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Insulin-like growth factor-1 (IGF-1) plays a significant role in the development of various organs, and several studies
have suggested that IGF-1 isoforms, IGF-1 Ea and IGF-1 Ec, are expressed in skeletal muscle to control its growth. In
this study, we designed a novel nucleotide sequence, IGF-1-X10, consisting of IGF-1 exons and introns to simultaneously
express both IGF-1 Ea and IGF-1 Ec. When transfected into human cells, the expression of both isoforms was observed
at the transcript and protein levels. In an animal study, intramuscular injection of plasmid DNA comprising IGF-1-X10
induced the expression of IGF-1 Ea and IGF-1 Ec, leading to the production of functional IGF-1 protein. Finally, the
efficacy of this plasmid DNA was tested in a cardiotoxin (CTX)-mediated muscle injury model and age-related muscle
atrophy model. We found that IGF-1-X10 increased the muscle mass and controlled several key factors involved in the
muscle atrophy program in both models. Taken together, these data suggest that IGF-1-X10 may be utilized in the form
of gene therapy for the treatment of various muscle diseases related to IGF-1 deficiency.
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INTRODUCTION

INSULIN-LIKE GROWTH factor-1 (IGF-1) is well characterized
for its roles in promoting the proliferation and differen-
tiation of various cell types, eventually leading to organ
development.l’3 This growth factor also plays a critical
role in controlling physiological conditions such as main-
taining metabolic homeostasis, protecting nerve tissues,
and inducing blood vessel formation.>*> IGF-1 activates
several receptor tyrosine kinases such as IGF-1R, IGF-2R,
insulin receptor (IR), and the IR/IGF-1R complex, leading
to the activation of various downstream signaling cas-
cades. With the highest binding affinity, IGF-1 binds to
IGF-1R and controls the activity of signaling pathways
such as the RassMAPK/ERK1/2 and PI3K/AKT pathways.6

The human IGF-1 gene consists of 6 exons and 5 introns,
which theoretically induces the expression of six isoforms
by the combination of two signal peptides at the N-terminal
and three E-peptides at the C-terminal through alternative
splicing.3’7’8 It has been reported that the signal peptides
from exon 1 and exon 2 determine Class I and Class II IGF-
1, respectively. The Class I isoform plays a role in con-
trolling the autocrine and paracrine effects of IGF-1,
whereas the Class II isoform is a circulating form of IGF-1
involved in the endocrine system. The combination of exon
5 and exon 6 results in the formation of three different
E-peptides, Ea (exon 6), Eb (exon 5), and Ec (parts of exon 5
and 6); however, the exact role of these E-peptides is still
unclear.
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In skeletal muscle, it has been shown that the expression of
IGF-1 isoforms is differentially controlled during myotube
differentiation.”'® At the early stage of satellite cell activa-
tion, IGF-1 Ec rapidly increases and gradually decreases
during the phase of myoblast proliferation and myotube
differentiation. At this stage of differentiation, the level of
IGF-1 Ea gradually increases, and the level is maintained
during the course of myotube formation.'® In addition to the
expression kinetics, it has been reported that IGF-1 Ea acti-
vates AMPK and SIRT-1 to promote mitochondrial bio-
genesis and reduce the inflammation, whereas IGF-1 Ec
induces the formation of autophagosome to maintain the
protein homeostasis. These data imply the potential distinct
role of IGF-1 isoforms in the skeletal muscle and these iso-
forms may be a useful target for the development of efficient
therapeutic agents for the treatment of muscular diseases and
utilizing both isoforms simultaneously can be a strategy to
maximize the biological potential of IGF-1 gene."'

Based on the biological activities of IGF-1 isoforms, we
designed a genomic-complementary DNA (cDNA) hybrid
construct, IGF-1-X10, to induce the expression of both
IGF-1 Ea and IGF-1 Ec simultaneously and investigated
the effect of this construct in skeletal muscle injury mod-
els. Intramuscular injection of IGF-1-X10 induced the
expression of IGF-1 Ea and IGF-1 Ec both in vitro and
in vivo and properly activated IGF-1R and its downstream
signaling pathways. Moreover, IGF-1-X10-mediated
expression of IGF-1 isoforms ameliorated skeletal muscle
injury by accelerating the activation of muscle satellite
cells. These data suggest that inducing the expression
of IGF-1 isoforms simultaneously by IGF-1-X10 may be
a useful gene therapy strategy for the treatment of vari-
ous diseases related to skeletal muscle.

