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Abstract
This review will discuss the existing literature that has examined the role of calcineurin (CnA) in
the regulation of skeletal muscle mass in conditions associated with hypertrophic growth or
atrophy. Muscle mass is determined by the balance between protein synthesis and degradation
which is controlled by a number of intracellular signaling pathways, most notably the insulin/IGF/
phosphatidylinositol 3-kinase (PI3K)/Akt system. Despite being activated by IGF-1 and having
well-described functions in the determination of muscle fiber phenotypes, calcineurin (CnA), a
Ca2+-activated serine/threonine phosphatase, and its downstream signaling partners have garnered
little attention as a regulator of muscle mass. Compared to other signaling pathways, the relatively
few studies that have examined the role of CnA in the regulation of muscle size have produced
discordant results. The reasons for these differences is not obvious but may be due to the selective
nature of the genetic models studied, fluctuations in the endogenous level of CnA activity in
various muscles, and the variable use of CnA inhibitors to inhibit CnA signaling. Despite the
inconsistent nature of the outcomes, there is sufficient direct and indirect evidence to conclude that
CnA plays a role in the regulation of skeletal muscle mass.
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INTRODUCTION
Skeletal muscle hypertrophy is an adaptive process that results largely from stimulation of
mTOR and protein synthesis pathways by exercise, growth factors and other anabolic
hormones, and neuronal input. In contrast, muscle atrophy is a debilitating consequence of a
range of pathologic and metabolic conditions including disuse/inactivity, cancer, renal
failure, diabetes, AIDS, and sepsis. It is widely accepted that skeletal muscle atrophy is a
combinatorial process that involves both a decrease in muscle protein synthesis and an
increase in protein degradation (Eley and Tisdale, 2007, Jackman and Kandarian, 2004,
Powers et al., 2007). Given the physiological complexity of maintaining muscle mass, it is
important to understand the underlying mechanisms that lead to changes in skeletal muscle
protein synthesis and degradation during growth and atrophy.

Over the past decade, a number of studies have examined the role of calcineurin (CnA) in
the regulation of skeletal muscle mass. CnA, also known as protein phosphatase-3, is a
serine/threonine phosphatase that is activated by sustained increased levels of intracellular
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Ca2+ (Crabtree, 1999). CnA is a heterodimeric complex composed of a catalytic A subunit
and smaller calcium-binding regulatory B subunit (Crabtree, 1999, Rusnak and Mertz,
2000). Three 59–62 kDa isoforms of the catalytic CnA subunit have been identified that
arise from separate genes: CnAα, CnAβ, and CnAγ (Klee et al., 1998, Rusnak and Mertz,
2000). CnAα and CnAβ are abundant in a wide variety of tissues including skeletal muscle.
In contrast, CnAγ is predominately located in the testis and brain as a result of differential
gene expression (Klee, Ren, 1998, Rusnak and Mertz, 2000). The presence of microRNAs
that specifically target CnAγ may also contribute to its tissue expression pattern (Chhabra et
al., 2011).

Although the downstream effectors of CnA have not been fully elucidated, CnA signaling is
known to be important for proper function of both cardiac and skeletal muscle. In skeletal
muscle, CnA participates in a variety of processes including myoblast recruitment, myotube
differentiation, fiber type specification, and recovery from muscle injury and dystrophic
muscle damage (Friday et al., 2000, Horsley et al., 2001, Horsley et al., 2003, Naya et al.,
2000, Parsons et al., 2003, Stupka et al., 2006). There are several excellent reviews of the
central role of CnA signaling in cardiac muscle and specification of fiber types in skeletal
muscle (Fiedler and Wollert, 2005, Houser and Molkentin, 2008, Liu et al., 2010, Mallinson
et al., 2009, Molkentin, 2004, Schiaffino and Serrano, 2002, Wilkins and Molkentin, 2004),
but only a few have detailed the regulation of skeletal muscle size by CnA (Mitchell and
Pavlath, 2002, Schiaffino and Serrano, 2002). This report will focus on the role of CnA in
the control of muscle mass and discuss how manipulation of CnA signaling pathways may
have potential applications for treating skeletal muscle wasting.

ROLE OF CALCINEURIN IN MUSCLE GROWTH AND HYPERTROPHY
Protein synthesis is the major mechanism responsible for muscle growth. Generally
speaking, protein synthesis is thought to be regulated primarily through a highly conserved
signaling pathway involving insulin and IGF-1 in skeletal muscle (Schiaffino and
Mammucari, 2011). These hormones activate a common signaling cascade involving PI3K,
Akt, and mTOR that mediates skeletal muscle hypertrophy. Papers from the late 1990s
indicate that IGF-1-mediated growth requires CnA-NFAT signaling in addition to the PI3K/
Akt/mTOR signaling. Musaro et al. (Musaro et al., 1999) demonstrated that IGF-1 activates
CnA and its downstream targets, the NFAT transcription factors, but the activation
mechanism was not described. In similar studies, treatment of cultured myotubes with the
CnA inhibitor cyclosporine A (CsA) prevented IGF-1-induced hypertrophy (Musaro,
McCullagh, 1999, Semsarian et al., 1999). These early reports consistently show that
activation of CnA is necessary for muscle growth in response to IGF-1. Subsequent studies
using various in vitro and in vivo models of muscle growth produced inconsistent outcomes.
Some conclude that CnA is required for skeletal muscle hypertrophy whereas others exclude
a role for CnA signaling. Several observations may explain some of these disparities and
will be discussed in detail in the next two sections.

