OPEN 8 ACCESS Freely available online

@'PLOS ‘ ONE

Insulin-Like Growth Factor-1 E-Peptide Activity Is
Dependent on the IGF-I Receptor

Becky K. Brisson, Elisabeth R. Barton*

Department of Anatomy and Cell Biology, School of Dental Medicine, University of Pennsylvania, and Pennsylvania Muscle Institute, University of Pennsylvania,

Philadelphia, Pennsylvania, United States of America

Abstract

Insulin-like growth factor-l (IGF-) is an essential growth factor that regulates the processes necessary for cell proliferation,
differentiation, and survival. The Igf1 gene encodes mature IGF-l and a carboxy-terminal extension called the E-peptide. In
rodents, alternative splicing and post-translational processing produce two E-peptides (EA and EB). EB has been studied
extensively and has been reported to promote cell proliferation and migration independently of IGF-I and its receptor (IGF-
IR), but the mechanism by which EB causes these actions has not been identified. Further, the properties of EA have not
been evaluated. Therefore, the goals of this study were to determine if EA and EB possessed similar activity and if these
actions were IGF-IR independent. We utilized synthetic peptides for EA, EB, and a scrambled control to examine cellular
responses. Both E-peptides increased MAPK signaling, which was blocked by pharmacologic IGF-IR inhibition. Although the
E-peptides did not directly induce IGF-IR phosphorylation, the presence of either E-peptide increased IGF-IR activation by
IGF-I, and this was achieved through enhanced cell surface bioavailability of the receptor. To determine if E-peptide
biological actions required the IGF-IR, we took advantage of the murine C2C12 cell line as a platform to examine the key
steps of skeletal muscle proliferation, migration and differentiation. EB increased myoblast proliferation and migration while
EA delayed differentiation. The proliferation and migration effects were inhibited by MAPK or IGF-IR signaling blockade.
Thus, in contrast to previous studies, we find that E-peptide signaling, mitogenic, and motogenic effects are dependent
upon IGF-IR. We propose that the E-peptides have little independent activity, but instead affect growth via modulating IGF-I
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signaling, thereby increasing the complexity of IGF-I biological activity.
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Introduction

Insulin-like growth factor-I (IGF-I) is a circulating autocrine/
paracrine factor that regulates pre- and postnatal growth in many
tissues. Proper embryonic development relies on IGF-I signaling,
as IGF-I Receptor (IGF-IR) knockout mice die at birth, and IGF-I
knockout mice rarely survive [1]. The IGF-I null mice that do
survive have diminished organismal growth [2], whereas mice
over-expressing IGF-I systemically are 1.3 times as large as
controls [3], indicating that IGF-I signaling is also essential for
normal postnatal growth.

IGF-I is one of the major growth factors that directs skeletal
muscle development, growth, and regeneration. When IGF-IR 1is
specifically inactivated in skeletal muscle, muscles are 10-30%
smaller [4,5]. Increasing IGF-I in muscle by infusion of
recombinant IGF-I [6], transgenic over-expression [7,8], or viral
gene delivery [9], causes hypertrophy, can improve diseased
muscle phenotype and function [10,11], and enhances regenera-
tion after injury [12,13].

IGF-I activates the conventional pathways of muscle cell
proliferation and differentiation in growth and repair [14]. Muscle
regeneration relies on a stem cell-like niche of quiescent muscle
progenitor cells called satellite cells. Once activated, the satellite
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cells become myoblasts, proliferate, migrate to the region of injury,
and differentiate by fusing with myofibers (reviewed in [15]). IGF-I
1s upregulated in hypertrophic muscles and after damage or
overload [16,17], and stimulates satellite cells [18]. IGF-I regulates
muscle growth via binding to and activating IGF-IR. Upon IGF-I
binding, IGF-IR is autophosphorlated at several sites on its
cytoplasmic tails, which initiates multiple signaling cascades.
Activated IGF-IR triggers the MAPK pathway, increasing
proliferation and migration in satellite cells and myoblasts. The
PI3-Kinase/Akt pathway is also stimulated, which leads to
increased differentiation and protein synthesis in mature muscle
fibers [19,20,21].

The general consensus is that these growth effects are mediated
by mature IGF-I, but the Igf7 gene encodes more than just the
mature growth factor. Igf7 pre-mRNA is alternatively spliced at
the 5" and 3’ ends, generating multiple isoforms. The Igf7 gene
and its splicing are highly conserved in vertebrates [22]. The pre-
proproteins consist of the signal peptide, IGF-I, and a carboxy-
terminal extension called the E-peptide [23]. In rodents, there are
2 possible E-peptide extensions: EA and EB. In humans, 3 possible
E-peptide extensions have been identified: EA, EB (unique) and
EC (like rodent EB) [24]. In all cases, the predominant fgf7 isoform
expressed 1s Igfla, which is the most conserved across all species
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examined [22,24,25,26,27]. Subtilisin-related proprotein conver-
tases (SPCs) can cleave prolGF-I within the constitutive secretory
pathway, resulting in mature IGF-I and any of the E-peptides
[28,29,30]. In addition, IGF-I still connected to the E-peptides
(pro-IGF-I) has been found outside of cells, implying that not all of
the IGF-I produced is secreted in the mature form, and that the E-
peptides can be secreted out of the cell still attached to IGF-I
[31,32,33]. All isoforms encode the identical mature IGF-I
protein, but the E-peptides share less than 50% amino acid
identity [34]. For clarity, we will use the rodent terminology, as
this study focuses on the rodent isoforms.

The functions of the E-peptides are largely unknown, but focus
has been on the less prominent isoforms rather than EA. Much
attention has been paid to EB particularly in muscle, where this
form has been deemed “Mechano Growth Factor” (MGF) due to
rapid transcriptional upregulation of Igf1b after stretch, overload,
and injury [35,36,37,38]. Exposure to MGF/EB peptides has been
shown to increase myoblast proliferation and migration, and
overexpression of Igf1b delays differentiation [39,40,41]. Many of
these effects were apparent even when IGF-IR was blocked via a
neutralizing antibody, indicating that EB-peptide actions were
independent of IGF-I signaling. While MGF/EB has been
extensively investigated in muscle growth, EA has been all but
ignored, even though 90-95% of the mammalian fgf7/ mRNA
transcripts are gfla [25].

Comparisons of the IGF-I isoforms support that they have both
unique and common properties. Increased expression of Igf7a and
Igf1b causes different degrees of hypertrophy in adult mice [42],
suggesting that EA and EB act differently i viwo. In addition, the
presence of either E-peptide enhances the entry of IGF-I into cells
[43], showing that they may also share common properties in
modulating IGF-I. However, since the [gfl gene encodes one E-
peptide for every mature IGF-I, and that most of the published
functions of the E-peptides are similar to IGF-I actions, it is
difficult to discriminate IGF-I and E-peptide effects. In this study,
we have utilized synthetic E-peptides to manipulate E-peptide
levels independently of IGF-I. The goals of this study are to
determine if the E-peptides act independently of IGF-I and IGF-I
signaling, and to compare EA and EB biological actions in the
model of muscle formation, which includes signaling, proliferation,
migration, and differentiation.

