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Université René Descartes, 45 rue des Saints-Pères, F-75720 Paris Cedex 06, France
bUFR STAPS, Université René Descartes, France
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Abstract

FGF6, a member of the fibroblast growth factor (FGF) family, accumulated almost exclusively in the myogenic lineage, supporting the

finding that FGF6 could specifically regulate myogenesis. Using FGF6 (� /� ) mutant mice, important functions in muscle regeneration

have been proposed for FGF6 but remain largely controversial. Here, we examined the effect of a single injection of recombinant FGF6

(rhFGF6) on the regeneration of mouse soleus subjected to cardiotoxin injection, specifically looking for molecular and morphological

phenotypes. The injection of rhFGF6 has two effects. First, there is an up-regulation of cyclin D1 mRNA, accounting for the regulating role

of a high FGF6 concentration on proliferation, and second, differentiation markers such as CdkIs and MHC I and Tn I increase and cellular

differentiation is accelerated. We also show a down-regulation of endogenous FGF6, acceleration of FGFR1 receptor expression and

deceleration of the FGFR4 receptor expression, possibly accounting for biphasic effects of exogenous FGF6 on muscle regeneration.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Skeletal muscle regeneration occurs following injury and

is sustained by mononucleated muscle cells, called satellite

cells [1]. Following injury, these quiescent mononucleated

stem cells are activated. After proliferation, the descendants

of the satellite cells called muscle precursor cells (mpc)

leave the cell cycle and fuse, forming multinucleated myo-

tubes which consequently replace the damaged muscle. The

proliferation and differentiation of the satellite cells into

muscle fibers are controlled by a network of growth factors,

signaling molecules and transcription factors [2].

Fibroblast growth factors (FGFs) make up a large family

of polypeptide growth factors that have diverse roles, during

embryonic development, in regulating cell proliferation,

migration and differentiation [3]. In the adult organism,

FGFs are homeostatic factors and function in tissue repair
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and response to injury [3]. The FGFs transduce their signals

to the cell through transmembrane tyrosine kinase receptors

(FGFRs) for which four distinct genes have been discovered

(FGFR1–FGFR4) [4]. Among the FGF family members,

FGF6 exhibits a restricted expression profile predominantly

in the myogenic lineage in adult and developing skeletal

muscle [5,6] that has suggested that it may be a component

of signaling events associated with the somite [7] as well as

the regeneration of the adult muscle [8]. FGF6 preferentially

uses FGFR1 and FGFR4 for signal transduction [9,10].

Mutations in growth factor receptors expressed in skeletal

muscle resulted either in early embryonic lethality (FGFR1)

[11–13], thereby preventing analysis of their functions in

muscle cells, or in no apparent phenotypic alterations of

muscle development and its maintenance (FGFR4) [14]. In

vitro studies indicated that FGF6 differentially regulated the

expression of FGFR1 and FGFR4 in the C2 myoblast cells

[8]. FGF6 stimulated the proliferation of C2 myoblasts and

increased the expression of muscle cell differentiation

markers or delayed differentiation into myotubes at low or

https://core.ac.uk/display/82424861?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


A.-S. Armand et al. / Biochimica et Biophysica Acta 1642 (2003) 97–10598
high concentrations, respectively [8]. However, the effect of

exogenously supplied FGF6 has never been studied during

myogenesis in vivo. To better understand the importance of

FGF6 for muscle regeneration, mice with a homozygous

disruption of the FGF6 gene have been generated in two

laboratories and skeletal muscle regeneration has been

studied in these FGF6 (� /� ) mice, but this has given rise

to contradictory results. In one case, a regeneration defect

accompanied by fibrosis was associated with the absence of

a functional FGF6 gene [15] whereas in the other case, the

kinetics of muscle regeneration was not affected [16].

