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The differentiation and maturation of skeletal muscle cells into functional fibers is coordinated largely by
inductive signals which act through discrete intracellular signal transduction pathways. Recently, the calcium-
activated phosphatase calcineurin (PP2B) and the family of transcription factors known as NFAT have been
implicated in the regulation of myocyte hypertrophy and fiber type specificity. Here we present an analysis of
the intracellular mechanisms which underlie myocyte differentiation and fiber type specificity due to an insulin-
like growth factor 1 (IGF-1)—calcineurin—NFAT signal transduction pathway. We demonstrate that calcineurin
enzymatic activity is transiently increased during the initiation of myogenic differentiation in cultured C2C12
cells and that this increase is associated with NFATc3 nuclear translocation. Adenovirus-mediated gene
transfer of an activated calcineurin protein (AdCnA) potentiates C2C12 and Sol8 myocyte differentiation, while
adenovirus-mediated gene transfer of noncompetitive calcineurin-inhibitory peptides (cain or AAKAP79) at-
tenuates differentiation. AdCnA infection was also sufficient to rescue myocyte differentiation in an IGF-de-
pleted myoblast cell line. Using 10T1/2 cells, we demonstrate that MyoD-directed myogenesis is dramatically
enhanced by either calcineurin or NFATc3 cotransfection, while a calcineurin inhibitory peptide (cain) blocks
differentiation. Enhanced myogenic differentiation directed by calcineurin, but not NFATc3, preferentially
specifies slow myosin heavy-chain expression, while enhanced differentiation through mitogen-activated pro-
tein kinase kinase 6 (MKKG6) promotes fast myosin heavy-chain expression. These data indicate that a sig-
naling pathway involving IGF-calcineurin-NFATc3 enhances myogenic differentiation whereas calcineurin acts
through other factors to promote the slow fiber type program.

Skeletal muscle cell differentiation is coordinated by endo-
crine, paracrine, and autocrine inductive factors that activate
discrete intracellular signal transduction pathways, resulting in
the modulation of transcription factor activity and the repro-
gramming of gene expression. During embryonic development,
the MyoD family of basic helix-loop-helix transcription factors
directly regulate myocyte cell specification and differentiation
(reviewed in reference 33). The myogenic basic helix-loop-
helix proteins operate in concert with other transcriptional
regulators such as MEF2, serum response factor, and CBP/
p300 to promote myocyte differentiation (17, 34, 44, 49, 60). In
turn, these transcriptional regulators are themselves regulated
by intracellular signaling pathways and phosphorylation cas-
cades.

In general, growth factors such as fibroblast growth factor
and transforming growth factor B antagonize myocyte differ-
entiation through signaling pathways involving ras, mitogen-
activated protein kinase, and protein kinase C (14, 28, 41).
Proliferation-inducing transduction pathways enhance AP-1
activity, increase Id expression, and directly attenuate the ac-
tivity of the myogenic basic helix-loop-helix transcription fac-
tors through cell cycle-dependent mechanisms (20, 33, 48). In
contrast, inductive factors such as insulin-like growth factor 1
(IGF-1) promote myocyte differentiation or hypertrophy (4,
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38, 39, 43, 47, 55), partly through a transduction pathway in-
volving phosphatidylinositol 3-kinase (24, 25, 38).

Superimposed on the myocyte differentiation program are
molecular pathways which regulate fiber type specificity. Dur-
ing development, maturing myofibers first express embryonic
myosin, followed by neonatal myosin, followed again by vari-
ous isoforms of fast myosin and then slow myosin (reviewed in
reference 51). Less is known about the intracellular regulatory
pathways that control fiber type specificity, although evidence
has accumulated implicating a calcium-dependent pathway
(10, 16). Calcium levels in resting fast fibers are reported to be
50 nM, while prolonged or chronic stimulation of fast fibers,
associated with increased intracellular calcium levels, induces
slow-fiber transformation (3, 8, 45, 50, 56, 58).

Recent data have implicated calcineurin, a calcium-calmod-
ulin-regulated serine/threonine phosphatase, in the control of
IGF-1-dependent myocyte hypertrophy and fiber type specific-
ity (10, 16, 38, 46). Calcineurin participates in the transduction
of extracellular signals to the nucleus by targeting members of
the NFAT family of transcription factors (reviewed in refer-
ences 13 and 42). Calcineurin-directed dephosphorylation of
NFAT factors unmasks their nuclear localization signal, result-
ing in nuclear translocation and gene activation. Five NFAT
genes have thus far been identified, NFATcl (NFATc or
NFAT2), NFATc2 (NFATp or NFAT1), NFATc3 (NFAT4
or NFATX), NFATc4 (NFAT3), and NFATS (29, 42). Calci-
neurin-mediated signaling pathways contribute to T-cell acti-
vation, to the establishment of cardiac hypertrophy, and to the
regulation of neuronal activity (13).
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Treatment of cultured human myoblasts with the calcineurin
inhibitor cyclosporine A attenuates myogenic differentiation in
culture and cyclosporine administration inhibits regeneration
in response to acute injury in the mouse (1). Cyclosporine also
prevents skeletal muscle hypertrophy in response to muscle
overloading in vivo (16). More recently, myoblast cell lines
expressing the local form of IGF-1 were shown to utilize a
calcineurin-dependent pathway to promote hypertrophy in cul-
ture (39, 46). Lastly, cyclosporine induced fast-fiber-type
switching in rodent skeletal muscle (10, 16), and transgenic
mice expressing an activated calcineurin cDNA in skeletal
muscle had increased numbers of slow fibers (39a).

In the present study, we used four different model systems to
examine the mechanisms whereby calcineurin and NFAT reg-
ulate myocyte differentiation and/or fiber type specificity. We
demonstrate that calcineurin directly potentiates myocyte dif-
ferentiation through a slow-fiber-type program in C2C12 myo-
blasts, Sol8 myoblasts, and MyoD-converted fibroblasts. Inhi-
bition of calcineurin with a noncompetitive peptide inhibitor
(cain) delays the differentiation of C2C12 and Sol8 cells and
prevents MyoD-directed differentiation of 10T1/2 fibroblasts.
Expression of activated calcineurin in C2C12 myoblasts over-
expressing an inhibitory IGF binding protein overrides blocked
differentiation. We demonstrate that NFATc3 is a specific tar-
get of calcineurin and translocates to the nucleus at the onset
of myoblast differentiation, enhancing myogenesis.

