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The insulin-like family of factors are involved in the regula-
tion of a variety of physiological processes, but the function of
the family member termed insulin-like 6 (Insl6) in skeletal mus-
cle has not been reported. We show that Insl6 is a myokine that
is up-regulated in skeletal muscle downstream of Akt signaling
and in regenerating muscle in response to cardiotoxin (CTX)-
induced injury. In the CTX injury model, myofiber regeneration
was improved by the intramuscular or systemic delivery of an
adenovirus expressing Insl6. Skeletal muscle-specific Insl6
transgenic mice exhibited normal muscle mass under basal con-
ditions but elevated satellite cell activation and enhanced mus-
cle regeneration in response to CTX injury. The Insl6-mediated
regenerative response was associated with reductions in muscle
cell apoptosis and reduced serum levels of creatine kinase M.
Overexpression of Insl6 stimulated proliferation and reduced
apoptosis in cultured myogenic cells. Conversely, knockdown of
Insl6 reduced proliferation and increased apoptosis. These data
indicate that Insl6 is an injury-regulated myokine that functions
as a myogenic regenerative factor.

Accumulating evidence suggests that skeletal muscle
secretes proteins that impact the properties of other cell types.
It is well-established that skeletal muscle can produce extracel-
lular signaling factors that are required for coordinated blood
vessel recruitment as myofibers undergo hypertrophy or ische-
mic repair (1-3). Contracting muscle can also produce and
release IL-6, IL-8, and IL-15, which can affect systemic metab-
olism (4), and it is the source of other metabolic regulatory
factors, including FGF21 and Visfatin (5-7). These muscle-pro-
duced cytokines, which exert their effects in an autocrine, para-
crine, or endocrine manner, have been termed “myokines” (8).

Skeletal muscle is a highly regenerative tissue. This regener-
ative capacity is due to the action of satellite cells that function
as muscle progenitors. Adult satellite cells are located beneath
the basal lamina, where they are normally quiescent. In
response to muscle injury, satellite cells reenter the cell cycle,
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proliferate and eventually differentiate into myofibers (re-
viewed in Refs. 9, 10). A number of secreted factors, including
insulin-like growth factor (IGF),® TGF-B, HGF, and IL-6, play a
role in satellite cell activation and differentiation (reviewed in
Ref. 11). It is thought that a well orchestrated balance between
the growth and differentiation of satellite cells is critical for
muscle regeneration in response to injury.

The cardiotoxin (CTX) injury model is widely used to exam-
ine skeletal muscle regeneration. The injection of CTX induces
into rodent muscle induces inflammation and myofiber degen-
eration that is followed by a regenerative response (10, 11). In
this model, the stages of regeneration include the activation of
satellite cells within 2 h of injury, a satellite cell proliferative
stage that peaks at 2—3 days followed by the differentiation of
myofibers between 5 and 7 days (12). The restoration of the
cellular architecture is typically complete by 2—3 weeks after
injury. Impaired muscle regeneration in the CTX model is a
hallmark of the aging process. This decline of muscle regener-
ation with age is thought to be due primarily to defects in sat-
ellite cell function (reviewed in Refs. 13—15).

The phosphatidylinositol 3-kinase (PI(3)K)/Akt signaling
axis is critical in the control of muscle mass (1, 16, 17). Numer-
ous studies have also shown that activation IGF-PI(3)K-Akt sig-
naling accelerates muscle regeneration in models of muscle
atrophy and trauma (reviewed in Refs. 11, 18, 19). These regen-
erative effects are associated with enhanced satellite cell activa-
tion and protection from cell death (19, 20). We generated
skeletal muscle-specific, inducible Aktl transgenic mice and
demonstrated that transgene expression led to a marked
increase in myofiber hypertrophy with corresponding increase
in muscle strength (21). In this model, transgene activation in
mature myofibers, via the muscle creatine kinase (MCK) pro-
moter, is associated with marked satellite cell activation (19).
Thus, we postulate that the activation of Akt signaling in myo-
fibers results in production and release of myokines, which act
on the satellite cell population in a paracrine manner. In previ-
ous studies, we have employed this transgenic system to isolate
myokine candidates that regulate metabolism and cardiovascu-
lar function (3, 5). The purpose of this study was to identify
candidate Akt-regulated myokines that activate satellite cells
and consequently stimulate muscle regeneration in response to

3 The abbreviations used are: IGF, insulin-like growth factor; CTX, cardiotoxin;
GA, gastrocnemius; TA, tibialis anterior; pfu, plague-forming units; Insl,
insulin-like; CKM, creatine kinase M.
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injury. In this report, we demonstrate that insulin-like 6 (Insl6)
is a muscle-derived factor that is up-regulated by injury or the
induction of Akt signaling. Overexpression of Insl6 stimulates
satellite cell activation and accelerates muscle regeneration in
the CTX injury model. Cell culture experiments show that Insl6
promotes muscle progenitor cell proliferation and survival.

EXPERIMENTAL PROCEDURES

Materials—Cardiotoxin was obtained from EMD Chemicals
(San Diego, CA). AdEAsy™ system was purchased from
Q-Biogene (Carlsbad, CA). Dulbecco’s modified Eagle’s
medium (DMEM), trypsin, fetal bovine serum (FBS), penicillin-
streptomycin mixture, and Lipofectamine™ RNAiMAX were
obtained from Invitrogen (Carlsbad, CA). Phospho Akt (Ser-
473) and HA antibodies were purchased from Cell Signaling
Technology (Danvers, MA). BrdU was purchased from BD Bio-
science (San Diego, CA). Anti-BrdU antibody was purchased
from Roche Diagnostics (Indianapolis, IN). Protease inhibitor
mixture and RIPA buffer were purchased from Sigma. The pre-
designed Insl6é siRNA and negative control siRNA were
obtained from Qiagen (Valencia, CA).

