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Interleukin-15 (IL-15) is a cytokine which is highly
expressed in skeletal muscle, and which stimulates
muscle protein accretion in cultured skeletal muscle
fibers. Using parental C2 skeletal myoblasts, no sig-
nificant effects of IL-15 on skeletal muscle differentia-
tion were observed. To test the hypothesis that IL-15
may stimulate skeletal muscle differentiation if the
strong differentiation-inducing effects of autocrine in-
sulin-like growth factor (IGF) production were inhib-
ited, a C2 myoblast subline (C2-pBP4) was stably trans-
fected with an expression vector for rat IGF binding
protein-4 (IGFBP-4). Differentiation responses to auto-
crine and exogenous IGFs in C2-BP4 myoblasts were
reduced 3- to 4-fold in C2-BP4 cultures compared to C2-
PLXSN cultures, a subline transfected with a control
plasmid. Addition of IL-15 to C2-pBP4 myoblasts dou-
bled the number of differentiated muscle cells which
arose. These findings indicate that IL-15 can stimulate
myogenic differentiation in conditions in which the
strongly differentiative effects of the IGFs are inhib-
ited. The differentiative activity of IL-15 may be of
physiological significance in conditions in which IGF
concentrations are low or in which the IGFs are se-
questered by binding proteins. © 1997 Academic Press

Interleukin-15 (IL-15) is a recently discovered cyto-
kine with activities that are similar to those of IL-2,
such as stimulation of natural killer (NK) cell activity
and stimulation of lymphoid cell proliferation (1).
These functions are mediated by the 8 and y subunits
of the IL-2 receptor, plus an IL-15-specific @ subunit
(2,3). IL-15 is an approximately 15 kDa protein which
displays no sequence homology to other cytokines (1).

Abbreviations: IL-15, interleukin-15; IGF-1 and IGF-II, insulin-
like growth factors -1 and -11; IGFBP, IGF binding protein; FCS, fetal
calf serum; DME, Dulbecco’s modified Eagle’'s medium; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SSC, so-
dium chloride/sodium citrate; EtBr, ethidium bromide; MRF, muscle
regulatory transcription factor.
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IL-15 can be classified as a cytokine not only by virtue
of its activities and receptor, but also by its predicted
tertiary structure, a four-helix bundle (1).

Multiple tissue Northern blots revealed that IL-15 is
highly expressed in skeletal muscle tissue (1). Previous
work by our laboratory demonstrated that IL-15 is ana-
bolic for differentiated mouse C2 and bovine primary
skeletal muscle cells in culture (4). We showed that
after cultured myogenic cells underwent differentiation
and fusion into multinucleated muscle cells known as
myotubes, the addition of IL-15 increased myosin
heavy chain (MHC) accumulation in these cells (4).
However, we were unable to detect any significant ef-
fects of added IL-15 on proliferation or differentiation
rates of cultured skeletal myoblasts, the dividing mus-
cle precursor cells (4). With the myogenic cell types
utilized in that study, it was possible that the strong
differentiation-promoting effects of autocrine insulin-
like growth factor (IGF-1 and IGF-II) production (5-
7) may have masked any differentiation-stimulating
effects of IL-15.

In the present study, we investigated the issue of
possible differentiation-stimulating effects of I1L-15 uti-
lizing a subline of C2 myoblasts (C2-pBP4) which were
transfected with an expression plasmid for rat IGF
binding protein-4 (IGFBP-4). IGFBP-4 inhibits IGF ac-
tion by sequestration of IGF, preventing binding of both
IGF-1 and IGF-I11 to the type-1 IGF receptor (8,9). C2-
pBP4 myoblasts underwent differentiation at lower
rates compared to myoblasts transfected with a control
plasmid (C2-pLXSN), and were refractory to the differ-
entiation-stimulating effects of exogenous IGF-1. Addi-
tion of IL-15 to C2-pBP4 myoblasts doubled the number
of differentiated cells which arose, indicating that the
differentiation-stimulating effects of IL-15 can be dis-
cerned in conditions in which the influence of the IGFs
on this process are reduced. The differentiative activity
of IL-15 may be of physiological significance in condi-
tions in which IGF concentrations are low or in which
the IGFs are sequestered by binding proteins.
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MATERIALS AND METHODS