MATERIALS AND METHODS

Cells and transfections. C2C12, Sol8, and 10T1/2 cells were maintained in
growth medium (GM) consisting of Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco-BRL, Gaithersburg, Md.) supplemented with 15% fetal bovine
serum (FBS). C2BP5 myocytes were described previously and were grown in
DMEM supplemented with 10% heat-inactivated fetal calf serum, 10% heat-
inactivated newborn calf serum, and 300 pug of G418 per ml (22). C2BP-5 cells
were subsequently placed in DMEM supplemented with 2% horse serum for
differentiation inducing experiments. Transient transfections of 10T1/2 fibro-
blasts were done in 60-mm tissue culture dishes containing a total of 2 pg of
DNA per transfection, using Fugene 6 transfection reagent as specified by the
manufacturer (Roche Diagnostics Corporation, Indianapolis, Ind.). At 24 h after
transfection, the cells were washed and transferred to differentiation medium
(DM) consisting of DMEM supplemented with 4% horse serum. The cells were
grown for up to an additional 6 days in DM before being subjected to immuno-
cytochemistry or Western blot analysis.

Western blotting. Extracts were prepared in cell lysis buffer (20 mM sodium
phosphate [pH 7.0], 150 mM NaCl, 2 mM MgCl,, 10 mM NaF, 0.1 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 1 mM dithiothreitol, 1% NP-40,
10% glycerol, 10 pg of leupeptin per ml, 10 pg of aprotinin per ml, 10 pg of
pepstatin per ml, 10 g of tolylsulfonyl phenylalanyl chloromethyl ketone
[TPCK] per ml, 10 ng of Na-p-tosyl-L-lysine chloromethyl ketone [TLCK] per
ml), and proteins were resolved on a sodium dodecyl sulfate-10% polyacryl-
amide gel, transferred to a polyvinylidene difluoride membrane, and immuno-
detected using an enhanced chemifluorescence (ECF) kit as specified by the
manufacturer (Amersham). The following antibodies were used: MF20 mono-
clonal antibody (MADb) (Developmental Studies Hybridoma Bank, University of
Towa) against sarcomeric myosin heavy chain, the NOQ7.5.4D MAD (Sigma, St.
Louis, Mo.) against slow skeletal myosin heavy chain (MyHC), a MAD against
fast MyHC (Novocastra Laboratories), an antibody reactive to both calcineurin
Aa and AB (Transduction Labs), and calcineurin Ao and AR isoform-specific
antibodies (Santa Cruz). Western blot reactivity was quantified on a Storm 860
PhosphorImager (Molecular Dynamics) using the Imagequant software. All
acrylamide gels were loaded in the linear range of Western blot signal reactivity
for each protein assayed.

Immunocytochemistry. Cells were fixed in 3.7% formaldehyde—phosphate-
buffered saline and blocked in phosphate-buffered saline containing 2% bovine
serum albumin, 2% horse serum, and 0.1% NP-40. All antibody incubations were
done in the blocking solution. Cells were treated with antibodies for 2 h at room
temperature or overnight at 4°C at a dilution of 1:100 for primary antibodies and
1:400 for secondary antibodies. Secondary antibodies used were Alexa 488 or
Alexa 594 (Molecular Probes). When indicated, the cells were incubated for 1 h
at 37°C with 0.1 or 5 pM thapsigargin directly before fixation.

Calcineurin phosphatase assay. Extracts were prepared in phosphatase lysis
buffer (50 mM Tris-Cl [pH 7.5], 0.1 mM NaCl, 5 mM dithiothreitol, 1 mM EDTA
[pH 8.0], 1 mM phenylmethylsulfonyl fluoride, 5 pg of pepstatin per ml, 5 wg of
leupeptin per ml, 5 pg of aprotinin per ml). Calcineurin enzymatic activity was
measured in phosphatase buffer (20 mM Tris-Cl [pH 7.5], 50 mM NaCl, 6 mM

CALCINEURIN REGULATES MUSCLE CELL DIFFERENTIATION 6601

MgCl,, 0.5 mM CaCl,, 1 mM dithiothreitol, 50 wg of bovine serum albumin per
ml). Phosphatase activity was determined as the dephosphorylation rate of a
synthetic [*?P]JATP-labeled phosphopeptide substrate (R-II peptide; Peninsula
Labs) in the presence of 0.5 mM CaCl,, 1.0 uM calmodulin, and 1.0 uM okadaic
acid. Control assays were performed in parallel and blocked with 500 uM cal-
cineurin autoinhibitory peptide (Calbiochem), and total activity was determined
as the difference between the reaction and the control. Assays were performed in
duplicate at each time point in three separate experiments.

Adenovirus constructs and infections. The adenovirus E1 to E3 genes in
pACCMVpLpA (18) were replaced by sequences encoding either a constitutively
active form of mouse calcineurin Ao (AdCnA) (amino acids 1 to 398), B-galac-
tosidase (AdBgal) (53), or the inhibitory domain (amino acids 1989 to 2182) of
the calcineurin-interacting protein cain (27, 52). Infectious virus was produced by
cotransfection of HEK293 cells with recombinant pACCMV-pLpA and pJM17
vectors as described previously (18). All initial recombinants were plaque puri-
fied, expanded, and subjected to titer determination by duplicate plaque assays in
monolayers of HEK293 cells by using the agarose gel overlay method (32).
Recombinants were tested for appropriate expression in Cos-7 and 10T1/2 cells
by immunofluorescence and Western blotting. Adenovirus infection of C2C12
and Sol8 cells (80 to 90% confluence) was performed for 2 h at 37°C at a
multiplicity of infection of 50 to 100 PFU in 1.6 ml (6-cm culture dishes) of
DMEM supplemented with 2% FBS in a humidified, 5% CO, incubator. The
infection medium was replaced by DM, and cells were cultured for the indicated
time. Under these conditions, approximately 95 to 99% of the cells were positive
for protein expression by immunocytochemistry or stained (-galactosidase pos-
itive after 24 h.

