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CAPN3 mRNA processing alteration caused by
splicing mutation associated with novel genomic
rearrangement of Alu elements

Ikhlass Hadj Salem1, Ines Hsairi2, Najla Mezghani1, Houda Kenoun1, Chahnez Triki2 and Faiza Fakhfakh1

Recessive mutations of CAPN3 gene are reported to be responsible for limb girdle muscular dystrophy type 2A (LGMD2A).

In all, 15–25% of intronic nucleotide changes identified in this gene were investigated by in silico analysis, but occasionally

supported by experimental data or reported in some cases as a polymorphism. We report here genetic and transcriptional

analyses in three Tunisian patients belonging to the same consanguineous family sharing the same mutation c.1194-9 A4G

and Alu repeats insertion in intron 7 of CAPN3 gene. Reverse transcriptase-PCR experiments performed on total RNA from the

patient’s muscle biopsy showed retention of the eight last nucleotides of intron 9 in the CAPN3 transcript lacking the first seven

exons. Our results provide evidence regarding the potential involvement of Alu elements in aberrant processing of pre-mRNA

owing to the disruption of pre-existing intronic splicing regulatory elements. We also demonstrated variable mRNA alternative

splicing among tissues and between LGMD2A patients. A deep intronic variation and rearrangement have been reported in the

literature as causing genetic diseases in humans. However, this is the first report on a potential pathogenic CAPN3 gene

mutation resulting from an Alu insertion.
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INTRODUCTION

Mutations in CAPN3 gene (MIM no. 114240) cause an autosomal
recessive form of limb girdle muscular dystrophy type 2A (LGMD2A,
MIM no. 253600).1,2 CAPN3 gene encodes for a non-structural
protein, the enzyme called calpain-3 (originally named p94).3 Cal-
pain-3 is the muscle-specific member of a family of Ca2+-dependent
proteases, which are supposed to have a role in many intracellular
processes, including cell motility, apoptosis, differentiation and cell
cycle regulation, by modulating the biological activity of their sub-
strates through limited and strictly controlled proteolysis.4 Calpain-3
is composed of four functional domains: domain PC1 (protease core
domain 1) has a regulatory role, domain PC2 (protease core domain 2)
is the proteolytic module, domain C2L (C2 domain-like) has a C2-
domain-like Ca2+ binding function and domain penta-EF-hand binds
Ca2+ ions.5,6

LGMD2A is one of the most frequently occurring forms of LGMD,
which is characterized by a very high genetic variability.7–10 Predomi-
nant symmetrical and simultaneous involvement of pelvic and scap-
ular girdle and trunk muscles without facial, oculo-motor or cardiac
involvements is typical for LGMD2A.11–13 Over 440 distinct CAPN3
gene mutations have so far been reported on the Leiden Muscular

Dystrophy Database as the cause of a wide spectrum of clinical
severity.14 Approximately 70% of mutant alleles are of missense
type; the remainders are null mutations (deletion/insertion causing
frame shifting, nonsense and splice site mutations), large genomic
rearrangements and synonymous or intronic changes causing aberrant
splicing.15 Many CAPN3 intronic variants have been identified during
diagnostic screening: they account for about 15% of all variants listed
on the Leiden Database, and for about 25% of the mutations reported
in other studies.15–17 For the majority of intronic variants the con-
sequences on mRNA splicing have been only inferred by in-silico
analysis, whereas experimental demonstration of their pathogenicity
has been obtained by mRNA studies for only 1% of them (Leiden
Database).15–18 Although deep intronic sequences were originally
believed to be non-functional, because they do not code for proteins,
it has been suggested that some of these sequences do indeed have
relevance.19 In most cases, deep intronic disease-causing variations or
rearrangements could affect gene splicing directly by disruption of
pre-existing intronic splicing-regulatory elements.20–23

In this study, we performed a molecular genetic analysis of the
CAPN3 gene in three female siblings of a consanguineous family with
the LGMD2A phenotype. The availability of diagnostic muscle biopsy
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and RNA splicing analyses from blood samples served to demonstrate
pathogenetic effects, at both transcriptional and translational levels, of
the c.1194-9A4G splicing mutation and Alu repeats insertion in the
CAPN3 gene.