MATERIALS AND METHODS
Animal studies

Eight-week-old male mice were purchased from Orient
Bio, Inc. (Seoul, Korea) and 18-month-old male mice
were purchased from Janvier Labs (Le Genest-Saint-Isle,
France). All experimental procedures were reviewed
and approved by the International Animal Care and Use
Committee (IACUC) at Seoul National University or He-
lixmith Co., Ltd. Mice were housed at least 7 days before
any treatments and were given ad libitum access to food and
water under a light—dark cycle of 12h at 24°C+2°C.

Cardiotoxin (CTX) injury was induced as previously
described.'” To induce skeletal muscle injury in mice,
animals were first anesthetized with a gas mixture of 2-4%
isoflurane and 1-2% oxygen. Then, 50 uL of 10 uM CTX
(Latoxan) diluted in phosphate-buffered saline was injec-
ted intramuscularly into the tibialis anterior (TA) mus-
cle using an insulin syringe. Plasmid DNA encoding the
IGF-1 gene was also i.m. injected 3 days before CTX
injury. TA muscles were then prepared, and the muscle
mass was measured at appropriate time points.

Cell culture and reagents

The mouse myoblast cell line C2C12, the human
embryonic kidney cell line HEK293T/17 and the human
neuroblastoma cell line SH-SYSY were purchased from
American Type Culture Collection and cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supplemented
with 10% fetal bovine serum (Gibco), antibiotics (100 U/mL
penicillin and 100 ug/mL streptomycin) and 2 mM GlutaMax
(Gibco) at 37°C in a 5% CO, humidified incubator. Lipo-
fectamine 3000 (Invitrogen) was mixed with 1 ug of plasmid
DNA and transfected into C2C12 and HEK293T/17 cells
according to the manufacturer’s instructions.

Cloning of IGF-1 constructs

To construct a genomic-cDNA hybrid sequence from the
IGF-1 gene, IGF-1 cDNA containing exons 1, 2, and 4 and
the 5’ region of intron 4 was synthesized (425 bp). Ten var-
iants in combination with the 3" untranslated region (UTR) of
intron 4, exon 5, a fragment of intron 5, and exon 6 were
generated (X1-X10). All variants were further subcloned
into a human cytomegalovirus (HCMV)-based expression
cassette'” and we tested whether these variants expressed two
transcripts corresponding to IGF-1 Ea and IGF-1 Ec (data not
shown). Three plasmid DNAs were additionally constructed
for the control (Supplementary Fig. S1). IGF-1 Ea and IGF-1
Ec encode human IGF-1 Ea and Ec, respectively, and IGF-1
Mature encodes exons 3 and 4 of IGF-1, which is responsible
for binding to the IGF-1 receptor.’

RNA extraction and real time-quantitative
polymerase chain reaction

TA muscles from mice or cultured cells were prepared for
the analysis of messenger RNA (mRNA) expression levels.
Total RNA was isolated from homogenized TAs or cultured
cells using TRIzol reagent (Invitrogen), chloroform, and
isopropanol according to the protocol described in previous
studies.'*"* cDNA was synthesized using 1 ug of extracted
RNA in the presence of avian myeloblastosis virus (AMV)
reverse transcriptase (Takara Bio), dNTPs (Takara Bio),
oligo-dT primers (Qiagen), and RNase inhibitors (Takara
Bio). To measure gene expression levels, real time-
quantitative polymerase chain reaction was performed with
a Thermal Cycler Dice Real Time System TP800 (Takara
Bio). Synthesized cDNA was amplified using TB Green
Premix (Takara Bio) and normalized to the level of GAPDH.
The primers used in this study are listed in Table 1.