For adenovirus gene transfer in vivo, 1.0 X 10° PFU of AdCnA or Adpgal was
injected in a volume of 50 pl into the gastrocnemius of 4-day-old neonatal rat
pups. One or two weeks later, the animals were sacrificed, the injected tissue was
collected, cryopreserved, and cryosectioned (7 wm), and immunocytochemistry
was performed.

Plasmids. The following plasmids were used: the pPEMSVMyoD expression
vector for wild-type MyoD under the control of the EMSV long terminal repeat,
PECE-flagCnA, which contains the activated form of mouse calcineurin Aa
corresponding to amino acids 1 to 398, which was generated by PCR with EcoRI
linkers; and PECE-flag cain, which contains a 582-bp fragment corresponding to
amino acids 1989 to 2182 of the mouse calcineurin-inhibitory protein identified
in the rat as cain (27). This fragment was generated by PCR from a mouse
expressed sequence tag (accession number 406188). The MKKG6 expression vec-
tor encodes a mutated, constitutively active protein which was described previ-
ously (36). The NFATc4 expression vector was described previously (21).
NFATec1 expression vectors were described previously and were kindly provided
by Rhonda Bassel-Duby (10, 40). NFATc3 was a kind gift of Naoko Arai (30).

Statistical analysis. Data are expressed as means and standard errors of the
mean (SEM). Differences between groups were evaluated for statistical signifi-
cance using Student’s ¢ test for unpaired data or by analysis of variance followed
by Bonferroni’s post-test when appropriate. P < 0.05 was considered to be
statistically significant.

RESULTS

Calcineurin is transiently activated early in C2C12 myotube
formation. To investigate the role of calcineurin in myogenic
differentiation, we measured calcineurin phosphatase activity
in extracts from C2C12 cells prepared 14, 24, or 50 h after
transfer into DM (Fig. 1A). Interestingly, calcineurin activity
was increased nearly threefold after 14 h in DM compared to
myoblasts in GM (P < 0.05). Calcineurin activity decreased at
24 h and returned to basal levels at 50 h. We also directly
measured the calcineurin protein content by Western blot
analysis with antiserum that detects both CnAa and CnAB
gene products (Fig. 1B). No differences in calcineurin A pro-
tein levels were identified between C2C12 myoblasts and dif-
ferentiating myotubes at 14, 24, 36, or 60 h. Members of the
NFAT transcription factor family are important targets of cal-
cineurin dephosphorylation in multiple cell types. Western blot
analysis of NFATc3 migration from C2C12 cells harvested at 6,
10, 12, or 24 h in DM revealed the gradual appearance of a
faster-migrating band between 10 and 24 h (Fig. 1C). The
appearance of a faster-migrating form of NFATc3 is indicative
of dephosphorylation, suggesting an increase in calcineurin
activity in vivo. Collectively, these results demonstrate a spe-
cific activation of calcineurin coincident with initiation of myo-
genic differentiation in C2C12 cells.
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FIG. 1. Calcineurin phosphatase activity peaks at an early stage of myocyte
differentiation. (A) Calcineurin phosphatase activity assays were performed in
C2C12 extracts prepared at the indicated times after transfer into DM as de-
scribed in Materials and Methods. After 14 h in DM, calcineurin activity was
increased nearly threefold. The data represent the means of three independent
experiments, each done in duplicate, and SEM. *, P < 0.05. (B) Representative
Western blot of total calcineurin A protein from myoblasts in GM (0 h) or at the
indicated times in DM. Identical results were obtained in three independent
experiments. (C) C2C12 cells were harvested at 0, 6, 10, 12, and 24 h after
switching to DM, and whole-cell protein extracts were generated for NFATc3
Western blotting. The data demonstrate the appearance of a faster-migrating
band (lower arrow), suggestive of enhanced calcineurin activity in vivo as differ-
entiation progresses. (D) Infection of C2C12 cells with a calcineurin-inhibitory
adenovirus, Adcain, blocked the increase in calcineurin activity at 14 h, while
Adpgal infection had no effect. *, P < 0.05 versus the zero-time point; f, P < 0.05
versus Adpgal infection.

Calcineurin promotes differentiation of C2C12 and Sol8
myoblasts. Previous studies have shown that cyclosporine at-
tenuates myocyte differentiation and regeneration in vivo (1,
16). However, cyclosporine has a number of calcineurin-inde-
pendent effects which might influence myoblast differentiation
(5, 31), and a number of mechanistic questions remain to be
answered. To begin to address these issues, we used adenovi-
rus-mediated gene transfer of an activated form of calcineurin
or a calcineurin-specific inhibitory peptide in C2C12 and Sol8
myoblasts. Approximately 95 to 99% adenovirus infection
rates were routinely obtained, so that uniform effects could be
examined in culture.

C2C12 cells were infected with AdCnA or a control adeno-
virus (AdBgal) for 24, 48, and 72 h, and immunocytochemistry
was performed with anti-sarcomeric myosin heavy-chain anti-
body to evaluate differentiation. The data demonstrate en-
hanced myotube formation in AdCnA-infected myocytes (Fig.
2C, G, and K) compared with AdBgal infection (Fig. 2B, F, and
J) at each time point. At 48 and 72 h, AdCnA-infected myo-
cytes also demonstrated a more mature phenotype with an
increased size and number of nuclei compared to Adpgal-
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infected myocytes. AdBgal infection alone did not affect dif-
ferentiation compared with uninfected controls (Fig. 2A, E,
and I), nor did infection with an adenovirus expressing another
phosphatase, MKP-1 (data not shown). A similar visual en-
hancement of differentiation was also seen in Sol8 myoblasts
infected with AdCnA (data not shown).