MATERIALS AND METHODS

Three affected females of a Tunisian family were born to consanguineous

parents. The age of the affected individuals ranged between 9 and 20 years. Four

additional healthy siblings and the parents were also recruited. Informed

consent was obtained from patients and control individuals in accordance

with the ethics committee of the University Hospital of Sfax. Affected members

underwent general neurological examinations. Clinical history and physical

examinations of the family members ruled out the implication of environ-

mental factors in LGMD etiology. Blood samples were collected from eight

family members and fifty healthy individuals. Genomic DNA was extracted

from whole blood following a standard phenol–chloroform method.24

Microsatellite genotyping and mutation analysis
For each gene and locus responsible for LGMD2 and previously described in

Tunisian LGMD2 patients (CAPN3, DYSF, SGCA, SGCB, SGCG and FKRP), at

least two microsatellite markers were selected on the basis of their map position

and heterozygosity coefficient. Fluorescent dye-labeled microsatellite markers

were genotyped for all the family members. We used the True Allele PCR

Premix (Applied Biosystems, Foster City, CA, USA) for PCR reactions accord-

ing to the manufacturer’s instructions. Fluorescently labelled alleles were

analysed on an ABI PRISM 3100-Avant automated Genetic Analyser (Applied

Biosystems). Genotypes were determined using the GenScan software (Applied

Biosystems).

One affected subject was investigated for the presence of mutation in CAPN3

gene as previously described.25 The amplified products of all coding exons,

exon–intron junctions and promoter region were directly sequenced using

an ABI 3100-Avant automated DNA sequencer and Big Dye Terminator

Sequencing V3.1 Kit (Applied Biosystems).

Bioinformatics prediction of splice consensus score and protein
mutant model
Online promoter analysis tools of TESS at http://www.cbil.upenn.edu/cgi-bin/

tess/tess26 and TRANSFAC at http://www.gene-regulation.com/pub/databases.

html#transfac27 were used to search for the possible sequence of the transcrip-

tional binding site and to assess the potential functional significance of

�665C4G (no. rs3098421). To evaluate the strength of the altered splice-site

of c.1194-9 A4G mutation (DB-ID CAPN3_00088), splice site scores were

predicted by the following splice-site prediction programs (SSPPs): Splice-Site

Prediction by Neural Network (NNSPLICE V0.9 at http://www.fruitfly.org/

seq_tools/splice.html),28 Human Splicing Finder (HSF V2.4 at http://

www.umd.be/HSF/)29 and Splicescan II at (http://splicescan2.lumc.edu/).30

The mutation genomic sequence environment was also analyzed using the

online ESEfinder web interface (http://rulai.cshl.edu/cgi-bin/tools/ESE3/

esefinder.cgi?process¼home).31

RNA extraction and reverse transcriptase (RT)-PCR analysis
Total RNA from the skeletal muscle of patients P1 and P2 was obtained using

the SV Total RNA Isolation System (Promega, Madison, WI, USA) including

treatment with DNaseI. CAPN3 cDNA (based on NM_000070) was amplified

into eight overlapping regions. The fragment of cDNA containing c.1194-9

A4G mutation was amplified using primers designed in exon 8 (5¢-
GGTGGAGTGGAACGG-3¢) and exon 11 (5¢-CTCCGAGTCATCAGGG-3¢)
and was expected to yield a 340-bp fragment. An independent control cDNA

amplification of a 368-bp fragment from exons 3 to 7 of the SGCG6 gene using

the primer pair 5¢-CTCAGAAGGGGAGGTCACAG-3¢ and 5¢-CAGCATCAAG-
CACAAGCATT-3¢ was done in order to test the quality of cDNA templates

used for the analysis. The amplification of CAPN3 and SGCG cDNA was done

in three independent replicates.