Results

EA and EB synthetic E-peptides enhance MAPK signaling

IGF-I is known to activate the MAPK and PI3-Kinase/Akt
pathways in many cell types including skeletal muscle myoblasts
[13,14,44]. If the E-peptides work similarly to, or in concert with
IGF-I, they may also affect these signaling pathways. Indeed,
previous studies have examined the effects of the E-peptides in the
MAPK signaling cascade and have observed that synthetic MGF
peptide increased ERK phosphorylation in rat cardiomyoblasts
[45], and in mouse skeletal muscle myoblasts [46]. However, EA
has never been evaluated for signaling effects. To compare EA and
EB in C2C12 mouse myoblast culture, synthetic E-peptides were
generated (Fig. 1). The synthetic peptides begin immediately
following the SPC site in exon 4. They include the C-terminal
portion of exon 4, plus exon 6 (EA) or exons 5 and 6 (EB) (Fig. 1
A). In contrast to the MGF peptide used in previous studies, which
included only the unique portion encoded by exons 5 and 6, the
more biologically relevant EB peptide we generated includes
additional residues that would be retained following cleavage of
pro-IGF-I. A scrambled (Scr) peptide was also generated as a
negative control.
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Figure 1. Synthetic E-peptide sequences. A. Rodent Igf1 3’ splicing
leads to two mRNA isoforms. While mature IGF-I is encoded by exons 3
and 4, the E-peptides are encoded by exons 4, 5, and/or 6. EA isoforms
exclude exon 5, while EB isoforms retain exon 5, leading to an altered
reading frame and earlier stop codon in exon 6. Exons not drawn to
scale B. Synthetic E-peptide amino acid sequences. EA and EB are less
than 50% identical. Scr=Scrambled peptide. * = potential glycosylation
sites in EA. The portion of EB that corresponds to MGF is underlined.
doi:10.1371/journal.pone.0045588.g001

To compare E-peptide effects on signaling, C2C12 cells were
exposed to synthetic E-peptides. Multiple signaling pathways were
mitially examined (SMAD, p38, Jnk, and Akt), but only the
MAPK pathway was affected by E-peptide exposure. To
determine the response to E-peptides, immunoblotting for
phosphorylated and total ERK1/2 was performed following
treatment with increasing concentrations of EA, EB, or Scr
(Fig. 2 A-C). Increased ERK1/2 phosphorylation was evident
with E-peptide concentrations as low as 1 nM. EA exhibited dose-
dependent signaling. EB was more potent, with significantly higher
P-ERK1 at 1 nM compared to untreated cells (NoTx, DMEM
without serum, IGF-I, or E-peptides). The maximum response to
EB occurred at 10 nM, with diminished phosphorylation at higher
concentrations (100 nM~1 pM). ERK1 had higher activation than
ERK2 at optimum dose for both EA and EB, with 8 times more
phosphorylation than NoTx for ERKI, and 3 times more for
ERK2. Scr did not increase P-ERK 1/2 significantly at any
concentration, and thus the P-ERK1/2 responses were specific to
each sequence, and not to a random peptide.

Next, the synthetic E-peptides were used at concentrations
generating the optimum response (EA and Scr 1 uM, EB 10 nM)
to examine the time course of ERK1/2 phosphorylation (Fig. 2 D—
F). Cells treated with DMEM only (NoTx) were also collected at
times indicated to obtain the time-course baseline of ERK1/2
phosphorylation. EA treatment showed an increase in P-ERK1/2
carly (5 min), but because NoTx cells had a high basal ERK1/2
phosphorylation at 5 minutes, the difference was not significant
after quantification. Both E-peptides generated a transient increase
in P-ERK1/2. EA-induced P-ERK1/2 reached maximum levels
by 15 minutes after E-peptide addition, but fell to untreated levels
by 30 minutes. In contrast, the P-ERK1/2 response to EB was not
detectable until 15 minutes after exposure, but remained elevated
for at least 30 minutes. Exposure to Scr did not cause any increase
in P-ERK1/2 at any time point. Thus, both E-peptides can
transiently increase ERK1/2 phosphorylation at their optimum
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Figure 2. EA and EB increase MAPK signaling in C2C12 cells. A. Cells were starved in media without serum, and treated with synthetic E-
peptides at concentrations indicated for 20 minutes. Protein lysates were separated via SDS-PAGE and immunoblotted for Phosphorylated ERK 1 and
2 (P-ERK1/2), stripped, and blotted for Total ERK 1 and 2 (T-ERK1/2). B-C. Quantification of A. D. Cells were treated as above at optimal doses (EA and
Scr 1 uM, EB 10 nM) for times indicated. E-F Quantification of C. NoTx at 30 minutes was included in each experiment for normalization between
blots. For B-C and E-F, bars represent means =+ s.e.m. of N =3 replicates. *, p<<0.05; ***, p<<0.001, for comparisons to NoTx via 2-way ANOVA followed

by a Bonferroni post-test.
doi:10.1371/journal.pone.0045588.9g002

concentrations; however, EB is active at lower concentrations for a
more sustained period.

E-peptide signaling depends on the IGF-I receptor
Although IGF-I and the E-peptides are produced by the same
gene, there is no known functional relationship between them;
however, because they share the ERKI1/2 phosphorylation
response, it is possible that the E-peptides enhance MAPK
signaling cooperatively with IGF-I via the IGF-IR. To determine if
the E-peptide signaling effects were dependent upon IGF-I
signaling, pharmacologic inhibition of the IGF-IR was utilized in
conjunction with E-peptide exposure. NVPAEW541 (NVP), a
small molecule inhibitor of IGF-IR tyrosine kinase activity [47],
was utilized in combination with IGF-I or the E-peptides.
Treatment with IGF-I caused an increase in both P-Akt and P-
ERKI1/2, and these responses were blocked in the presence of
NVP (Fig. 3 A,B) confirming that NVP effectively inhibited IGF-
IR signaling. Using the E-peptide concentrations shown in Fig. 2,
both EA and EB caused increased P-ERK1/2, but no change in P-
Akt (Fig. 3 A, lanes 1-3). Interestingly, in the presence of NVP, the
P-ERK1/2 response was ablated in EA and EB treated cells to a
similar extent as in IGF-I treated cells (Fig. 3 B). There was no
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change in ERK1/2 phosphorylation in NoTx cells with or without
NVP, which verified that NVP was neither harmful to the cells nor
affected IGI-I-independent MAPK signaling. However, NVP
significantly reduced the ERK1/2 phosphorylation in EA, EB, and
IGF-I treated cells, establishing that a functional IGF-IR is
required for E-peptide induced ERK1/2 activation.

E-peptides enhance IGF-IR activation by IGF-I through
increasing receptor cell surface bioavailability

The IGF-IR dependence of E-peptide signaling could be due to
direct interaction of the E-peptides with the receptor, or through
an indirect mechanism with the IGF-I ligand. To test IGF-I
dependent and independent IGF-IR activation by the E-peptides,
a kinase receptor activation (KIRA) assay was performed. This
assay utilizes IGF-IR over-expressing mouse fibroblasts (P6 cells)
[48,49] to provide sufficient receptor density for detection. IGF-I
alone stimulated IGF-IR phosphorylation dramatically and
significantly at 2 nM and 10 nM. In the absence of IGF-I, cells
treated with EA, EB, or Scr showed no evidence of receptor
activation (Fig. 4 A,B). However, combined exposure of IGF-I and
either EA or EB significantly increased IGF-IR activation
compared to IGF-I alone. EA at 10 and 100 nM significantly
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Figure 3. E-peptide ERK signaling requires IGF-IR. A. C2C12 cells
were treated as in Figure 2, except the IGF-IR inhibitor NVPAEW541
(NVP, 100 nM) or DMSO was added to cells 90 minutes prior to and
during stimulation for 20 minutes. Cells were treated with EA (1 uM), EB
(10 nM), or recombinant IGF-I (IGF, 10 nM) as a positive control. EA and
EB experiments were conducted separately, and image represents one
sample from each experiment. B. Quantification of A. Data are
presented as the effect of NVP on ERK phosphorylation: (P/T-ERK of
NVP treated)/(P/T-ERK of DMSO treated cells). NoTx bands were used to
compare between experiments. Bars represent means * s.e.m. of N=3
replicates. *, p<<0.05 for comparisons of treatments to NoTx via 1-way
ANOVA followed by a Tukey post-hoc test; T, p<<0.05 for comparisons of
NVP samples to their DMSO counterparts via student t-tests.
doi:10.1371/journal.pone.0045588.g003

increased IGF-IR activation compared to no peptide in the
presence of 2 or 10 nM IGF-I. EB was less potent, significantly
increasing IGF-IR phosphorylation at 100 nM with IGF-I at 2
and 10 nM. Scr at 100 nM was used as a negative control, and it
did not increase IGF-IR phosphorylation at any concentration of
IGF-1. These results indicate that although the E-peptides do not
activate IGF-IR directly, they augment IGF-IR activation in an
IGF-I-dependent manner.

