested by
SSFL, MaxEnt Scan and HSF (Table 1,
Supplementary Figures 1-3). Exon 7 skipping
maintains the reading frame but deletes 37
AA, while the use of the c.1032+16 as a donor
splice site adds 5 aberrant amino acids and
also maintains the reading frame. This
amino acid deletion/insertion would alter the
6th transmembrane segment of the KvLQT1
channel. KCNQ1 c.1032+5G>A was identified
in 3 LQTS patients from the same family.

MYBPC3 c.3190+5G>A (intron
29) 

Three out of the 5 algorithms tested pre-
dicted an impact on splicing by complete abo-
lition of the donor splice site. This donor
splice site does not have a strong consensus
as NNSplice did not detect the physiological
donor site. This is illustrated by the mini-
gene assay as, in HeLa cells transfected with
the wild-type sequence, some of the tran-
scripts are lacking exon 29 (248 bp fragment,
Supplementary Figures 1-4 b). Mutant mini-
gene transfection showed complete exon 29
skipping and the resulting transcript would
encode a truncated protein containing the
1063 amino acids, followed by 10 aberrant
amino acids and a PTC, probably inducing
transcript degradation via NMD
(Supplementary Figures 1-4). HBond did not
make a reliable prediction, because the WT
donor splice site score of intron 29 is too
weak for this software: only 8 bonds in a con-
tinuous stretch of complementary
nucleotides were found, which is below the
threshold of 12 adjacent bonds required for a
more accurate prediction by HBond. This
splice site mutation was identified in a 48-
year old HCM patient.

MYBPC3 c.1090G>A;
p.Ala364Thr (exon 12) 

This variation affects the last nucleotide of
exon 12 and changes the highly conserved
Ala residue at position 364 to a Thr. The last
exonic nucleotide is also highly conserved
(80% G) and is part of the pairing sequence
with U1 snRNA (G at this position and at the
first and at the fifth intronic positions makes
3 GC pairing). All 5 algorithms predicted an
impact on splicing and, indeed, mutant mini-
gene assay showed complete exon 12 skip-
ping (Supplementary Figures 1-5). HeLa cells
transfected with the wild-type sequence also
showed partial exon 12 skipping because of

the very weak acceptor splice site of intron 11
(Table 2, MYBPC3 c.927-9G>A). The cryptic
donor splice site at position c.1090+74,
detected by SSF and HSF, was not used in the
presence of the mutation in the minigene
assay. Exon 12 skipping produces a PTC and
the abnormal transcript would be degraded by
NMD.

MYBPC3 c.1213A>G; p.Met405Val
(exon 13)

This variation changes the Met residue at
position 405 to a Val; Met 405 is not highly
conserved and Met and Val are closely related
amino acids. This exonic variant, located at
10 nucleotides before the end of exon 13, was
also predicted by the 4 algorithms tested to
create a new donor splice site inside the
exon. This mutant donor splice is stronger
than the WT site which has a poor consensus,
not detected by SSFlike and NNSplice.
Minigene experiments confirmed these in
silico data: transfection of the normal mini-
gene showed both a normal spliced product
(379 bp) and exon skipping (248 bp) because
of the weak consensus of the normal donor
splice site at c.1223+1 (Supplementary
Figures 1-6). Transfection of the mutant
minigene showed only a shorter 368 bp prod-
uct corresponding to the exclusive use of the
strong c.1213 mutant splice donor site.
Furthermore, exon skipping disappeared in
cells transfected with the mutant minigene
because of the strong donor splice site creat-
ed by the mutation. The mutant transcript
missed the last 11 bases of exon 13 and, if
not completely degraded by NMD, would
encode a polypeptide containing 404 amino
acids followed by 4 aberrant amino acids and
a PTC. MYBPC3 c.1213G>A is a splice muta-
tion identified in a 32-year old HCM patient.