Recently, a calcineurin-interacting protein was identified by
yeast two-hybrid screening that acts as a noncompetitive inhib-
itory factor (cain or Cabin-1) (27, 52). We generated an ade-
novirus that expresses the calcineurin-inhibitory domain of
cain and determined that it significantly reduces calcineurin
enzymatic activity in cultured cardiomyocytes in response to
hypertrophic agonists (54). Adcain infection of C2C12 cells
also inhibited the increase in calcineurin enzymatic activity at
14 h of differentiation, while AdBgal infection had no effect
(Fig. 1D). Associated with inhibited calcineurin activity, Ad-
cain also decreased myogenic differentiation, as shown by a
reduced number of myotubes, decreased myotube fusion, and
less multinucleation at 24, 48, and 72 h postinfection (Fig.
2D, H, and L). We further determined that an adenovirus
expressing a different calcineurin-inhibitory peptide, from the
AKAP79 protein, also blunted C2C12 cell differentiation (data
not shown). These results demonstrate that calcineurin is a
regulator of myocyte differentiation and confirm the specificity
of cyclosporine in attenuating myocyte differentiation.

To quantify the effects of Adcain and AdCnA infection on
myocyte differentiation, we performed Western blotting of to-
tal MyHC levels in extracts of C2C12 or Sol8 cells. Consistent
with immunocytochemistry data, we observed that AdCnA in-
fection induced a quantitative increase in the total MyHC
protein level at 72 h compared with the level induced in unin-
fected or Adpgal-infected C2C12 cells (Fig. 2M). A similar
increase in the MyHC protein level was also observed in
AdCnA-infected Sol8 myocytes (Fig. 2M). Conversely, inhibi-
tion of calcineurin activity with Adcain reduced MyHC protein
expression (Fig. 2M). These data were quantified in five indi-
vidual experiments which demonstrated a greater than three-
fold increase in the total MyHC protein level at 72 h in
AdCnA-infected C2C12 cells, while Adcain-infected C2C12
cells had twofold-less MyHC protein (P < 0.05) (Fig. 2N).

Calcineurin induces NFATc3 nuclear translocation in myo-
blasts. Members of the NFAT family of transcriptional activa-
tors are targets of calcineurin in multiple cell types (reviewed
in reference 13). Using adenovirus-mediated gene transfer, we
determined that AdCnA induced NFATc3 nuclear transloca-
tion in C2C12 myoblasts while NFATc2 and NFATcl re-
mained cytoplasmic (Fig. 3C and data not shown). AdCnA-
induced NFATc3 nuclear translocation was similar to nuclear
translocation induced by thapsigargin (Fig. 3E). Infection with
control Adpgal did not induce NFATc3 nuclear translocation
(Fig. 3A). These data indicate that only NFATc3 is regulated
by calcineurin in pre-differentiated C2C12 myoblasts, implicat-
ing NFATCc3 as an early regulator of differentiated gene ex-
pression. We also examined the effects of AdCnA infection
on NFAT nuclear translocation in differentiated C2C12 myo-
tubes. While only NFATc3 was regulated by calcineurin in
myoblasts, we observed that NFATcl was regulated by cal-
cineurin in differentiated C2C12 myotubes (data not shown).

To extend these observations, cytoplasmic or nuclear protein
fractions were generated from adenovirus-infected C2C12 cells
for Western blot analysis. The data demonstrate that AdCnA
infection resulted in a loss of NFATc3 from the cytoplasm and
an increase in its level in the nucleus (Fig. 3G). In contrast,
Adcain infection resulted in a relative increase in the level of
NFATCc3 in the cytoplasm and a decrease in its level in the
nucleus (Fig. 3G). We also noted that nuclear NFATc3 protein
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FIG. 2. Calcineurin enhances myogenic differentiation in myoblast cell lines. (A, E, and I) C2C12 myocytes were placed in DM for 24, 48, or 72 h without adenovirus
infection. (B, F, and J) AdBgal infection did not influence the degree of myotube formation, the size of myotubes, or their degree of multinucleation. (C, G, and K)
AdCnA-infected C2C12 myocytes displayed enhanced differentiation characterized by increased numbers of myosin-expressing cells and increased multinucleated cells.
(D, H, and L) Inhibition of calcineurin activity by Adcain infection attenuated myocyte differentiation. Total myosin (MF-20 antibody) is shown in green, and nuclei
are shown in blue. (M) Western blotting for total MyHC protein was assessed 72 h after adenovirus infection of either C2C12 or Sol8 myocytes. (N) Western blot
quantitation of MyHC protein expression in C2C12 cells was averaged from five independent experiments, and the mean values and SEM are shown.

had a slightly faster migration than the cytoplasmic fraction,
consistent with its dephosphorylation (Fig. 3G). To properly
identify NFATc3 on a Western blot, protein extracts were
generated from NFATc3-transfected 10T1/2 cells, which re-
vealed a size of 130 kDa (Fig. 3G).

Calcineurin is sufficient to induce myogenic differentiation
in the absence of IGFs. To further characterize the involve-
ment of calcineurin in IGF-induced myogenesis, we employed
C2BP-5 cells which stably express IGFBP-5 (22). IGFBP-5 is a
highly conserved IGF binding protein that is expressed during
muscle differentiation in vitro and in vivo (19, 23). Our previ-
ous studies indicate that forced expression of IGFBP-5 inhibits
muscle cell differentiation, which can be rescued by exogenous
IGF-1 treatment (22) (Fig. 4A to D). We first characterized
calcineurin activity in C2BP-5 cells, which demonstrated activ-
ity of 0.46 = 0.09 pmol/min/pg in unstimulated cells compared
with a value of 1.03 = 0.01 pmol/min/pg in cells treated with
IGF-1 for 24 h.

Remarkably, AdCnA, but not AdBgal, infection of C2BP-5
cells was sufficient to rescue differentiation in the absence of
IGF signaling (Fig. 4E and F). Furthermore, AdCnA potenti-

ated the IGF-1-induced hypertrophy of C2BP-5 cells (Fig. 4G
and H). Myocyte differentiation was quantified by Western
blotting for MyHC protein levels. The data demonstrate that in
the absence of IGF-1 stimulation (in DM), no MyHC protein
was expressed (Fig. 41, lanes 3 and 9). However, AdCnA in-
fection was sufficient to induce myosin expression in the ab-
sence of IGF-1 at either 48 or 96 h in DM (lanes 5 and 11).
These data indicate that calcineurin is sufficient to induce
myocyte differentiation in the absence of IGF signaling, impli-
cating calcineurin as a sufficient regulator of IGF-induced dif-
ferentiation.