Enzyme-linked immunosorbent assay

Human IGF-1 in cell culture supernatants and mouse
TA muscles were measured using commercially avail-
able enzyme-linked immunosorbent assay (ELISA) kits
(SG100B; R&D Systems) according to the manufacturer’s
instructions. Total protein was extracted from cells in
RIPA lysis buffer (Sigma-Aldrich) containing a phos-
phatase inhibitor (Sigma-Aldrich), and a protease inhibitor
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Table 1. RT-gPCR primers used in this study

Table 2. Antibodies used in this study

Gene Direction Sequence Antibody Company Catalog No.
Human IGF-1 Ea Forward CAAGCCTGCCAAGTCAGCTC IGF-1 R&D Systems MAB291-100

Reverse TAGTTCTTGTTTCCTGCACTCCCT IGF-1 Abcam Ab9572

Human IGF-1 Ec Forward GATCTAAGGAGGCTGGAGATGTAT p-AKT(T308) Cell Signaling Technology 4056

Reverse TTGGTAGATGGGGGCTGATACT p-AKT(S473) Cell Signaling Technology 927

Human GAPDH Forward CTGTTCGACAGTCAGCCGCATC AKT(Pan) Cell Signaling Technology 4691

Reverse GCGCCCAATACGACCAAATCCG p-p70S6K(T389) Cell Signaling Technology 8209

Mouse GAPDH Forward CTGGAAAGCTGTGGCGTGAT p70S6K Cell Signaling Technology 2708

Reverse CCAGGCGGCACGTCAGATCC p-GSK3a/p Cell Signaling Technology 9331

— GSK3a/p Cell Signaling Technology 5676

IGF-1, insulin-like growth factor-1. GAPDH Cell Signaling Technology 2118

) ) Ea-peptide Abclon Custom

(Roche). The lysed cells and tissues were centrifuged at Ec-peptide Abclon Custom
4°C and 12,000 g for 15 min, and the supernatants were Pax7 Santa Cruz SC-81648
analyzed using human IGF-1 ELISA (DYC1770-5; R&D m’g oo oz S
Systems) according to the manufacturer’s instructions. Myh3 Abcam Ab124205

IGF-1Rp Cell Signaling Technology 9750

Western blot p-IGF-1RB (Y1131) Cell Signaling Technology 3021

Mechanistically homogenized TA muscles or cultured p-AMPK (T172) Cell Signaling Technology 2535

AMPK Cell Signaling Technology 5831

cells were prepared, and total proteins were extracted in
RIPA lysis buffer (Sigma-Aldrich) containing a phospha-
tase inhibitor (Sigma-Aldrich), and a protease inhibitor
(Roche). To precipitate human IGF-1 protein, immunopre-
cipitation kit (10007D; Thermo Fisher Scientific) and
human IGF-1 antibody (MAB291-100; R&D Systems) were
used according to the manufacturer’s instructions. Equal
amounts of protein were separated on a Bolt™ 4—~12%
Bis-Tris gel (Invitrogen), and transferred to a polyvinyl-
idene difluoride (PVDF) membrane (GE Healthcare).

The membrane was blocked in 3% bovine serum
albumin (BSA) in 0.1% TBST (Thermo Fisher Scientific)
at room temperature for 1h and probed overnight at 4°C
with a primary antibody diluted in 3% BSA in 0.1% TBST.
The membrane was then incubated with horseradish
peroxidase (HRP)-conjugated secondary IgG (Abcam)
diluted in 2% skim milk in 0.1% TBST at room tem-
perature for 1h. After development with ECL substrate
(Thermo Fisher Scientific), the bands were visualized by a
Solo 6S instrument (Vilber Lourmat), and quantified using
Image] software. The antibodies used in this study are
listed in Table 2.

Hematoxylin and eosin staining
and morphometric analysis

TA muscles were fixed in 10% normalized buffered
formalin (Sigma-Aldrich), followed by the dehydration
with a gradient series of ethanol from 70% to 100%.
Samples were then embedded in the paraffin block. A
paraffin section (6 um) was stained by hematoxylin and
eosin (H&E), and the cross-sectional area (CSA) was
determined by ImageJ software. More than 200 myofibers
were analyzed in each group (n=06).