MYBPC3 c.1624G>C; p.Glu542Gln
(exon 17)

This nucleotide change affects the last
nucleotide of exon 17. All algorithms predict-
ed a severe impact on splicing. For testing
this variation in a minigene assay, a 917 bp
genomic fragment (from intron 14 to intron
17) was inserted in the minigene because of
the small size of introns 15 and 16 (86 bp).
This was complicated by the weak acceptor
splice sites of introns 15 and 16. Results from
the normal minigene transfection showed
several spliced products including the nor-
mally spliced fragment and two others prod-
ucts retaining introns 15 and 16
(Supplementary Figure 1-7). Transfection of
the mutant minigene showed a complete
absence of the normal spliced product and
presence of only mis-spliced products, con-
firming the in silico predictions. This splice
mutation was identified in a patient with a

hypertrophic obstructive cardiomyopathy
diagnosed at 21 years of age.

MYBPC3 c.2067G>T; p.Gln689His
(exon 21) 

This variation affects the last nucleotide of
exon 21 and changes the highly conserved Gln
residue at position 689 to a His. In silico and in
vitro analyses showed both abolition of the
normal donor site and complete exon 21 skip-
ping, creating a PTC (Supplementary Figures
1-8). This mutation was identified in a 7-
month old HCM patient.

LMNA c.1488G>A; p.Thr496Thr
(exon 8)

This variation also affects the last exonic
nucleotide. All software used predicted a
potential impact on splicing with a cryptic
donor site at position c.1489-26 becoming
much stronger than the mutated site. A mini-
gene assay was performed, with a genomic
fragment from intron 7 to intron 9 because of
the small size of intron 8 (84 bp). Minigene
experiments showed only normally spliced
products even in the presence of the mutation
(Supplementary Figures 1-9). The cryptic
donor splice site at c.1489-26 is not used in
transfection experiments because it is proba-
bly repressed; even in the absence of the muta-
tion, this cryptic donor splice site has a higher
score than the WT donor splice site for SSFL,
NNSplice and HSF. The study of this mutant
highlights the requirement of functional tests
to validate in silico predictions.

Acceptor Splice Site (3’ss)
The 3’splice site is defined by three separate

elements: the branch site, the polypyrimidine
tract and the 3’canonical ag: yyyyyyyncag⎪G.20

Except for the ag, other signals are degenerated
and accurate identification of 3’ss by bioinformat-
ics may sometimes be difficult. The 6 selected
mutants for in vitro minigene splicing assay were
genomic variations which either showed variable
predictions (SCN5A c.-52-4C>T (Supplementary
Figures 2-1), TNNT2 c.68-5_68 -3delinsTT
(Supplementary Figures 2-6), or affected non
canonical (AT/AC) splicing sites [SCN5A c.4438-
3C>T (Supplementary Figures 2-2)], or
decreased the WT score [KCNH2 c.308G>T
(Supplementary Figures 2-3), MYBPC3 c.655G>T
(Supplementary Figures 2-4)], or affected weak
acceptor sites (not found by at least one software)
[MYBPC3 c.927-9G>A (Supplementary Figures 2-
5)]. Detailed characteristics of 3 of the variations
are presented below.

KCNH2 c.308G>T (p.Gly103Val)
and MYBPC3 c.655G>T
(p.Val219Phe) 

These 2 substitutions affected the first
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exonic nucleotide with a G>T change. In silico
analysis predicted, for these 2 variations, a
decrease in the score ranging from 5% to 57%
(Table 2). However, minigene assay showed
that KCNH2 c.308G>T had no effect on splicing
(Supplementary Figures 2-3), while MYBPC3
c.655G>T induced complete exon 6 skipping
(Supplementary Figures 2-4). Another muta-
tion affecting the same nucleotide, c.655G>C,
p.Val219Leu, has been previously reported.21 To
evaluate its impact on splicing, the correspon-
ding mutant minigenes and the non-reported
transition c.655G>A, p.Val219Ile were also
generated by site directed mutagenesis. The
c.655G>C transversion had the same effect as
c.655G>T (complete exon 6 skipping), while
the transition c.655G>A showed both exon 6
skipping and exon 6 inclusion. The MYBPC3
c.655G>T splice mutation was identified in a
48-year old HCM patient.