Despite the ability of calcineurin to promote differentiation
in the absence of IGF-1 signaling in C2BP-5 cells, inhibition of
calcineurin with cyclosporine or Adcain did not block IGF-1-
induced differentiation (data not shown). These data indicate
that while calcineurin is sufficient to act in the absence of
IGF-1 signaling, other IGF-1-stimulated signaling pathways
(e.g., phosphatidylinositol 3-kinase) are sufficient to promote
myogenic differentiation in the absence of calcineurin. Indeed,
Adcain infection of C2C12 cells only mildly attenuated differ-
entiation in response to growth factor withdrawal (Fig. 2).
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FIG. 3. Calcineurin induces nuclear translocation of NFATc3 in C2C12 myoblasts. C2C12 myoblasts were immunostained 13 h after adenovirus infection with an
antibody against NFATc3, and nuclei were counterstained with bisbenzimide (blue). (A and B) In AdBgal-infected cells, NFATc3 was localized mostly to the cytoplasm.
(C to F) Infection with AdCnA induced nuclear translocation of NFATc3 (C and D), similar to calcium mobilization by thapsigargin treatment (E and F). (G) Protein
fractionation followed by Western blotting revealed a loss of NFATc3 (arrow) from the cytoplasm and a redistribution to the nucleus in AdCnA-infected C2C12 cells
(asterisks). In contrast, Adcain infection was associated with a mild increase in cytoplasmic NFATc3 and less in the nucleus (arrowheads). NFATc3-transfected 10T1/2

cell extract is shown as a mobility control.

Calcineurin cooperates with MyoD to induce myogenic con-
version of 10T1/2 fibroblasts. C2C12 and Sol8 are satellite cell
lines derived from adult mouse limb muscle and 4-week-old
mouse soleus muscle, respectively (7, 37). Since satellite cell
lines have an inherent predisposition to differentiate into myo-
tubes, we sought another model system that was unbiased as
to its cell fate. Therefore, we used MyoD-induced conversion
of 10T1/2 fibroblasts to confirm the role of calcineurin and
NFATc3 in myogenesis. 10T1/2 fibroblasts were transfected
with an expression vector encoding the myogenic transcription
factor MyoD or cotransfected with MyoD and a constitutively

active form of calcineurin. Immunocytochemistry for total
MyHC demonstrated that MyoD expression in 10T1/2 cells
induced myogenic conversion (Fig. 5B) while calcineurin co-
transfection significantly enhanced differentiation such that
each myotube was larger and more likely to be multinucleated
(Fig. 5C).

To examine the effects of calcineurin cotransfection in more
detail, myogenin immunocytochemistry was performed. Myo-
genin immunocytochemistry demonstrated that calcineurin co-
transfection did not increase the total number of specified
myocytes (myogenin-positive cells) but that by enhancing dif-
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FIG. 4. Calcineurin is sufficient to induce differentiation in an IGF-inhibited
cell line. (A to D) C2BP-5 cells failed to differentiate in DM after 48 or 96 h in
the absence of exogenous IGF-1 (A and B); however, supplementation with
IGF-1 rescued differentiation by 96 h but not by 48 h (C and D). (E and F)
AdCnA infection of C2BP-5 myoblasts maintained in DM demonstrated notice-
able differentiation by 48 and 96 h. (G and H) AdCnA infection in the presence
of IGF-1 promoted even greater differentiation and increased the myotube size
by 96 h. (I) Western blotting for total MyHC protein demonstrated that
Adpgal-infected C2BP-5 cells completely lacked MyHC protein at 48 or 96 h in
the absence of IGF-1 (lanes 3 and 9). However, AdCnA-infected cells displayed
abundant MyHC protein expression at 48 and 96 h in the absence of IGF-1 (lanes
5 and 11).

ferentiation, more MyHC-expressing cells were visible (Fig. 6
and data not shown). We also observed that calcineurin trans-
fection alone (Fig. 5SA) or calcineurin cotransfection with
NFATcl1, NFATc3, or NFATc4 failed to induce myogenesis
without MyoD (data not shown).

To examine the necessity of calcineurin activity in MyoD-
induced 10T1/2 cell myogenic conversion, an expression vector
encoding the noncompetitive calcineurin-inhibitory domain of
cain was utilized. Cotransfection of MyoD with cain blocked
MyHC protein expression and myotube formation (Fig. 5D).
However, MyoD-cain cotransfection did not inhibit the num-
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ber of myogenin-positive cells, suggesting that calcineurin was
not regulating myocyte specification but instead was regulating
the subsequent differentiation (Fig. 6B).

To quantify myogenic conversion, we performed Western
blotting for total MyHC protein. In the presence of calci-
neurin, MyoD-induced myogenesis of 10T1/2 cells was typically

CnA

MyoD

MyoD
+CnA

MyoD
+cain

E

MyoD MyoD
+CnA +cain

- -

FIG. 5. Calcineurin enhances the differentiation of 10T1/2 cells transfected
with MyoD. (A) 10T1/2 fibroblasts were transiently transfected with an expres-
sion vector encoding a constitutively active calcineurin Aa protein and subse-
quently immunostained for total MyHC protein (MF20 antibody). No MyHC
was detected after 6 days in DM. (B) In contrast, transient transfection of an
MyoD-encoding expression vector induced the conversion of fibroblasts into
MyHC-expressing myotubes (green stain). (C) Cotransfection of MyoD and
calcineurin resulted in a dramatic enhancement in the MyHC immunoreactivity
and size of each converted cell. (D) However, inhibition of calcineurin activity
with a cain (194-amino-acid fragment) expression vector blocked MyoD-directed
differentiation. (E) Western blot quantitation revealed a dramatic increase in
the amount of total MyHC protein between MyoD and calcineurin, while cain
blocked MyHC expression. Identical results were obtained in four independent
experiments.

