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Abstract

4.1R pre-mRNA alternative splicing results in multiple mRNA and protein isoforms that are expressed in virtually all t
More specifically, isoforms containing the alternative exon 17a, are exclusively expressed in muscle tissues. In th
we show that these isoforms are preferentially present in the myoplasm of fast myofibres. 4.1R epitopes are also
the sarcolemma of both slow and fast myofibres in normal muscle. Interestingly, they are absent from dystrophin-
sarcolemma of DMD muscle, and colocalize with partially expressed dystrophin in BMD muscle. We also show that alt
splicing of exons 16 and 17a is regulated during muscle differentiation in an asynchronous fashion, with an early inc
exon 16 in forming myotubes, and a late inclusion of exon 17a. Consistently, Western blot analysis led to characteriz
a∼ 96/98-kDa doublet bearing exons 16–17a-encoding peptide, exclusively occurring in the differentiated muscle.To cite this
article: F. Delhommeau et al., C. R. Biologies 328 (2005).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Abbreviations:BMD: Becker muscular dystrophy;DMD: Duchenne muscular dystrophy;DGC: dystrophin–glycoprotein complex
MHC: myosin heavy chain;MSP: muscle-specific 17 amino acid peptide;SAB: spectrin/actin binding.
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Résumé

Expression de la protéine 4.1R dans le muscle normal et dystrophique. Plusieurs isoformes d’ARNm sont issues du gè
4.1R par multiples épissages alternatifs. L’exon 17a, en particulier, est exprimé exclusivement dans les tissus muscu
présent travail montre que les isoformes contenant cet exon sont exprimées préférentiellement dans le myoplasme
rapides et au niveau du sarcolemme. Cependant, des marquages immunohistochimiques ont révélé l’absence conc
dystrophine et de 4.1R du sarcolemme de muscle atteint de la myopathie de Duchenne (DMD) et une colocalisatio
dystrophine résiduelle dans le muscle atteint de la myopathie deBecker (BMD). Par ailleurs, nousmontrons que l’épissage al-
ternatif des exons 16 et 17a est régulé de façon asynchrone au cours de la différenciation musculaire. L’analyse par W
révèle essentiellement un doublet d’environ 96/98 kDa, contenant les peptides codés par les exons 16 et 17a, et exc
exprimé dans le muscle squelettique différencié.Pour citer cet article : F. Delhommeau et al., C. R. Biologies 328 (2005).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Keywords:Alternative splicing; Becker muscular dystrophy; Duchenne muscular dystrophy; Dystrophin; Membrane skeleton; Muscle fibre;
Protein 4.1R

Mots-clés :Épissage alternatif ; Myopathie de Becker ; Myopathie de Duchenne ; Dystrophine ; Squelette membranaire ; Fibre musculaire
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La protéine 4.1R (ou 4.1R) est l’un des composa
clés du squelette érythrocytaire, dont le rôle maj
est de stabiliser le complexe spectrine/actine, via
domaine interne de 10 kDa (domaine SAB). La dé
cience en cette protéine se traduit par une anom
morphologique du globule rouge, l’elliptocytose héré
ditaire 4.1R(−). Cette anomalie est asymptomatiqu
l’état hétérozygote, mais elle se traduit en cas d’
sence totale de protéine par une anémie hémolyt
grave due à une fragilisation accrue de la membr
et nécessitant des transfusions répétées.

4.1R est codée par un gène unique de plus
200 kb. L’isoforme érythrocytaire de 80 kDa est le p
totype d’une famille d’isoformes de tailles variant
30 à 120 kDa. Ces isoformes proviennent dans
grande majorité de multiples épissages différentiels
pré-messager, et leur expression dépend du typ
tissu et du stade de différenciation. L’isoforme é
throcytaire est de loin la mieux connue ; elle conti
quatre domaines structuraux définis suite à une
gestion ménagée : N–30 kDa–16 kDa–10 kDa–22
kDa–C.

Dans un précédent travail, nous avions analysé
isoformes 4.1R dans des tissus perfusés de rat e
souris, focalisant sur la région codant le domaine S
Ce travail révéla que le muscle squelettique expri
de façon presque exclusive, un nouvel exon alte
tif, l’exon 17a. Nous avons alors émis l’hypothè
que cet événement d’épissage devrait contribuer
production d’une isoforme dotée d’un rôle physio
gique particulier, et qui contient un peptide spécifiq
du muscle (MSP :muscle-specific peptide) codé par
l’exon 17a. Plus tard, il a été établi que 4.1R, p
sente sous deux formes majeures de 105/110 kD
135 kDa, est exprimée au niveau des bandes A du
comère, et s’associe aux protéines du système con
tile, myosine, actine et tropomyosine via son doma
de 10 kDa.

