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Abstract - We investigated the IGF-II gene expression in developing Semitendinosus muscle in foetal
normal and double-muscled cattle. Samples from normal and double-muscled foetuses ranging from
90 to 210 d post-conception were collected and total RNA extracted. Northern blot analysis was
performed using the human IGF-II cDNA probe. Five IGF-11 transcripts, 5.1, 4.4, 3.7, 2.6 and 1.7 kb,
were detected in muscle samples. Throughout gestation, all transcripts, except for the 5.1 kb one,
decreased similarly in both genetic types. In double-muscled foetuses, the amount of the 5.1 kb tran-
script was higher than those of the other transcripts and its expression remained stable throughout the
gestational stages analysed. These results indicated that the regulation of IGF-II gene transcription was
distinct in both genetic types. The IGF-11 foetal plasma concentrations increased throughout gesta-
tion. In bovine foetuses, the first muscle cell differentiation was concomitant with a high autocrine
IGF-II mRNA expression and low plasma IGF-11 levels in both genetic types. The second step of mus-
cle cell differentiation was associated with high IGF-II plasma concentrations and the autocrine
expression of IGF-II was reduced. @ InraBlsevier, Paris
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Résumé &horbar; Expression du gène de l’IGF-II au cours du développement musculaire chez les
foetus Charolais normaux ou présentant une hypertrophie musculaire (Charolais « culards »).
L’expression du gène de l’IGF-II au cours du développement du muscle demi-tendineux de foetus Cha-
rolais normaux ou dits « culards » a été étudiée par analyse en northern blot et hybridation avec une
sonde d’ADNc d’IGF-II humain. Les échantillons ont été prélevés au cours du développement foetal
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entre 90 et 210 j post-conception. Cinq ARN messagers (ARNm) spécifiques de l’IGF-II, (5,1, 4,4,
3,7, 2,6 et 1,7 kb) ont été détectés dans tous les échantillons de muscle analysés. Mis à part le trans-
crit de 5,1 kb, les ARNm de l’IGF-11 présentent une diminution au cours du développement des
foetus des deux types génétiques. Chez les animaux culards, le transcrit de 5,1 kb est plus abondant
que les autres transcrits et son niveau reste stable tout au long de la gestation. Ces résultats attestent
d’une régulation différentielle de la transcription du gène IGF-11 entre les deux types génétiques.
Chez les foetus, les taux d’IGF-II plasmatiques augmentent tout au long de la gestation. Ainsi la pre-
mière vague de différenciation des cellules musculaires apparaît en présence d’une expression auto-
crine d’ARNm IGF-II forte et de taux plasmatiques d’IGF-II bas, pour les deux types génétiques
étudiés. La seconde vague est accompagnée par des taux d’IGF-II circulants plus élevés et d’une
expression autocrine d’ARNm IGF-II réduite. @ InraBlsevier, Paris
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1. INTRODUCTION

Expression of the insulin-like growth fac-
tor-II (IGF-11) gene is greater during foetal
development than at any other period in the
life of mammals [29, 30, 40]. Moreover, the
disruption of this gene greatly diminishes
prenatal growth in mice [6]. Together, these
observations support the hypothesis that
IGF-II is the major regulator of foetal growth.
More specifically, IGF-11 is expressed in
developing muscle tissues of several species
(rat [2]; human [13]; bovine [24]) and in
several myoblast cell lines [8, 46]. Recently,
we demonstrated that IGF-11 gene expres-
sion in muscle cell bundles, isolated from
bovine foetuses, has a greater intensity dur-
ing early foetal development than compared
to stages prior to and after birth [24]. These
results suggest that IGF-11 participates in
myogenesis as an autocrine/paracrine-act-
ing growth factor, stimulating both prolif-
eration and differentiation of muscle cells.

Double-muscled cattle provides an excel-
lent model for studying muscle develop-
ment. At birth, these animals have nearly
40 % more muscle fibers than normal mus-
cled cattle [7]. Moreover, hyperplasia was
demonstrated by the higher potency of
myoblast proliferation in double-muscled
foetuses than in normal foetuses [37]. Pre-
vious work showed that serum from dou-
ble-muscled foetuses stimulated prolifera-

tion of L6 myoblasts to a greater extent than
serum from normal foetuses [10]. In addi-
tion, in foetal double-muscled cattle, Picard
et al. [33] showed the existence of a delay in
differentiation compared to normal muscled
cattle. However, the regulation of increased
muscle and delay in differentiation associ-
ated with double-muscled cattle remains
unknown.