The lack of direct E-peptide activation of IGF-IR in combina-
tion with enhancement of ligand-mediated activation suggests that
the E-peptides could modulate the availability of receptors for
IGF-I. To examine this, cell-surface proteins on P6 cells were
biotin labeled after treatment with the E-peptides and/or IGF-I
for 15, 30, and 60 minutes, and cell-surface IGF-IR was compared
to total IGF-IR. Overall, IGF-I and NoTx showed the same
pattern of internalization from 0-30 minutes, with an accumula-
tion of recycled cell surface receptors [50] in IGF-I treated cells by
60 minutes. However after 15 minutes, the time point used in the
KIRA assay, stimulation with IGF-I and either E-peptide caused a
significant increase in the proportion of IGF-IR on the cell surface
compared to NoTx and IGF-I alone (Fig. 4 C). Thus, one
mechanism for augmented IGF-IR activation after E-peptide
stimulation is that the E-peptides increase the bioavailability of
IGF-IR for its ligand, IGF-I, by increasing cell surface IGF-IR.

PLOS ONE | www.plosone.org

E-Peptide Activity Depends on IGF-I Signaling

. PP L
2
#
<t
a 1.5
(@]
= 1 NoTx M T
g Hl EA
o 1.0+ Il EB
14 1 Scer
"
T8
2 0.5
T .
s 0
=
o
]
g .El.I.I.I.I.I.I.I:I_I:I.I.I.I.I.I.IH
£
o 0.0- Ll
IGF nM 00000000 22222222 1010101010 101010
EANM 011010000 0 0 0 1101000 0 0 0 © 1 101000 0 0 0
EBnM 0000 1101000 ©0 0 0 01 101000 0 0 0 0 1 101000
SarnM 000000 O010 000000010 00000 0 0100
B EE ]
40+ ook ok
14 30+ TS
0
w o *
(O]
T s 204 *
oo *
&
20 104
2=
0
£ = 0+
(&)
ES
-104
160- EET
EEL ]
140+

120

100 .~
== NoTx el

¥ IGF
-4 IGF+EA
-8~ |GF+EB

%IGF-IR on Cell Surface
Compared to NoTx t0

80

&0
ouv T T T T

0 15 30 45 60
Minutes

Figure 4. E-peptides augment IGF-IR activation and cell surface
localization. A. P6 cells overexpressing IGF-IR were treated with
synthetic E-peptides with and without recombinant IGF-I for 15 min-
utes, and cell lysates were utilized for KIRA assays. Level of absorbance
indicates the extent of IGF-IR phosphorylation. Bars represent means *
s.e.m. of N =6 wells. B. OD 450 from A were compared to No Peptide for
each IGF-I concentration, and the % change is graphed. C. P6 cells were
treated as in A for a localization assay for times indicated, and biotin
labeled before lysis. The optimal concentrations of E-peptides and IGF-I
from the A were used (E-peptides 100 nM, IGF-l 10 nM). Surface IGF-IR
was normalized to Total IGF-IR and compared to NoTx at t0 to get %
IGF-IR on cell surface. Bars represent means * s.e.m. of N=6 wells.
Samples were compared to no peptide (A and B,*), NoTx (C,*) or IGF-I
(C,1) via 2-way ANOVA followed by a Bonferroni post-test. * or f,
p<0.05; *** p<0.001.

doi:10.1371/journal.pone.0045588.g004
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E-peptides enhance IGF-IR downstream signaling

Since we observed that the E-peptides augment IGF-IR
signaling in P6 cells (Fig. 4), and increase MAPK signaling but
not Akt phosphorylation in myoblasts (Fig. 2), we predicted that
the E-peptides might differentially activate a subset of IGF-IR
mediated pathways. To test if the E-peptides could alter MAPK or
Akt/PI3Kinase pathways after IGF-I stimulation in myoblasts,
C2C12 cells were stimulated with the E-peptides alone, IGF-I
alone, or IGF-I plus EA or EB. Consistent with our previous
signaling experiments, without IGF, the E peptides increased P-
ERK1/2 approximately 2—4 fold compared to NoTx (0 nM IGF-
I), and there was no change in P-Akt. In the presence of 2 nM
IGF-I, there was also a 2—4 fold increase in P-ERK1/2 with the
addition of the E peptides compared to IGF-I alone (Fig. 5 A-C).
Clearly, the E-peptide enhancement of IGF-IR phosphorylation
led to altered IGF-IR downstream signaling, which favored
MAPK without altering Akt/PI3Kinase pathways. In addition,
the enhancement in P-ERK2 after IGF-I and EA treatment
compared to IGF-I alone was significantly higher than the
enhancement after EA vs NoTx, indicating that EA may augment
IGF-I potency.

E-peptide effects on myoblast proliferation and
migration are IGF-IR dependent

To examine the importance of IGF-IR for the biological actions
of the E-peptides, we utilized the model of skeletal muscle growth
in cell culture, which has been studied extensively with IGF-I and
MGF [39,51,52]. First, we focused on myoblast proliferation,
which increases in the presence of IGF-I [14] and MGF/EB
[39,40,53,54,55,56], but neither EA nor full-length EB have been
evaluated in myoblasts. Therefore, we determined the effects of
EA, EB, and Scr on myoblast proliferation. We examined C2C12
proliferation in an ELISA plate assay for BrdU after treatment
with the synthetic E-peptides at different concentrations. While
both EA and EB treated cells showed a modest trend towards
increased proliferation at all concentrations, only 10 and 100 nM
EB increased proliferation significantly, by approximately 35-40%
(Fig. 6 A). To directly observe the proliferating cells, C2C12 cells
were grown on cover slips and examined for BrdU positivity using
fluorescent microscopy. Recombinant IGF-I treatment was used as
a positive control. EB and IGF-I increased C2C12 proliferation,
but EA did not (Fig. 6 B).

To clarify if the proliferative effects of EB were mediated by the
MAPK pathway or dependent upon IGF-IR, cells were exposed to
the optimum concentration of EB (10 nM), with or without
pharmacologic inhibition of MEK, a MAP kinase upstream of
ERK, by PD 098059 (PD) [57], or by NVP to inhibit IGF-IR
activity (Fig. 6 C). IGF-I (10 nM) was used as a positive control.
PD and NVP significantly decreased IGF-I induced proliferation,
confirming that IGF-I mediates these effects predominantly
through the MAPK pathway and IGF-IR. EB increased prolifer-
ation significantly without inhibitors, but these effects were blocked
in the presence of PD or NVP. Therefore, EB requires MAPK
signaling and a functional IGF-IR to increase myoblast prolifer-
ation.

In skeletal muscle growth and repair, after myoblasts proliferate,
they must migrate to the areas in need of extra nuclei. Myoblast
migration has been linked to MAPK signaling activation [58].
Accordingly, the increase in ERK1/2 phosphorylation after E-
peptide stimulation could lead to increased myoblast migration.
To determine if the E-peptides modulate migration, and if the
effects are MAPK or IGF-IR dependent, a trans-well assay using
serum-starved G2C12 cells was used (Fig. 6 D). Only EB treatment
caused enhanced myoblast migration, with a 70% increase in the
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Figure 5. E-peptides affect IGF-IR downstream signaling. A-C.
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optimal doses of the E-peptides (EA 1 uM, EB 10 nM) for 20 minutes. B-
C. Quantification of Akt and ERK1/2 phosphorylation after EA (B) or EB
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doi:10.1371/journal.pone.0045588.g005

number of migrating cells, whereas EA treated cells showed ~30%
enhancement that was not significantly different from untreated
cells. Cell migration in the absence of E-peptides was not affected
by either PD or NVP, most likely due to the brief duration of the
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upper and lower chambers with or without inhibitors (PD 50 uM, NVP 100 nM). Images were taken as in B, and bars represent means * s.e.m.of N=4
slides. For C and D, *, p<<0.05; ***, p<<0.001 for comparisons to NoTx via 2-way ANOVA followed by a Bonferroni post-test. f, p<<0.05 for comparisons

to No Inh via 2-way ANOVA followed by a Bonferroni post-test.
doi:10.1371/journal.pone.0045588.g006

experiment in the absence of serum, and thus an absence of
endogenously secreted growth factors. Blockade of MAPK
signaling by PD caused a decrease in EB migration that did not
reach significance, suggesting that EB mediates migration via
pathways in addition to MAPK. Blockade of IGF-IR activation by
NVP significantly decreased EB induced migration, indicating that
EB requires IGF-IR to increase myoblast migration. Interestingly,
with EA, there was not a significant increase in migration without
inhibitors, yet both inhibitors decreased migration significantly
when EA was present. In sum, migration driven by the E-peptides,
especially EB, is dependent upon the IGF-IR.