The functional effect of the found variations c.1194-9A4G and �665C4G

was also assessed by RT-PCR analysis of lymphoid RNAs obtained from

affected and control individuals. Total RNA was isolated from 10ml of blood

samples using PureLink Micro-to-Midi Total RNA Purification System (Invi-

trogen, Karlsruhe, Germany). RT-PCR, covering the CAPN3 cDNA, was carried

out for the three patients using the same primers used to detect mRNA changes

of the CAPN3 gene in muscle, according to the manufacturer’s recommenda-

tions of SuperScript Tm One-Step RT-PCR with platinum Taq kit (Invitrogen).

Direct sequencing of RT-PCR products was performed by standard conditions

in both directions.

As normal controls, we used cDNA from muscle tissue and blood sample

from subjects who were free of any neuromuscular disorders. Nucleic acids

were quantified using the Nano Drop ND-1000 UV–Vis spectrophotometer

(Thermo SCIENTIFIC, Wilmington, DE, USA).

Immunoblot analysis
Semi-quantitative analysis of control, LGMD2C and P2 patients’ muscle

homogenates was performed with calpain-3 monoclonal antibody (NCL-

Calp3c/12A2 against exon 8; Novocastra, Newcastle, UK) as previously

described.25 Myosin heavy-chain staining with Coomassie blue on the post-

blotted gel was used as a protein-loading control.

Amplification and characterization of the CAPN3 rearrangement
Long-range PCR was performed on genomic DNA from the three probands to

detect intronic rearrangement. The PCR reaction was carried out in a 20-ml
reaction volume using the Long PCR Enzyme Mix (Fermentas, Burlington,

Ontario, Canada) according to the manufacturer’s instructions, with primers

located in the flanking exon 7 and within intron 7 (F: 5¢-GTAAGCC
TGGTGGGGCTTGGTG-3¢; R: 5¢-CTTAAGCACACAGAAAGAGC-3¢) of the

CAPN3 gene. The following PCR cycles were used for amplification: initial

denaturation at 94 1C for 3min, 10 cycles at 94 1C for 15 s, 61 1C for 30 s, 68 1C

for 8min, followed by 24 cycles under the same conditions with elongation of

the extension step for 20 s in each cycle, and a final extension at 68 1C for

20min. The PCR product was loaded on a 1% agarose gel and visualized by

ethidium bromide staining.

The specificity of the PCR product was verified by direct sequencing of the

extremities. Sequences were analyzed using the Blast 2 Sequences program at

NCBI (http://www.ncbi.nlm.nih.gov/BLAST/) and RepeatMasker software

(http://www.repeatmasker.org/).

RESULTS

We identified a family with three affected female siblings. The two
elder sisters presented a progressive myopathic syndrome, whereas
the younger one was apparently normal. The healthy parents were
first-degree cousins and originated from southern Tunisia.

Clinical variability of LGMD2A within a single family
Proband 1. Proband 1 was first assessed in the Child Neurology
department at Hedi Chaker Hospital in Sfax at the age of 18 years. She
had normal motor milestone development, and fatigability in walking
and running appeared at the age of 17 years. At the age of 20 years,
physical examination revealed an intermediate clinical course showing
positive Gowers sign and a waddling gait without equinus foot.
Muscle strength of proximal muscles of the upper and lower limbs
was estimated at 4 (according to the Medical Research Council (MRC)
Scale of Muscle Strength). Deep tendon reflexes were normal. The
patient also presented scapular winging and slight hyperlordosis
without calves hypertrophy. The plasma creatine phosphokinase
level was elevated, at 2272UI l�1 (normal range p350 IU l�1). Her
electromyogram was significant for diffuse myopathic changes.