In order to determine the potential role
of IGF-11 in hyperplasia of double-muscled
cattle during foetal development, we studied
the IGF-11 gene expression time-course
changes in Semitendinosus muscle in both
genetic types during gestation. The north-
ern blot analysis of IGF-11 expression gene
revealed several transcripts which exhibited
a differential regulation between double-
muscled and normal foetuses.

2. MATERIALS AND METHODS

2.1. Animals

This study was carried out as part of a research
programme approved by the ’Institut national de
la recherche agronomique’ (Inra, France) Ethical
Committee. Animals were bred and slaughtered
and samples collected at the Inra Research Cen-
ter (Theix, France) according to ethical guide-
lines concerning animal care.



2.2. Tissue and plasma samples

Embryos from the INRA95 strain [28] were
transplanted into Charolais/Salers crossbreed cat-
ties of an average age of 2 years. Semitendinosus
muscle samples were taken from normal and
double-muscled Charolais foetuses ranging in
age from 90 to 210 d post-conception (pc). Tis-
sue samples were removed immediately after
exsanguination of the dam. Tissue samples col-
lected for total RNA preparation were frozen in
liquid nitrogen and stored at -80 °C. Foetal blood
samples were collected in sterile heparinised
syringes, centrifuged at 4 °C and the plasma
stored at -20 °C until the determination of IGF-II
concentration.

2.3. Total RNA preparation

Total RNA were extracted according to the
method of Puissant and Houdebine [36] as fol-
lows: the tissues were homogenised in 4 molL-!
guanidinium thiocyanate solution, containing
25 mmolL-1 sodium citrate, pH 7, 0.5 % sarko-
syl, 100 mmol-L-1 mercaptoethanol, at 4 °C
(1:10, w:v). The homogenate was acidified with
0.1 vol. of 2 mol’L’’ sodium acetate, pH 5.2, 1
vol. of Tris-EDTA saturated phenol (100 mmol.L-1 I

Tris-HCI pH 7.5, 10 mmol.L-] EDTA), and
0.2 vol. isoamylic alcohol-chloroform (1:49)
were added successively to the homogenate.
After a 15 min incubation at 4 °C, and centrifu-

gation (5 000 g, 10 °C, 20 min), the upper phase
was saved and one equal volume of isopropanol
was added to precipitate the RNA overnight, at
- 20 °C. The RNA pellet was recovered by cen-
trifugation (5 000 g, 20 min, 4 °C), rinsed with
70 % ethanol, and dissolved in sterile water.
RNA were precipitated by adding 5.5 vol. of
4 molL-] LiCI and kept at 4 °C for 2 h. RNA
were recovered by centrifugation (5 000 g,
20 min, 4 °C) and the pellet was dissolved in
2 vol. of 10 mmol-L-1 Tris-HCl pH 7.5,
1 mmol’L-’ EDTA and 0.5 % SDS. After one
additional extraction by phenol/isoamylic alco-
hol-chloroform (vol/vol), the aqueous phase was
precipitated in the presence of 300 mmol-L-1
sodium acetate and 2.5 vol. ethanol. The RNA
were kept in this precipitated form at -20 °C,
until quantification by optical density measure-
ments and analysis by northern blot.

2.4. Probes

A 663 bp fragment containing the entire cod-
ing region of the human IGF-11 (hIGF-II) gene
with 15 bp of the untranslated leader to exon
6 and 99 bp of the 3’ untranslated sequences was
used [2 1 ]. cDNA was used to synthesise radioac-
tive probes for northern blot analysis. This cDNA
fragment was labelled with a 3zP-dCTP (3 000
Ci-mmol-1; ICN, Orsay, France) to a specific
activity of 10$ cpm’jig*’ DNA using a random
priming kit (Boehringer Mannheim, Meylan,
France). A mouse 18S rRNA [38] and a mouse
(3-actin cDNA probe [1] were also used and
labelled as previously described.

2.5. Northern blot analysis

The samples of RNA (20 pg) were denatured
in 2.2 mol-L-1 formaldehyde, 50 % formamide
(5 min, 65 °C) and size separated by elec-
trophoresis in agarose (1.5 %) gel, in the pres-
ence of 2.2 mol-L-1 formaldehyde in 10 mmol!L-!
sodium phosphate buffer. RNA were transferred
to a Zeta probe membrane (Biorad, Ivry-sur-Seine,
France) by capillary blotting overnight under
high ionic strength (10 x SSC = 0.15 mol!Lw
sodium chloride, 0.15 mol-L-1 sodium citrate).
Autoradiograms were obtained by exposure to
Amersham Hyperfilm with two amplifying
screens, at -80 °C. Laser density scans were con-
verted to relative numerical values (Image Mas-
ter, Pharmacia, Les Ulis France).