Myoblast differentiation is inhibited by E-peptides
Skeletal muscle growth and repair rely on satellite cells and
myoblasts to fuse with existing muscle fibers or with each other to
differentiate into new muscle fibers. This process can be replicated
in culture to examine key markers of differentiation and myotube
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formation. Previous studies showed that MGF/IGF-IB delays
myoblast differentiation [39]. To compare the effects of EA and
EB on differentiation, we treated differentiating C2C12 cells with
EA, EB, or Scr synthetic peptides for three days and used qRT-
PCR to evaluate changes in expression of differentiation markers
MyoD (Mpyod), Myogenin (Myog), and Embryonic myosin (AMyh3)
(Fig. 7 A=C). All three markers increased as days of differentiation
increased. There was no significant difference between treated
cells at any day for Myod or Myog, however, there was significantly
less Myh3 expression in EA treated cells versus Scr treated cells at
both Day 2 and 3. EB treated cells showed a trend towards lower
Mpyh3 expression, but it did not reach significance. Thus EA
impaired the later stages of differentiation and maturation.

In this study, EB did not inhibit differentiation, although MGF
has been shown to delay differentiation [39]. This may be because
EB, which has a potential protease cleavage site, is not stable in
cell media for long enough to consistently affect differentiation. To

September 2012 | Volume 7 | Issue 9 | e45588



E-Peptide Activity Depends on IGF-I Signaling

>

Myod D.

. 1 Time (hr): 0 05 2 6 24

Fold Change vs. Day 0
N
1

EB
14
0
0 1 2 3
Day
Bl Myog EI
25- 1404
1 EA
<. 204 T 1204
1]
n 4
£ 154 S 1004~ 3~~~-J___
) = T T ———— —-———
2 £ TTee-—e
s 10+ 2 801
)
=}
S 5+ 60
18
0'—:"*'- 40 ] ] | L] ) ] L] L] ] ] ] L}
0 1 2 3 0 2 4 6 8 10 12 14 16 18 20 22 24
Day Time (hr)
. Myh3 .
120
600+
EB
: L 100
il ==- One-phase decay
[a]
400~ 1 Scr T T 80 —— Two-phase decay
: H EA =
2 Bm EB * o
2 : >
5200
=
o
w
0 . lll ij 20 T T T T T T T T T T T 1
0 1 2 3 0 2 4 6 8 10 12 14 16 18 20 22 24
Day Time (hr)

Figure 7. E-peptides inhibit myoblast differentiation. A-C. C2C12 cells were grown to confluency and switched to differentiation media (Day
0). Media was changed every day and synthetic peptides (100 nM) were added to the fresh media. Quantitative RT-PCR was used to measure
expression of differentiation markers: MyoD (Myod, A), Myogenin (Myog, B), Embryonic Myosin (Myh3, C). Expression of the markers at Days 1, 2, and 3
were compared to Day 0 to obtain fold change. Bars represent fold change means = s.e.m. of N=3 replicates. *, p<<0.05 for fold change expression
comparisons via 2-way ANOVA followed by a Bonferroni post-test. D. Synthetic EA and EB peptides were incubated with growth media and aliquots
were taken at times indicated for immunoblotting analysis. E-F. Quantification of (D) and analysis of peptide half-life. Bars represent percent of
original intensity = s.e.m. of N=3 replicates.

doi:10.1371/journal.pone.0045588.g007
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determine the half-life of the E-peptides, synthetic EA and EB
were incubated in growth media containing 10% FBS, and
aliquots were taken for immunoblotting at various time points
(Fig. 7 D-F). While EA showed no signs of instability, EB clearly
and quickly degraded. In fact, it is apparent that EB after 2 hours
was a smaller size than the initial peptide, and the peptide at
30 minutes appears as a doublet. We believe that the full-length
peptide is cleaved at the potential cleavage site located at the exon
5/6 boundary. A 2-phase exponential decay showed that the half-
life of the full-sized peptide is 20 minutes, and the half-life of the
remaining peptide is approximately 40 hours. So, EB may delay
differentiation, but synthetic EB cannot be tested in our assay due
to instability.

Discussion

Previous reports contend that the C-terminal E-peptide of the
rodent Igf1bh gene splice form harbors an additional growth factor,
MGIF/EB, that acts independently of IGF-I. We challenged this
hypothesis by comparing both C-terminal E-peptides, EA and EB,
and by using a pharmacologic approach to decrease IGF-IR
activity. Similar to past studies, we observed increased MAPK
signaling that was concentration dependent and specific to the E-
peptides. However, in contrast to those findings, we demonstrated
that these signals were dependent upon the availability of IGF-IR.
We extended this observation to determine if this was through
direct activation of the receptors, which was not the case. Instead,
the presence of the E-peptides significantly enhanced IGF-I
mediated receptor phosphorylation, in part through increasing the
proportion of receptors on the cell surface. By increasing the
available pool of receptors for ligand binding, there was greater
receptor activation. Next, we evaluated the IGF-I dependent and
independent effects of rodent IGF-I E-peptides on the cellular
processes necessary for muscle formation. We found that both E-
peptides are mitogens in skeletal muscle cell culture, and that EB is
more potent in driving proliferation and migration compared to
EA. Not only do these actions require the MAPK pathway, E-
peptide activity is also dependent upon IGF-IR signaling. Hence,
in contrast to previous studies demonstrating IGF-I independent
actions of MGF/EB, we find that the E-peptides coordinate with
IGF-I at several key points during muscle growth. In fact, all of the
E-peptide effects we have observed depend upon IGF-I and IGF-
IR. We have now excluded independent activity through
pharmacologic ablation of IGF-I receptor activity, and suggest
that the E-peptides work in concert with IGF-I. Thus, we assert
that the E-peptides are not independent growth factors, but
instead are modulators of IGF-I actions.

To examine the effects of E-peptides, we synthesized peptides
that reflected products of the Igf7 gene. Synthetic rodent MGF,
which has been tested in previous studies, contains the last 25
amino acids in IGF-IB beginning at the exon 4/5 boundary (Fig. 1
A and B), so it shares no sequence homology with EA. While these
residues may contain the active domains of EB, there is no
evidence that MGF at this size exists i vwo, since there are no
known cleavage recognition sequences between Exons 4 and 5
[34,59]. For these reasons, we included the residues encoded by
Exon 4 in both EA and EB to mimic the predicted processing of
the IGF-I proprotein [28]. Even so, the effects of synthetic EB are
similar to those with MGF [39,40], and so it is likely that the N-
terminal portion of EB is dispensable in terms of activity. Both E-
peptide sequences contain a high percentage of polar and basic
amino acid residues. To eliminate the possibility that the effects we
observed were simply due to the presence of a charged peptide, we
generated a random sequence, Scramble (Scr), based on the
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average charge and residue content of both E-peptides. Because
Scr did not affect any of the processes we studied, even up to
1 uM, we are confident that the changes we observed after
exposure to EA or EB were due to the specific sequences within
these peptides.