MYBPC3 c.927-9G>A (intron 11)
This previously reported variation22 was

identified in our cohort in 2 unrelated patients:
a 12-year old HCM boy and a 30-year old man
with HCM and atrial fibrillation. The weak
acceptor splice site of intron 11 was detected
only by HSF which predicted the creation, at
position c.927-9, of a new acceptor site
stronger than the WT (Table 2). HeLa cells
transfected with the WT sequence showed two
different transcripts (Supplementary Figures
2-5 b): a 410 bp normal product containing
exon 12 and the 248 bp product corresponding
to exon 12 skipping, as for the WT minigene
c.1090G (Supplementary Figures 1-5 b), con-
firming that the weak acceptor site of intron 11
is not always recognized in HeLa cells. Mutant
minigene assay showed complete exon 12
skipping and the transcript lacking exon 12
would encode a truncated protein
(Supplementary Figures 2-5 b). 

Discussion

The aim of our study was to detect splice site
mutations among UVs previously identified in
our cohort of patients with arrhythmias or car-
diomyopathies. For this purpose, in the
absence of an RNA based assay, a combination
of in silico and in vitro tests were used to dis-
tinguish between neutral and pathological
nucleotide substitutions.

Considering the donor splice site, 4 out of 9
mutants affected the +5 position with a G>A
nucleotide change and 4 variants changed the
last exonic base (position -1 of the donor splice
site). Positions -1 and +5 are highly conserved
(G in 80% and 78.1%, respectively) and 35% of
the mutations affecting these positions caused
aberrant splicing compared to 9% for the other
positions, excluding the invariant positions.23

Positions -1 and +5 are the most prominent
positions (excluding +1 and +2) in base pair-
ing with U1 snRNA: G at -1, +1, and +5 are
involved in GC pairing, and a mispairing at one
of these positions may be critical. The analysis
of 45519 5’ss showed that the number of base
pairs ranges from 3 to 9 but the average is
around 7, and this analysis also showed a
strong dependency between some and adjacent
positions.24,25 The exonic -1 and the intronic +5
positions of the donor splice site are also
involved in pairing with U5 snRNA and U6
snRNA, respectively, and this may also con-
tribute to their high degree of conservation.

Accuracy of in silico prediction for varia-
tions affecting the 5’ss (outside gt) will
depend on the algorithm used. Nucleotide fre-
quency based matrices must be completed by
matrices that consider the influence of neigh-
boring bases and the interdependence of
nucleotides of different site positions. The
number of hydrogen bonds with U1 snRNA (in
our study measured by HBond) is an addition-
al interesting parameter. For the 3 KCNQ1
mutants, the web tools predicted a severe
impact on splicing with a decrease in score
ranging from 14% (HSF) to below threshold,
and minigene experiments confirmed the
severe effect on splicing. All the 5 tested vari-
ants affecting the intronic +5 position (Table
1) had the same impact for HSF (-13.5 to -
14.6% decrease in score) showing the lack of
sensitivity of this algorithm for the +5G>A
change. HBond was the only bioinformatic tool
to make the right prediction for the PSAP
c.1359+5G>A, but it was unable to predict the
effect of the MYBPC3 c.3190+5G>A because
the WT splice site score is low. The donor site
of MYBPC3 exon 29 (TTGgtgcgt) has a poor
consensus (not detected by NNSplice), has a
weak hydrogen bonding with U1 snRNA and
changing the +5G to A dramatically decreases
this interaction. Such weak donor sites may
require additional factors for proper splicing
such as splicing regulators or, as shown for
NF1 exon 29, may have a lower U1 snRNA
dependence.26 The majority of +5G>A transi-
tions reported in the literature affect splicing
and induced either exon skipping and/or cryp-
tic site activation. 