2.6. Determination
of plasma IGF-II concentrations

The extraction of plasma samples from nor-
mal and double-muscled foetuses and the com-

petitive protein binding assay for IGF-11 were
similar to those reported previously [3]. Briefly,
prior to determining IGF-II concentrations,
plasma samples were chromatographied on an
Ultrogel AcA54 column (IBF, Villeneuve-
Garenne, France) in I mol.L -I CH3COOH,
0.15 moLL-’ Nad, 0.1 % BSA to ensure effec-
tive removal of IGF binding proteins. The yield
after calibration of each column ranged between
75 and 80 %. Total IGF-II was measured by
assays using IGF binding proteins extracted from
human cerebrospinal fluid which have selective
affinity for IGF-II (> 10-10 M-1). The IGF-11 stan-
dard concentrations ranged from 0.03 to



1 ng/tube. IGF-11 exhibited 10-fold more reac-
tivity than IGF-I with the cerebrospinal binding
proteins. No cross reaction was found with insulin
(25 ¡.tg.mL -1). Each unknown sample was
assayed at three different concentrations and each
concentration was assayed in duplicate. The intra-
assay coefficient of variation was 4.8 %.

2.7. Statistical analysis

The statistical significance of the differences
between foetuses of different ages and genotypes
was determined by variance and covariance tests
with the assistance of the SAS software [411. ] .

3. RESULTS

3.1. Comparison of the developmental
expression of the IGF-11 gene between
normal and double-muscled foetuses

Northern blot analysis, using a human
IGF-11 cDNA probe, identified multiple
IGF-11 mRNA with sizes of 5.1, 4.4, 3.7,
2.6 and 1.7 kb in each muscle sample stud-
ied (figure 1 A). These multiple transcripts
were similar to those previously reported
for rat [5, 25, 43] and bovine foetal tissues
[24]. The ethidium bromide profile (figure
1 B) confirmed the integrity of the RNA
loaded in each lane. In order to normalise
the muscle IGF-11 gene expression data,
northern blots were hybridised with a 18S
probe (figure I C). The patterns of develop-
mental expression of each transcript for nor-
mal and double-muscled foetuses are shown

in figure 2. The results are expressed as the
ratio between the signals obtained with the
IGF-11 and 18S probes. For normal foetuses,
the relative amount of each IGF-11 transcript
progressively decreased throughout gesta-
tion (90 d pc versus 210 d pc, P < 0.001); the
decrease was already significant at 130 d
pc (P < 0.001). For double-muscled foe-
tuses, the same pattern was observed, i.e. a
decrease of IGF-11 gene expression through-
out the gestation, except for the 5.1 kb tran-
script. The general trend of IGF-11 gene
expression reported here, was the same as
that reported in the literature for rat, sheep

and pig [5, 22, 32]. At each stage of gesta-
tion, there was no significant difference in
the relative amounts of the different tran-

scripts between genetic types. At 210 d pc,
in both genetic types, all the transcripts,
except for the 5.1 kb one in double-mus-
cled foetuses, reached the same relative
amount.

The 5.1 kb transcript exhibited a specific
pattern. From 90 to 170 d pc and for both
bovine genetic types, the 5.1 kb transcript
amounts were higher than those of the other
transcripts (for example, at 170 d pc in nor-
mal and double-muscled foetuses, 5.1 versus
4.4 kb transcript, P < 0.1 and 0.001, respec-
tively). In double-muscled foetuses, as early
as 130 d pc and up to 210 d pc, the 5.1 kb

transcript remained stable throughout the
gestation stages analysed. At 170 and 210 d
pc, its relative amount was significantly
higher (P < 0.001) in double-muscled ani-
mals than in normal animals. These results
indicate that the developmental regulation of
multiple IGF-11 transcripts was distinct
between both genotypes.