In this work, to provide a better insight into the involve-

ment of FGF6 in muscle regeneration, we examined the

molecular and morphological effects of a single injection of

recombinant FGF6 on the regeneration of mouse soleus

subjected to cardiotoxin injection. Using semi-quantitative

RT-PCR assays, we monitored the expression of regulatory

genes involved in proliferation, cell cycle sorting and

differentiation in relation to morphological changes in

rhFGF6-injected regenerating soleus versus regenerating

control soleus.
2. Materials and methods

2.1. Animals and muscle injury

Studies were carried out on adult Mus musculus C3H

(about 30 g) originating from the breeding center R. Janvier

(Le Genest Saint-Isle, France). Animals were anesthetized

by intraperitoneal injection of 3.5% chloral hydrate (1.7 ml/

100 g). The skin was cut and 35 Al of cardiotoxin (10� 5 M

in 0.9% NaCl) from Naja mossambica nigricollis venom
Table 1

Primers used in PCR

Gene Product

size (bp)

Forward primer

GAPDH 377 5VTCCTGCACCACCAACTG
MRF4 475 5VTTAGAAGTGGCAGAGG
Myf-5 428 5VGGGCAGAATACGTGCTT
Myogenin 485 5VTGTCCTGATGTCCAGAA
MyoD 408 5VGGATGGTGCCCCTGGTT
MEF2A 545 5VGGATAAGCAGTTCTCAA
MEF2C 467 5VAAGAAACACGGGGACT
FGFR1 472 5VCTAACCGCAGAACTGGG
FGFR2 430 5VAGTGTTCACTACTCGCC
FGFR3 398 5VTCTCCACAGAGGCGTTC
FGFR4 467 5VCTCACGTGGACAACAG
Cycline D1 489 5VTGTGCTGCGAAGTGGAG
Cdk4 489 5VTGGGACGGTGTACAAAG
P15 408 5VCCACCCCGCCTATTTGT
P16 421 5VGATTGGGCGGGCACTGA
P21 417 5VACTCCTACTTCTGTGGA
P27 482 5VCAGAAATCTCTTCGGCC
P57 482 5VAGCAGAACAGCGATGG
MHC-I 373 5VCGGTGAAGGGCATGAG
Myoglobine 264 5VCTGTGCCTGGCAGAGTC
TnIs 426 5VTGTCTCAGCCGATGCCA
(Latoxan; Valence, France) with 3 Al of recombinant human

FGF6 (rhFGF6) (0.1 mg/ml in PBS 0.1% BSA; Sigma),

unless indicated otherwise, 6 Al of heparin (0.1 mg/ml;

Sigma) and 26 Al of PBS 0.1% BSA was injected into the

left soleus muscle. In the right control soleus muscle, we

injected 35 Al of cardiotoxin (10� 5 M in 0.9% NaCl,

Latoxan) with 6 Al of heparin (0.1 mg/ml; Sigma) and 29

Al of PBS 0.1% BSA. In order to follow the regeneration

process, soleus muscles were collected at a 12-h interval for

a total duration of 196 h following injection.

2.2. Semi-quantitative RT-PCR and Southern blotting

Total RNA was isolated from mouse soleus samples as

described by Chomczynski and Sacchi [17]. First-strand

cDNAs were synthesized from 1 Ag of total RNAs by oligo

(dT) priming using Superscript reverse transcriptase (Invi-

trogen) at 37 jC for 1 h. Complementary DNA was then

used as a template for the PCR in a 50-Al reaction volume

including 0.25 AM of each primer, 100 AM dNTPs, Taq

buffer and 1 Al of Taq polymerase (ATGC). The primers

used for amplification are listed in Table 1. The PCR

conditions for the analysis of the expression of each gene

were designed to avoid PCR saturation and to enable

semiquantitative determination. Each data point was nor-

malized by the abundance of glyceraldehyde phosphate

dehydrogenase (GAPDH). For Southern blot analysis, 15

Al of the products of each PCR was loaded on a 1% agarose

gel, transferred onto Hybond-N nylon membrane (Amer-

sham Biosciences), and hybridized overnight at 45 jC with
32P-labeled 20-mer primers. The primers (see Table 2) were
32P-labeled at their 3V-ends by incorporation of [32P] dCTP