While the synthetic E-peptides afford evaluation of their activity
at exact concentrations and durations, there are some biological
drawbacks. For example, the rodent EA peptide contains two
potential glycosylation sites (* in Fig. 1 B). Synthetic EA does not
have glycosylated asparagine residues. If the glycosylation on EA is
important for its mitogenic actions, then we will not see all of EA’s
biological activity. An additional issue is that the instability of EB,
which has a potential protease cleavage site at the exon 5/6
boundary, may abbreviate its activity [34]. In fact, we found that
the half-life of full-length synthetic EB is only 20 minutes, which
may explain why we did not observe differentiation effects by EB
over the course of a 3-day experiment (Fig. 7). However, the
shorter EB form likely has some mitogenic activity, as EB affected
proliferation over a 24-hour treatment period, and enhanced
ERK1/2 phosphorylation up to 30 minutes after treatment.
Alternate strategies to prevent degradation by replacing residues
in the cleavage site can prolong synthetic EB half-life, and enable
longterm studies of its actions. For example, human myoblast
senescence was delayed by modified MGF/EB [60]. Nevertheless,
the actions i vivo are likely curtailed by protease disruption of the
peptide.

To our knowledge, we are the first to show that E-peptides
augment IGF-IR activation by IGF-I, alter IGF-IR localization,
and that E-peptide biological actions are dependent on IGF-I
receptor activity. Both E-peptides increased IGF-IR phosphory-
lation and downstream MAPK signaling, but the E-peptides
cannot increase ERK phosphorylation, proliferation, or migration
when IGF-IR is inhibited. The E-peptides require a functional
IGF-IR, but do not directly activate this receptor alone: IGF-I is
required for the E-peptides to increase IGF-IR phosphorylation.
Having excluded a direct E-peptide/IGF-IR activation mecha-
nism, we addressed how this activation enhancement might occur
through other means. One clue arises from the pattern of signaling
following E-peptide exposure. E-peptides alone increase MAPK
signaling, but not the Akt/PI3Kinase signaling arm. Because
receptor internalization leads to increased P-ERK1/2 [61], the E-
peptides may affect receptor internalization, thereby increasing the
MAPK arm of the IGF-IR pathway. Consistent with this
possibility, we previously observed that the presence of E-peptides
enhanced IGF-I uptake (an indicator of receptor internalization) in
myoblasts [43]. We thus examined the localization of the IGF-IR
on E-peptide and IGF-I treated cells. Instead of finding decreased
cell surface IGF-IR, an indicator of receptor internalization, we
found that the E-peptides upregulated the proportion of IGF-IR
on the cell surface. Consistent with the ~30% increase in IGF-IR
phosphorylation, we observed a ~40% increase in cell surface
IGF-IR after E-peptide treatment, compared to IGF-I alone.
Increased surface receptor raises the amount of receptor available
for IGF-I binding and activation. Thus, one mechanism by which
the E-peptides augment IGF-IR phosphorylation is by increasing
the bioavailability of the IGF-IR.

Additionally, when EA or EB and IGF-I were used to stimulate
myoblasts, the E-peptides amplified phosphorylation of ERK1/2,
but not Akt. In addition, there was a significant enhancement of P-
ERK2 between EA+IGF-I vs. EA alone. This effect is consistent
with the KIRA results shown in Figure 4, where IGF-IR
phosphorylation by IGF-I was enhanced by 30% with the addition
of E-peptides, and supports that the effects of the E-peptides occur
through the IGF-IR. However, we cannot exclude the possibility

September 2012 | Volume 7 | Issue 9 | e45588



that the E-peptides also work indirectly to enhance P-ERK1/2
through and IGF-IR independent mechanism. It should be noted
that the MEK inhibitor blocked the E-peptide effects on migration
and proliferation, confirming that if the E-peptides act down-
stream of the IGF-IR, it is above MEK. Regardless of where the
E-peptides affect IGF-IR signaling, enhancement of the MAPK
arm but not the Akt/PI3K arm suggests that the E-peptides may
help to tune the IGF-IR signaling cascade towards MAPK. The
concept of receptor tuning has been shown in previous work. For
instance, the level of receptor ubiquitination shifts not only its
internalization but also the level of MAPK activation [62,63].
Further, specific regions of IGF-IR have been shown to be
important for MAPK but not Akt/PI3K pathways [64], and an
IGF-IR growth inhibitor has been found to activate ERK signaling
through the IGF-IR, but not Akt [63]. Increased IGF-IR
bioavailability on the cell surface leading to increased IGF-IR
phosphorylation cannot explain the tuning of the receptor.
However, if the E-peptides increase cell surface IGF-IR via
enhancing the rate of IGF-IR recycling to the cell surface after
internalization, it is possible that the E-peptides accelerate receptor
internalization, thus tuning IGF-IR signaling. More direct
methods of monitoring receptor trafficking could be used in
future studies to track the kinetics of receptor movement.

Several studies have utilized IGF-IR neutralizing antibodies to
block IGF-I signaling, and found that MGF can increase
proliferation independently of IGF-IR [39,41,65]. Neutralizing
antibodies bind to the IGF-I recognition site on an extracellular
domain of IGF-IR, and block IGF-I from binding to and
activating its receptor. They can also, however, lead to receptor
internalization and degradation [61,66]. This can activate or
change the localization of IGF-IR, which confounds the interpre-
tation of the results, especially since we found that IGF-IR
localization changes in the presence of E-peptides. To avoid these
problems, we used an IGF-IR kinase inhibitor, NVPAEW541
(NVP) [47]. NVP blocks the tyrosine kinase autophosphorylation
that occurs on the intracellular portion of IGF-IR after ligand
binding. By using this inhibitor, IGF-IR localization, levels, and
basal signaling do not change, and IGF-I binding is unaffected.
These methodological differences may underlie our ability to
detect the E-peptide dependence on IGF-IR for signaling,
proliferation, and migration.

A second objective of this study was to compare EA and EB,
since EA has never been studied. We took advantage of previous
demonstrations that MGF/EB affects myoblast signaling, prolif-
eration, migration, and differentiation. It was completely unknown
if EA shared or opposed any of MGF/EB’s effects. Previous studies
have shown that MGF/EB increased ERK1/2 phosphorylation
[45,46,55]. EB treatment increased ERK1/2 phosphorylation at
low concentrations, but ceased to have activity at concentrations
100 nM and higher. This pattern is not unusual, however, as other
factors have been known to stimulate MAPK signaling in a
bimodal fashion [67]. Our signaling results show that while EB is
more potent at activating ERK1/2 both in dose and duration, EA
also increases P-ERK1/2. In addition, both EA and EB increased
IGF-IR phosphorylation, localization, and downstream signaling
when IGF-I was present. Thus, this study demonstrates clear
overlap in the actions of the E-peptides.

One limitation to studying the E-peptides is that they have only
been detected in vivo as part of pro-IGF-I [31,32,33], and so
attributing any biological activity to the E-peptides independent of
IGF-I has been met with skepticism. Although it is unknown at
what concentration the free E-peptides are found, one can
estimate their levels based on IGF-I concentrations. In an adult,
IGF-I circulates in serum at ~ [42,68]. Given that for each mature
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IGF-I protein there is one E-peptide produced, and alternative
splicing under normal conditions generates 90% of the Igf7 in the
A form [25], serum EA would be approximately 45 nM while EB
would only be at 5 nM. The underlying assumption is that the E-
peptides enter the circulation similarly to IGF-1, and that they are
stable, but given the short half-life of EB, it is unlikely to
accumulate in tissues or the blood. Further, both predicted levels
are below the sensitivity for detection by EA [31] or EB antibodies
[69]. Thus, establishing that the E-peptides exist ¢ vivo is difficult,
at best. Our data support that the E-peptides work with IGF-I to
modulate activity. The simplest way for this to occur is if they were
still bound together as pro-IGF-I, which occurs i vivo [31,32,33].
Thus, while others have argued for independent actions of the E-
peptides, we assert that a more plausible model is that E-peptide
“activity” reflects actions of prolGF-I.