Le travail présenté ici repose sur la product
d’un nouvel anticorps dirigé contre MSP, et do
les tests en Western Blot ont prouvé la spécific
Il reconnaît les protéines 4.1R(+MSP), aussi bien
chez l’homme que chez la souris. Cet anticorp
été d’abord utilisé pour marquer des coupes tran
versales de muscle normal ou de muscle attein
myopathie de Duchenne (DMD). Ces expérien
ont révélé une expression au niveau du sarcolem
de muscle normal, laquelle expression disparaît d
le muscle déficient en dystrophine. Cette obse
tion suggère que l’assemblage de la protéine 4
au sarcolemme est dépendant de la dystrophine
sait depuis plusieurs années que l’absence de dy
phine dans le muscle myopathique entraîne en e
des déficiences secondaires en d’autres compo
du sarcolemme, telles les sarcoglycanes. En app
cette observation, un double marquage avec des
ticorps anti-4.1R(+MSP) et anti-dystrophine a révé
une expression partielle de 4.1R, colocalisée ave



F. Delhommeau et al. / C. R. Biologies 328 (2005) 43–56 45

sar-
ker

ire.
scu-
dan
ans
ans
r-

rco-
ré-
res
scle
-
de

é
ern

es
sent
é-

lette
une
r
ia-
e
ns
, et
dif-

es
les

ples
lé-
uti-
une
rmis
e-
a
urs
5 et
nti-
7b
tier

es
mé-
epris
nt le
yo-
ail
tifs

pri-
tien-
es
l’ap-
ri-
et-
ant

issu
ser-
ive

P.

es
of

1R
m-

om
r
10-
in
ive
nd

g of

lter-

i-
ed

ns-
n-

of
o-
an
dystrophine résiduelle, exprimée au niveau du
colemme de muscle atteint de myopathie de Bec
(BMD).

Le sarcolemme exprime aussi laβ-spectrine, le li-
gand de 4.1R au niveau du squelette érythrocyta
Cependant, il est probable que les isoformes mu
laires de ces deux protéines ne s’associent pas
le muscle. En effet, la déficience en dystrophine d
le muscle DMD entraîne une déficience en 4.1R, s
affecter l’expression deβ-spectrine au niveau du sa
colemme.

En plus de l’expression de 4.1R au niveau du sa
lemme, les expériences d’immunohistochimie ont
vélé un marquage au niveau du myoplasme des fib
aussi bien dans le muscle normal que dans le mu
myopathique. Un double marquage utilisant des an
ticorps spécifiques des types de fibres a permis
démontrer que les isoformes 4.1R(+MSP) sont pré-
férentiellement exprimées dans les fibres rapides.

L’anticorps anti-4.1R(+MSP) a été ensuite utilis
pour identifier les isoformes protéiques par West
Blot. Ces expériences ont montré que les isoform
contenant le peptide musculaire MSP apparais
sous forme d’un doublet d’environ 96/98 kDa. Ce d
doublement rappelle la forme dédoublée du sque
érythrocytaire de 78/80 kDa, laquelle correspond à
déamidation d’un résidu asparagyl. Une analyse pa
Western Blot au cours d’une cinétique de différenc
tion des myoblastes C2C12 a permis de montrer qu
les isoformes 4.1R(+MSP) ne sont exprimées ni da
les myoblastes ni dans les myotubes en formation
que leur apparition est propre au tissu musculaire
férencié.

Pour identifier de manière exhaustive les isoform
de 4.1R contenant l’exon 17a, nous avons amplifié
messagers 4.1R par RT-PCR, utilisant deux cou
d’amorces. Afin d’amplifier spécifiquement les mo
cules contenant l’exon 17a, nous avons choisi d’
liser dans chacune des deux séries de RT-PCR
amorce dans cet exon. Ces expériences ont pe
d’identifier deux isoformes majoritaires, l’une cont
nant l’exon 17a entier, l’autre la forme tronquée 17′.
Ces isoformes majoritaires contenaient par aille
tous les exons, à l’exception des exons 3, 14, 1
17b. Deux formes minoritaires ont été aussi ide
fiées, l’une et l’autre contiennent en plus l’exon 1
et diffèrent par la présence, soit de l’exon 17a en
soit sa forme tronquée 17a′.
s

,

Pour savoir si l’expression tardive des isoform
protéiques résulte d’une régulation au niveau du
tabolisme des ARN messagers, nous avons entr
une analyse du profil d’épissage des exons coda
domaine SAB au cours de la différenciation des m
blastes C2C12 et dans le muscle mature. Ce trav
conclut à l’apparition asynchrone des exons alterna
16 et 17a. En effet, les isoformes majoritaires ex
mées dans les myoblastes individualisés ne con
nent ni l’un ni l’autre de ces deux exons. La fusion d
myoblastes en myotubes est accompagnée par
parition de l’exon 16 seul dans les isoformes majo
taires. L’apparition de l’exon 17a est en revanche n
tement plus tardive, puisque les isoformes conten
cet exon ne deviennent majoritaires que dans le t
différencié. Ces résultats sont en accord avec l’ob
vation, rapportée plus haut, d’une expression tard
des isoformes protéiques contenant le peptide MS