using terminal transferase (Invitrogen) according to the
Reverse primer

CTTAGCC 3V 5VTAGCCCAAGATGCCCTTCAGTGGG 3V
GCTC 3V 5VAGGTGCGCAGGAAATCCGCA 3V
TTC 3V 5VTATACCATTAGGCACAACTG 3V
AAC 3V 5VTTGGCAGACGGCAGCTTTAC 3V
CTT 3V 5VTACACCTGAGACCTGAGTGG 3V
GCC 3V 5VTATTAGCAGGTCGGCCAAGC 3V
ATGG 3V 5VCTGGACACTGGGATGGTAAC 3V
ATG 3V 5VAGCTACAGGCCTACGGTTTG 3V
AGC 3V 5VCGGTAATCCCATCTGCACAC 3V
TCC 3V 5VGGGAGGCATTTAGCACTTGC 3V
CAAC 3V 5VCACAGCCACGGTGCTGGTTT 3V
ACC 3V 5VGGCATTTTGGAGAGGAAGTG 3V
CCC 3V 5VGTACCAGAGCGTAACCACCA 3V

CTC 3V 5VTTCAGGGCGTTGGGATCTGC 3V
ATC 3V 5VCGCACGATGTCTTGATGTCC 3V
CAT 3V 5VCAGGGCTCAGGTAGACCTTG 3V
CGG 3V 5VTTCTTGGGCGTCTGCTCCAC 3V
AACG 3V 5VCTCCGGAATTGGGTCTGAGG 3V
GAAG 3V 5VTAAAGGGCTGTTGCAAAGGC 3V
CGG 3V 5VCTAAGCCCAGCTGAAAGTGG 3V
TGC 3V 5VGTACCATAAGCCCACACTGC 3V



Table 2

Primers used for Southern blot experiments

Gene Sequence

GAPDH 5VAAAGCTGTGGCGTGATGGCC 3V
MRF4 5VACATTGAGCGTCTACAGGAC 3V
Myf-5 5VGGAGGCAATTAATTGACAGT 3V
Myogenin 5VCACATAAGGCTAACACCCAG 3V
MyoD 5VAAGGCCACTTGCACTCTGGC 3V
MEF2A 5VCTGGAGGGCAGTTATCTCAG 3V
MEF2C 5VGTGACTGTGAGATTGCACTG 3V
FGFR1 5VCGACCTGCTACAGCTTCGCT 3V
FGFR2 5VAGGAGCGCTGCCATTCAAGT 3V
FGFR3 5VTGGTCCAGAGCAGCGAGTTG 3V
FGFR4 5VGAGGTCCTCTGGCAAGTCAA 3V
Cycline D1 5VTGAACTACCTGGACCGCTTC 3V
Cdk4 5VCAAGGTCACCCTAGTGTTTG 3V
P15 5VAGAGACCAGGCTGTAGCAAT 3V
P16 5VTCTGGAGCAGCATGGAGTCC 3V
P21 5VATGTCCAATCCTGGTGATGT 3V
P27 5VCGGTGCCTTTAATTGGGTCT 3V
P57 5VCAGGATGTGCCTCTTCGAGG 3V
MHC-I 5VAGTTCCGCAAGGTGCAGCAC 3V
Myoglobine 5VGGAGCATGGGAGCACAACCT 3V
TnIs 5VCGACGCTGCTAAGTCCCCGA 3V
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manufacturer’s recommendations. The blots were washed

twice at room temperature with buffer containing 2� SSC

and 0.1% SDS. Signals were detected by autoradiography.

All the RT-PCR experiments were repeated five times in the

same conditions, and for each gene expression analysis, the

PCR was repeated twice with comparable results.

2.3. Histology

Muscles were fixed in 4% paraformaldehyde in PBS,

dehydrated and infiltrated with paraffin. Then 7-Am-thick

serial sections were mounted on TESPA-coated glass slides.