Proband 2. The sister of proband 1, 14 years old, was referred to the
Child Neurology department at Hedi Chaker Hospital in Sfax at the
age of 12 years for progressive difficulties in walking. Her medical
history revealed normal motor milestone development and a muscle
weakness starting at the age of 10 years leading progressively to
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fatigability in walking and running. Physical examination showed a
severe clinical course, relative to that of her sister, showing a waddling
gait with equinus foot with advanced-stage symptoms, such as
difficulty in climbing stairs, rising up from a chair or getting up
from the floor without help. Muscle weakness involved the proximal
muscles of the upper and lower limbs, with the muscle strength
estimated at 3. There was no evidence of distal involvement. Muscle
tone was low, and deep tendon reflexes were weak. The patient
presented also scapular winging, thigh amyotrophy with calves hyper-
trophy and severe hyperlordosis. The plasma creatine phosphokinase
level was elevated, at 5198UI l�1. Her electromyogram was significant
for diffuse myopathic changes.

Proband 3. The younger sister of probands 1 and 2 was 9 years old
and was systematically examined. Physical examination revealed
normal walking, no muscle weakness and obtainable deep tendon
reflex. The plasma creatine phosphokinase level was elevated, at
6876UI l�1.

A point mutation within CAPN3 gene revealed by nucleotide
sequencing
In an attempt to identify the responsible gene, we first performed a
genetic linkage analysis of fluorescent dye-labeled polymorphic micro-
satellite markers covering all LGMD2 loci described so far in Tunisia.
This analysis revealed evidence for linkage to CAPN3 mapping to
chromosome 15q. All affected individuals showed a homozygous
haplotype for alleles 210, 184 and 193 bp of D15S514, D15S781 and
D15S222 microsatellite markers, respectively (Figure 1a). Direct
sequencing of the exon–intron junctions and promoter region of
CAPN3 gene revealed no mutations in the 24 exons that could affect
the function of calpain-3. However, direct sequencing in the three
probands revealed a known C to G transversion (�665C4G) in the
homozygous state within an Alu element located in the promoter
region and an A to G transition (c.1194-9 A4G) in the homozygous
state located in position �9 upstream of the invariable intronic AG
motif of the acceptor splice site adjacent to exon 10. Cosegregation of
c.1194-9 A4G and �665C4G variations with LGMD2A in the
family members was also determined by direct sequencing (Figure 1b).

The single-nucleotide mutation enhances partial retention of intron
9 by creating an additional upstream acceptor site
To investigate the possible effect of �665C4G and c.1194-9A4G on
mRNA transcriptional level and/or splicing, we performed bioinfor-
matics and RT-PCR analyses. In fact, the bioinformatics analysis using
Transcription Element Search Software (TESS) indicated that
�665C4G transversion (no. rs3098421) might alter transcript factor
binding such that the G allele created a potential binding site
(CTNGTG) for a transcriptional repressor HES-1 (Hairy and Enhan-
cer of Split 1) (Figure 2a). The c.1194-9A4G mutation occurred at
position �9 upstream of exon 10. An in silico analysis predicted that
this mutation potentially interfered with the correct splicing, making
more probable a different acceptor splice site localized 9 bases down-
stream from the canonical one. The new acceptor site increased the
predicted scores from 87, 51 in the wild-type allele to 91, 77 in the
mutated allele and caused the insertion of the last eight nucleotides of
intron 9 in mature RNA (Figure 2a). The ESEfinder program showed
that the c.1194-9 A4G substitution was predicted to create an exon-
splicing enhancer in intron 9 of the CAPN3 gene. The new exon-
splicing enhancer was TTCCAGC, which was predicted to be recog-
nized by SRp40 SR protein with a score of 2.77, and is thus higher
than the threshold value of 2.67 (Figure 2b).