MGF is thought to activate satellite cells and increase
proliferation at the expense of differentiation. The process by
which MGF works has been deemed the “MGF hypothesis”
(reviewed in [34,59]). According to the hypothesis, there is
preferential splicing to produce the Igf7h isoform immediately
after muscle exercise or injury. Increased MGF/EB then activates
satellite cells and promotes their proliferation. While the cells are
proliferating, RNA processing reverts back to predominantly Jgf7a
isoforms, causing MGF/EB levels to decrease, and allowing
differentiation to proceed and repair the injured muscle. Our
results are, in part, consistent with this hypothesis, because we also
observe that EB increases myoblast proliferation. If the return to
Igfla expression marks a switch between cell division and cell
maturation, one would presume that EA would drive the next
steps in muscle formation, namely differentiation and fusion,
rather than continue to enhance proliferation. However, the
inhibitory effects of EA on differentiation do not fit with this
model. Also, in a recent study, specific targeting of either Igf7a or
Igf1b delayed myoblast differentiation [52], suggesting that both E-
peptides are necessary for normal differentiation. However, this
would imply that increased EA or EB would enhance differenti-
ation, contrary to our results. EB may possess much of the activity
proposed in the MGF hypothesis, but EA shares similar activity.

Clearly, IGF-I and the E-peptides are not the sole determinants
of the muscle formation process. Several additional growth factors
are involved, and in some cases may be more efficient in driving
these steps. For example, MGF/EB actions on myoblast migration
have been attributed to the modulation of the matrix metallopro-
teinases (MMPs) [40], which are important regulators of muscle
remodeling (reviewed in [70]). We, too, have found that EB
enhances expression of MMP13, an interstitial collagenase
important for wound healing [71,72,73]. Whether or not MMPs
are one of the mechanisms involved in EB enhanced migration has
not been addressed. However, since MEK inhibition did not
completely block the migration response to EB, it suggests that
other mechanisms coordinate with the MAPK pathway to mediate
cell migration.

Could the E-peptides provide therapeutic benefit to muscle
disease or damage? While IGF-I is widely recognized for its
positive actions on muscle, modulatory factors such as the E-
peptides may augment tissue responses to IGF-I. However, the
interactions between the multiple products of the Igf7 gene extend
beyond muscle growth. For instance, targeting E-peptide activity
could also prevent IGF-I mediated actions, which is a critical
strategy for several anti-cancer therapies [74]. Regardless of the
pro- or anti-growth intentions for IGF treatments, it is becoming
clear that the E-peptides contribute to the actions of IGF-I, and
should therefore be part of the equation for evaluation of IGF-I
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based therapies. Understanding the biological basis for E-peptide
activity will help in clarifying IGF-I function.

Materials and Methods

Synthetic E-peptides

Murine EA and EB (based from GenBank AY878192 and
AY878193, respectively) were synthesized by Bio-Synthesis Inc.,
Lewisville, TX, and purified via HPLC to >95%. The final
products were confirmed via MALDI mass spectrometry (Wistar
Proteomics Facility, U of Pennsylvania, Philadelphia, PA). EA and
EB peptides begin at histidine 78, immediately following the SPC
cleavage site [28]. The Scramble peptide sequence was created by
randomly selecting 31 amino acids from EA and EB sequences
(Figure 1B). Peptides were provided in 0.1 mg lyophilized aliquots
to avoid freeze-thaw cycles and stored at —80°C until time of use.

Synthetic E-peptide signaling

C2C12 (ATCC, Manassas, VA) cells were maintained in growth
media (DMEM containing, 10% fetal bovine serum, and
gentamicin). For signaling experiments, 2x10* cells were seeded
in 6-well plates in growth media and allowed to attach and grow
overnight. The next day, cells were starved overnight in growth
media without serum. On the third day, cells were treated with
synthetic E-peptides and/or recombinant human IGF-I (Gemini
Bio-Products West Sacramento, CA) for the time periods indicated
in figures, and the cells were processed for immunoblotting as
described below. For IGF-IR inhibition, 100 nM NVPAEW541
[47] diluted in DMSO or DMSO only was added to starved cells
90 minutes before and during treatment with synthetic peptides.

Immunoblotting analysis

Signaling pathway activation was determined by immunoblot-
ting. Cells were washed in cold PBS before incubation in lysis
buffer (50 nM HEPES, 150 nM NaCl, 5 mM EDTA, 1 nM
EGTA, 15 mM p-Nitrophenyl phosphate disodium hexahydrate,
1% NP-40, 0.1% SDS, 1% Deoxycholate, 0.025% Sodium Azide)
with protease and phosphatase inhibitors (P8340, P5726, Sigma,
St. Louis, MO). Debris were pelleted, and the total protein was
measured in the supernatant. Equal amounts of protein were
separated by SDS-PAGE and transferred to polyvinylidene
fluoride membranes (Immobilon-P, Millipore, Bedford, MA).
Membranes were blocked in Tris-buffered saline (TBS) plus
0.1% Tween 20 (T'IBS) and 5% nonfat dry milk. Membranes
were incubated in primary antibody diluted in 5% milk-TTBS
overnight at 4°C. The following antibodies were used: phospho-
Akt (no. 9271), phospho-ERK1/2 (no. 9101), total ERKI1/2
(no. 9102), GFP (no. 2955) (Cell Signaling, Beverly, MA), and
tubulin (T'5168 Sigma). Membranes were washed in 5% milk-
TTBS and incubated with horseradish peroxidase-conjugated
secondary antibodies. Protein detection was performed using
enhanced chemiluminescence and the ImageQuant (GE Fairfield,
CT) detection system. Analysis of band intensity was performed
using the associated image analysis software. Synthetic EA and EB
stability was evaluated by incubating peptides in growth media at
37°C.. Aliquots were obtained at 0-24 hours, and immunoblotted
as above. An antibody to the EA peptide was generated by Bio-
Synthesis Inc., Lewisville, TX and serum from the inoculated
rabbit was used to visualize EA. An antibody to MGF/EB was
used to visualize the EB peptide [69].

IGF-IR activation and location assays

To determine if E-peptides directly activate IGF-IR, a KIRA
assay was preformed as previously described [75] with a few
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alterations. Briefly, 2.5%10" P6 cells, which overexpress IGF-IR
(another kind gift from the Baserga lab [49]) were seeded into 96-
well plates. They were maintained in growth media supplemented
with 200 pg/ml G418. The cells were starved for 6 hours, and
then treated with synthetic E-peptides and/or IGF-I for 15 min-
utes. Cells were lysed and IGF-IR was captured onto an ELISA
plate coated with an antibody to IGF-IR (MAB1120, Millipore,
Billerica, MA). An HRP-conjugated antibody to phosphorylated
tyrosines (16-454, Millipore) and TMB substrate (N301, Thermo
Scientific, Rockfort, IL) was used for colorimetric quantification.
Absorbance was read at 450 nm via the SpectraMax M5 plate
reader (Molecular Devices, Sunnyvale, CA), which served as an
indicator of IGF-IR phosphorylation. The IGF-IR localization
assay was based on [50,75,76] and preformed as described above,
except after treatment and before lysis, cell surface proteins were
labeled with 0.3 mg/ml sulfo-NHS-biotin (21217, Thermo Scien-
tific, Rockfort, IL) in PBS for 1 hour at 4°C. Two ELISA plates
coated as above were utilized. Half of the cell lysates were
transferred to one plate to measure cell-surface IGF-IR, visualized
by an HRP-conjugated strepavidin antibody. The remaining
lysates were used on the second plate to measure total IGF-IR, by
incubation with an IGF-IR antibody (C-20, Santa Cruz, CA)
followed by an a HRP-conjugated anti-rabbit antibody.

Cell proliferation

Proliferation was measured using a 5-bromo-2P-deoxyuridine
(BrdU) plate and slide assays (Roche, Indianapolis, IN). For the
plate assay, 5x10% C2C12 cells were seeded in 96-well plates. Cells
were starved for 6 hours, and treated with synthetic E-peptides or
recombinant IGF-I overnight. BrdU was added for incorporation
for 2 hours before cell lysis and BrdU staining. For MAPK
inhibition, a MEK inhibitor was added to the media (PD 098059,
Sigma, 50 uM). For IGF-IR inhibition, 100 nM NVPAEW541
was added to the media. The slide assay was done as above, except
with 2x10* C2C12 cells in 24-well plates on glass cover slips. Cells
were stained with an antibody to BrdU and with DAPI
(VectorLabs, Burlingame, CA) to visualize nuclei. Images were
acquired using a Leica DMR epifluorescence microscope using
OpenLab imaging software (Improvision, PerkinElmer, Waltham,

MA).