3.2. Comparison of the developmental
expression of the p-actin gene between
the two genotypes

Since the mouse p-actin cDNA cross
hybridises to a-actin mRNA in muscles [1,
48], this probe was used as a control of the
differentiation grade of Semitendinosus mus-
cle during foetal development. Northern blot
hybridisation of muscle RNA preparations
with an actin cDNA identified a 2.2 kb
mRNA in normal and double-muscled foe-
tuses (figure 3A). In both normal and double-
muscled foetuses, the actin mRNA’s rela-
tive level progressively increased during the
foetal period studied (P < 0.001). At the first
stages studied (130 and 170 d pc), the rela-
tive level of actin mRNA was similar in
muscles of normal and double-muscled foe-
tuses. However, at the last stage studied
(210 d pc), the actin mRNA level was sig-
nificantly higher in muscles of normal ani-
mals compared to double-muscled animals







(P < 0.001 This difference in the amount of
actin mRNA indicated a delayed differenti-
ation of Semitendinosus muscle from dou-
ble-muscled foetuses (figure 3B).

3.3. Foetal IGF-II plasma
concentrations

Figure 4 shows the IGF-11 levels deter-
mined in plasma from normal and double-
muscled bovine foetuses. High concentra-
tions of IGF-II existed throughout the

gestation. At the earliest times sampled (90 d
pc), 400 ng!mL-! IGF-II were present and
levels increased to peak values of approxi-
mately 1 200 ng.mL-1 at 250 d pc. Foetal

IGF-II concentration results were analysed
by linear curve analysis to test the effect of
the genotypes. No significant difference
between normal and double-muscled foe-
tuses was found as depicted by the slope of
the curves (6.18 versus 3.54, respectively).
However, the individual variations of IGF-II
amounts in normal foetuses were very low.



4. DISCUSSION

In Semitendinosus muscle from normal
and double-muscled bovine foetuses, the
IGF-II gene is expressed as a family of tran-
scripts, as is the case in other mammalian
species [16, 19, 25, 32]. However, during
foetal life, the pattern and the relative
amounts of IGF-11 mRNA expression dif-
fer in liver and muscle. For instance, the
3.7 kb mRNA is only detected in foetal mus-
cle but not in foetal liver [4]. These results
indicate that bovine IGF-II gene expression
exhibits developmental stage and tissue-spe-
cific regulation. The IGF-11 gene generates
multiple mature transcripts with different
5’ untranslated regions but identical coding
and 3’ untranslated regions. The pattern of
bovine IGF-II gene expression mimics the
complex pattern of IGF-II in humans during
development [4]. Strong homologies have
been shown to exist between the coding
regions of bovine and human genes [18].
Possible analogies between the human and
bovine gene structures were also analysed

using human IGF-II probes containing var-
ious untranslated exons. Thus, specific func-
tions, defined for the different human tran-
scripts, could be attributed to each bovine
transcript. Human 4.8 kb mRNA is actively
engaged in protein synthesis while human
6.0 kb mRNA exhibits a structured 5’
untranslated region that functions as a cis-
acting translational attenuator [31]. The
bovine 5.1 kb transcript appears to be
homologous to the human 6.0 kb transcript,
and the bovine 4.0 kb to the human 4.8 kb

transcript, respectively [4]. Thus, it may be
engaged in protein synthesis of IGF-II. The
3.7 and 2.6 kb transcripts might be trans-
lated as prepro-IGF-II peptides (for review
see [42]). The bovine 1.7 kb transcript is
homologous to the human 1.8 kb transcript,
which corresponds to the 3’ end of exon 9,
but is uncapped and untranslated. It is gen-
erated by endonucleolysis of the mature
IGF-11 transcripts [27, 31].

This study demonstrates the apparent sta-
bility of the 5.1 kb transcript expression



throughout the developmental period stud-
ied. This stability was more marked in dou-
ble-muscled foetuses and resulted in a sig-
nificantly higher amount of the 5.1 kb
transcript in double-muscled than in normal
foetuses at 210 d pc. Thus, the develop-
mental regulation of the 5.1 kb transcript is
distinct in the two genetic types. When high
levels of the human 6.0 kb mRNA are found

(for example in Wilms’ tumours), low lev-
els of IGF-II are detected [15]. Thus, in
foetal muscle, the high level of the 5.1 kb
transcript observed throughout the gesta-
tion should be associated with a low local
concentration of IGF-II. Nevertheless, an
alternative cap-independent way is known in
the picornavirus and has recently been
shown by Prats et al. [35] and Vagner et al.
[47] during the translation of FGF mRNA in
eukaryotic cells. In this case, greater amounts
of IGF-11 would be present in muscles of
double-muscled animals than in those of
normal animals. To our knowledge, IGF-11
levels in foetal muscle have not been deter-
mined. The expression of IGF-11 transcripts
(except for the 5.1 kb one) decreased greatly
throughout gestation (from 90 to 210 d pc)
without a significant difference between
either genetic types. Our results were not
consistent with previously published obser-
vations [11]. Using slot-blot analysis, max-
imum muscle IGF-II gene expression was
found to be significantly higher and delayed
in double-muscled foetuses compared to
normal foetuses (180 versus 150 d pc). The
discrepancy between both studies could be
due either to a difference between analytical
methods (slot blot versus northern blot) or to
a difference between standardisation meth-
ods (actin probe versus 18S probe). On the
contrary, the same pattern of IGF-11 gene
expression has been observed by in situ
hybridisation studies [24]. The IGF-11
mRNA were primarily (between 60 and
162 d pc) localised in the developing mus-
cle fiber bundles. After 162 d pc, the IGF-II