None

MyoD

MyHC —
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FIG. 6. Myogenin immunocytochemistry reveals that calcineurin does not
alter myocyte commitment. (A) 10T1/2 cells transiently transfected with MyoD
become immunoreactive for the muscle-specific marker myogenin (arrowhead,
green staining). (B) Even though cain cotransfection blocks MyoD-directed
MyHC expression, these cells still express myogenin, suggesting no loss of trans-
fected cells or in their respecification to the myogenic lineage. (C) Cotransfection
of MyoD and calcineurin (CnA) also does not alter the number of myogenin-
positive cells. Transfected cells were shifted to DM for 6 days before being
immunostained for myogenin.

characterized by a 20-fold increase in the MyHC protein level
(Fig. 5E). In contrast, no MyHC expression was detected in
extracts from 10T1/2 cells cotransfected with MyoD and cain
(Fig. 5E). These results were confirmed in four separate ex-
periments. Taken together, these findings indicate that cal-
cineurin signaling is necessary for MyoD-induced myogenic
differentiation of uncommitted fibroblasts.

NFATc3 enhances the myogenic activity of MyoD. To fur-
ther examine the mechanism whereby calcineurin-signaling
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pathways might cooperate with MyoD, we assayed the ability
of different NFAT factors to enhance differentiation (Fig. 7).
Using cotransfection assays, we observed that NFATc3, but
not NFATc4 or NFATcl, enhanced the differentiation of
MyoD-specified 10T1/2 cells (Fig. 7A to D). We also deter-
mined that even a constitutively nuclear form of NFATc4 or
NFATec1 (10, 35) was incapable of significantly enhancing myo-
genesis to the extent observed with wild-type NFATc3 (data
not shown). Western blotting for total MyHC was performed

MyoD

MyoD
+NFATc1

C

MyoD
+NFATc4

MyoD
+NFATc3

E
MyoD+: = ¥ ¢ &
MyHC

FIG. 7. NFATCc3 collaborates with MyoD to induce myogenic conversion in
transiently transfected 10T1/2 cells. (A) 10T1/2 cells were grown in DM for 6
days after transfection with MyoD and stained for total MyHC protein (MF20
antibody). (B and C) Cotransfection of MyoD with either a constitutively nuclear
or wild-type (not shown) NFATc1- or NFATc4-encoding vector did not signifi-
cantly enhance 10T1/2 cell differentiation or MyHC immunostaining. (D) In
contrast, cotransfection of a expression vector encoding full-length NFATc3
produced a noticeable enhancement of myogenesis (extent of differentiation).
(E) Western blot analysis for total MyHC protein levels demonstrated that only
NFATc3 enhanced the effects of MyoD. These results were similar in three
independent experiments. CnA, calcineurin.
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FIG. 8. Calcineurin promotes the expression of slow fiber MyHC isoform in
C2C12 and 10T1/2 cells. (A) Extracts from transiently transfected 10T1/2 cells
were probed with antibodies against total, slow, or fast MyHC antibody. Cal-
cineurin (CnA) cotransfection induced slow myosin but not fast myosin. In
contrast, mitogen-activated protein kinase kinase 6 (MKK6) cotransfection in-
duced fast myosin but not slow myosin. These data indicate that increased slow
MyHC protein expression is specific to calcineurin and is not the result of a
general enhancement of differentiation. (B and C) Quantitation of these effects

from multiple independent experiments demonstrates augmented slow MyHC
protein levels in both 10T1/2 cells and C2C12 cells infected with AdCnA.

to quantify enhanced myogenesis afforded by NFATc3 cotrans-
fection with MyoD (Fig. 7E). The data demonstrated a repro-
ducible 10- to 20-fold increase in MyHC protein expression
with NFATCc3 cotransfection, similar to calcineurin cotransfec-
tion. These data were confirmed in three separate experiments.

Calcineurin promotes slow-fiber-specific MyHC expression
in vitro and in vivo. It was previously reported that cyclospor-
ine induced fast-fiber-type switching in the muscles of rodents
over 2 to 6 weeks of treatment (10, 16). These data imply that
calcineurin normally plays a role in promoting slow-fiber-type
specificity. To directly test this notion, we assayed the distri-
bution of slow- or fast-fiber-specific MyHC isoforms in 10T1/2
fibroblasts transfected with MyoD and calcineurin (Fig. 8A).
Western blotting demonstrated a pronounced increase in slow
MyHC protein content in MyoD-calcineurin-cotransfected
10T1/2 cells compared to that in MyoD-transfected cells alone
(Fig. 8A). In contrast, fast MyHC protein levels were not
increased by calcineurin cotransfection (Fig. 8A, lanes 1 and
2). Quantitation of multiple experiments revealed an approx-
imately sixfold increase in slow MyHC protein expression by
calcineurin cotransfection in 10T1/2 cells (n = 6) with no
change in fast MyHC protein levels (Fig. 8B). Similarly,
AdCnA infection of C2C12 cells promoted a twofold increase
in slow MyHC protein expression (n = 5) without causing a
change in fast MyHC protein expression (Fig. 8C).

Since calcineurin potentiates myogenic differentiation, it is
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feasible that any enhancement of differentiation in C2Cl12,
Sol8, or MyoD-converted fibroblasts might result in preferen-
tial slow MyHC protein expression. To assess specificity, we
sought to enhance MyoD-directed differentiation of 10T1/2
cells in a calcineurin-independent manner. Previous studies
have shown that p38 activation also enhances myogenic differ-
entiation (61). As a control, we cotransfected MyoD with an
expression vector encoding constitutively active MKK6 (which
activates p38), which dramatically increased total MyHC pro-
tein expression (Fig. 8A, lane 3). However, enhanced myogen-
esis directed by MKKG6 did not promote slow MyHC protein
expression but instead promoted fast MyHC expression (Fig.
8A, lane 3). These data indicate that calcineurin activation
promotes slow-fiber-type specificity in vitro while p38 activa-
tion enhances a fast-fiber-type program in the presence of
transfected MyoD (see Discussion).