Mice—Skeletal muscle-specific inducible Aktl-Tg mice
(double transgenic mice, DTG) were generated by crossing
1256 [3Emut] MCK-rtTA TG mice with TRE-myrAktl TG
mice as described (21). For Aktl transgene expression, DTG
mice were treated with doxycycline (0.5 mg/ml) in drinking
water and DTG mice treated with normal water were used as
controls. C57Bl/6 male mice (Charles River Laboratory, Wilm-
ington, MA) were 2 months old and weighed 20-25 g. 18
months old C57Bl/6 male mice were purchased from NIA
(Bethesda, MD). Mice were housed at 24 °C on a fixed 12-h
light/dark cycle and fed a normal chow diet (Teklad global 18%
protein rodent diet, 2018, Harlan). Study protocols were
approved by the Institutional Animal Care and Use Committee
at Boston University.

Generation of Insl6 Transgenic Mice—The mouse Insl6
c¢DNA sequence was amplified by PCR and subcloned down-
stream of the mouse 4.8 kbp murine MCK sequence in the
MCK-pBS2 SK(+) vector at the EcoRV cloning site (22). This
plasmid was incubated with endonucleases Kpnl and Xbal, and
the restriction digestion products were separated by agarose gel
electrophoresis. The DNA fragment corresponding to the
MCK-Insl6 fragment was excised from the gel and subject to
further purification. The purified MCK-Insl6 fragment was
used for pronuclear injection for fertilized C57Bl/6 oocytes
according to established techniques.

Insl6 Antibody Preparation—Rabbit anti-mouse Insl6, affin-
ity-purified antibody was prepared by Bethyl Laboratories, Inc
(Montgomery, TX). Peptide Cys-MAVASLPFVDF was used as
the immunogen. Hyperimmune sera from rabbits were pro-
cessed over an immunosorbent to produce affinity-purified
antibody.

Adenoviral Vector Construction—Replication-defective ade-
novirus construct expressing Insl6 (Adeno-Insl6) was made
with AdEAsy™ system from Q-Biogene (Carlsbad, CA)
according to the manufacturer’s protocol. In brief, the mouse
Insl6 cDNA vector was purchased from American Type Cul-
ture Collection. Full-length Insl6 cDNA was amplified by PCR
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and subcloned into the CMV p-shuttle vector. This vector was
recombined with the Ad5AE1/AE3 vector, and the resulting
vector construct containing mouse Insl6 gene was transfected
into HEK293 cells. Virus particles were amplified in HEK293
cells and purified by ultracentrifugation with a cesium chloride
gradient solution. Viral titers were determined and expressed
as plaque-forming units (pfu).

Muscle Injury—A 10 um solution of CTX or equal volume of
PBS was injected into to either tibialis anterior (TA) or gastro-
cnemius (GA) muscles at 2 ul/g body weight using an insulin
syringe (12, 23). The needle was inserted parallel to the muscle
fiber longitude until reaching the tendon near the knee and
then slowly withdrawn while simultaneously injecting the CTX
solution in its path.

Adenovirus Delivery—For intramuscular delivery, 5 X 10°
pfu of Adeno-fgal, as a control, or Adeno-Insl6 was injected in
muscle 48 h after the CTX injury. For systemic delivery, 10*°
pfu of either Adeno-Bgal or Adeno-Insl6 in 100 ul of saline was
injected into the jugular vein at the time of CTX injection into
muscle.

Western Blotting—Skeletal muscle tissues were homoge-
nized in radioimmune precipitation assay buffer, which was
supplemented with protease inhibitor mixture. Equal amount
of proteins were loaded on NuPAGE Gels (Invitrogen) and run
as instructed by the manufacturer. The transfer to PVDF mem-
branes was done under wet conditions. Membranes were
blocked in 5% milk or BSA solution, and then incubated with
primary antibodies at 4 °C overnight. Membranes were washed
several times in TBST while agitating, and then incubated with
HRP-conjugated secondary antibodies at room temperature for
1-2 h. Chemiluminescent antigen expression was captured on
film by ECL using a Western blotting detection kit (GE
Healthcare).

Histological Analysis—Skeletal muscle tissues were embed-
ded in OCT compound from Fisher scientific (Pittsburgh, PA)
and snap-frozen in liquid nitrogen. Serial cryostat sections (8
nm) were fixed for 10 min in 4% paraformaldehyde, and were
stained with H&E for histological analysis. For quantification of
new myotube formation, sections containing the largest lesion
areas were selected for analysis. The core of the lesion, indi-
cated by the region that regenerated the least, was visualized
using a X20 objective, and the image was captured to a com-
puter screen. All the centrally nucleated fibers within this field
were counted. For some analyses, serial cryostat sections (8
wm) were stained with anti-HA, Insl6, Ki67, BrdU, and Ncam1
primary antibodies. Fluorescent dye conjugated secondary
antibodies were used to visualize the antigen expression in situ.
DAPI was used to counterstain the cell nuclei. Fifteen randomly
chosen microscopic fields from three different sections in each
tissue block were examined for the presence of antigen-ex-
pressing cells.