Cell migration

E-peptide effects on cell migration were tested using a 24-well
Transwell (8.0 um pore size) plate assay (Corning Inc., Lowell,
MA). C2C12 cells (2x10% were seeded in the upper chambers in
serum-free media, and synthetic E-peptides in serum-free media
were placed in the bottom chambers. Cells were allowed to
migrate for 5 hours. Non-migrated cells remaining in the upper
chamber were removed from the transwell membranes with Q-tips
and migrated cells were fixed with 4% formaldehyde and stained
with DAPI. The transwell membranes were mounted onto slides,
and imaged at 10X using above-mentioned microscopy and
analysis software. For MAPK signaling or IGF-IR inhibition, PD
(50 uM) or NVP (100 nM) was added to both chambers at the
start of the experiment.

Muscle cell differentiation

Cells were plated in 6-well plates and changed to differentiation
media (DMEM containing, 2% horse serum, and gentamicin)
when they reached 80-90% confluency (Day 0). Differentiation
media was changed every day until Day 3. Synthetic E-peptides
(100 nM) were added to the differentiation media once a day.
Total RNA was isolated from differentiating cells using Trizol
(Invitrogen, Carlsbad, CA).
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Quantitative RT-PCR

Equal amounts of total RNA from each sample were subjected
to single-strand reverse transcription (Applied Biosystems, Foster
City, CA). The resultant cDNA was utilized for quantitative RT-
PCR (qRT-PCR) with oligonucleotides specific for genes listed
below using the Applied Biosystems 7300 Real-Time PCR System,
and reagents (Power SYBR Green PCR Master Mix). All samples
were loaded in duplicate in 96-well plates. Expression of 18S was
used to control for cDNA content. Fold change was calculated by
comparing ACT values for each gene at each Day to ACT at Day
0. Primers used: 18S, 5’-ctctgttccgectagtectg-3" and 5'-aatgage-
cattcgeagttte-3"; MyoD, 5'-tgctectttgagacagcaga-3' and 5'-agtagg-
gaagtgtgcgtect-3'; Myogenin, 5'-gggcccctggaagaaaag-3’' and 5'-
aggaggegetgtgggagt-3';  Embryonic  myosin,  5'-gcatagetg-
cacctttecte-3"  and  5'-cgtgtateggtecttgaggt-3’;  IGF-I,  5'-ca-
cacctettetacetggegetetge-3” and 5'-agtetectcagatcacagetecg-3'.
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Bonferroni post-test. Statistical significance was accepted at
p<<0.05.

Acknowledgments

We are grateful to members of the Barton lab for many helpful discussions,
to Janelle Spinazzola for immunoblotting for EA and EB, to Anastassios
Philippou for the MGF/EB antibody, and to the Baserga lab for the P6
cells [49].

Author Contributions

Conceived and designed the experiments: BKB ERB. Performed the
experiments: BKB. Analyzed the data: BKB ERB. Contributed reagents/
materials/analysis tools: ERB. Wrote the paper: BKB ERB.

21. Leloup L, Mazeres G, Daury L, Cottin P, Brustis JJ (2006) Involvement of
calpains in growth factor-mediated migration. Int J Biochem Cell Biol 38: 2049—
2063.

22. Shimatsu A, Rotwein P (1987) Mosaic evolution of the insulin-like growth
factors. Organization, sequence, and expression of the rat insulin-like growth
factor I gene. J Biol Chem 262: 7894-7900.

23. Rotwein P (1986) Two insulin-like growth factor I messenger RNAs are
expressed in human liver. Proc Natl Acad Sci U S A 83: 77-81.

24. Wallis M (2009) New insulin-like growth factor (IGF)-precursor sequences from
mammalian genomes: the molecular evolution of IGFs and associated peptides
in primates. Growth Horm IGF Res 19: 12-23.

25. Lowe WL Jr, Lasky SR, LeRoith D, Roberts CT Jr (1988) Distribution and
regulation of rat insulin-like growth factor I messenger ribonucleic acids
encoding alternative carboxyterminal E-peptides: evidence for differential
processing and regulation in liver. Mol Endocrinol 2: 528-535.

26. Lund PK (1998) Insulin-like growth factors: gene structure and regulation. In:
Conn PM, editor. Handbook of Physiology. Bethesda, MD: American
Physiology Society. pp 537-571.

27. Shamblott MJ, Chen TT (1993) Age-related and tissue-specific levels of five
forms of insulin-like growth factor mRNA in a teleost. Mol Mar Biol Biotechnol
2: 351-361.

28. Duguay §J, Lai-Zhang J, Steiner DF (1995) Mutational analysis of the insulin-
like growth factor I prohormone processing site. ] Biol Chem 270: 17566-17574.

29. Duguay SJ, Milewski WM, Young BD, Nakayama K, Steiner DF (1997)
Processing of wild-type and mutant proinsulin-like growth factor-IA by subtilisin-
related proprotein convertases. J Biol Chem 272: 6663-6670.

30. Duguay SJ (1999) Post-translational processing of insulin-like growth factors.
Horm Metab Res 31: 43-49.

31. Wilson HE, Westwood M, White A, Clayton PE (2001) Monoclonal antibodies
to the carboxy-terminal Ea sequence of pro-insulin-like growth factor-IA
(prolGF-IA) recognize prolGF-IA secreted by IM9 B-lymphocytes. Growth
Horm IGF Res 11: 10-17.

32. Conover CA, Baker BK, Bale LK, Clarkson JT, Liu F, et al. (1993) Human
hepatoma cells synthesize and secrete insulin-like growth factor Ia prohormone
under growth hormone control. Regul Pept 48: 1-8.

33. Conover CA, Baker BK, Hintz RL (1989) Cultured human fibroblasts secrete
insulin-like growth factor IA prohormone. J Clin Endocrinol Metab 69: 25-30.

34. Barton ER (2006) The ABCs of IGF-I isoforms: impact on muscle hypertrophy
and implications for repair. Appl Physiol Nutr Metab 31: 791-797.

35. Yang S, Alnageeb M, Simpson H, Goldspink G (1996) Cloning and
characterization of an IGF-1 isoform expressed in skeletal muscle subjected to
stretch. J Muscle Res Cell Motil 17: 487-495.

36. McKoy G, Ashley W, Mander J, Yang SY, Williams N, et al. (1999) Expression
of insulin growth factor-1 splice variants and structural genes in rabbit skeletal
muscle induced by stretch and stimulation. J Physiol 516 (Pt 2): 583-592.

37. Yang H, Alnageeb M, Simpson H, Goldspink G (1997) Changes in muscle fibre
type, muscle mass and IGF-I gene expression in rabbit skeletal muscle subjected
to stretch. J Anat 190 (Pt 4): 613-622.

38. Goldspink G (2005) Research on mechano growth factor: its potential for
optimising physical training as well as misuse in doping. Br J Sports Med 39:
787-788; discussion 787-788.

39. Yang SY, Goldspink G (2002) Different roles of the IGF-I Ec peptide (MGF) and
mature IGF-I in myoblast proliferation and differentiation. FEBS Lett 522: 156
160.

40. Mills P, Lafreniere JF, Benabdallah BF, El Fahime el M, Tremblay JP (2007) A
new pro-migratory activity on human myogenic precursor cells for a synthetic
peptide within the E domain of the mechano growth factor. Exp Cell Res 313:
527-537.

September 2012 | Volume 7 | Issue 9 | e45588



41.

42.

43.

44.

46.

47.

48.

49.

50.

52.

53.

54.

56.

57.

58.

59.

Mills P, Dominique JC, Lafreniere JF, Bouchentouf M, Tremblay JP (2007) A
synthetic mechano growth factor E Peptide enhances myogenic precursor cell
transplantation success. Am J Transplant 7: 2247-2259.

Barton ER (2006) Viral expression of insulin-like growth factor-I isoforms
promotes different responses in skeletal muscle. J Appl Physiol 100: 1778-1784.
Pfeffer LA, Brisson BK, Lei H, Barton ER (2009) The insulin-like growth factor
(IGF)-I E-peptides modulate cell entry of the mature IGF-I protein. Mol Biol
Cell 20: 3810-3817.