To extend these in vitro observations, AdCnA was injected
into the gastrocnemius muscle of 4-day-old neonatal rat pups
for subsequent immunohistochemical analysis of slow MyHC
protein expression in vivo. Two weeks after AdCnA injection
(1.0 X 10° PFU), we observed induction of slow MyHC protein
in predominantly fast MyHC-expressing areas of the gastroc-
nemius muscle that was coincident with expression of the ac-
tivated calcineurin protein (Fig. 9A and B). In contrast,
Adpgal infection (nucleus localized) did not correlate with
slow MyHC protein expression (Fig. 9C and D). These data
indicate that calcineurin activation is sufficient to induce slow
MyHC in vivo.

DISCUSSION

In this study we demonstrate that calcineurin signaling
contributes to the initial events of myogenic differentiation
through an NFATc3-dependent mechanism. Calcineurin aug-
mented the differentiation of C2C12 myoblasts, Sol8 myo-
blasts, 10T1/2 fibroblasts transfected with MyoD, and modified
C2C12 myoblasts expressing an inhibitor of IGF signaling. The
transcription factor NFATc3 is implicated as the critical down-
stream mediator of the effects of calcineurin in four ways. First,
NFATCc3 is the only NFAT factor which translocates to the
nucleus in response to calcineurin in C2C12 myoblasts and
10T1/2 fibroblasts at the onset of differentiation. Second,
NFATc3 cotransfection with MyoD increases MyHC expres-
sion in 10T1/2 fibroblasts. Third, inhibition of NFATc3 nuclear
translocation in 10T1/2 fibroblasts using a calcineurin inhibi-
tory peptide (cain) blocks differentiation. Fourth, initiation of
differentiation in C2C12 cells is coincident with the appearance
of a faster-migrating isoform of NFATc3, suggesting specific
dephosphorylation by calcineurin. In contrast, NFATc3 did not
promote slow-MyHC expression, indicating that calcineurin
specifies a slow-fiber-type program through other factors.

Endogenous calcineurin is activated at the onset of myocyte
differentiation. Removal of growth factors from the culture
medium results in the initiation of myogenic differentiation of
most primary and established myoblast cell lines. This event is
associated with altered intracellular signaling such that some
pathways are inhibited while others are activated. Growth fac-
tor withdrawal is also associated with the production of locally
acting IGF proteins which are thought to promote myocyte
differentiation (43, 55). We observed a transient, 2.7-fold in-
crease in calcineurin phosphatase activity at the onset of myo-
blast differentiation in the absence of any change in calcineurin
protein content (catalytic subunit, molecular mass of 61 kDa)
(Fig. 1). This increase in calcineurin enzymatic activity gradu-
ally decreased as differentiation progressed in C2C12 myocytes
and was completely inhibited by Adcain infection.
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FIG. 9. Adenovirus-mediated gene transfer of activated calcineurin in the rat gastrocnemius induces slow MyHC expression in vivo. (A) Immunostaining with
calcineurin (CnA)-specific antibody (which readily detects the activated form of calcineurin) on histological sections from an injected rat gastrocnemius demonstrates
a large region of expression (red). (B) Coimmunostaining with slow MyHC antibody (green) demonstrates largely coincident staining (see arrowheads). (C) As a
control, AdBgal infection was performed followed by immunostaining with a B-galactosidase (B-gal) antibody (nuclear staining in red). (D) Slow MyHC protein (green)

was not coincident with AdBgal infection.

Two recent studies have also shown increased calcineurin
activity or protein content during myocyte differentiation (39,
46). However, our data differed slightly from those in both
reports. Semsarian et al. demonstrated that IGF-1-induced
C2C12 differentiation resulted in a sustained increase in cal-
cineurin enzymatic activity throughout differentiation, without
a corresponding change in calcineurin catalytic protein levels
(46). In contrast, using a stable IGF-1-expressing L6E9 cell
line, Musaro et al. found a sustained increase in calcineurin
protein levels during differentiation (39). While augmentation
of calcineurin was identified in both studies, the exact details
are different, possibly due to differences in cell lines and/or
culture conditions.

The underlying molecular mechanisms whereby endogenous
calcineurin is activated by growth factor withdrawal or by IGFs
is unknown. Calcineurin activation is typically calcium and
calmodulin dependent, although long-chain fatty acids and ar-
achidonic acid have recently been shown to potently activate
calcineurin, independent of calcium/calmodulin (26). Local or
subcellular alterations in calcium concentrations might also be
sufficient to activate calcineurin. Indeed, insulin stimulation of
myocytes was shown to produce a 70% increase in the subsar-
colemma calcium concentration through L-type channels with-
out affecting basal calcium levels (9). In addition, IGF-1-trans-
fected C2C12 myotubes demonstrated higher intracellular
calcium concentrations than did control myotubes (46). Alter-
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natively, calcineurin might be regulated by the loss of an in-
hibitory factor or signal at the onset of differentiation.

Calcineurin and IGF-1 signaling. The molecular alterations
which initiate myocyte differentiation in culture are largely
complete within 24 h of growth factor withdrawal or IGF-1
stimulation. During this critical period, calcineurin is activated
and NFATCc3 is translocated to the nucleus. Musar6 et al.
reported that a delay of cyclosporine administration until 48 h
after the initiation of differentiation was ineffective in blocking
differentiation, suggesting that calcineurin activity is required
only at the onset of differentiation (39). Similarly, our data
demonstrated that Adcain or AAAKAP (calcineurin-inhibitory
domain of AKAP79) only mildly inhibited (twofold) C2C12 or
Sol8 cell differentiation and did not affect the differentiation of
C2BP-5 cells treated with exogenous IGF-1. Collectively, these
data suggest that while calcineurin is sufficient to promote
differentiation in the absence of IGF-1 signaling, inhibition of
calcineurin cannot override the effects of other signaling path-
ways downstream of IGF-1. Despite this conclusion, we also
noted that cain blocked the differentiation of 10T1/2 fibro-
blasts when cotransfected with MyoD. These data suggest that
conversion of 10T1/2 cells by MyoD is more sensitive to cal-
cineurin inhibition. Alternatively, the inability of cain to com-
pletely abolish differentiation in C2C12 and Sol8 cells, com-
pared with converted 10T1/2 cells, may be due to the presence
of an intrinsic program and numerous myogenic promoting
factors in C2C12 and Sol8 myoblasts.