1. Introduction

The 80-kDa isoform of protein 4.1R promot
binding of spectrin and actin, two major proteins
the cortical skeleton at the red cell membrane[1]. Four
structural domains of human erythrocyte protein 4.
have been deduced from limited proteolytic and che
ical degradation: 30, 16, 10 kDa, and 22/24 kDa fr
N -terminal toC-terminal[2]. The activity needed fo
the spectrin/actin complex formation resides in the
kDa domain[3]. In fact, the prototype 80-kDa prote
4.1R is a member of a large family of immunoreact
polypeptides, ranging from 30 to 210 kDa in size, a
found in a large array of normal tissues[4,5]. Most of
these isoforms are generated by alternative splicin
4.1R pre-mRNA.

4.1R pre-mRNA is encoded by a single gene[6,7],
EPB41 gene, but undergoes a highly regulated a
native splicing involving many sequence motifs[7–
11]. Two particular sequence motifs significantly d
rect the functional behaviour of protein 4.1R in r
cells: (i) a 17nt motif at the 5′ end of exon 2 (5′E2), the
exclusion of which removes the upstream AUG1 tra
lation initiation codon, allowing the use of the dow
stream AUG2 initiation site (Fig. 1A); and (ii ) exon
16, the inclusion of which leads to the production
a functional 10-kDa spectrin/actin binding (SAB) d
main. These two splicing events are regulated in
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Fig. 1. 4.1R antibodies. (A) Epitopes of antibodies against the whole 80-kDa erythroid isoform (Ab80; this antibody is represented with
dashed box because its epitopes are unknown), the 10-kDa SAB domain (Ab10), the MSP (AbMSP), and exon 21-encodingC-terminal peptide
(AbCT), are schematically depicted under a composite cDNA diagram of 4.1R. (B) Sequence alignment of exon 17a in mouse and hum
Nucleotide mismatches are indicated in small letters in the mouse sequence. Of note is the peptide sequence similarity; among the 17 resi
only two positions are divergent between the two species. (C) Characterization of AbMSP. Three cDNA constructs served for in vitro transla
of 4.1R protein isoforms.(−17a) lacks exon 17a;(+17a′) contains the short form of exon 17a;(+17a) contains the full-length exon 17a. EV
empty vector. Western blot analysis using AbMSP revealed specifically 4.1R isoforms containing either exon 17a′or 17a.
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asynchronous fashion during erythroid differentiat
[12]. It has also been documented that splicing reg
tion of both 5′E2 and exon 16 is functionally crucia
for targeting protein 4.1R isoforms to cell compa
ments in nucleated cells[13–17].

Analysis of 4.1R mRNA splicing pattern in variou
perfused tissues has revealed the presence of a u
sequence motif virtually confined to skeletal mus
[7]. This motif is encoded by an individual exon, ex
17a, and appears as a doublet upon RT-PCR am
fication, which corresponds to the inclusion of eith
e

the whole 51-nucleotide exon, or the 36nt at the′
end, namely exon 17a′ [7]. The latter mRNA species i
most likely generated by alternative splicing using an
internal donor splice site. In all cases, the alterna
splicing does not alter the translation reading fram
We therefore hypothesized that the muscle-spe
17 amino acid peptide (MSP) encoded by exon
must be part of a protein isoform with specific fun
tional properties in muscle. In total, the region of 4.
mRNA encoding the SAB domain actually includ
three alternatively spliced exons, namely exons 14,
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16, and separated from theC-terminal encoding do
main by two additional alternative exons, exons 1
and 17b (Fig. 1A).

A recent work has used immunofluorescence
croscopy to study the intracellular distribution of 4.1
in longitudinal sections of skeletal myofibres[18].
This study has shown that 4.1R colocalizes w
the thick myosin filaments at the A-bands. It fu
ther showed that 4.1R co-immunoprecipitates w
three major contractile proteins,α-actin, myosin, and
tropomyosin, hence demonstrating that 4.1R is an
trinsic component of the myoplasm.

In the present study, we raised an antibody aga
the MSP, and revealed upon immunohistochem
analyses that the MSP-containing isoforms are p
erentially expressed in the myoplasm of fast myo
bres of differentiated muscle. In addition, we do
umented the presence of 4.1R epitopes at the
colemma of normal skeletal muscle. In muscle fro
patients with Duchenne muscular dystrophy (DMD
or Becker muscular dystrophy (BMD), the fibre typ
specific staining of the myoplasm were similar to tho
of normal muscle. By contrast, we found a 4.1R d
ficiency along with the dystrophin deficiency in th
sarcolemma. We finally examined the alternative sp
ing pattern of exons around the muscle specific ex
We found that exons 16 and 17a are predomina
skipped in myoblasts, but subsequently incorpora
in an asynchronous fashion.