Sections were deparaffinized in xylene, rehydrated through

an ethanol series, and stained with hemalun and eosin for

structural analysis. One section of each stage originating

from six distinct experimental muscles was analyzed.

2.4. Immunoblotting analysis of FGF6 protein

Soleus muscles collected were frozen in liquid nitrogen,

pulverized and homogenized in 5 volumes of ice-cold

buffer, consisting of 100 mM KCl, 20 mM Tris–HCl (pH

7.5), 1 mM DTT and protease inhibitors (50 Ag ml� 1 PMSF

(phenylmethylsulfonyl fluoride, Sigma), 50 g ml� 1 aproti-

nin (Sigma), 50 Ag ml� 1 leupeptin (Sigma)), and centri-

fuged (4 jC, 20 min, 13,500 rpm). The resulting pellets

were reacted with Laemmli SDS sample buffer (1� final

concentration [18]). The final tissue extracts were heated at

95 jC for 5 min, separated on a 12% SDS-PAGE and

transferred to PVDF membrane (Bio-Rad, France). The

nonspecific binding sites were blocked in PBST (20 mM

Tris–HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20) 1%

nonfat milk powder for 1 h. Membranes were probed

overnight at 4 jC with the anti-FGF6 antibody (1:2000;
TEBU). After washing for 30 min in several changes in

PBST, immunoblots were incubated for 1 h at room tem-

perature with the secondary antibody HRP-conjugated anti-

goat sheep immunoglobulin (1:5000; Sigma). Several

washes in PBST were performed for 30 min each, and

antibody binding was revealed using the ECL system

(Amersham Biosciences Europe). This experiment was

repeated three times with comparable results.
3. Results

3.1. Morphological effects of FGF6 injection on regener-

ation of soleus

The sequence of histological changes observed in regen-

erating mouse muscle following snake toxin injury has been

previously described [19,20]. A single injection of cardio-

toxin causes an almost complete degeneration of the myo-

fibers within 24 h. Following a significant proliferation of

myoblasts, forming myotubes were observed from 3 days

post-injection (Fig. 1A and B). Numerous young myotubes

with central nuclei, as well as myoblasts that lined up and

fused, were identified at 4 days P-I (Fig. 1C and D).

Comparison of the transverse sections of control regenerat-

ing soleus with those of recombinant human FGF6

(rhFGF6)-injected soleus clearly showed an acceleration

of the differentiation process in rhFGF6-injected regenerat-

ing muscles. This was particularly visible at 4 days P-I,

when myotubes with central nuclei were the predominant

muscle cells observed in rhFGF6-injected regenerating

soleus (Fig. 1C). Moreover, these myotubes exhibited a

larger surface area in rhFGF6-injected muscle in comparison

to corresponding control muscle. Indeed, the area of the

individual regenerating fibers in the rhFGF6-injected mus-

cle is significantly greater (1.5-fold) than the area of the

individual myotubes in the control muscle.

3.2. Detection of FGF6 protein in control and FGF6-

injected regenerating muscles

The effect of rhFGF6 injection on the morphological

changes of regenerating soleus led us to further investigate

the timing of accumulation of FGF6 protein in regenerating

soleus. The expression pattern of FGF6 protein was deter-

mined in control as well as in rhFGF6-injected regenerating

muscles. As first shown by Kästner et al. [21], FGF6 could

solely be extracted from the particulate fraction but not from

the soluble fraction of the muscle extract. Fig. 2 depicts a

Western blot analysis of soleus particulate fractions at

different times after cardiotoxin injection. Two signals were

detected. The higher molecular mass (20 kDa) form corre-

sponds to the murine native FGF6 protein, whereas the

lower molecular mass signal (14 kDa) might arise from the

native form by an N- and C-terminal truncation of the

endogenous native peptide, as suggested by Kästner et al.