RT-PCR analysis was performed on CAPN3 mRNA obtained from
the muscle biopsy of patients P1 and P2. Using the primers within
exons 8 and 11, the control sample displayed an expected band of
340 bp. In contrast, a slightly longer band appeared in LGMD2A
patient P1 (Figures 3a and b). The sequence of the mutant band
showed retention of the last eight nucleotides of intron 9 in CAPN3
transcript (r.1148_1149ins1149-8_1149-1) (Figure 3f). However, no
amplification product was found for proband P2 although we tested
the quality of cDNA by amplification of a 368-bp control fragment of
the SGCG gene showing amplification in the cDNA of control
patients, P1 and P2 (Figure 3d).
Unexpectedly, amplification of the entire CAPN3 coding region

(exons 1–24) in overlapping RT-PCR reactions using RNA isolated
from muscle biopsy of a healthy individual and LGMD2A patients
showed that the new alternatively spliced form of CAPN3 mRNA
muscle lacked the first seven exons (exons 1–7) in LGMD2A patient
P1 (Figures 3b and c).
In view of the fact that no tissue sample was available for mRNA

analysis as regards patient P3, and to further investigate a new
alternative approach for performing the molecular diagnosis, we
examined calpain 3 expression in white blood cells (WBCs) to
perform the molecular diagnosis of LGMD2A at mRNA level. In
contrast to CAPN3 expression examined in muscle, we were able to
amplify and sequence all designed CAPN3 fragments on cDNA from
the blood of a healthy control individual and LGMD2A patients. In
the three LGMD2A patients, blood cDNA showed similar results for
the retention caused by c.1194-9 A4G (Figure 3e). Results of western
blot analysis performed for patient P2 using calpain-3 antibody are
shown in Figure 3g. Normal protein levels for calpain-3 were observed
in normal and LGMD2C muscle biopsies used as a control, whereas a
total deficiency in calpain-3 was found in patient P2 (absence of the
94- and 60-kDa bands in the blot) (Figure 3g). No muscle samples
were available for protein analysis for patients P1 and P3.

Novel insertion of Alu elements into the CAPN3 gene could alter
splicing sites within intron 7
Based on the result obtained in the RNA analysis and explaining the
deletion of the first seven exons, the computer analysis showed that
intron 7 (total length: 1533 nucleotides) of CAPN3 gene naturally
harbored Alu sequences between nucleotides 861 and 1170. This
repeat element showed sequence homology with the Sg subfamily of
Alu sequence. We used long-range PCR to amplify a fragment within
intron 7 of the CAPN3 gene from the patient’s genomic DNA. A 2.5-
kb PCR product was obtained instead of the expected 1.5-kb product
(Figure 4). The extremities of the abnormal PCR product were
sequenced and sequence alignment with the normal genomic sequence
of CAPN3 revealed that there was an insertion of an equivalent of
three Alu elements residing head to head in close proximity within
intron 7 in these probands, as there was at least 1 kb difference
compared with the normal PCR size.

DISCUSSION

In the present work, we report three sisters with LGMD2 phenotype
associated with homozygosity for more than one potential pathogenic
variant including a splicing mutation c. 1194-9 A4G, Alu repeats
insertion in intron 7 of CAPN3 gene and the �665C4G known
variation. The first variant, c-1194-9 A nucleotide, lay in position 9
upstream of the invariable intronic AG motif of the acceptor splice site
adjacent to exon 10. This variation was identified in several previous
reports (Table 1), where its pathogenetic effects have been
suggested.7,32,33 Indeed, because of the lack of a molecular proof,
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this mutation as well as some intronic variants have been reported
either as polymorphisms or as ‘possibly pathogenetic’, thus generating
confusion and compromising a conclusive genetic counselling. None
of these studies have provided a functional effect of the c.1194-9 A4G
mutation. In our study, computer-assisted analyses suggested that
G4A exchange disrupted the recognition of the acceptor splice site
adjacent to exon 10 and created a new cryptic splice site in the region
surrounding this mutation, causing the retention of the last 8
nucleotides of intron 9. Its deleterious effect was definitely demon-

strated at a transcriptional level in our study. Indeed, RNA analysis
revealed the insertion of the last eight nucleotides of intron 9 in
mature RNA. The analysis by the online ESEfinder database of normal
and variant sequences in intron 9 suggested a possible creation of an
enhancer, which could be responsible for the synthesis of an alter-
native isoform of CAPN3 mRNA. This idea has already been reported
in HLA-G transcript34 and in the mRNA encoding the b-catalytic
subunit of the mitochondrial H+ATP synthase, where translation-
enhancing activity generates a new isoform.35