transcripts started to shift away from muscle
fibers and began to localise within the con-
nective tissue. Our data showed that mus-

cle IGF-11 mRNA expression was greater
during early bovine foetal development as
has been observed in sheep [32] and rat [2].

Plasma IGF-11 concentrations increased
with advancing gestational age. The change
in the serum concentrations of IGF-11 during
foetal development found in this study was
similar to that in previous studies and coin-
cides with foetal growth rates [17]. In most
species, IGF-11 circulates at higher levels
than IGF-I in the foetus and is generally
thought to be more active than IGF-I in reg-
ulating foetal growth [9]. During gestation,
a high autocrine expression of the IGF-11
gene was associated with a low plasma IGF-
II concentration; then, the fall in IGF-11
mRNA was associated with increasing lev-
els of IGF-11 in the foetal circulation. In

vitro, the expression of IGF-II by muscle
cells is under tight negative feedback control
by the IGFs themselves [26]. Thus, the large
increase in IGF-II in foetal plasma observed
during gestation could be involved in the
decrease of autocrine IGF-11 production in
bovine Semitendinosus muscle cells.

In this study, the high amount of autocrine
IGF-11 mRNA and low plasma IGF-11 con-
centrations observed may play a role in reg-
ulating the development of the first muscle
cell population, which was present from
39 d pc and gave rise to type I fibers. Autocrine
expression of IGF-II has been shown to con-
tribute to myotube formation in the devel-
oping embryo [13, 14] and during muscle
regeneration [23]. Antisense oligonucleo-
tides to IGF-11 can disrupt embryonic devel-
opment at very early stages. The second cell
generation became differentiated at about
120 d of foetal life and then developed into
type II fibers. The differentiation of the sec-
ond generation is concomitant with low
autocrine IGF-11 amounts and high circu-
lating IGF-11 [39]. There are some conflict-
ing observations between in vivo and in vitro
studies. In vitro, several myoblast cell lines
express IGF-11 and the extent of autocrine

expression of IGF-II is correlated with the
rate of spontaneous differentiation [9]. In
fact, the autocrine expression of IGF-11



stimulates myogenesis in the absence of
exogenous IGF-11 [44, 45]. A better under-
standing of the role of IGF-II in bovine
foetal development will necessitate further
study of changes in somatomedin receptor
and binding protein characteristics [20].
Using a (3-actin cDNA probe, we studied
the pattern of muscular actin gene expression
in normal and double-muscled foetuses

throughout gestation. At 210 d pc, the actin
gene expression was significantly lower in
double-muscled than in normal foetuses.
This result suggests a delay in the differen-
tiation grade of muscle from double-mus-
cled foetuses. Indeed, Picard et al. [33] have
shown by immunocytochemical detection
that the pattern of expression of myosin iso-
forms is different in the two bovine geno-
types. They observed more mature myosins
in normal than in double-muscled muscle
at all gestation stages. At 200 d pc, there
was no longer any difference between the
two animal types. In addition, they have
shown that in vitro primary myoblasts from
double-muscled animals differentiated later
and were more numerous than those of nor-
mal animals when seeded at identical den-
sities [34].

In conclusion, these results suggest a dif-
ferential regulation of the IGF-11 gene tran-
scription between double-muscled and nor-
mal foetuses. Since the actin gene expression
was lower in double-muscled foetuses, a
delay of differentiation between both genetic
types was found. Recently, Grobet et al. [ 12]
have identified a deletion in a gene, encod-

ing a myostatin - member of the TGF(3
superfamily (GDF8) - which is responsible
for the double-muscled phenotype. The dele-
tion leads to the truncation of the bioactive

carboxyl terminal peptide. In our study, the
disruption of the GDF8 gene did not affect
the regulation of muscular IGF-II mRNA
expression.
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