Fig. 2. Western blotting analysis of the endogenous FGF6 protein at

different stages of soleus regeneration, from 24 to 96 h P-I. (FGF6)

rhFGF6-injected regenerating muscles. (NI) Uninjected regenerating

muscles. (P-I) Post injection of cardiotoxin. Two bands of 14 and 20 kDa

were detected.

Fig. 1. Hematoxylin–eosin histological stains of transverse section of regenerating soleus muscle 3 days (A, B) and 4 days (C, D) following cardiotoxin injury.

(A, C) rhFGF6-injected regenerating muscles. (B, D) uninjected regenerating muscles. Scale bar, 8 Am.
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[21]. The endogenous FGF6 protein was detected from 24

h P-I and peaked at 72 to 84 h P-I in soleus regenerating

muscle. The recombinant human FGF6 used in our injection

experiments has a predicted molecular mass of 14 kDa

according to the supplier (Fig. 3). Following a co-injection

of cardiotoxin and 0.3 Ag of rhFGF6, the exogenous FGF6

was still highly detected 6 h following injection in the

regenerating soleus and a barely detectable 14-kDa signal

could still be seen 12 h after injection (data not shown) (Fig.

3). During the same period, the endogenous FGF6 was not

yet detected in regenerating soleus as already shown in Fig.

2. Analysis by Western blot of the accumulation of the

endogenous FGF6 protein after the injection of 0.3 Ag of

rhFGF6 revealed down-regulation of the endogenous FGF6

accumulation (Fig. 2). Indeed, the endogenous FGF6 pro-

tein was both barely detectable and belatedly expressed (at

48 h P-I) in the rhFGF6-injected regenerating soleus.

3.3. Analysis of gene expression by RT-PCR

Given that FGFs are involved in myoblast proliferation in

vitro [22], we suspected that the expression of one or more

genes encoding cell cycle control proteins may be affected in



Fig. 4. RT-PCR analysis of FGFR gene expression in rhFGF6-injected

regenerating soleus (FGF6) versus uninjected regenerating muscles (NI).

(P-I) Post injection of cardiotoxin. FGFR1 and FGFR4 were the only two

FGFRs subjected to a regulation by FGF6.

Fig. 5. RT-PCR analysis of Cyclin D1 gene expression in 0.2 Ag rhFGF6

(0.2Ag FGF6), 0.3 Ag rhFGF6 (0.3Ag FGF6) and 0.6 Ag rhFGF6 (0.6Ag
FGF6)-injected regenerating soleus versus uninjected regenerating muscles

(NI). (P-I) Post injection of cardiotoxin.

Fig. 3. Accumulation pattern of the injected rhFGF6 protein in the first

stages of soleus regeneration. Lane 1, 0.75 Ag of rhFGF6 (control); lane 2,

the particulate fraction of uninjected regenerating soleus at 6 h following

cardiotoxin injury. Lanes 3 and 4, the particulate fractions of rhFGF6-

injected regenerating soleus at 6 and 9 h following cardiotoxin injury,

respectively. Only one band of 14 kDa was detected at these stages of

regeneration. (P-I) Post injection of cardiotoxin.
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regenerating soleus following FGF6 injection. For this rea-

son, we chose to analyze the expression of the different FGF

receptors, the Cdks, their associated cyclins and the cyclin-

Cdk inhibitors (CdkIs), which are players regulating various

phases of cell cycle. It is well established that cell cycle arrest

can be mediated through the inactivation of cyclin-dependent

kinases (cdks) by cdk inhibitors (cdkIs), of which there are

two families (p16INK4a and p21Cip1).

The analysis of the accumulation of the four FGFR

transcripts during soleus regeneration showed that the

expression patterns of FGFR2 and FGFR3 were not mod-

ified by the injection of rhFGF6 (Fig. 4). In contrast, FGF6

treatment up-regulated and down-regulated the expression

of FGFR1 and FGFR4, respectively. Indeed, FGFR1 tran-

scripts were detected more precociously in rhFGF6-injected

regenerating muscles, at 48 h P-I instead of at 60 h P-I as in

control regenerating soleus. The appearance of FGFR4

mRNA was delayed by 12 h in FGF6-injected regenerating

soleus and was detected at 72 h P-I instead of 60 h P-I as in

control regenerating muscle.