2. Materials and methods

2.1. Cell culture and induction of differentiation

C2C12 cell line obtained from the American Typ
Culture Collection (Rockville, MD, USA), was main
tained in non confluent culture as distinct monon
cleated myoblasts in DMEM, supplemented w
4.5 g l−1 glucose and 10% FCS (Life Technologie
Gaithersburg, MD, USA), a medium recommend
for cell proliferation. To promote muscle differe
tiation, confluent cells were cultured in (DMEM
4.5 g l−1 glucose, 0.5% FCS). Proliferating myobla
and forming myotubes were washed with 1X PB
trypsinised, and harvested for RNA and protein iso
tion.
2.2. mRNA analysis

Total RNA from muscle tissues or cultured ce
was extracted following cell lysis by ultracentrifug
tion through a CsCl step-gradient as previously
scribed[7,12], or an alternative procedure using t
RNeasy Total RNA kit (Qiagen, Hilden, Germany
RT-PCR experiments were performed on 1 µg of
tal RNA as previously detailed[7,19]. PCR fragments
were subcloned into pSTBlue-1 (Novagen, Madis
WI, USA) vector, and sequenced using SP6 and
primers.

2.3. Primary antibodies

Monoclonal antibodies against dystrophin (A
DYS2), β-spectrin (AbSPEC2), fast (AbMHCf) an
slow (AbMHCs) type myosin heavy chains, we
purchased from Novocastra Laboratories (Newcas
UK). Anti-laminin polyclonal antibodies were ob
tained from Sigma Immunochemicals (Saint Lou
Missouri). Affinity-purified polyclonal antibodies di
rected against the 4.1R 80-kDa erythroid isofo
(Ab80), the 10-kDa spectrin–actin binding doma
(Ab10), and a peptide encoded from exon 21 at
C-terminus (AbCT) were all described and used p
viously [19,20]. Monoclonal antibody C18 (AbC18
immunologically reactive against the 22–24 kD
C-terminal domain ([21] and data not shown) wa
kindly provided by Dr M. Garbarz. A polyclonal an
tibody, AbMSP, was raised in rabbits against the p
dicted sequence of the MSP [NH2-KKTSVLPSER
VGG-CONH2] [7]. This peptide was synthesized b
Synt:em (Nîmes, France), and the antibody was
tained from Research Genetics (Huntsville, Alabam
Peptide coupling, immunisation protocol, and affin
purification were as previously described[19].

2.4. Isolation and immunoblotting analysis of mus
proteins

Liquid nitrogen quick-frozen muscle biopsies we
resuspended in a solution containing 75 mM Tris-H
10% SDS, 10% glycerol, 5%β-mercaptoethanol, 5%
protease inhibitors Complete™ (Roche, Mannhe
Germany), and bromophenol blue. C2C12 mononu-
cleated individual cells (∼ 106), and myotubes wer
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recovered from culture flasks following trypsin trea
ment, pelletted, and resuspended in 75 mM Tris-H
15% SDS, 20% glycerol, and bromophenol blue.

Protein samples (∼ 300–500 µg) were separated
SDS-PAGE on 6% acrylamide gels, transferred e
trophoretically onto nitrocellulose membrane. Tra
ferred proteins were visualized by soaking the me
branes in Ponceau Red (Sigma Chemical Compa
for 5 min at room temperature. The staining w
washed out by soaking the membranes twice (10
each) in distilled water. Membranes were blocked
incubation for 1 h in TBS containing 10% non-fat d
milk, and were then washedthree times (10 min each
with TBS containing 0.25% Tween 20. Following a
incubation with polyclonal or monoclonal primary a
tibodies in TBS/0.1% Tween 20 overnight at 4◦C or
2H at room temperature, the membranes were was
three times with TBS/0.25% Tween 20, and incuba
with horseradish peroxidase-labelled secondary a
body (Amersham Pharmacia Biotech Europe, Ors
France), 1:10 000 diluted in TBS/0.1% Tween 20,
1 h at room temperature, then washed three times
TBS/0.25% Tween 20. Immunoreactive bands w
detected using the ECL+ Western blotting detectio
system (Amersham Pharmacia Biotech), accordin
the manufacturer’s recommendations.

2.5. cDNA constructs and in vitro transcription and
translation

Three 4.1R cDNA fragments were prepared f
lowing RT-PCR amplification of human RNA tem
plates obtained from MOLT4or skeletal muscle. Th
DNA fragments were then cloned into pGEM-4Z ve
tor (Promega, Madison, WI, USA). Selected clon
namely (−17a), (+17a′), and (+17a) were sequence
prior to use in in vitro experiments. They all contain
the three in-frame AUGs (Fig. 1A). The three clones
were identical, except that (−17a) was lacking exon
17a, and (+17a′) and (+17a) contained the alternativ
form 17a′ or the full-length exon 17a[7], respectively.