Microarray Analysis—Total RNA from whole gastrocnemius
muscle was used to generate cDNA using the poly(dT) primer
in the Superscript Choice system (Invitrogen) according to the
manufacturer’s protocol (Affymetrix) (5, 24, 25). The resulting
c¢DNA was used to generate biotin-labeled cRNA by incorpo-
rating biotinylated CTP and UTP using the ENZO Bioarray
High Yield transcript labeling kit (Affymetrix). cRNA samples
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were hybridized to Affymetrix GeneChip Mouse Expression
Set 430 microarrays A and B for 16 h at 45 °C, and bound
sequences were quantified by staining and scanning according
to Affymetrix protocols. The arrays were then scanned at 488
nm using a G25000A gene array scanner (Agilent, Palo Alto,
CA). Scanned images were quantified using Microarray Suite
5.0 software (MAS 5.0) (Affymetrix). Transcript expression lev-
els were then scaled to an average intensity of 500 units on
each chip.

Quantitative Real-time PCR—Total RNA from skeletal mus-
cle was prepared by Qiagen RNeasy kit (Valencia, CA) using
protocols provided by the manufacturer. cDNA was produced
using ThermoScript RT-PCR Systems (Invitrogen, Carlsbad,
CA). The primers sequences for qRT-PCR are described in sup-
plemental Fig. S1. Transcript levels were determined relative to
the signal from 36B4, and normalized to the mean value of
samples from control mice. Primers were purchased from Inte-
grated DNA technology (Coralville, IA), and primer sequences
are available upon request.

TUNEL Staining in Tissue—Skeletal muscle tissues cryostat
sections (8 um) were fixed for 10 min in 4% paraformaldehyde
at room temperature. The Apo-BrdU In Situ DNA Fragmenta-
tion Assay kit from MBL Inc. (Woburn, MA) was used to label
DNA breaks, thereby detecting apoptotic cells, according to the
manufacturer’s instructions.

Creatine Kinase M—Creatine Kinase M levels in mouse
serum was measured in Charles River Laboratories Research
Animal Diagnostic Services (Wilmington, MA) (assay code:
CP-SCH-20).

Cell Culture—Mouse C2C12 cells obtained from the Ameri-
can Type Culture Collection were maintained in growth
medium (DMEM supplemented with 20% FBS). Human quad-
riceps muscle primary cells were isolated from quadriceps mus-
cle biopsy as previously described (26). The cells were main-
tained in DMEM supplemented with 20% FBS.

Cell Transduction in Vitro—For adenoviral infection in vitro,
C2C12 or human primary skeletal muscle cells were typically
incubated with adenovirus at a multiplicity of infection
(MOI) of 250 -500 in culture medium for 16 h. The virus was
removed when the medium was replaced with fresh medium.
Cell lysates were collected 48 h after virus infection and sub-
ject to Western blot analysis. The siRNAs targeting mouse
Insl6 and unrelated siRNAs were transfected using Lipo-
fectamine™ RNAIMAX reagent (Invitrogen) according to
the manufacturer’s instructions.

Cell Proliferation Assays—Cell proliferation was assessed by
direct cell counting using a hemocytometer at 48 h after treat-
ment with siRNA or adenoviral vector. DNA synthesis was
measured as [*H]thymidine (GE Healthcare) incorporation.
C2C12 or human primary skeletal muscle cells were plated in
6-well plates and cultured in growth medium. When the cells
are 50—60% confluent, culture medium was switched to
DMEM containing 2% FBS. Cells were transfected with adeno-
virus vectors at an MOI of 250 —500 or siRNA reagents for over-
night. At 48 h post-transfection, cells were incubated with
[*H]thymidine (1.0 uCi/well) for 4 h. Cells were then washed
cells twice with ice-cold PBS and incubated with 10% trichloro-
acetic acid for 30 min at 4 °C. The lysed cell extract was neutral-
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ized with a 0.25 N NaOH solution, and the incorporation of
radioactivity was determined by scintillation counting.

Cell Death Assays—C2C12 myoblast cultures were trans-
duced with adenovirus or siRNA reagents overnight in DMEM
medium containing 5% FBS, and CTX was added a final con-
centration of 100 nm on the second day. Apoptosis assays were
carried out 48 h after the virus transfection. Cell death detec-
tion ELISA®YS was purchased from Roche Diagnostics (Indi-
anapolis, IN). Cytoplasmic histone-associated-DNA-fragments
were quantified according to the manufacturer’s protocol.
Caspase 3/7 activity of the cell lysate was measured by Apo-
ONE caspase-3/7 assay kit from Promega (Madison, WI) per
the manufacturer’s protocol.

Statistical Analysis—All values are presented as mean * S.E.
Student’s ¢ tests were performed to assess the statistical signif-
icance of 2-way analyses. For multiple comparisons, ANOVA
was employed. p values of less than 0.05 were considered statis-
tically significant.