Cyclin D1 transcripts were detected from 36 h P-I in the

regenerating soleus (Fig. 5). A dose-dependent effect on the

accumulation of cyclin D1 mRNAs was observed for

rhFGF6 intramuscular injection. Whereas the injection of

0.2-Ag rhFGF6 had no detectable effect on the expression of

cyclin D1 transcripts, the injection of 0.3-Ag and of 0.6-Ag
rhFGF6 resulted in a more precocious accumulation of the

cyclin D1 transcripts 24 and 12 h, respectively, after

cardiotoxin injection instead of 36 h P-I as for control

injected soleus

RT-PCR analysis showed that whereas Cdk gene expres-

sion was not affected (data not shown), members of the two

families of CdkIs, the p16INK4a and p21Cip1 families, were

up-regulated in rhFGF6-injected regenerating soleus (Fig.

6). p21Cip1 mRNA was detected very early, 6 h following

cardiotoxin injection in control regenerating soleus, and the

level of p21Cip1 transcript was up-regulated in the first

stages of regeneration in rhFGF6-injected soleus. It should

be noted that the other members of the p21Cip1 family,



Fig. 7. RT-PCR analysis of MRF and MEF2 gene expression in rhFGF6-

injected regenerating soleus (FGF6) versus uninjected regenerating muscles

(NI). (P-I) Post injection of cardiotoxin.

Fig. 8. RT-PCR analysis of MHC I gene expression in rhFGF6-injected

regenerating soleus (FGF6) versus uninjected regenerating muscles (NI).

(P-I) Post injection of cardiotoxin.

Fig. 6. RT-PCR analysis of CdkIs gene expression in rhFGF6-injected

regenerating soleus (FGF6) versus uninjected regenerating muscles (NI).

(P-I) Post injection of cardiotoxin.
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p27Kip1 and p57Kip2, were not regulated by the injection of

rhFGF6, showing the specificity of the regulating control of

FGF6. p15INK4b and p16INK4a mRNA accumulated later

than p21Cip1 in regenerating soleus at 72 and 96 h P-I,

respectively. They appeared more precociously and the level

of p15INK4b mRNAwas positively regulated in regenerating

rhFGF6-injected soleus as shown in Fig. 6. Thus, these

results indicated a positive effect of the injection of FGF6 on

the expression of several CdkIs involved in cell cycle

withdrawal.

In myogenic tissue culture systems, the link between

proliferation and differentiation has been proposed to be via

MyoD and p21Cip1. Members of the MyoD family (MyoD,

Myf-5, myogenin and MRF4) are muscle transcription

factors required for the determination and/or the differen-

tiation of skeletal myoblasts [23]. Upon serum withdrawal,

10T1/2 cells transfected with MyoD can transcriptionally

up-regulate p21Cip1 expression, causing cell cycle arrest

and subsequent myotube fusion [24–26]. For this, we

performed RT-PCR analysis for the four members of the

MyoD family and for members of the myocyte enhancer

factor 2 family, MEF2A and MEF2C, which also control

muscle development [27].

In regenerating soleus, the MRF expression pattern

accounted for the previous in situ hybridization studies



Fig. 9. RT-PCR analysis of Tn I gene expression in rhFGF6-injected

regenerating soleus (FGF6) versus uninjected regenerating muscles (NI).

(P-I) Post injection of cardiotoxin.
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[20]. rhFGF6 injection did not modify the pattern of

expression of MyoD (or that of myogenin and MRF4)

(Fig. 7); the only significant change was the more preco-

cious disappearance of Myf-5 transcripts in rhFGF6-injected

regenerating soleus (Fig. 1). No changes were detected in

the accumulation of MEF2 mRNAs in regenerating soleus

following rhFGF6 injection as compared to control regen-

erating soleus.