In vitro transcription/translation of 4.1R was pe
formed using the TNT-T7 coupled reticulocyte Sy
tem (Promega), in the presence of35S-methionine.
Newly synthesized proteinswere authenticated, an
their quality controlled by autoradiography follow
ing electrophoretic separation on 8% SDS-PAGE. T
transcription/translation step was then repeated in
presence of non-radioactive methionine, and the g
erated proteins were analysed by Western blot u
AbMSP and revealed by the ECL+ detection proce
dure.

2.6. Immunofluorescent confocal microscopy

Transverse cryosections, 7 µm thick, of norm
DMD or BMD human skeletal muscle were prepar
on a cryostat from muscle biopsies. Muscle sa
ples were first blocked for 1 h at room tempe
ture with phosphate buffered saline (PBS) conta
ing 10% bovine serum albumin and 0.1% Tween
They were then incubated with primary antibodies
PBS containing 0.1% Tween 20, for 2 h. After tho
ough washing with PBS, 0.1% Tween 20, the samp
were incubated for 1 h with the appropriate second
antibodies: goat anti-rabbit Ig’s conjugated to flu
rescein isothiocyanate (BioSource International,
marillo, CA) or Alexa 488 (Molecular Probes, E
gene, OR) and sheep anti-mouse Ig’s Texas Red lin
(Amersham Pharmacia Biotech AB, Uppsala, Sw
den) or Alexa 546 (Molecular Probes), diluted in PB
0.1%Tween 20 according to the suppliers’ recomm
dations. The samples were finally washed three tim
in PBS, and mounted with Fluoprep (BioMérieu
Marcy-l’Étoile, France) or with Tris HCl 150 mM
glycerol 25%, pH 8.6. When needed, muscle secti
were stained with 4′,6′-diaminophenylindole (DAPI)
for 5 min, and rinsed briefly in PBS before mountin
Double immunofluorescence staining was perform
by mixing the secondary antibodies. All the incub
tions were performed at room temperature in a
midified chamber. The samples were observed w
a confocal Zeiss Axiovert 135 microscope throug
40× oil immersion objective. Images were process
using Photoshop software (Adobe systems, Inc.,
Jose, CA).

3. Results

Both exon 17a and its shorter form 17a′ were found
in human and mouse[7]. Sequence alignment re
vealed a high degree of identity between these spe
(Fig. 1B). In particular, the sequence at and surrou
ing the cryptic 5′ splice site within the exon is iden
tical, suggesting that activation of this cryptic s
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Fig. 2. 4.1(+MSP) isoform in present in normal but not in DMD sarcolemma. (A–H). 4.1R antibodies Ab10 (10) and AbMSP (MSP) were us
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panel, the right view (B, D, F, H) is a magnification of the inset square. (I–L) Immunolabelling with anti-dystrophin (Dys) and anti-β-spectrin
(Sp) are shown to emphasize theβ-spectrin assembly to the sarcolemma by contrast with the complete absence of dystrophin in DMD musc
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might have a physiologic relevance. The encoded p
tein sequence diverges between the two species a
residues (Fig. 1B). To identify MSP-bearing 4.1R pro
tein isoform(s) in muscle, a new antibody, AbMS
was specifically raised against the MSP. We first
certained its reactivity with both human and mou
muscle tissues (data not shown). We then tested
specificity by Western blot using 4.1R proteins,
vitro translated from cDNA constructs that lack ex
17a (−17a), or contain either the alternate exon 1′
(+17a′) or the whole exon 17a (+17a). As shown in
Fig. 1C, AbMSP revealed the two expected isofor
initiated at AUG1 and AUG2, that were exclusive
generated from (+17a′) and (+17a) constructs. Thes
isoforms are identical to the well-identified 135 a
80 kDa isoforms[8,9], except that the latters are mis
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ing the MSP sequence motif. The antibody did n
cross-react with the isoforms generated from(−17a)
construct or from the empty vector (EV). These d
suggest that AbMSP is specific to isoforms that c
tain either of the peptides encoded by 17a′ or 17a.

3.1. Protein 4.1R is targeted to normal but not to
DMD sarcolemma

Immunohistochemicalexperiments were perform
to investigate 4.1R expression in muscle. In con
muscle samples, a consistent and distinct stain
at the sarcolemma was observed. Higher magnifi
tion ascertained that the staining is localized at
sarcolemma and not the interfibre connective tis
(Fig. 2A–D). Similar results were obtained with th
antibodies Ab80, AbCT, and AbC18 (not show
Moreover, a spot-like staining was also observed
the spaces between the myofibres (Fig. 2B). Us-
ing DAPI antibodies to label nuclear DNA, doub
immunohistochemical experiments showed that
punctate labelling does not colocalize with the nuc
(not shown). However, it colocalized with vessel s
tions in double immunostaining with anti-laminin th
served to label vessel walls (not shown). These d
suggest that 4.1R that appears between the fibres
likely corresponds to blood cell 4.1R rather than
a muscle 4.1R component per se. In all these exp
ments, no significant staining was obtained in a con
set of sections using the secondary antibodies al
suggesting that the labelling was specifically gen
ated by 4.1R antibodies.