Mauro A (1961) Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol
9: 493-495.

Stavropoulou A, Halapas A, Sourla A, Philippou A, Papageorgiou E, et al.
(2009) IGF-1 expression in infarcted myocardium and MGF E peptide actions in
rat cardiomyocytes in vitro. Mol Med 15: 127-135.

Philippou A, Papageorgiou E, Bogdanis G, Halapas A, Sourla A, et al. (2009)
Expression of IGF-1 isoforms after exercise-induced muscle damage in humans:
characterization of the MGF E peptide actions in vitro. In Vivo 23: 567-575.

Garcia-Echeverria C, Pearson MA, Marti A, Meyer T, Mestan J, et al. (2004) In
vivo antitumor activity of NVP-AEW541-A novel, potent, and selective inhibitor
of the IGF-IR kinase. Cancer Cell 5: 231-239.

Denley A, Bonython ER, Booker GW, Cosgrove L], Forbes BE, et al. (2004)
Structural determinants for high-affinity binding of insulin-like growth factor II
to insulin receptor (IR)-A, the exon 11 minus isoform of the IR. Mol Endocrinol
18: 2502-2512.

Pietrzkowski Z, Lammers R, Carpenter G, Soderquist AM, Limardo M, et al.
(1992) Constitutive expression of insulin-like growth factor 1 and insulin-like
growth factor 1 receptor abrogates all requirements for exogenous growth
factors. Cell Growth Differ 3: 199-205.

Vecchione A, Marchese A, Henry P, Rotin D, Morrione A (2003) The Grb10/
Nedd4 complex regulates ligand-induced ubiquitination and stability of the
insulin-like growth factor I receptor. Mol Cell Biol 23: 3363-3372.

. Musaro A, Rosenthal N (1999) Maturation of the myogenic program is induced

by postmitotic expression of insulin-like growth factor I. Mol Cell Biol 19: 3115
3124.

Matheny RW Jr, Nindl BC (2011) Loss of IGF-IEa or IGF-IEb impairs
myogenic differentiation. Endocrinology 152: 1923-1934.

Clemmons DR, Shaw DS (1986) Purification and biologic properties of

fibroblast somatomedin. J Biol Chem 261: 10293-10298.

Siegfried JM, Kasprzyk PG, Treston AM, Mulshine JL, Quinn KA, et al. (1992)
A mitogenic peptide amide encoded within the E peptide domain of the insulin-
like growth factor IB prohormone. Proc Natl Acad Sci U S A 89: 8107-8111.

. Kuo YH, Chen TT (2002) Novel activities of pro-IGF-I E peptides: regulation of

morphological differentiation and anchorage-independent growth in human
neuroblastoma cells. Exp Cell Res 280: 75-89.

Tian XC, Chen MJ, Pantschenko AG, Yang TJ, Chen TT (1999) Recombinant
E-peptides of pro-IGF-I have mitogenic activity. Endocrinology 140: 3387—
3390.

Dudley DT, Pang L, Decker SJ, Bridges AJ, Saltiel AR (1995) A synthetic
inhibitor of the mitogen-activated protein kinase cascade. Proc Natl Acad
Sci U S A 92: 7686-7689.

Leloup L, Daury L, Mazeres G, Cottin P, Brustis JJ (2007) Involvement of the
ERK/MAP kinase signalling pathway in milli-calpain activation and myogenic
cell migration. Int J Biochem Cell Biol 39: 1177-1189.

Matheny RW Jr, Nindl BC, Adamo ML (2010) Minireview: Mechano-growth
factor: a putative product of IGF-I gene expression involved in tissue repair and
regeneration. Endocrinology 151: 865-875.

PLOS ONE | www.plosone.org

12

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

76.

E-Peptide Activity Depends on IGF-I Signaling

Kandalla PK, Goldspink G, Butler-Browne G, Mouly V (2011) Mechano
Growth Factor E peptide (MGF-E), derived from an isoform of IGF-1, activates
human muscle progenitor cells and induces an increase in their fusion potential
at different ages. Mech Ageing Dev 132(4): 154-162.

Chow JC, Condorelli G, Smith RJ (1998) Insulin-like growth factor-I receptor
internalization regulates signaling via the Shc/mitogen-activated protein kinase
pathway, but not the insulin receptor substrate-1 pathway. J Biol Chem 273:
4672-4680.

Girnita L, Shenoy SK, Sehat B, Vasilcanu R, Vasilcanu D, et al. (2007) Beta-
arrestin and Mdm2 mediate IGF-1 receptor-stimulated ERK activation and cell
cycle progression. ] Biol Chem 282: 11329-11338.

Vasilcanu R, Vasilcanu D, Sehat B, Yin S, Girnita A, et al. (2008) Insulin-like
growth factor type-I receptor-dependent phosphorylation of extracellular signal-
regulated kinase 1/2 but not Akt (protein kinase B) can be induced by
picropodophyllin. Mol Pharmacol 73: 930-939.

Sehat B, Andersson S, Vasilcanu R, Girnita L, Larsson O (2007) Role of
ubiquitination in IGF-1 receptor signaling and degradation. PLoS One 2: ¢340.

. Ates K, Yang SY, Orrell RW, Sinanan AC, Simons P, et al. (2007) The IGF-I

splice variant MGF increases progenitor cells in ALS, dystrophic, and normal
muscle. FEBS Lett 581: 2727-2732.

Hailey J, Maxwell E, Koukouras K, Bishop WR, Pachter JA, et al. (2002)
Neutralizing anti-insulin-like growth factor receptor 1 antibodies inhibit receptor
function and induce receptor degradation in tumor cells. Mol Cancer Ther 1:
1349-1353.

Bulayeva NN, Gametchu B, Watson CS (2004) Quantitative measurement of
estrogen-induced ERK 1 and 2 activation via multiple membrane-initiated
signaling pathways. Steroids 69: 181-192.

Schwarz AJ, Brasel JA, Hintz RL, Mohan S, Cooper DM (1996) Acute effect of
brief low- and high-intensity exercise on circulating insulin-like growth factor
(IGF) I 11, and IGF-binding protein-3 and its proteolysis in young healthy men.
J Clin Endocrinol Metab 81: 3492-3497.

Philippou A, Stavropoulou A, Sourla A, Pissimissis N, Halapas A, et al. (2008)
Characterization of a rabbit antihuman mechano growth factor (MGF)
polyclonal antibody against the last 24 amino acids of the E domain. In Vivo
22: 27-35.

Chen X, Li Y (2009) Role of matrix metalloproteinases in skeletal muscle:
migration, differentiation, regeneration and fibrosis. Cell Adh Migr 3: 337-341.
Barton ER, DeMeo J, Lei H (2010) The insulin-like growth factor (IGF)-I E-
peptides are required for isoform-specific gene expression and muscle
hypertrophy after local IGF-I production. J Appl Physiol 108: 1069-1076.

Wu N, Opalenik S, Liu J, Jansen ED, Giro MG, et al. (2002) Real-time
visualization of MMP-13 promoter activity in transgenic mice. Matrix Biol 21:
149-161.

. Wu N, Jansen ED, Davidson JM (2003) Comparison of mouse matrix

metalloproteinase 13 expression in free-electron laser and scalpel incisions
during wound healing. J Invest Dermatol 121: 926-932.

. Heidegger I, Pircher A, Klocker H, Massoner P (2011) Targeting the insulin-like

growth factor network in cancer therapy. Cancer Biol Ther 11: 701-707.

. Denley A, Wang CC, McNeil KA, Walenkamp M], van Duyvenvoorde H, et al.

(2005) Structural and functional characteristics of the Val44Met insulin-like
growth factor I missense mutation: correlation with effects on growth and
development. Mol Endocrinol 19: 711-721.

Romanelli R], LeBeau AP, Fulmer CG, Lazzarino DA, Hochberg A, et al.
(2007) Insulin-like growth factor type-I receptor internalization and recycling
mediate the sustained phosphorylation of Akt. J Biol Chem 282: 22513-22524.

September 2012 | Volume 7 | Issue 9 | e45588