Figure 1 CAPN3 gene linkage and mutation analyses. (a) Pedigree of the Tunisian family showing the segregation of CAPN3 haplotype and the inheritance of

the c.1194-9 A4G mutation and �665C4G polymorphism. The haplotypes containing the mutation are boxed. (b) Direct genomic DNA (gDNA) sequence

from a healthy control subject, the proband P1 and one heterozygous subject. The proband was homozygous for a single-nucleotide change in her genomic

DNA G4A at the intron 9 near the consensus splice donor site.
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Many studies have examined how apparently similar mutations can
have different effects on how the pre-mRNA is processed and how
variability in mRNA splicing can potentially affect the resulting
phenotype. This is the case of variation c.1746-20C4G in intron 13
of CAPN3 gene. Indeed, the splicing analysis of the c.1746-20 C4G
showed five splicing patterns resulting from the use of new cryptic
acceptor sites, carrying either different intronic portions or the entire
intron 13. These transcripts are variably expressed and not always
detectable in the mutant patients.15,18,36 In our study, it seems
reasonable to deduce that the observed variability between two siblings
sharing the same mutation is owing to the ability to splice the mutant
allele. The clinical heterogeneity observed in this family supported
findings of previous studies concerning CAPN3-splicing mutations
(Table 1). Krahn et al.17 reported on two patients who carried the
mutation c.802-9 G4A in CAPN3 gene at a heterozygous state. The
effect of the c.802-9 G4A variant differed between the patients, which
could be partially caused by inter-individual variation in NMD
efficiency related to yet unexplained genetic modifying factors.
In our study, conversely to CAPN3 mRNA obtained from the

biopsy sample, when CAPN3 expression was examined in white
blood cells, it showed a constant expression both in patients and
control, suggesting that mRNA splicing was achieved through several
mechanisms, which are usually tissue-specific to assure the fidelity of

gene expression.16 Our study supported the alternative approach of
performing the molecular diagnosis by using mRNA from peripheral
blood as p94-calpain isoform was found to be expressed in human
circulating peripheral blood mononuclear cells.37

Unexpectedly, we also observed the existence of an alternatively
spliced form of CAPN3 mRNA with a missing region spanning from
exon 1 to exon 7. Theoretical effect of this deletion, at both transcrip-
tional and translational levels, is difficult to be investigated, as CAPN3
gene was found to contain more than one promoter region, which
might result independently in the production of new isoform of
calpain-3.38 We speculate that this deletion could be related to non-
identified variation within either intron 7 or upstream exon 1 leading
to complete absence of the first part of mRNA. In our assay, we showed
that amplification product for intron 7 from the genomic DNA of the
probands was larger (E2.5 kb) than the expected size (E1.5 kb) and
revealed after sequencing in both directions an Alu multi insertion
event lying in intron 7 of CAPN3 gene. The intron 7 sequence was
modified after Alu insertion, which might affect intron processing
directly by creating or strengthening a splice site leading to an
alternative splicing in the final transcript. The impact it might have
on gene splicing upon integration in introns is still to be investigated.
In fact, Alu repeats are short interspersed elements whose transpo-

sition has been repeatedly implicated in genetic variability and

Figure 2 Detected DNA changes and in silico prediction. (a) Schematic representation of the bioinformatics prediction of c.1194-9 A4G splicing mutation.