The same set of antibodies was also used to ex
ine the sarcolemmal 4.1R expression in muscle b
sies obtained from DMD patients. In all cases, 4.
epitopes were absent from the sarcolemma (Fig. 2E–
H). Knowing that DMD muscle sarcolemma com
pletely lacks dystrophin, but expressesβ-spectrin, we
used these markers to ascertain a proper immun
belling of the sarcolemma. As shown inFig. 2I–L, a
specific antibody against dystrophin labelled the c
trol, but not the DMD muscle sarcolemma, where
anti-spectrin antibody stained both control and DM
muscle cells. To further support these observatio
muscle cross sections obtained from BMD patie
were double labelled with AbMSP and AbDys a
tibodies. As shown for BMD45-55 inFig. 3, 4.1R
epitopes colocalize at the sarcolemma with partial
t

Fig. 3. 4.1(+MSP) isoform colocalizes with dystrophin in BMD sa
colemma. Muscle cross sections obtained from a patient with
BMD45-55 deletion of the dystrophin, were double labelled wit
AbMSP (MSP) and AbDys (Dys) antibodies. Partial expression
dystrophin colocalizes with partial expression of 4.1R at the
colemma.

pression of dystrophin. Altogether, these data sug
that 4.1R distribution at the sarcolemma coincide w
that of dystrophin.

3.2. Protein 4.1R is targeted to fast myofibres in
normal and DMD muscle

In addition to the sarcolemmal staining, immuno
histochemical experiments revealed a distinct label
of the fibre myoplasm. However, this myoplasm sta
ing appeared heterogeneously distributed, particul
with AbMSP (Fig. 2C). This observation suggeste
a protein expression or abundance related to my
bre types. To test this hypothesis, we subseque
performed a co-immunofluorescent staining us
AbMSP and fibre type-specific antibodies (Fig. 4).
Muscle fibre types were histochemically defined
ing fibre-specific anti-myosin heavy chain (MHC) a
tibodies: AbMHCf and AbMHCs for fast and slo
myofibres, respectively (Fig. 4A and G). AbMSP gen
erated a strong staining that coincided with the sig
obtained with AbMHCf (Fig. 4A, C and E). On the
other hand, a complementary labelling was obtai
using AbMHCs and AbMSP (Fig. 4G, I and K). Ab-
sence of primary antibodies showed no signific
labelling (not shown). In DMD muscle cross sectio
AbMSP revealed a pattern similar to that observed
normal muscle sections: immunofluorescence stain
coincides with the fast myofibre types on one ha
(Fig. 4B, D and F), and complements the slow fib
labelling with AbMHCs, on the other hand (Fig. 4H,
J, and L). Ab10 was also used in double immunofl
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her
th
Fig. 4. 4.1(+MSP) isoform is present in both normal and DMD fast fibre myoplasm. AbMSP was used in co-immunostaining with eit
fast myofibre-(MHCf) or slow myofibre-(MHCs) specific antibodies. AbMSP labelled specifically the myoplasm of the fast myofibres in bo
normal (A, C, E) and DMD (B, D, F) muscles. Note the complementary staining generated by AbMSP and MHCs (G–L). In addition to the
myoplasm, AbMSP revealed a distinct staining at the sarcolemma of all fibres in normal but not in DMD muscle.
fas

es
sin
ing
r to
ific

R is

by
scle

ube

efor-
let
le.
blet
out
i-

re-
ng
the

10,
se-
s to
rescence experiments and turned to also label the
myofibres (not shown).

In all these experiments, while all normal myofibr
were immunoreactive to either of the two anti-myo
antibodies, part of the DMD myofibres, correspond
probably to degenerating fibres, responded neithe
any of the 4.1R antibodies nor to myosin type-spec
antibodies.

Altogether, these data suggest that protein 4.1
targeted to fast myofibre myoplasm.

3.3. A major 4.1R protein isoform is expressed in
muscle

4.1R protein expression was next analysed
Western blot in human (not shown) and mouse mu
tbiopsies, as well as in myoblasts, and during myot
formation of C2C12 cultured cells (Fig. 5). AbMSP
revealed a predominant and consistent band, henc
ward named 4.1R(+MSP), that appears as a doub
at ∼ 96/98 kDa, exclusively in differentiated musc
A previous work has also described a 4.1R dou
in skeletal muscle, but the estimated size was ab
∼ 105/110 kDa[18]. In addition to these bands, m
nor isoforms of higher molecular weights (∼ 135
and∼ 152 kDa apparent molecular weights) were
vealed. They probably result from alternative splici
pathways that lead to a translation initiation at
upstream AUG1 (seeFig. 1A). To confirm this ob-
servation, Western blot was performed using Ab
an antibody that recognizes the flanking peptide
quence upstream of MSP, and which correspond
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Fig. 5. Protein 4.1R(+MSP) isoform expression in skeletal musc
4.1R expression in skeletal muscle and during muscle differen
tion. Western blot analysis was performed, using AbMSP antib
(left panel), or Ab10 antibody (rightpanel), on protein homogenate
obtained from cultured myoblasts (lanes 1), myotubes (lanes 2), a
mature mouse muscles gastrocnemius (lanes 3), and soleus
4) About 450 µg of proteins was loaded. Size markers in kDa
indicated.