Materials. Simian recombinant IL-15 was obtained from Im-
munex Research and Development Corporation, Seattle, WA. MF-
20, a monoclonal antibody directed against muscle-specific myosin
heavy chain, was obtained from the Developmental Studies Hybrid-
oma Bank, University of lowa, lowa City, IA. The rat IGFBP-4 cDNA
was a gift from Dr. S. Shimaski, Whittier Institute, La Jolla, CA. C2
cells were obtained from Dr. D. Yaffe, Weizmann Institute, Rehovat,
Israel. Des(1-3)IGF-1 was obtained from Diagnostic Systems Labora-
tory (DSL), Webster, TX. The LXSN plasmid was obtained from Dr.
B. Osborne, University of Washington, Seattle, WA. Other materials
(culture medium, chemicals, serum, secondary antibodies, molecular
biology reagents and kits) were from standard commercial sources.

Plasmid construction and cell culture. The Moloney murine leuke-
mia virus-based LXSN plasmid (10) expresses an inserted gene (X)
from the retroviral long terminal repeat (L). The plasmid also contains
the neomycin phosphotransferase gene (N) controlled by an internal
SV40 promotor (S). To construct the LBP4SN plasmid (pBP4), a 0.989
kb cDNA fragment containing the full length coding sequence of rat
IGFBP-4 was ligated into the EcoR1 and Xhol sites, oriented 5’ to 3’,
of pLXSN. The IGFBP-4 ¢cDNA included 189 bp of the 5’ untranslated
region, the 761 bp coding sequence, and 42 bp of the 3’ untranslated
region. Unmodified pLXSN was used as a control vector. C2 myoblasts
cultured at low densities in 10% fetal calf serum (FCS; Hyclone) in
Dulbecco’'s modified Eagle’s medium (DME; Sigma, St. Louis, MO)
were transfected with pLXSN and pBP4 using Lipofectin (GIBCO,
Grand Island, NY). Two days after transfection, cells were selected
in 1.0 mg/ml Geneticin (G418; GIBCO) and polyclonal populations
expanded, pooled, and used for analysis.

For Northern blot analysis of IGFBP-4 mRNA expression, C2-
pLXSN and C2-pBP4 cells were cultured for 24 h in 10% FCS/DME,
or 3 additional days in 0.5% FCS/DME, to harvest myoblast and
myotube RNA, respectively. Total RNA was extracted using guanidi-
nium thiocyanate-phenol-choroform (11). Ten micrograms total RNA
was electrophoresed through a 1.2% agarose/2.2 M formaldehyde
gel, stained with 2 ug ethidium bromide (EtBr) and blotted onto a
Genescreen nylon membrane (New England Nuclear-Dupont, Bos-
ton, MA). Blots were probed with a rat IGFBP-4 EcoR1/Hind111
845 bp cDNA fragment radiolabeled using a random priming kit
(Promega, Madison, W1). Blots were hybridized for 16 h at 42°C then
washed 30’ in 2X SSC, 30’ in 2X SSC and 1% SDS at RT, and 30’
in 0.2% SSC and 1% SDS at 65°C and exposed to X-ray film.