Patients had an A4G substitution at position -9, upstream of exon 10 associated to a multi insertion event of Alu elements in intron 7. This mutation

causes an additional splicing of the mRNA transcript, with incorporation of eight nucleotides from intron 9 in a transcript lacking the seven first exons. Alu

insertion event is predicted to be responsible for the disruption of pre-existing intronic splicing regulatory elements. (b) Computational prediction of the

effect of c.1194-9 A4G splicing mutation change on enhancer composition. The A at position �9 upstream the exon 10 of CAPN3 gene does not include

an ESE. Note that the A to G substitution creates a new enhancer in intron 9 of CAPN3 gene recognized by SRp40 SR protein. The arrows indicate the

substitution position.
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heritable disorders mainly by providing the site for homologous
recombination39 and alternative splicing.40–42 Alu insertion/deletion
polymorphism has been reported to be in total linkage disequilibrium
with CTG repeats in myotonic dystrophy.43 Several reports44–49

indicate that de novo Alu insertions into intronic sequences in close
proximity to the affected exon cause the downstream exon to shift
from constitutive splicing to full exon skipping or alternative splicing
(Table 2). In our study, this event occurred in a tissue-specific manner,

suggesting rather a disruption of pre-existing intronic splicing
regulatory elements. Indeed, increasing evidence shows that long
introns contain several potential splicing regulatory sequences, includ-
ing cryptic splice sites and splicing enhancers or silencers that, when
activated, can be involved in aberrant processing of pre-mRNA.
Moreover, the Alu consensus contains 9 potential 5¢ splice sites and
14 potential 3¢ splice sites.50 The presence of several potential splice
sites in the Alu consensus sequence50,51 strongly suggested that they

Figure 3 Detection of messenger RNA (mRNA) changes by RT-PCR analysis and calpain3 deficiency by western blot. (a) Schematic representation of the

primers used for the amplification of CAPN3 cDNA; (b, c) gel electrophoresis of RT-PCR amplification product of all fragments in muscle: the region

spanning exons 8 to11 (3F–3R) of CAPN3 gene in muscle showing: a single band in the normal at the expected size of 340 bp (N) and a slightly longer one

of 348bp in proband P1, whereas no amplification was found for proband P2. No amplification was found for region spanning exons 1 to 7 for patient P1.

(d) Amplification of a 368 bp control fragment from exons 3–7 of SGCG6 gene on cDNA from normal subject (N) and patients P1 and P2. (e) Gel

electrophoresis of the RT-PCR amplification product of all fragments of the CAPN3 gene in WBCs showing a constant expression in patients P1, P2, P3 and

in control (N). (f) Sequence chromatograms of amplified cDNA products in the normal subject and patient P1. Note the partial retention of the last eight

nucleotides of intron 9. The size marker is a 100-bp DNA ladder (M). (g) Detection of calpain3 deficiency by western blot using monoclonal antibodies NCL–

CALP–12A2. Calpain-3 western blotting in muscle biopsy of control (C1) and LGMD2C patient (C2) showed normal level of calpain-3, whereas a total

deficiency of the 94- and 60-kDa bands was observed in patient P2 (P2). An amount comparable to the normal control, as determined by myosin in the

post-transfer Coomassie blue-stained gel.
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were recruited in the coding region through exonization.
Of the thousands of Alu elements that are found in introns of
the human genome, a certain number of complete or partial
Alu sequences are also present in the coding regions of mature
mRNAs.52

Additionally, the mutational analysis revealed a previously described
promoter polymorphism, �665C4G (no. rs3098421) in CAPN3
gene. In silico prediction showed that this C to G transversion created

HES-1 binding site (CTNGTG) between �668 and �663 nucleotides.
HES-1, Hairy and Enhancer of Split homolog-1, belongs to a family of
basic helix-loop-helix transcriptional repressor that has an essential
role in several developmental processes including myogenesis, neuro-
genesis, hematopoiesis and sex determinant.53 HES-1 either antag-
onizes positive basic helix–loop–helix transcription factors through
the E box (CANNTG) or directly binds to the N box (CTNGTG) and
recruits a complex with co-repressors.54 These data suggest the

Figure 4 Detected Alu elements insertion in intron 7 of CAPN3 gene. (a) Gel electrophoresis of the long-range PCR amplification product of intron 7 of

CAPN3 gene. Lanes 1 and 2 are normal controls, lanes 3, 4 and 5 are LGMD2A patient samples P1, P2 and P3, respectively, lane 6 is the patient’s father

and lane 7 is the patient’s mother. A 2.5-kb PCR product was obtained instead of the expected 1.5-kb product. Lane M is the size marker of the 1-kb DNA

ladder. (b) Intron 7 of CAPN3 gene with sequence elements of the Alu repeat (Alu repeat is highlighted in yellow). Consensus target site is shown in red bold

characters; target-site duplications of CAPN3 gene sequence flanking the integrated DNA are highlighted in sky blue. The arrows indicate the cuts.