the SAB domain in red cell membrane 4.1R isofor
The immunoblot shown inFig. 5 (right panel), dis-
plays a pattern very similar to the expression patt
described above. Again, the major isoform is co
pletely absent from the myoblasts and differentiat
myotubes. The occurrence of 4.1R(+MSP) isoform
as a doublet recalls the erythroid 4.1R doublet, wh
derives from the deamidation of an Asn residue[22].
Minor bands of low molecular weights appear us
either of the antibodies AbMSP or Ab10 (Fig. 5). The
identity of these bands remains unknown.

Collectively, these results demonstrate that (i) skele-
tal muscle expresses a major isoform of∼ 96 kDa and
minor isoforms of higher molecular weights, and th
(ii ) these isoforms contain the MSP, encoded by e
17a, along with the SAB domain encoded by the fla
ing exons 16 and 17.

3.4. Multiple alternative splicing events of 4.1R
pre-mRNA occur during muscle differentiation

Occurrence of MSP-containing protein isoform
only in differentiated muscle suggested a late exp
sion of these isoforms. This observation prompted
to examine 4.1R mRNA splicing pattern during mu
cle differentiation.

Total RNA from human or mouse muscle samp
was analysed by RT-PCR focusing on muscle-spe
exon 17a expression. To determine the exon com
sition of only exon 17a-containing isoforms, a sen
s

and antisense primers within the exon were used;
facing primers were designed within exons 2 and
sequences, which have been so far described as
stitutive sequences (Fig. 6A). A single PCR produc
was obtained in the upstream region; it contained
ons 4–13, 16, and 17. In the downstream region
major product containing exons 18–22 was obtain
Cloning and sequencing revealed two isoforms,
containing the full-length exon 17a, and one the al
nate 17a′ motif. In addition to these major isoforms,
minor product containing exon 17b in association w
either 17a or 17a′ was obtained (Fig. 6A).

Five alternatively spliced exons (exons 14, 15,
17a, and 17b) are clustered at the region of 4
mRNA encoding the SAB domain (Fig. 6A). We ex-
amined the splicing pattern of these sequence m
in cultured C2C12 myoblasts and during myotube fo
mation, as well as in mature muscle tissue (Fig. 6B).
RT-PCR amplification revealed only two major is
forms at exon 13-exon 17 region, one lacking all ex
14, 15, and 16, referred to as isoform(−14−15−16),
and one isoform(−14−15+16), missing exons 14 an
15, but containing exon 16 (Fig. 6B, left panel). The
latter is present at a low level in myoblasts; it increa
in abundance at the expense of the shorter speci
become the major isoform upon myotube fusion a
in mature muscle. mRNA analysis of exon 17-ex
18 region of 4.1R transcript revealed a switch fro
a predominant(−17a−17b) isoform in myoblasts to
a predominant(+17a−17b) isoform in the differenti-
ated muscle (Fig. 6B, middle panel). However, by con
trast with exon 16’s early retention, inclusion of ex
17a occurs only in mature differentiated muscle. A
ditional RT-PCR experiments subsequently confirm
that the appearance of exons 16 and 17a occurs o
same mRNA molecule during myotube formation a
in mature muscle (Fig. 6B, right panel), hence con
firming our previous data[7], and the data obtaine
in long RT-PCR experiments (Fig. 6A). RT-PCR us-
ing long polymerisation extension step led to amp
the minor isoforms containing exon 17b, in addition
to exons 16 and 17a in differentiated muscle sa
ples. These results suggest an asynchronous re
tion of 4.1R pre-mRNA alternative splicing of exo
at the SAB-encoding domain during muscle differe
tiation. A similar feature has been reported on 4.
pre-mRNA, dealing with the early exclusion of 5′E2
motif and the late inclusion of exon 16 during er
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Fig. 6. 4.1R mRNA alternative splicing in muscle. (A) To select the 4.1R mRNA isoforms bearing the muscle-specific exon 17a, two
plementary RT-PCRs were performed using either an antisense (AS1) or a sense (S2) primer within exon 17a, and facing prime
AS2, respectively) within constitutive exons. The major isoforms lackexon 17b, whereas the minor isoforms contain this exon. However,
species with 17a or 17a′ (17a/17a′ ) were found in each class of isoforms. (B) 4.1R mRNA from mononucleated myoblasts (samples numb
1), forming myotubes (samples 2), and mature muscle tissue (samples 3) were amplified by RT-PCR. The PCR products were resolved on
NuSieve agarose gels. The different bands were sequenced. Their exon composition is indicated. (C) These experiments led to draw the splici
pathways of the SAB domain-encoding exons atdifferent stages of muscle development.
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throid differentiation[12]. Altogether, these finding
allow us to propose an mRNA alternative splicing m
of the SAB domain-encoding region of 4.1R mRN
during muscle differentiation (Fig. 6C).