RESULTS

Insl6 Is Up-regulated by Akt Activation in the Skeletal Muscle—
Skeletal muscle-specific, conditional Aktl transgenic mice (21)
were used for this study as to identify candidate paracrine fac-
tors that contribute to satellite cell activation. Male mice at 8
weeks of age were put on drinking water containing doxycy-
cline for 2 weeks to activate myogenic Akt signaling. Age and
gender matched transgenic mice without doxycycline treat-
ment were used as control. Microarray expression analysis was
performed on total RNA isolated from the GA muscles to iden-
tify transcripts that were differentially regulated by Akt activa-
tion using Affymetrix GeneChip Mouse Genome 430 2.0 arrays
(24, 25). Approximately 400 pre-identified transcripts were dif-
ferentially regulated following 2 weeks of Akt transgene activa-
tion. This set of 400 transcripts was further queried for tran-
scripts encoding secreted proteins by Signal IP and SMART
software. Of the differentially regulated genes predicted to
encode secreted proteins, Insl6 was of interest because it is a
member of the IGF/insulin/relaxin superfamily with unknown
biological function(s). Insl6 was up-regulated 2.5-fold in
microarray analysis (Fig. 1A4), but transcripts encoding IGF,
Insll (relaxin) or other members of the insulin-like family did
not change (data not shown). The results of the microarray
analysis were corroborated by qRT-PCR. The Insl6 transcript
level was induced ~8.5-fold in Akt-activated GA muscle,
whereas transcripts encoding other members of the insulin-like
family including Insll1 (relaxin), Insl3, Insl5, and Insl7 showed
little or no change.

A polyclonal antibody was raised against a peptide sequence
derived from what is predicted to be the “A-chain” of Insl6 (27).
The specificity of the antibody was demonstrated by perform-
ing Western blot analysis on C2C12 cells transduced with
adenoviral vectors expressing full-length murine Insl6 or a con-
trol vector (supplemental Fig. S24). Western immunoblot anal-
ysis using this antibody on a GA muscle revealed that Insl6
protein was up-regulated more than 4-fold following 2 weeks of
Aktl transgene induction (Fig. 1B). Immunohistochemical
analysis revealed that Insl6 induction was predominantly local-
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FIGURE 1. Up-regulation of Insl6 in Akt-activated skeletal muscle. Skeletal
muscle-specific, Akt1 transgenic mice were treated with either doxycycline or
vehicle for 2 weeks (A). Total RNA was isolated from GA muscles and subject to
cDNA synthesis and microarray hybridization (left panel). Relative transcript of
Insl6 (n = 3 in each group) from the microarray analysis. Relative transcript
expression of Insl1, 3, 5, 6, and 7 in total RNA isolated from GA muscle of
control and Akt-induced transgenic mice as measured by qRT-PCR (right
panel). B, GA muscle lysate from control and Akt-induced transgenic mice
were analyzed by Western blotting for Insl6 and GAPDH as a loading control.
C, representative image of GA muscle sections from Akt-induced transgenic
immunoblotted with Insl6 antibody (green) and hemagglutinin antibody (HA)
that is fused to the Akt transgene (red). Sections from transgenic mice were
double stained with anti-HA primary antibody with rhodamine-conjugated
secondary antibody (red) and anti-Insl6 primary antibody with fluorescein-
conjugated secondary antibody (green). A representative image is shown.
Results are presented by mean = S.E. *, p < 0.05; **, p < 0.01.

ized to the myofibers in GA muscle that were positive for the
HA-tagged Aktl transgene (Fig. 1C).

Insl6 Is Up-regulated in Skeletal Muscle upon CTX Injury—
To examine Insl6 regulation in a model of skeletal muscle injury
and regeneration, a solution CTX was injected in to TA muscle.
Tissues were analyzed at day 1, 2, 3, 7, and 14 (n = 3-5 at each
time point). As seen in Fig. 24, qRT-PCR analysis revealed that
the maximal induction of Insl6 transcript occurred at the acute
phase of injury (1-3 days) after cardiotoxin delivery which cor-
responds to the peak satellite cell proliferation in this model.
Transcript expression of the myogenic nuclear factors MyoD
and myogenin, that serve as satellite cell markers in this model
(9, 12), closely paralleled the expression of Insl6. Insl6 expres-
sion returned to baseline by 14 days post-injury. In contrast, the
other insulin-like family members, Insl1 (relaxin), Insl3, Insl5,
and Insl7, did not display regulation in the CTX model when
examined at the 3 day time point (Fig. 2B).

Western blot analysis confirmed the dynamic regulation of
Insl6 protein expression during regeneration in TA muscle,
with high levels of expression occurring at the 3 day time point
(Fig. 2C). The time course of Insl6 protein expression in CTX-
injured muscle was similar to the transient increase in the acti-
vating phosphorylation of Akt at Ser-473. Immunohistochem-
ical analysis of Insl6 expression in sections of TA muscle was
also performed (Fig. 2D). The strongest signal for Insl6
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occurred in myofibers at the 3 day time point. At 7 days post-
injury, Insl6 protein could also be detected within nascent myo-
fibers that are characterized by centralized nuclei. By 21 days
post-injury, muscle architecture had largely been restored, and
little or no expression of Insl6 protein was detected.

The induction of Insl6 in response to CTX injury was also
compared in muscle of old versus young mice (Fig. 2E). The TA
muscles of young (2 months) and old (18 months) mice were
treated with CTX solution. Quantitative Western blot analysis
of Insl6 performed on the protein samples harvested before and
3 days after the injury revealed that injury-induced Insl6
expression was reduced by a factor of approximately two in old
mice relative to young mice.