Table 1 Summary of cases carrying the c.1194-9 A4G mutation and other splicing mutations in CAPN3 gene

Origin

Splicing

mutation Gender State

Age at onset

(years)

Age at

ascertainment

Calpain

deficiency

Transcriptional and

mRNA study Reference

Brazilian c.1194-9 A4G F Homo 14 25 Partial NP 32

Japanese c.1194-9 A4G F Homo 20 48 NP NP 33

UK c.1194-9 A4G F Hetero with

c.2263+1 G4C

ND ND NP NP 7

French c.1194-9 A4G ND Hetero ND ND NP NP Leiden Database

Tunisian c.1194-9 A4G F Homo 10 Still walking Complete Retention of 8 bp from intron 9 Present study

Tunisian c.1194-9 A4G F Homo 17 Still walking NP Retention of 8 bp from intron 9 Present study

Veneto region

(Italy)

c.1193+6T4A F Hetero ND ND Partial Retention of 31 bp from intron 9 15

Spain c.802-9 G4A F Hetero 12 Still walking Complete Retention of 7 bp from intron 5 16

French c.802-9 G4A ND Hetero with

c.1714C4T

ND ND Severe decrease Undetectable allele 17

French c.802-9 G4A ND Hetero with

c.2380+12delA

13 ND Complete Pseudo-homozygous insertion of

7 bp from intron 5

17

Tunisian c.1536+1G4T F/M Homo [7–16]a [24–33]a Complete Total retention of intron 12 25

Abbreviations: F, female; Hetero, heterozygous; Homo, homozygous; M, male; ND, no current data; NP, not performed.
aDenotes ages at onset and at ascertainment ranged between 7–16 and 24–33 years, respectively.

Table 2 Diseases resulting from Alu insertion within an intron41

Gene Disease Alu Intron insertion Orientation Distance from SS Effect Reference

CTDP1 CCFDN syndrome Yf4 6 Antisense 73bp upstream of exon 6 Alternative splicing 44

GK Glycerol kinase deficiency Y 4 Antisense 52bp upstream of exon 5 Alternative splicing 45

FGFR2 Apert syndrome Ya5 8 Antisense 19bp upstream of exon 9 Alternative splicing 46

NF1 Neurofibromatosis type1 Ya5 5 Antisense 44bp upstream of exon 6 Skipping of exon 6 47

FVIII Hemophilia A X-linked

severe bleeding disorder

Yb9 18 Antisense 19bp upstream of exon 19 Skipping of exon 19 48

Fas ALPS syndrome Sb1 7 Antisense 50bp upstream of exon 8 Skipping of exon 8 49

Abbreviations: ALPS, autoimmune lymphoproliferative syndrome; CCFDN, congenital cataracts, facial dysmorphin and neuropathy.
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possible involvement of HES-1 in CAPN3 transcription efficacity in
muscle cells.
In this study, more than one mechanism seemed to be involved in

generating the pathogenic phenotype of LGMD2A. We established
that the c.1194-9A4G mutation identified in a Tunisian family with
LGMD2A resulted in the partial retention of eight nucleotide of intron
9. Although this mutation was expected for a long time as a
polymorphism, we provided a definite demonstration of its pathoge-
netic effect. We described also an AluSg insertion event in intron 7 of
CAPN3 gene, which could lead to the disruption of pre-existing
intronic-splicing regulatory elements. Alu insertions have been
reported in the literature as causing human genetic diseases. However,
this is the first report of a pathogenic CAPN3 gene mutation showing
the contribution of an Alu insertion.
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