4. Discussion

It is well recognized over the last decade that c
nection of the cytoskeleton to the basement mem
brane in skeletal muscle involves two sarcolemma p
tein complexes: integrin complex and the dystroph
glycoprotein complex (DGC). The DGC is compos
of transmembrane and peripheral membrane prot
[23]. Complete deficiency or structural alteration
dystrophin results in a secondary reduction at the
colemma of DGC components such asα-dystroglycan
and sarcoglycans[23]. Therefore, the secondary a
sence of 4.1R in DMD sarcolemma and its coloc
ization with residual dystrophin in BMD sarcolemm
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(present work) suggest that 4.1R might be an intrin
component of a protein complex that associates w
dystrophin. Interestingly, the complete absence of e
throid 4.1R exhibit no muscle phenotype in patie
with hereditary elliptocytosis[24,25], or in knock-out
mice with invalidated 4.1R gene[26]. Similarly, dis-
ruption of other genes encoding sarcolemma prote
such as syntrophin, exhibits no evidence of musc
dystrophy, although a direct binding with dystroph
has been established[27,28].

Muscle fibres are dynamic structures capable
altering their molecular composition and contrac
properties in an adaptive manner. Myosin-based c
sification led to histochemical delineation of type
(slow) and type II (fast) as the major fibre types[29].
Besides myosin isoforms, which are a key marke
fibre-type transitions, a fibre-specific distribution
protein isoforms has been documented in several
amples, such as troponin T (TnT),α-actinin and par-
valbumin, among others[29]. In the present work
we show that 4.1R(+MSP) isoform, which contain
a muscle-specific peptide encoded by an altern
exon, is predominantly expressed in fast myofibre m
oplasm. These findings suggest the presence of a c
dinate fibre-type-specific program of mRNA splicin
regulation.

Early works have documented 4.1R interact
with myosin in red cells[30]. More recently, 4.1R
has been shown to interact in muscle with contr
tile components myosin,α-actin andα-tropomyosin
in a highly specific complex[18]. 4.1R is an actin-
and spectrin-binding protein. It is therefore not s
prising to find this protein both at the sarcolemma a
the myoplasm, suggesting a dual function through
teractions with actin and spectrin-like (dystrophin)
one side, and through the contractile apparatus on
other side.

Exon 16, first described as an erythroid-spec
motif, is in fact predominantly included in musc
4.1R mRNA isoforms[7]. As a result, the whole SAB
domain is expressed in muscle. Interestingly, mus
also expresses aβ-spectrin isoform (β1� 2, [31]), that
shares with the erythroid isoformβ1� 1 the sameN -
terminal region[32], which is precisely the bindin
site for 4.1R in red cells. These findings led to the
pothesis that 4.1R in muscle may also function a
component of a protein complex includingβ-spectrin.
Nevertheless, data gathered from previous works
-

from the present work argue against this hypothe
although spectrin distributes together with other me
brane skeletal proteins in abnormal sarcolemmal st
tures, it still associates with the sarcolemma in hum
and mouse dystrophin-deficient muscle fibres[33–36].
Using an anti-spectrin antibody, we reproduced t
observation in human DMD muscle (Fig. 2I–L). On
the contrary, 4.1R antibodies labelled the myofibre s
colemma in normal but not in DMD muscle.

In the present study, we show that the major i
form 4.1R(+MSP) contains the SAB domain encod
by exons 16 and 17, along with the MSP encod
by exon 17a. This isoform is generated through
stepwise-regulated alternative splicing that results
the inclusion of exon 16 in differentiating myotube
followed by the inclusion of exon 17a in mature mu
cle cells. However, functional assays tend to s
gest that the interaction of 4.1R with myosin involv
the 10-kDa SAB domain, mostly through exon 1
encoding peptide[18], and therefore the functiona
significance of the MSP in 4.1R still remains to
elucidated. In addition to 4.1R isoforms ([7,18], this
work), skeletal muscle contains multiple isoforms
lated to red cell membrane skeletal proteins, such
spectrin[37–40], and ankyrin[41–43]. Most remark-
ably, spectrin, ankyrin and 4.1R all display a compl
and in some cases fibre-type specific pattern of exp
sion. Further understanding of the expression patt
of protein 4.1R isoforms and of their biochemical c
pacity to interact with protein complexes will be im
portant for refined understanding of their biologic
roles in muscle tissue.
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