Statistical analysis
All values are represented as the meanz standard
error of the mean (SEM) or standard deviation from more

than two independent experiments. Statistical signifi-
cance was determined using unpaired Student’s ¢-test, one-
way analysis of variance (ANOVA) followed by Tukey’s
post hoc test or two-way ANOVA followed by Bonfer-
roni’s post hoc test in GraphPad Prism 9.0 software.

RESULTS
Construction of a genomic-cDNA hybrid
sequence of IGF-1 expressing two isoforms

In the human igf/ gene, six different isoforms may
be theoretically expressed by alternative splicing, which
combines two distinct signal peptide sequences at the
N-terminal (Class I and Class II) and three types of
E-peptides at the C-terminal (Ea, Eb, and Ec) (Fig. 1A).2 1t
has also been reported that Class I IGF-1 Ea and Class I
IGF-1 Ec exhibited significant therapeutic effects in sev-
eral disease models.® Based on these reports, we hypoth-
esized that inducing the expression of both IGF-1 isoforms
may be a strategy to maximize the biological function of
IGF-1 gene and the preliminary result suggested that the
expression of IGF-1 Ea and IGF-1 Ec simultaneously
showed enhanced therapeutic effects in skeletal muscle
atrophy model, compared with the groups solely injected
with IGF-1 Ea or IGF-1 Ec expression vector (data not
shown).

Among the various candidate constructs (described
in Materials and Methods section Cloning of IGF-1
constructs), we found that IGF-1-X6 and its derivative
IGF-1-X10 sequence induced the expression of both
IGF-1 isoforms (data not shown). IGF-1-X10 is a sequ-
ence consisting of IGF-1 exons 1, 3, and 4, followed by
the fragment of intron 4, Ec peptide (exons 5 and 6), the
fragment of intron 5, and Ea peptide (exon 6), and this
construct was chosen for the further experiments as it
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Figure 1. Construction of the genomic-cDNA hybrid sequence of the human IGF-1 gene and the expression of IGF-1 isoforms. (A) Schematic illustration of the
human IGF-1 genome and IGF-1-X10 construct. Among the six exons of the IGF-1 gene, exon 1 was selected as the signal peptide sequence (Class I). The IGF-1-
X10 sequence was constructed by the combination of exons 1, 2, 4, 5, and 6 and introns 4 and 5 as described in the Results and Materials and Methods
sections. (B, C) To determine the IGF-1 isoform transcripts in vitro, C2C12 and HEK293T/17 cells were transfected with plasmid DNAs expressing different
human IGF-1 isoforms. Total RNA was prepared, and the levels of human IGF-1 isoforms were analyzed by RT-qPCR, using a specific primer to E-peptide region
(Table 1). The RT-qPCR reactions to each IGF-1 isoforms were specific as the transcript level of IGF-1 Ea was negligible in IGF-1 Ec and IGF-1 Mature group and
vice versa. GAPDH was used as a control and the values were normalized to the expression level of GAPDH. Plasmid DNAs expressing IGF-1 Ea, IGF-1 Ec, and
IGF-1 Mature were used as controls. IGF-1 Mature contains exons 1, 3, and 4 without E peptides. (D) The expression levels of human IGF-1 proteins in culture
supernatants of IGF-1 plasmid-transfected cells were analyzed by ELISA specific to IGF-1 exon 3/4. All data are represented as the mean+ SD. Two or more
independent experiments were performed, and the representative results are shown, n=3 per group. cDNA, complementary DNA; ELISA, enzyme-linked
immunosorbent assay; IGF-1, insulin-like growth factor-1; RT-gPCR, real time-quantitative polymerase chain reaction; SD, standard deviation.

contains shorter version of the intron 4 and intron 5 frag-
ments (Fig. 1A and Supplementary Fig. S1). The IGF-1-
X10-mediated expression of both isoforms was further
confirmed in two different cell lines using primers specific
to each IGF-1 isoform (Fig. 1B, C).