Insl6 Accelerates Muscle Regeneration in CTX Injury Model—
Because the induction of Insl6 expression correlated with a
muscle wound healing response, we conducted adenovirus-me-
diated gain-of-function studies to examine the role of Insl6 in
injury-induced myogenesis. An adenoviral vector expressing
the mouse full-length Insl6 cDNA (Adeno-Insl6) was injected
into uninjured GA muscle. An equivalent amount of adenoviral
vector expressing B-galactosidase (Adeno-B-gal) was used as
control. The Adeno-Insl6 treatment led to an appreciable
increase (~16-fold) in Insl6 transcript expression in GA mus-
cles (supplemental Fig. S2B), that was comparable to levels of
Insl6 expression achieved by CTX-induced injury (Fig. 24).
Immunohistochemical analysis revealed increased Insl6 pro-
tein expression in myofibers of Adeno-Insl6-treated muscle
compared with control, and the analysis of B-galactosidase
activity revealed uniform transgene expression in GA muscle
(supplemental Fig. S2C). However, the delivery of Insl6 to unin-
jured TA muscle did not affect myofiber cross-sectional area or
the frequencies of BrdU- and MyoD-positive cells in tissue sec-
tions (data not shown).

To examine the consequences of Insl6 overexpression on
muscle regeneration, adenoviral vectors were injected intra-
muscularly at 48 h post-CTX delivery, after the edema had sub-
sided. Muscle was harvested at 7, 14, and 21 days post-injury for
analyses. The density of myofibers with centrally located nuclei
and myofiber cross-sectional area was assessed in H&E-stained
sections to evaluate the extents of muscle regeneration. Based
upon these parameters, Adeno-Insl6-treated muscles con-
tained significantly more regenerating myofibers than control
muscles at day 7 post-injury. Similar trends were also observed
14 days following injury, but the differences between test and
control groups was less notable (Fig. 3A). Terminal deoxynucle-
otide transferase TdT-mediated dUTP-digoxigenin nick-end
(TUNEL) staining at day 7 also revealed less apoptotic cells
present in Adeno-Insl6-treated muscle than in the control
group (Fig. 3B). Comparison between the muscles injected with
Adeno-B-gal and Adeno-Insl6 revealed no difference after 21
days. At this time point both experimental groups of muscle
appeared histologically normal, and no significant scar forma-
tion was observed (data not shown).

Because Insl6 is a secreted protein (27), the effects of intra-
venous Insl6 delivery on muscle regeneration were assessed.
This mode of delivery allowed for the simultaneous delivery of
adenoviral delivery and the injection of CTX in TA muscle
because the transgene is expressed predominantly from the
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liver (28). The transduction of the
liver was confirmed by qRT-PCR,
which showed an 8-fold increase in
Insl6 transcript in the livers of mice
treated with Adeno-Insl6 (supple-
mental Fig. S2D). The systemic
delivery of Adeno-Insl6 or control
vectors allowed measurements at
earlier time points than with the
intramuscular delivery experiments
because it was not necessary to wait
48 h for edema to subside for adeno-
virus delivery. Consistent with a
prior report (29), CTX injection led
to pronounced muscle necrosis and
the accumulation of inflammatory
cells at 24 h, and no myofiber regen-
eration was observable at this time
point in the H&E-stained muscle
sections (Fig. 4A4). Although both
Adeno-Insl6- and Adeno-f3-gal-
treated groups displayed very few
nascent myofibers with centralized
nuclei at 3 days post-injury, Ki67
staining revealed markedly more
proliferating cells in the Adeno-
Insl6 group (Fig. 4, A and B). By day
7, a conspicuously larger percentage
of nascent myofibers were observed
in muscles of Insl6-treated mice
(Fig. 4A). At this time point the
improvement in myofiber regenera-
tion in the Insl6-treated group is
associated with reduced serum cre-
atine kinase M (CKM) level and a
reduction in TUNEL-positive cells
in the CTX-treated muscle (Fig.
4C). At 14 days after post-injury, a
near complete restoration of muscle
cellular architecture was observed
in both Adeno-B-gal- and Adeno-
Insl6- treated groups (Fig. 44).
Insl6 Overexpression in Aged Skel-
etal Muscle Stimulates a Regenera-
tive Response—Aged muscles re-
cover poorly following damage, and
this regenerative defect may be due
to changes in the function of satel-
lite cells as they age (30-32).
Because injury-induced Insl6 ex-
pression is reduced by aging (Fig.
2E), we tested whether the delivery
of Insl6 could promote regeneration
in the injured muscle of aged mice.
GA muscles of 18 months old C57
mice were pretreated with CTX
solution, Adeno-Insl6 or Adeno-3-
gal were intramuscularly delivered
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FIGURE 3. Intramuscular Adeno-Insl6 treatment facilitates muscle regen-
eration in the cardiotoxin model of skeletal muscle injury. Cardiotoxin
solution was injected into TA muscle, and 5 X 10° pfu of Adeno-Sgal or
Adeno-Insl6 was injected into the same muscle 48 h after the injury. A, repre-
sentative image of H&E-stained TA muscle sections at day 7 and day 14 after
the cardiotoxin injection. Histological analysis of muscle regeneration was
performed by counting nascent myofiber number and measuring the total
cross-section at day 7 post injury. Data are expressed as a percentage relative
to the mean value of the Insl6-treated group at day 14 post-injury (n = 6-8in
each group). B, representative image of a TA muscle section stained for TUNEL
for each experimental group at 7 days post-injury. Quantitative analysis of
TUNEL-positive cells per high power microscopic field (HPF) was performed.
The results are presented as the mean = S.E. *, p < 0.05.