The 3’splice site is defined by three separate
elements: the branch site (BS), the polypyrim-
idine tract and the 3’ yag/R. Except for the ag,
the other signals are degenerated and accurate
identification of 3’ss by bioinformatics may
sometimes be difficult, making it almost
impossible to predict sequence variations
(MYBPC3 c.927-9G>A), or making prediction
unclear (TNNT2 c.68-5_68-3delinsTT) (Table
2). A possible explanation is that the new ag
created by MYBPC3 c.927-9G>A recruits
spliceosome components that could compete
with the authentic site, preventing fully func-
tional splicing complex assembly.27 Another

possibility is that MYBPC3 c.927-9G>A would
modify a regulatory element necessary for the
recognition of the weak acceptor splice site of
intron 11. 

Two substitutions affected the first exonic
nucleotide and involved a G>T change: KCNH2
c.308G>T and MYBPC3 c.655G>T. The first
exonic base is part of the acceptor splice site
but the G is mildly conserved (about 49%),
with a purine preference (77%) at this posi-
tion16 which is also involved in an interaction
with the U5 snRNP loop 1.28 Changing the
MYBPC3 c.655G to a C showed also complete
exon 6 skipping. This shows that, indeed, a
purine is required at position c.655, but it is
not sufficient for correct splicing since chang-
ing the c.655G to an A only partially rescued
inclusion of exon 6 on the transcript. A G as
the first exonic base appears to be necessary
for the correct splicing of MYBPC3 exon 6. A
similar case has been described in the DHFR
gene in CHO cells: a G>T mutation involving
the first base of exon 5 induced exon 5 skip-
ping. In a revertant of this mutant, this base
was changed to A and about 25% of mRNA mol-
ecules were correctly spliced.29 A regulatory
sequence may also be involved in MYBPC3
exon 6 recognition and could explain that a
purine is not sufficient for proper splicing: a
search for exonic splicing enhancer identified
putative binding sites for SF2/ASF and SRp40
(ESE Finder, via HSF) with SRp40 scores rang-
ing from +71% above threshold for G, +48% for
C, and only +6% for T and A.

As previously reported,6,7,19,30 our study con-
firmed that the most accurate in silico predic-
tion of splice site mutations required the use
of a combination of different algorithms.
Another important point is that, if the tran-
script is not available, predictions must be con-
firmed by a minigene assay and, ideally, all
nucleotide variations should be tested in vitro.
However, a systematic minigene experiment
for each new substitution is costly in terms of
both time and money and would most probably
give only a few or even no more positive
results.31,32 However, for non-canonical introns
(SCN5A c.4438-3C>T) prediction is impossible
and the minigene is mandatory. Minigene
based assay provides a reliable assessment of
whether a nucleotide variation is deleterious
for splicing but the consequence (exon skip-
ping and/or activation of cryptic site) may not
be strictly the same in the tissue of interest.
There is a difference in transcription speed
between the gene promoter and the vector pro-
moter. Intron size also differs and these
parameters are known to be important for exon
definition in alternative splicing.33,34

In summary, our results allowed us to reclas-
sify 10 previously identified UVs as disease-
causing mutations and, more precisely, as hap-
loinsufficiency mutations rather than domi-
nant-negative mutations. Most of them (7 of
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10) were observed in MYBPC3. This result was
expected as 70% of MYBPC3 mutations intro-
duce a premature termination codon.
Identification of these mutations is important
as it has been shown that patients with
MYBPC3 splice mutations have a higher risk of
sudden death before the age of 35 years.35 Our
study highlights the importance of strategies
combining the use of in silico and in vitro
assays to be able to identify those genetic vari-
ants of UVs that have a clinical significance.
There will be an increasing need for this strat-
egy as the more exhaustive genetic testing of
cardiomyopathies and arrhythmias using next
generation sequencing will identify an
increasing number of genetic variations.
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