We further tested the protein level of IGF-1 produced
by IGF-1-X10 in the culture supernatants. As shown in
Fig. 1D, a significant amount of IGF-1 protein was
detected in all of the experimental group, including
IGF-1-X10-transfected cells. The isoform pattern of IGF-1
protein was also confirmed by Western blotting using anti-
bodies specific to the exon 3 and 4 regions of IGF-1 (Sup-
plementary Fig. S2). Taken together, these data suggested
that plasmid DNA containing the genomic-cDNA hybrid

sequence of the igf! gene (IGF-1-X10) induced the expres-
sion of IGF-1 Ea and IGF-1 Ec simultaneously in vitro.

Intramuscular injection of IGF-1-X10 induces
the expression of IGF-1 protein in vivo

Based on these data from in vitro experiments, we
further tested whether this plasmid DNA induces the
expression of IGF-1 isoforms in vivo.'> To investigate
the time-dependent expression kinetics of IGF-1-X10,
IGF-1-X10 encoding plasmid DNA was i.m. injected into
mouse TA muscle and the level of human IGF-1 protein
was analyzed. IGF-1 protein from IGF-1-X10 gradually
increased and peaked at day 7. This expression then
decreased and reached the basal level below the lower
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limit of quantitation value of ELISA (0.1 ng/mL) at day 14
(Fig. 2A). This kinetic pattern was similar to the results
from other publications using plasmid DNA.'®!

Next, we determined the dose-dependent expression of
IGF-1-X10. Animals administered with 25 ug/head IGF-
1-X10 showed no detectable level of IGF-1 protein. When
50 ug/head was administered, IGF-1 protein was induced
and further increased in the 100 ug/head-injected group.
Mice injected with 200 pg/head showed slightly increased
level; however, this increase was not statistically signifi-
cant compared with the 100 ug/head group. Based on this
dose response of IGF-1-X10, 100 ug/head was chosen for
further animal studies. Consistent with the data from the
in vitro experiment, IGF-1-X10 significantly induced the
expression of both IGF-1 Ea and IGF-1 Ec transcripts,
compared with the untreated group (Fig. 2C). Taken
together, IGF-1-X10 induces the expression of IGF-1 Ea
and IGF-1 Ec both in vitro and in vivo possibly by the
mechanism illustrated in Fig. 2D.
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IGF-1-X10 showed therapeutic effects
in a muscle injury model

IGF-1 isoforms play a critical role in the regeneration
of injured skeletal muscle by promoting satellite cell
activation and proliferation, leading to the acceleration
of myotube formation.””'® To investigate whether i.m.
injection of IGF-1-X10 shows therapeutic effects in
injured muscle, we first used CTX-induced muscle injury,
a representative model for studying muscle injury and
regeneration in mice.'? Before the in vivo investigation in
murine system, we confirmed that the IGF-1-X10-induced
human IGF-1 proteins activated both human and murine
signaling pathways related to the IGF-1R (Supplementary
Figs. S3 and S4).° We also confirmed that i.m. injection of
this plasmid DNA did not induce the hypertrophic effects
in normal skeletal muscle (Fig. 3A).18