NFATc3 enhances myocyte differentiation. Although three
NFAT family members are present in the cytoplasm of undif-
ferentiated human myoblasts, only NFATc3 translocates to the
nucleus during the onset of differentiation whereas NFATcl
and NFATc2 translocate to the nucleus of more mature myo-
tubes (1). We observed an identical regulatory hierarchy
among the NFAT family members in differentiating C2C12
myocytes (Fig. 2 and data not shown). This raises the possibil-
ity that NFATc3 activates genes essential for the initiation of
myogenesis while NFATc1 and NFATCc2 function in the main-
tenance of the myogenic state or are involved in secondary
myofiber formation. We also observed that only NFATc3 en-
hanced MyoD-induced conversion of 10T1/2 fibroblasts and
that blocking NFATc3 nuclear translocation with cain pre-
vented 10T1/2 myogenic differentiation. It is unclear why
NFATCc3 is dramatically more efficient in promoting myocyte
differentiation than are the other NFAT factors tested. How-
ever, NFATc3 may interact with different cofactors or bind
slightly different sequence elements in gene promoters to pro-
vide specificity. It will be interesting to monitor the kinetics of
muscle development or myofiber regeneration in NFATc3-
targeted mice. Indeed, NFATc3 knockout mice appear to have
a muscle defect related to differentiation (U. Delling and J. D.
Molkentin, unpublished data).

Slow- versus fast-fiber-type programs. Two previous studies
have demonstrated that cyclosporine administration augments
fast MyHC protein expression in skeletal muscle (10, 16), while
a third study reported no effect of cyclosporine on fiber spec-
ificity (6). The data presented in this report support the no-
tion that calcineurin regulates fiber specificity. In two of three
previous studies, calcineurin inhibition was associated with
decreased slow-fiber-type specificity, suggesting that basal cal-
cineurin activity normally promotes the slow-fiber-type pro-
gram. In this study, we directly demonstrated that enhanced
calcineurin activity promotes slow MyHC protein expression in
10T1/2 cells and C2C12 myocytes and in skeletal muscle in
vivo.

Conversion of 10T1/2 cells with MyoD represents an ideal
experimental system to examine fiber type gene expression
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because 10T1/2 cells have no predetermined specificity for fast
or slow programs. However, MyoD enhances the expression of
fast type IIB expression in C2C12 and HepG2 cells and is
associated with fast-fiber-type switching in unloaded soleus
muscle (57). We also observed that MKK6 was capable of
enhancing the MyoD-induced conversion of 10T1/2 fibroblasts
according to a fast program (Fig. 8). Despite a propensity for
MyoD to promote fast MyHC protein expression, calcineurin
cotransfection preferentially induced endogenous slow MyHC
protein expression. This mechanism is consistent with the data
of Chin et al., who demonstrated in transient-transfection ex-
periments that calcineurin potentiated the expression of the
slow TnI and myoglobin promoters but not of fast associated
promoters such as muscle creatine kinase (10).

The intrinsic specificity of C2C12 or Sol8 myocytes for fast
or slow fiber types has not been previously examined. Both cell
lines were derived from satellite cells in the mouse (7, 37).
Recent investigation has suggested that satellite cells remain
unspecified toward a fast- or slow-lineage commitment, regard-
less of their origins (12). The commitment to a slow or fast
fiber type is thought to be plastic, such that changes in motor
nerve activity transform the specificity (reviewed in reference
59). As proposed previously (10), calcineurin represents an
ideal signaling factor to integrate changes in gene expression in
response to cumulative changes in muscle activity. Specifically,
slow fibers are associated with chronic workloads and tonic
motor nerve activity, which result in higher basal calcium con-
centrations (11). In contrast, fast fibers are thought to have
substantially lower levels of calcium at rest and generally have
lower tonic motor nerve activity (56). Since calcineurin is ac-
tivated primarily by sustained elevations in intracellular cal-
cium levels (15), slow fibers may preferentially utilize cal-
cineurin to integrate calcium concentration with slow-fiber-
type gene expression.

In vivo, we observed that adenovirus-mediated gene transfer
of activated calcineurin promotes slow-MyHC expression after
2 weeks. AdCnA was injected into the gastrocnemius, which is
a predominantly fast muscle in the rat. We observed that more
than 90% of the muscle cells that expressed the activated
calcineurin protein were also positive for slow MyHC, as as-
sessed by double-antibody labeling (Fig. 9). In contrast,
AdBgal injection did not induce slow MyHC protein expres-
sion. Recently, transgenic mice expressing an activated cal-
cineurin cDNA under control of the muscle creatine kinase
promoter were reported (39a). These mice were characterized
by increased numbers of slow fibers in specific regions of the
body. Our study confirms these results and extends the para-
digm such that only 2 weeks of activated calcineurin expression
is sufficient to cause fiber switching.

While calcineurin is activated downstream of IGF-1 in the
induction of myocyte differentiation, it is not certain how
IGF-1 stimulation relates to fiber type specificity. IGF-1 was
reported to induce a phenotype in skeletal muscle that is con-
sistent with the fast-fiber program (47); however, another study
reported that IGF-1 had no inherent ability to specify slow or
fast fibers (2). It is likely that calcineurin is but one component
of a multicomponent signaling pathway which integrates IGF-1
signaling in myocytes. It is also likely that IGF-1 operates in
concert with other growth factors and intrinsic mechanisms to
promote myocyte differentiation and fiber type specificity in
vivo.

Consistent with the notion that multiple signaling pathways
mediate myocyte differentiation and fast or slow fiber types, we
determined that NFATc3 functioned only in the enhancement
of myogenic differentiation and not in fiber type specificity.
These data indicate that calcineurin acts through NFATc3 to
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regulate myocyte differentiation but that calcineurin acts inde-
pendent of NFATc3 in promoting slow-fiber specificity. This
conclusion does not rule out a role for NFATc1 or NFATc2 as
downstream effectors of the slow-fiber-type program. Alterna-
tively, calcineurin may function through other intracellular me-
diators and signaling pathways to promote the slow-fiber-type
program.
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