Assays for muscle differentiation and proliferation. To assay mus-
cle differentiation, parental C2 myoblasts, C2-pLXSN myoblasts, or
C2-pBP4 myoblasts were plated onto 35 mm culture dishes in 10%
FCS/DME at 2 x10° cells per dish and allowed to attach overnight.
The next day, the cells were changed to 0.5% FCS/DME with various
growth factors. Human/simian recombinant IL-15 (Immunex) was
used at 10 ng/ml; human recombinant IGF-1 (UBI, Lake Placid, NY)
and des(1-3)IGF-1 (DSL) were used at 1-100 ng/ml. Myoblasts were
cultured in 0.5% FCS/DME with various growth factors for 1-4 days,
with medium changes and replenishment of growth factors on alter-
nate days. Muscle differentiation was assessed by immunofluorescent
staining for muscle-specific myosin heavy chain (MHC) using the MF-
20 monoclonal antibody (12) and FITC-labeled secondary antibodies
as previously described (13). Nuclei were counterstained with EtBr,
which fluoresces red/orange in the FITC filter (13). The numbers of
total nuclei per field and the numbers of nuclei within MHC-positive
cytoplasm per field were counted in ten fields per dish. Each experi-
ment was repeated three times independently. Differentiation was
also assessed by Western blot analysis of MHC expression. Cells were
cultured as above and harvested in SDS reducing sample buffer. Pro-
tein samples were resolved in 7.5% SDS-PAGE gels, transferred to
nitrocellulose, and probed for MHC using the MF-20 antibody as de-
scribed previously (13). Signals were visualized using enhanced chemi-
luminescence (Amersham, Arlington Heights, IL), and quantified us-
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FIG. 1. Effects of 10 ng/ml IL-15 on differentiation in parental

C2 myoblast cultures. No significant effects of IL-15 on differentia-
tion were observed. Differentiation was assessed by immunofluores-
cent staining for MHC. At each time point, mean numbers of differen-
tiated cells in the group treated with IL-15 were compared to those
in the control group; ns denotes not significantly different, t-test.

ing an image analyzer equipped with MCID version 4.2 software (Im-
aging Research, St. Catharines, Ontario, Canada).

RESULTS

Effects of IL-15 on Differentiation of Parental C2
Myoblasts

Parental C2 myoblasts were cultured in low serum
medium = 10 ng/ml IL-15 for 1-4 days to determine the
effects of IL-15 on myogenic differentiation. Differentia-
tion was assayed immunocytochemically by counts of
nuclei within MHC-stained cytoplasm. Immunocyto-
chemical assay of differentiated cells (as opposed to solu-
ble biochemical assays of muscle differentiation mark-
ers) eliminated from consideration any post-differentia-
tive effects of IL-15 on muscle anabolism.

On each day of culture, no significant differences (t-
tests) in the rate of differentiation were observed be-
tween C2 myoblasts cultured with or without IL-15
(figure 1). Previous studies (4) indicated that 1L-15 was
not mitogenic for C2 myoblasts, nor did it inhibit my-
oblast proliferation.

Although not significantly different, a consistent pat-
tern of slightly higher numbers of differentiated nuclei
were detected in the IL-15-treated cultures on each
day of analysis. A similar pattern was observed with
primary bovine myogenic cultures (not shown). Since
IL-15 has been shown to increase MHC accumulation
in differentiated myotubes in culture (4), this could be
due to slightly faster rates of immunocytochemical de-
tection of newly-formed muscle cells in the cultures.
Alternatively, the lack of a significant effect of IL-15
on differentiation in parental cells could be due to
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FIG. 2. Northern blot for IGFBP-4 expression in C2-pLXSN (con-
trol) and C2-pBP4 myoblasts (mb) and myotubes (mt). The endoge-
nous IGFBP-4 transcript (2.6 kb) is expressed in all four cell types;
C2-pBP4 myoblasts and myotubes also express an additional 1.3 kb
transcript from the introduced gene. Lower panel is ethidium bro-
mide (EtBr) of 28S ribosomal RNA band (loading control).

masking by the strong differentiation-stimulating ef-
fects of IGF-1 and IGF-11, which are produced in large
amounts by cultured C2 myoblasts in an autocrine
fashion (5-7). The next series of experiments were de-
signed to test this hypothesis.