48 h later, and muscle regeneration was evaluated at day 7 post-
injury. As seen in Fig. 54, Insl6 treatment led to increases in
nascent myofiber number and an increase in myofiber cross-
sectional area. Correlating with the enhanced myogenesis, less
TUNEL-positive cells were observed in Insl6-treated muscles
(Fig. 5B).

Transgenic Mice Expressing Insl6 Mice Exhibit Enhanced Sat-
ellite Cell Activation and Muscle Repair following Injury—To
examine the consequences of chronic Insl6 overexpression in
muscle, transgenic mice were constructed that express murine
Insl6 from the MCK promoter (supplemental Fig. S3A).
Western blot analysis revealed appreciable Insl6 over-expres-
sion in the extensor digitorum longus, soleus, gastrocnemius,
and tibialis anterior muscles of the transgenic mice (supple-
mental Fig. S3B). A low level of Insl6 transgene expression
could also be detected in heart, but not in liver. Analysis of mice
at 3 months of age did not detect changes in body weight, gas-
trocnemius muscle weight or cross-sectional area between
transgenic and wild-type mice (supplemental Fig. S4A4). Simi-
larly, no differences were detected in tibialis anterior muscle
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FIGURE 4. Systemic delivery of Adeno-Insl6 accelerates muscle repair.
Cardiotoxin solution was injected into TA muscle, and 1 X 10'° pfu of either
Adeno-Bgal or Adeno-Insl6 was simultaneously injected into the jugular vein.
A, representative image of H&E stained TA muscle cross-sectionsatday 1,3, 7,
and 14 postoperation. Muscle regeneration was quantified by counting nas-
cent myofibers and myofiber cross-section area measurements. Data are
expressed as a percentage relative to the mean value of the Insl6-treated
group at day 14 post-injury (n = 4-5 in each group). B, representative image
of Ki67 immunohistochemical staining of CTX-treated TA muscle at 3 days
post-injury. Quantitative analysis of Ki67 ™" cells per high power microscopic
field was performed (red, Ki67, blue, DAPI). C, creatine kinase levels were
measured in serum at the different experimental groups at 7 days post-injury
(left panel). TUNEL staining was performed on histological sections from CTX-
treated TA muscle at 7 days post-injury (right panel). Data are presented as the
mean *= S.E.*, p < 0.05.

weight or histological appearance between wild-type and trans-
genic mice (Fig. S4B). These data were corroborated by analyses
with a second Insl6 transgenic mouse line (data not shown).
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FIGURE 5. Inslé overexpression promotes muscle regeneration in old
mice. Approximately 10 wl of CTX solution (10 um) was injected in 4 different
positions on GA muscle. At 48 h after the injury, 5 X 10 total pfu of Adeno-
Bgal or Adeno-Insl6 was also injected into 4 regions of GA muscle. A, repre-
sentative image of H&E-stained GA muscle cross-sections at day 7 after the
cardiotoxin injection (n = 4-6 in each group). Histological analysis of muscle
regeneration was assessed by counting nascent myofibers and measuring
myofiber cross-section area at day 7 post-injury. Data are expressed as a per-
centage relative to the mean value for the Adeno-Bgal-treated group. B, in
vivo TUNEL staining was performed, and positive cells are quantified in histo-
logical sections. Data are presented as the mean = S.E. *, p < 0.05.

CTX solution was delivered to the TA muscles of Insl6 trans-
genic and their wild-type littermate controls. Histological anal-
yses revealed an improved regenerative response in transgenic
mice compared with wild-type based upon quantitation of
myofiber area and number at the 7 day time point (Fig. 64). No
differences in muscle histology could be detected at the 1 day
time point, with more than 95% of the myofibers destroyed in
the affected muscle of both strains. CTX-treated Insl6 trans-
genic mice displayed reductions in serum CKM levels and a
decrease in the frequency of TUNEL-positive cells in the
treated muscle compared with CTX-treated wild-type mice at
the 7 day time point (Fig. 6B).

Because the transgenic mouse reagent eliminated the need
for Insl6 delivery via an adenoviral vector that could confound
cellular analyses, additional experiments were performed to
assess the status of proliferating satellite cells in the two strains
of mice using BrdU incorporation and NCAM1 staining (10,
33). Uninjured muscle displayed very low levels of BrdU incor-
poration regardless of genotype (Fig. 6C). In contrast, CTX
delivery led to a marked increase in BrdU incorporation that
was significantly greater in the Insl6 transgenic than wild-type
mice. Similarly, there was no significant difference between the
percentage of NCAMI1-positive cells in uninjured muscle
between wild-type and transgenic mice. The frequency of
NCAM1-positive cells increased 2 days following CTX delivery,
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FIGURE 6. Insl6 transgenic mice exhibit improved muscle regeneration
and enhanced satellite cell activation following CTX injury. A, represent-
ative images of H&E-stained TA muscle sections at day 1 and day 7 post-injury.
Muscle regeneration was quantified in histological sections by counting nas-
cent myofibers and measuring the cross-sectional area of myofibers at day 7.
Data are expressed as a percentage relative to the mean value of WT mouse at
7 days post-injury. B, creatine kinase levels were measured in serum at day 7.
TUNEL staining was performed on histological sections from the 7 day time
point. C, representative images of TA muscle sections stained with BrdU or
Ncam1 (red), with a DAPI counter stain (blue) at 2 days post injury (n = 6).
Quantitative data are presented as the percentage of BrdU- or Ncam1-posi-
tive cells relative to the total number of DAPI-positive cells. The results are
presented as the mean ® S.E. **, p < 0.01; *, p < 0.05.