Since our results showed that rhFGF6 injection acceler-

ated cell cycle withdrawal as well as cell differentiation (see

Figs. 1 and 6) in the regenerating soleus, we analyzed the

effect of the injection of FGF6 on the expression of two

slow muscle structure genes: the myosin heavy chain I

(MHC I) (Fig. 8) and the slow isoform of Troponin I (Tn

I) (Fig. 9). In both cases, the injection of rhFGF6 accelerated

the appearance of the transcripts during regeneration, the

MHC I mRNA was detected at 24 h P-I instead of 36 h P-I

as in control regenerating soleus and the Tn I mRNA was

strongly up-regulated at 84 h P-I instead of 96 h P-I as in

control regenerating soleus.
4. Discussion

The investigations described here were carried out to

begin defining the FGF6 signaling pathways that act during

regeneration of mouse soleus. We have taken a comprehen-

sive approach of analyzing at a histological level the effects

of a single injection of FGF6 on the regeneration of mouse

soleus following cardiotoxin injury, in combination with

exploring the gene expression patterns of FGF receptors,

different players regulating phases of cell cycle, as well as

myogenic markers. We also performed an analysis of the

accumulation of FGF6 protein in control and rhFGF6-

injected regenerating muscles with the aim of better under-

standing the regulatory role of FGF6 in myogenesis.

In vitro analysis showed that FGFs, like many growth

factors, induced the proliferation of myoblasts [28,29]. The

injection of neutralizing antibodies against bFGF into

regenerating muscle reduced the number and diameter of
regenerating myofibers, suggesting a delay in proliferation

and/or fusion of activated satellite cells [30]. In one model,

FGF6 (� /� ) mutant mice showed a severe regeneration

defect with fibrosis and myotube degeneration. The number

of MyoD- and myogenin-expressing activated satellite cells

after injury was significantly reduced in these mutants,

suggesting to the authors that FGF6 is a critical component

of the muscle regeneration machinery in mammals, possibly

by stimulating or activating satellite cells [15]. The present

report showed that a single injection of FGF6 in regenerat-

ing soleus has a biphasic effect, involving, first, prolifera-

tion characterized by an up-regulation of cyclin D1,

followed secondly by an increase of differentiation markers

(such as CdkIs and MHCI and TnI) as well as of cellular

differentiation.

Whereas FGF6 protein was not detected in soleus of the

adult rat [31], we showed that FGF6 protein transiently

accumulated in regenerating mouse soleus and that the

injection of rhFGF6 down-regulated the accumulation of

the endogenous FGF6. Floss et al. [15] previously reported

that FGF6 transcripts were up-regulated after muscle inju-

ries, which is consistent with our observations. It is well

established that growth factors of the FGF family are able to

regulate their own signaling pathways [32,33]. However, to

our knowledge, the down-regulation of one endogenous

FGF by its own exogenous injection, as shown here for

FGF6, has not been reported; this could account for the

biphasic effect of the injection of FGF6 reported in this in

vivo study.

The fact that rhFGF6 injection up-regulated and down-

regulated the expression of FGFR1 and FGFR4, respective-

ly, in vivo in regenerating soleus, as previously shown in

vitro [8], should be discussed in relation to the potential

involvement of both FGFR1 in proliferation and FGFR4 in

differentiation. Both FGF6 and FGFR4 were uniquely

expressed by myofibers and satellite cells; FGFR1 was

ubiquitously expressed by myogenic and nonmyogenic cells

[21]. FGF receptors have different signaling and mitogenic

potentials [34,35]. In skeletal muscle satellite cells in

culture, it has been shown that FGFR1 is required for

proliferation and to repress differentiation by an ERK1/2

signaling cascade [36]. In contrast, in vivo inhibition of

FGFR4 signal resulted in an arrest of muscle progenitor

differentiation [37].