Characterization of C2-BP4 and C2-pLXSN
Myoblasts

In order to reduce the effects of autocrine IGF-1 and
IGF-11 on C2 myoblast differentiation, C2 myoblasts
were transfected with an expression plasmid (pLBP4SN)
and with a control plasmid (pLXSN) to produce two poly-
clonal sublines of C2 myoblasts (C2-pBP4 and C2-
pLXSN) after selection in antibiotics. Both C2-pBP4
myoblasts and myotubes express a 1.3 kb IGFBP-4
mRNA transcript from the construct, in addition to the
endogenous 2.6 kb IGFBP-4 mRNA transcript expressed
by C2-pLXSN myoblasts and myotubes (figure 2).

As measured by total MHC production, C2-pBP4 my-
oblast cultures were less sensitive to the differentia-
tion-stimulating effects of exogenous IGF-1 than were
C2-pLXSN myoblast cultures (figure 3,A). At 0 and 1
ng/ml IGF-1, very little MHC was detected in C2-pBP4
cultures compared to the controls. The addition of 10
and 100 ng/ml IGF-I progressively stimulated MHC
accumulation in C2-pBP4 cultures, presumably by ex-
ceeding the binding of endogenous and exogenous IGFs
by the overexpressed IGFBP-4. Figure 3,B shows that
C2-pBP4 and C2-pLXSN myoblasts were equally re-
sponsive to the differentiation-stimulating effects of
des(1-3)IGF-I, an analog of IGF-1 with greatly reduced
affinity for IGFBPs, but normal affinity for the type-1
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IGF receptor (14). These observations indicate that C2-
pBP4 myoblasts were differentiation-competent, and
that the reduced rate of differentiation in this sub-line
is due to sequestration of IGFs by the overexpressed
IGFBP-4.

Immunocytochemical assessment also indicated that
C2-pBP4 myoblasts had rates of differentiation which
were 3-4 times lower than those of C2-pLXSN myo-
blasts (figure 4, A). At all concentrations of IGF-I1 tested
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FIG. 3. Differentiation of C2-pLXSN and C2-pBP4 myoblasts in
the presence of 0—100 ng/ml IGF-I (A) or 0—100 ng/ml des(1-3)IGF-
1 (B). Differentiation was assessed by Western blot analysis of MHC
production. Asterisks denote significant difference at p<0.05 (t-test);
ns denotes not significantly different. In panel B, “Des” refers to
addition of des(1-3)IGF-1. Also in panel B, t-tests compared C2-
pLXSN+Des to C2-pBP4+Des; curve of C2-pBP4+IGF is included
for comparative purposes. Points represent the means (= SEM of
three independent experiments.
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FIG. 4. Differentiation (A) and proliferation (B) of C2-pLXSN
and C2-pBP4 myoblasts assessed immunocytochemically and by
counts of nuclei. Asterisks denote significant differences (p<0.05, t-
tests) between C2-pLXSN and C2-pBP4 at each concentration of IGF-
1. Total numbers of nuclei (B) were not different at each concentration
of IGF-I.

100

(0-100 ng/ml), the numbers of differentiated cells which
arose were significantly different (p<0.05, t-test). Cell
numbers were not significantly different in the two sets
of cultures (t-tests). Thus, the percentages of differenti-
ated cells which arose were 3-4 times lower in C2-pBP4
cultures.

Effects of IL-15 on Differentiation in C2-pBP4 and
C2-pLXSN Myoblasts

C2-pBP4 and C2-pLXSN myoblasts were treated
with 10 ng/ml IL-15 for 5 days following the switch to
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low serum medium. The cultures were fixed and
stained immunocytochemically for MHC-positive cells
to determine the effects of IL-15 on differentiation in
the two cell types (figure 5). Addition of IL-15 to control
C2-pLXSN cells increased the numbers of differenti-
ated cells by less than 30%. In this case, the difference
was significant at p<0.05 (t-test). In contrast, addition
of 1L-15 to C2-pBP4 myoblasts doubled the number of
differentiated cells which arose (p<0.05, t-test). 1L-15
did not, however, increase C2-pBP4 differentiation to
the levels of those of C2-pLXSN cultures (p<0.05, t-
test). These findings indicate that IL-15 can stimulate
myogenic differentiation in conditions in which the ef-
fects of IGF on myoblasts were reduced.