and the magnitude of the increase was greater in the Insl6 trans-
gene-positive muscle (Fig. 6C). Collectively, these data suggest
that Insl6 promotes regeneration, at least in part, by promoting
the activation of satellite cells.
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FIGURE 7. Insl6 is an endogenous regulator of muscle cell proliferation.
A, C2C12 cells were transduced with adenovirus or siRNA reagent. [*H]thymi-
dine pulse labeling was performed 48 h after the transfection. A representa-
tive image of C2C12 myoblasts transduced with Adeno-Insl6 or Adeno-B-gal
is shown (left panel). Total cell number was assessed 48 h following adenovi-
rus transduction. Data are expressed as a percentage relative to the mean of
Adeno-Bgal experimental group. B, Insl6 down-regulates cyclin-dependent
kinase inhibitors p21<P" and p27XP'. Cells were treated as in A and Insl6,
p21<PT and p27XP! levels were determined by Western blot analysis. A rep-
resentative blot is shown. The levels of p21“P" and p27X"" levels were quan-
tified relative to the expression of tubulin that was used as a loading control.
Data are expressed relative to the mean of the ratio of p21P" or p27XiP’
relative to tubulin in the Adeno-Bgal-treated cells (n = 6). C, human skeletal
muscle primary cells were transduced as described above with Adeno-Insl6 or
Adeno-GFP as control. A representative Western blot is shown to indicate
Insl6 expression. The incorporation of [*H]thymidine into DNA and cell num-
ber was assessed at 48 h after transduction with adenovirus. D, Insl6 defi-
ciency leads to cell growth retardation. C2C12 myoblasts were transfected
with an siRNA targeting Insl6 or a negative control siRNA. A representative
Western immunoblot is shown to indicate the degree of Insl6 ablation. The
incorporation of [*H]thymidine and total cell number was assessed 48 h after
treatment with siRNA. The values are presented by mean = S.E. **, p < 0.01; %,
p < 0.05.

Insl6 Is a Regulator of Myogenic Cell Proliferation—To inves-
tigate the effects of Insl6 on myogenic cells in vitro, C2C12
myoblasts were transduced with Adeno-Insl6 or Adeno-3-gal
in proliferation media and pulse-labeled with [*H]thymidine.
The overexpression of Insl6 was associated with a significant
increase in [*H]thymidine into DNA and an increase in cell
number (Fig. 7A). Consistent with these data, transduction with
Adeno-Insl6 led to down-regulation of the cell cycle inhibitors
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FIGURE 8. Insl6 promotes C2C12 cell survival under conditions of CTX-
induced stress. A, C2C12 cells transduced with Adeno-Bgal or Adeno-Insl6
for 16 h followed by 24 h of incubation with 100 nm CTX. Cellular apoptosis
was quantified by measuring cytoplasm histone-associated-DNA-fragments
and homogenous caspase 3/7 activity. B, C2C12 cells were transduced with
Insl6 or non-related siRNA for 16 h followed by 24 h of incubation with 100 nm
of CTX. Cellular apoptosis was quantified as described above. Values are
mean * S.E. Data are expressed as a proportion relative to the mean value of
the control group. **, p < 0.01; ¥, p < 0.05. n = 6 per group.

p21<®! and p27°®* in proliferating C2C12 myoblasts (Fig. 7B).
The mitogenic action of Insl6 on myogenic cells was corrobo-
rated with cultured human skeletal muscle primary cells iso-
lated from biopsy of human quadriceps muscle (26). As shown
in Fig. 7C, transduction with Adeno-Insl6 stimulates skeletal
muscle primary cell proliferation as assessed by the [*H]thymi-
dine incorporation assay and measurements of cell number.

To further elucidate the physiological role of Insl6 in myo-
blast proliferation, siRNA was used to suppress endogenous
Insl6 expression in C2C12 cells. As shown Fig. 7D, a 50% abla-
tion of endogenous Insl6 resulted in a reduction in [*H]thymi-
dine incorporation into DNA, suggesting that Insl6 is an endog-
enous regulator of myogenic cell proliferation.

Insl6 Reduces CTX-induced Cell Apoptosis—CTX is reported
to induce apoptosis in skeletal muscle and neuroblastoma cells
(34, 35). Thus C2C12 myoblasts were transduced with Adeno-
Insl6 or Adeno-fB-gal and incubated with CTX for 18 h. The
degree of CTX-induced apoptosis was markedly reduced in
Adeno-Insl6-transduced cells as determined by measuring the
formation of histone-associated DNA fragments (Fig. 8A).
Consistent with these observations, cells treated in this manner
also displayed a reduction in caspase 3 and 7 activity. Con-
versely, the knock-down of Insl6 by siRNA increased the fre-
quency of CTX-induced apoptosis (Fig. 8B). Whereas cells
treated with siRNA targeting Insl6 displayed an increase in his-
tone-associated DNA fragmentation and caspase 3 and 7 activ-
ity in the presence or absence of CTX, transfection with Insl6
siRNA had no effect on the low level of cell death observed in
the absence of CTX (data not shown).