To test the effects of IGF-1-X10 in the CTX-induced
muscle injury model, plasmid DNAs were i.m. injected
into the TA muscle 3 days before CTX injury. Because the
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Figure 2. The expression of human IGF-1 proteins in mice. (A) IGF-1-X10 encoding plasmid DNA was i.m. injected into the TA muscle at a dosage of 100 g/
head. The skeletal muscles were prepared at the indicated time points. Total proteins were extracted, and the levels were quantified using a BCA assay.
Samples were then subjected to ELISA specific to human IGF-1 protein. (B) To determine the dose dependency of protein expression, IGF-1-expressing plasmid
DNA was injected intramuscularly at doses ranging from 25 to 200 ug/head. Seven days after administration, total proteins were extracted from skeletal
muscle, followed by human IGF-1-specific ELISA. (C) IGF-1 isoform pattern in IGF-1-X10 injected muscle. IGF-1-X10 was i.m. injected, and total RNA was
isolated 7 days after administration. After cDNA synthesis, the transcript levels of IGF-1 Ea and IGF-1 Ec were analyzed using the specific primers described in
Table 1. The level of GAPDH was determined as a control. (D) Possible mechanism of IGF-1 isoform expression. IGF-1-X10 may induce the expression of IGF-1
Ea and IGF-1 Ec by alternative splicing between exon 4 and exon 6 (for Ea) and exon 4 and eon 5/6 (for Ec), respectively. IGF-1 Ea can be expressed by IGF-1-
X10 through the alternative splicing between the donor site at the end of exon 4 and the acceptor site at the end of intron 5. IGF-1 Ec appears to be expressed
by the splicing between the end of exon 4 and the end of the intron 4. The removal of intron 5 during the expression of IGF-1 Ec may be occurred, but the amino
acid sequence after the translation is identical due to the stop codon presented in the end of Ec peptide (exon 6’). TA, tibialis anterior.
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IGF-1-X10 significantly induced the gene expression start-
ing from day 3 (Fig. 2A), this injection protocol has been
chosen to synchronize the kinetic of the plasmid DNA-
mediated gene expression and the initiation of muscle injury
progression.12 Upon CTX injury, the mass of skeletal
muscle decreased by 14% compared with the control group
at day 7 (Fig. 3B). In animals injected with IGF-1-X10,
CTX-mediated muscle damage was significantly amelio-
rated, as indicated by the increased level of muscle mass at
day 7 (Fig. 3B). When mice were injected with the IGF-1
Mature construct, an increasing trend was observed; how-
ever, this difference was not statistically significant.

To further investigate the mechanism of action of IGF-
1-X10, we analyzed several key factors involved in the
satellite cell activation such as Pax7, MyoD, and MyoG as
the activation of this cell is a key event during the skeletal
muscle regeneration.'® In the CTX-injured group, the
protein levels of these factors were increased at day 1,
indicating the activation of muscle satellite cells as pre-
viously described.'” When animals were injected with
IGF-1-X10, the protein levels of Pax7 and MyoD was
further upregulated and that of MyoG showed down-
regulated pattern, compared with CTX-injured group
(Fig. 3C, D). The protein levels in IGF-1 Mature-treated
group were comparable with those in CTX-injured ani-
mals. At 3 days after CTX injury, the protein levels of
Pax7 and MyoD were further increased (Fig. 3E, F). When
animals were injected with IGF-1-X10, these levels were
decreased to basal levels compared with the control
vector-injected group (Fig. 3E, F).

We further analyzed the level of Myh3, a marker for
regenerating myofibers.”> As shown in Fig. 3E and F, the
CTX-injected group showed decreased levels of Myh3 com-
pared with the uninjured animals. However, i.m. adminis-
tration of IGF-1-X10 increased the protein level of Myh3,
suggesting the promotion of muscle regeneration process.
Taken together, these data collectively suggested that IGF-1-
X10 may show therapeutic effects in a skeletal muscle injury
model by controlling the activity of muscle satellite cells,
leading to the acceleration of the regeneration process.

Therapeutic effects of IGF-1-X10 in an
age-related muscle atrophy model

To further assess the therapeutic effect of IGF-1-X10 in
a disease condition, we tested this construct in an age-

related muscle atrophy model.’ As shown in Fig. 4A, the
ratio between the TA muscle mass and the body weight
was decreased in 18-month-old mice, when compared
with that from the 8-week-old animals indicating the age-
related sarcopenia condition. When IGF-1-X10 was i.m.
administered to aged mice, the skeletal muscle mass was
significantly ameliorated (Fig. 4A). We further analyzed
the CSA of the muscle fiber at the histological level.

The proportion of the muscle fiber with 0~1,200 um?
diameter was increased and that of fiber with larger than
3,200 um? diameter was decreased in the 18-month-old
skeletal muscle, when compared with 8-week-old sample
(Fig. 4B). In IGF-1-X10 treated group, the distribution
pattern of CSA diameter was significantly shifted. The
proportion of 0-400 yum?” diameter was decreased and that
of 800-2,000 um? diameter fiber was increased (Fig. 4B).
These data suggested that IGF-1-X10 showed thera-
peutic effects in sarcopenic animals by ameliorating the
muscle atrophy and changing the pattern of skeletal
muscle CSA, implying the possible improvements of
muscle function.*'