The correlation between the FGF6 expression when

satellite cells initiate proliferation and the effect of FGF6

on enhancing the number of proliferating satellite cells in

vitro [21] suggested that FGF6 is also involved in vivo in

the proliferation of satellite cells. The positive regulation of

the cyclin D1 mRNA induced by rhFGF6 injection in

regenerating soleus, similar to that observed for other

growth factors such as FGF2 [38], accounted for the

involvement of FGF6, at high concentration, on prolifera-

tion, probably by a signaling pathway emanating from

FGFR1. At a later time, following the down-regulation

of the endogenous FGF6, the FGF6 signaling through
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FGFR4 could have a positive effect on muscle differenti-

ation, increasing CdkIs as well as myogenic markers such

as slow Tn I and MHC I. In accounting for the specific

myogenic expression of FGF6 and FGFR4 [21], we

suggest that, in regenerating soleus, FGFR1 may regulate

ongoing proliferation of myoblasts, acting in a similar

manner to its action in other cell systems whereas FGFR4

might be involved in a myogenic-specific pathway. The

up-regulation of p15INK4b, p16INK4a and p21Cip1 by

rhFGF6 injection would account for growth arrest and

the subsequent acceleration of myogenic differentiation

observed in regenerating soleus. The p16INK4a family

(p16INK4a, p15INK4b, p18INK4c and p19INK4d) specifically

inhibits cdk4 and cdk6, while the p21Cip1 family (p21Cip1,

p57 Kip2 and p27Kip1) inhibits all cdks involved in the G1/S

transition (reviewed by Sherr and Roberts [39]). Consid-

ering the role of MRFs and MEF2 proteins in muscle

differentiation [23,27], it appears surprising that neither

MRF nor MEF2 were positively regulated in regenerating

soleus following FGF6 injection. These results contrast

with those of Pizette et al. [8] that indicated that FGF6

added at low levels increased the expression of MyoD and

myogenin in culture of C2 myoblasts. This accounted for

the requirement of myogenin in the myoblast-to-myotube

transition, including myoblast fusion and terminal differ-

entiation [23]. Using a MyoD (� /� ) mutant, Megeney et

al. [40] showed that MyoD plays a crucial role in satellite

cell function, the transition from proliferation to differen-

tiation being delayed in satellite cells from mice lacking

MyoD [41]. The more precocious disappearance of Myf-5

transcripts in rhFGF6-injected versus non-injected regener-

ating soleus could reflect the acceleration of the myogenic

differentiation in rhFGF6-injected animals, since we have

previously shown that Myf-5 mRNA transiently accumu-

lated in the first stages of soleus regeneration followed by

a significant decrease in forming myotubes [20]. MRFs

and MEF2 proteins are subjected to posttranslational reg-

ulation and numerous studies point out the crucial role of

the phosphorylations on the functional activity of these

transcription factors [42–44]. For this reason, a better

understanding of the involvement of MRFs as well as

members of the MEF2 family in the FGF6 signaling

pathways should be considered in relation to their phos-

phorylation status.

Among the members of the different growth factor

families (TGFs, IGFs, FGFs) regulating muscle regenera-

tion, to our knowledge, IGF1 was the only growth factor

able to stimulate both mpc proliferation and muscle

hypertrophy (increase in protein content and size of

myofibers) during muscle regeneration [2]. This role was

supported by experiments in which direct infusion of IGF1

into the tibialis anterior muscles of adult rat led to

increased total muscle protein and DNA content, demon-

strating skeletal muscle hypertrophy concomitant with

satellite cell activation [45,46]. Here, using an in vivo

model, we strongly suggested that one member of the FGF
family, FGF6, also has a dual function in proliferation and

muscle differentiation. This study permitted us to identify

clearly a subset of genes regulated by FGF6 during muscle

regeneration. Future analysis of the expression pattern of

these FGF6-regulated genes in regenerating muscles of the

FGF6 (� /� ) mouse in combination with rescue experi-

ments by injection of FGF6 is likely to provide new

insights into the function of FGF6 in adult muscle.
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