DISCUSSION

In this report, we show that resting skeletal muscle expresses
low levels of Insl6, but this factor is markedly induced by muscle
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injury. We also show that the overexpression of Insl6 acceler-
ates muscle regeneration in the CTX injury model. Insl6-medi-
ated improvement in skeletal muscle was documented by an
acceleration in the appearance of nascent myofibers containing
centrally located nuclei and increases in myofiber cross-sec-
tional area. The increase in muscle regenerative response could
be documented either by the acute delivery of an adenoviral
vector expressing Insl6 and in transgenic strains of mice that
overexpress Insl6 from a muscle-specific promoter. The
improvement in regeneration was accompanied by an increase
in the frequency of proliferative cells and by a decrease in
the frequency of apoptotic cells in the damaged muscle. The
increase in Insl6 expression also led to an increase in the fre-
quency of cells positive for Ncaml, a satellite cell marker, and a
reduction in circulating creatine kinase M levels, a marker of
necrosis. Finally, Insl6 induction by injury was reduced in 18
month old mice, but overexpression of Insl6 in aged muscle
stimulated the regenerative response. In the light of these data,
we propose that Insl6 functions as a “myokine” that is involved
in the muscle regenerative process. Its pro-regenerative prop-
erties appear to rely, at least in part, on its mitogenic effect on
muscle progenitor cells and by its ability to promote cell
survival.

It has been proposed that skeletal muscle secretes factors,
referred to as “myokines,” that influence the behavior of neigh-
boring or remote cells (4, 8). Insl6 has been previously identified
as a secreted protein (27), and several lines of evidence suggest
that Insl6 can be designated as an Akt-regulated myokine. The
up-regulation of Insl6 was initially observed in a mouse model
of inducible, muscle-specific Akt induction that is associated
with marked satellite cell activation (19, 21). In the CTX-injury
model, the induction of Insl6 paralleled the time course of the
Akt phosphorylation increase. Other myokines regulated by
Akt signaling include the metabolic factor FGF-21 (5), and the
cardiovascular-protective factor Fstll (3). Furthermore, myo-
genic Akt signaling leads to the secretion of VEGF by muscle,
and this mechanism is posited to maintain tissue perfusion as
myofibers undergo Akt-mediated hypertrophic growth (1).

It has been previously reported that Insl6 is expressed in male
germ cells (36, 37), and that Insl6 is essential for spermatogen-
esis (38). Insl6 is a member of the insulin-like/relaxin family of
proteins that have diverse roles in reproductive processes (39 —
41). With regard to muscle regeneration, it has previously been
shown that Insl1, also referred to as relaxin, will promote mus-
cle repair in a laceration model through its ability to diminish
fibrosis (42, 43). Thus, it is possible that multiple members of
the insulin-like family display muscle regenerative properties.
However, only Insl6, but not other member of the relaxin fam-
ily, was consistently up-regulated during the CTX-induced
muscle injury time course. Furthermore, Akt induction in mus-
cle leads to marked induction of Insl6, but has little or no effect
on transcript levels of other relaxin family members.

Skeletal muscle is a highly regenerative tissue, and muscle
injury leads to the release of various secreted factors that are
thought to have roles at different stages of muscle regeneration
(11, 44). Some of the factors released during the early phase of
muscle injury, such as IL-6, bFGF, and HGF, will stimulate
myoblast proliferation in vitro. However, these factors are
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either ineffective or detrimental when applied to injured mus-
cles in vivo (45—47). It is also reported that transcripts of myo-
statin accumulate throughout the regeneration process (48),
but this factor inhibits muscle regeneration through the sup-
pression of satellite cell proliferation (49, 50). In contrast, IGF-1
and -2 appear to be major stimulatory factors in skeletal muscle
regeneration. Both IGF-1 and -2 are induced by muscle injury
(51), and these factors can stimulate the proliferation and dif-
ferentiation of myoblasts (11, 52). The administration of IGF-1
will promote the regeneration of injured muscle (53-55). IGE-1
will also promote myofiber hypertrophy, and transgenic mice
that overexpress this growth factor exhibit increased muscle
mass (56 —58).

In contrast to the well described anabolic functions of the
IGF isoforms, Insl6 overexpression did not stimulate myogen-
esis in normal muscle in either the adenovirus or transgenic
models. Consistent with these observations, Insl6 does not
induce C2C12 cell hypertrophy nor promote myogenic differ-
entiation in culture. In contrast, Insl6 stimulated the prolifera-
tion and survival of myogenic cells in culture, consistent with a
role as a satellite cell activator in injured muscle. Although insu-
lin-like family proteins are related to insulin and IGF based on
the protein sequence and structural homologies, the receptor-
mediated signaling pathways triggered by these factors are
remarkably different. Whereas IGF and insulin activate tyro-
sine kinase receptors, most insulin-like family proteins signal
through G-protein coupled receptors to control cAMP-medi-
ated signaling events (59). However, the receptor for Insl6 has
yet to be identified, and nothing is known about the down-
stream signaling molecules that respond to this ligand.

A potential limitation of our study is that Insl6 function was
primarily assessed by gain-of-function approaches. However,
the level of overexpression by intramuscular adenovirus-medi-
ated Insl6 delivery (16-fold) is comparable to the induction of
Insl6 expression by CTX injury (8 —10-fold). Furthermore, the
gain-of-function studies in vivo were corroborated by loss-of-
function studies in vitro. In this regard, we found that siRNA
knockdown of Insl6 inhibits myoblast proliferation and pro-
motes apoptosis, whereas the overexpression of Insl6 has the
opposite action. In conclusion, our study shows that Insl6 is an
injury-induced myokine that plays a role in facilitating a mus-
cle-regenerative response. Strategies to enhance Insl6-medi-
ated signaling could be a useful treatment for skeletal muscle
myopathies or trauma-induced muscle injuries.
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