The protein levels of key factors involved in the skel-
etal muscle atrophy were further investigated. The level
of Pax7 showed increasing trend in IGF-1-X10-treated
animals but that of MyoD and MyoG was comparable
between the experimental groups (Fig. 4C, D). The protein
level of Myh3 was significantly upregulated in IGF-1-
X10-injected group. In addition, the activity of AMPK
protein, a key enzyme involved in the skeletal muscle
homeostasis, was further investigated as this kinase was
previously reported to be activated by IGF-1 isoforms to
show therapeutic effects in sarcopenic mice.” As shown
in Fig. 4C and D, the level of phosphorylated AMPK
protein was increased in the IGF-1-X10-injected skeletal
muscles. Taken together, these data suggested that i.m.
injection of IGF-1-X10 construct showed therapeutic
effects in sarcopenia model by ameliorating the atrophic
condition of aged skeletal muscle.

DISCUSSION

In this study, we demonstrate that the genomic-cDNA
hybrid sequence of the igf/ gene can express two types of
human IGF-1, IGF-1 Ea and IGF-1 Ec, both in vitro and
in vivo, and that IGF-1 expression activated IGF-1R and its

>

Figure 3. Effects of IGF-1-X10 in the CTX-induced skeletal muscle injury model. (A) Effect of IGF-1-X10 on normal skeletal muscle. To test whether
supplementation with the IGF-1 gene induces muscle hypertrophy, IGF-1-X10 plasmid DNA was injected into the TA muscle and the muscle mass was
measured after 7 days. (B) Effect of IGF-1-X10 in CTX muscle injury model. To test the efficacy of IGF-1-X10 encoding plasmid DNA, 100 n.g/head was i.m.
injected to TA muscle 3 days before CTX injury. CTX (10 M) was administered to skeletal muscle, and the damaged skeletal muscle was prepared 7 days after
injury. The mass of the TA muscle was measured and normalized to body weight. The mock control vector and the plasmid DNA expressing mature IGF-1
protein (IGF-1 Mature) were used as controls. Data are presented as the mean+SEM. *p<0.05 (one-way ANOVA or unpaired t-test), n=6 per group. (C-F)
Effect of IGF-1-X10 on the markers related to skeletal muscle regeneration. Plasmid DNA was i.m. injected 3 days before CTX administration. Damaged skeletal
muscles were prepared at the indicated time points, and total protein was extracted, followed by Western blot analysis using specific antibodies against Pax7,
MyoD, MyoG, and Myh3. GAPDH was used as loading control (C, E). The intensities of the bands were quantified using ImageJ software (D, F). ANOVA,

analysis of variance; CTX, cardiotoxin; SEM, standard error of the mean.
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Figure 4. Effects of IGF-1-X10 in the sarcopenia model. (A) Effect of IGF-1-X10 on aged skeletal muscle. To test the therapeutic effects of IGF-1-X10, 100 ug/
head of IGF-1-X10 encoding plasmid DNA was i.m. injected to the TA muscle and the muscle mass was analyzed 7 days after the injection. The mass of the
skeletal muscle was normalized to the body weight. (B) Analysis of CSA in TA muscle. Skeletal muscles were fixed, and sectioned slides were subjected to
H&E staining as described in Materials and Methods section. The CSA was measured in each sample using Imaged software (n=6) and the representative
images are shown. (C, D) The protein level of key factors involved in the muscle atrophy was analyzed by Western blot using specific antibodies against Pax7,
MyoD, MyoG, Myh3, and pAMPK. GAPDH was used for internal control and AMPK was used to normalize pAMPK (C). The intensities of the bands were
quantified using ImageJ software (D). Data are presented as the mean+ SEM. *p<0.05, ***p<0.0001 (one-way ANOVA, two-way ANOVA, or unpaired t-test),

n=6 per group. CSA, cross-sectional area; H&E, hematoxylin and eosin.