DISCUSSION

Previous work from our laboratory indicated that IL-
15 was anabolic for cultured skeletal myotubes (4). IL-
15 stimulated accretion of MHC in cultured C2 myo-
tubes and primary bovine muscle fibers. The mecha-
nism of the anabolic effect of IL-15 on skeletal muscle
fibers is at present unknown; one possibility is that IL-
15 stimulates expression or action of one or more of the
basic helix-loop helix muscle regulatory transcription
factors (MRFs) such as MyoD1 or myogenin (15). These
factors are also involved in skeletal muscle differentia-
tion, but no significant effects of IL-15 on myoblast
differentiation could be observed using parental C2
myoblasts or primary bovine myoblasts (4).

120 — T

100 —

80 —

60 —

_41

40

+ IL-15

+ IL—15

20

Nuclei in differentiated cells / field

C2—-plLXSN C2-pBP4

FIG. 5. Differentiation of C2-pLXSN and C2-pBP4 myoblasts
with and without 10 ng/ml IL-15. Asterisks denote significant differ-
ences between the IL-15-treated group and control for each cell type
(p<0.05, t-test). Data shown are the results of a single experiment,
which was repeated three times with similar results.
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The work reported here tested the hypothesis that
in C2 myoblast cultures, the strong differentiation-
stimulating effects of autocrine IGF expression (7)
mask possible differentiative actions of IL-15. To do so,
we developed a sub-line of C2 myoblasts (C2-pBP4)
with reduced sensitivity to the IGFs due to increased
expression of IGFBP-4. This binding protein sequesters
IGF from IGF receptors, and in our study significantly
reduced the rate of myogenic differentiation. However,
by the use of des(1-3)IGF-I, an analog of IGF-1 which
binds to IGF receptors but exhibits greatly reduced af-
finity for IGFBPs (14), we showed that C2-pBP4 myo-
blasts remained fully competent to differentiate.

When the effects of IGF on myogenic differentiation
were reduced, a differentiation-stimulating effect of IL-
15 on skeletal myoblasts could be clearly discerned. IL-
15 doubled the number of C2-pBP4 myoblasts which
differentiated. Although IL-15 did not raise C2-pBP4
differentiation to levels equal to those of the control
cells, differentiation in control myoblast cultures may
have reflected the combined activities of autocrine IGF
and IL-15. The differentiative activity of IL-15 may be
of physiological significance in conditions in which IGF
concentrations are low, or in which the IGFs are se-
questered by binding proteins. Such situations may oc-
cur in catabolic states or in normal aging (16,17). IL-
15 mRNA is expressed in adult human muscle (1),
suggesting a physiological role for IL-15 in muscle re-
generation and/or maintenance.

A number of growth factors which repress skeletal
myoblast differentiation have been identified; these
factors inhibit both transcription of the MRFs and the
activity of the MRFs (15). Much less attention has been
directed at factors which stimulate myogenic differenti-
ation. The IGFs, which are similar to IL-15 in that they
induce myoblast differentiation and muscle anabolism,
may act by stimulating myogenin expression (13,18).
These studies point to regulation of MRF expression or
action as a key control point in myogenic differentia-
tion. The present observation that IL-15 stimulates
myoblast differentiation, coupled with previous obser-
vations indicating that IL-15 is anabolic for cultured
muscle fibers, suggests that 1L-15 may also act on MRF
expression or action. Further work is needed to deter-
mine the mechanism of action of 1L-15 on skeletal myo-
blasts and muscle fibers.
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