downstream signaling cascades. Moreover, the transient
expression of IGF-1 isoforms by i.m. injection of plasmid
DNA can promote the regeneration of injured or aged
skeletal muscle. It has been reported that IGF-1 and its
isoforms play important roles in the differentiation and
development of skeletal muscle and show therapeutic
effects in multiple muscle-related disease models.®'!
Consistent with these reports, our results strongly
suggest the involvement of IGF-1 in the skeletal muscle
regeneration. The level of Myh3 protein was induced in
the IGF-1-X10 injected animals and more importantly, the

proportion of larger fiber diameter was increased (Figs. 3
and 4). We also observed that the activity of AMPK was
significantly induced in the IGF-1-X10 treated group.
AMPK has been reported to exhibit various protective
effects such as anti-inflammatory and antioxidative stress
in skeletal muscle, and IGF-1-X10 may show these pro-
tective effects in aged skeletal muscle by activating
AMPK >*? Further investigations are currently underway
to elucidate the AMPK-dependent bioactivities of IGF-1.

We observed that the simultaneous injection of both
IGF-1 Ea and IGF-1 Ec showed enhanced therapeutic
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effects, compared with the group solely treated with IGF-1
Ea or IGF-1 Ec (data not shown). In this study, we dem-
onstrated that the factors related to the satellite cell acti-
vation showed increased trend in IGF-1-X10-treated
group, which may be mainly controlled by the IGF-1 Ec.?
It has been reported that IGF-1 isoforms have distinct
biological role(s) in aged skeletal muscle”* IGF-1 Ea has
been reported to increase the quantity of mitochondria and
induce the antioxidant activities and IGF-1 Ec has been
shown to upregulate the autophagy activity and contribute
to the maintenance of neuromuscular junction integrity.
Therefore, IGF-1-X10 may show pleiotropic effects in
aged condition by inducing the expression of both IGF-1
Ea and IGF-1 Ec. The detailed mechanism of action in-
vestigation of IGF-1-X10 is currently underway.

As shown in Fig. 4, we demonstrated that the i.m.
injection of IGF-1-X10 showed therapeutic effects in the
aged skeletal muscle. Although the skeletal muscle mass
in the IGF-1-X10-treated group was comparable with that
in the control group, the pattern of muscle fiber distribu-
tion was different. These data indicate that there may be
smaller fibers or larger fibers in the IGF-1-X10-
administered group. The shift in the distribution pattern
(0-400 to 800-2,000 um?) also strongly suggests the
potential IGF-1-mediated proliferation of skeletal muscle
as previously reported.'’*® Further investigations are
warranted to address the detailed mechanism of action of
IGF-1-X10-induced muscle growth associated with pro-
liferation, autophagy, or inflammatory responses, and to
assess the functional recovery of skeletal muscle includ-
ing the regeneration of neuromuscular junction.’

To our knowledge, this is the first article to demonstrate a
novel sequence capable of expressing both IGF-1 isoforms
simultaneously. Given the differential roles of these iso-
forms, it will be meaningful to induce the expression of the
two isoforms simultaneously to maximize the therapeutic
effect of the IGF-1 gene.”’ IGF-1-X10 is a minimized
version of human igf] gene as this sequence contains exons
(1, 3,4, 5, and 6) and shorter version of introns (4 and 5),
arranged identically to IGF-1 genome. IGF-1-X10 construct
induced the expression of three isoforms, IGF-1 Ea, IGF-1
Eb, and IGF-1 Mature (exon 3 and exon 4), and the future
development of this construct for the clinical use will be
more convenient, efficient, and timesaving than that of two
constructs each expressing IGF-1 Ea and IGF-1 Ec. Con-

sidering the pleiotropic effects of IGF-1 gene on the various
tissue, and the growing utility of gene therapy vectors such
as adeno-associated virus, it will be meaningful to develop
efficient gene therapy programs based on the IGF-1-X10
sequence.

CONCLUSIONS

Taken together, we demonstrated a novel genomic-
cDNA hybrid sequence of IGF-1, IGF-1-X10, expressing
two isoforms simultaneously both in vitro and in vivo. This
construct showed a therapeutic effect in muscle disease
models by accelerating the skeletal muscle regeneration.
Given the various role(s) of IGF-1 isoforms, IGF-1-X10
may be a useful agent for the efficient treatment of various
skeletal muscle diseases.
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