Genetic models that evaluate the effect of CnA on muscle size
A number of groups have examined the impact of CnA signaling using genetically modified
animal models (Kegley et al., 2001, Parsons et al., 2004, Parsons, Wilkins, 2003). Parsons et
al. (Parsons, Wilkins, 2003) studied both CnAα−/− and CnAβ−/− mice at 8–10 weeks of age
and reported that neither had smaller muscle sizes relative to wild-type controls. This
conclusion was based on muscle weight data that was normalized to body weight and
importantly, both knockout strains of mice had overall diminished body size. Thus, it is
likely that the absolute mass of the muscles were smaller in mice with reduced CnA activity.
In later studies, the same group observed that deletion of CnAβ failed to block IGF-1-
induced or mechanical overload-induced hypertrophy (Parsons, Millay, 2004). They
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commented that the numbers of muscle fibers in hindlimb muscles of the CnAβ−/− mice
were reduced suggesting the initial size of the muscles might have been smaller.

In related studies, Kegley and colleagues (Kegley, Gephart, 2001) evaluated muscle mass in
NFATc3−/− transgenic mice and found that they had smaller soleus and EDL muscles. The
decrease in size was attributed to a reduction in the number of muscle fibers. Fiber size and
muscle organization were unaltered. Importantly, they noted the levels of other CnA
regulated NFAT isoforms were unaltered in the model. Thus, the possibility cannot be
excluded that other active NFATs present in muscle were sufficient to maintain adequate
CnA signaling.

In a gain of function study, Naya et al (Naya, Mercer, 2000) found no evidence of muscle
hypertrophy in hindlimb muscles of 3-month old transgenic mice overexpressing CnAα
under the control of the muscle creatine kinase (MCK) promoter (MCK-Cn*); activated
CnA is expressed in all skeletal muscles in these mice. Strangely, the Naya group (Talmadge
et al., 2004) reported in a later study with MCK-Cn* mice that predominantly slow fiber
muscles underwent hypertrophy whereas predominantly fast fiber muscles had impaired
growth at 3 months of age. In yet another study using MCK-Cn* mice, Jiang et al. (Jiang et
al., 2010) reported no change in the size of soleus muscles whereas the EDL was smaller.
The authors concluded that MCK-Cn* mice undergo adaptive changes in muscle fiber
proportions and mitochondrial content that “mimic the response to chronic resistance
training”.

Dunn et al. (Dunn et al., 2000) studied both MCK-Cn* mice and transgenic mice that
overexpress activated CnAα under the control of the fast MLC (myosin light chain)
promoter which is active only in fast fibers. In both cases, there was no increase in size of
either predominantly fast or slow muscles. Furthermore, responses to mechanical overload
were similar in muscles of wild type, MCK-Cn* and MLC-Cn* mice. In contrast, they
reported that overexpression of a peptide inhibitor of calmodulin, which is immediately
upstream of CnA and required for its activation, blocks overload-induced hypertrophy.

Oh and colleagues (Oh et al., 2005) utilized a muscle-specific, inducible Flox-On transgenic
mouse model to examine the role of CnA signaling in muscle. They characterized mice that
overexpress an endogenous CnA inhibitor protein known as MCIP1 (also called RCAN1
(Davies et al., 2007)) in skeletal muscle and found they had a significant reduction in the
size of the soleus but not other muscles.

What are potential explanations for the disagreement in findings among these various gain
or loss of function models? One possibility is that variable levels of basal and stimulated
CnA activity are achieved in the different models. For example, the level of basal CnA
activity in the hindlimb of mice developed by Dunn and colleagues (Dunn, Chin, 2000) was
several times lower than in the mice studied by Talmadge et al. (Dunn, Chin, 2000,
Talmadge, Otis, 2004). Dunn and colleagues (Dunn, Chin, 2000) interestingly concluded
that endogenous CnA is able to accommodate large changes in upstream Ca2+-activated
signals. Another possibility is that CnAα and CnAβ have both overlapping and uniquely
different functions (Williams and Gooch, 2012). The same appears to be true for the NFAT
proteins (Mancini and Toker, 2009). Therefore, it is difficult to compare data from models in
which different proteins are manipulated. Finally, hypertrophy in response to growth factors
and other physiological stimuli (e.g., overload or regrowth after injury) involves a variety of
CnA-dependent and independent signaling pathways. Pertubations in one CnA pathway
component may not be sufficient to impact the overall growth process.
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Pharmacological models that evaluate the effect of CnA on muscle size
A second strategy that is frequently employed to study the role of CnA in growth and
hypertrophy involves the use of pharmacological inhibitors of CnA (e.g., cyclosporine;
FK506 (also known as tacrolimus)). In contrast to genetic knockout models, these
compounds affect both CnAα and CnAβ and presumably result in a more complete
inhibition of CnA signaling.

Bodine and colleagues (Bodine et al., 2001) administered either 15mg/kg of CsA or 3 mg/kg
of FK506 once daily for 30 days to rats following mechanical overload and found no
differences between muscles of treated and untreated animals. A number of other groups
reported that administration of 25mg/kg of CsA at least once daily for two or more weeks
prevents hypertrophy in both hindlimb suspension/reloading and mechanical overload
models of growth (Dunn et al., 1999, Mitchell et al., 2002, Oishi et al., 2008, Sakuma et al.,
2008). Similarly, Miyazaki and colleagues (Miyazaki et al., 2006) found that FK506 (5 mg/
kg daily) blocks the regrowth of the soleus muscle following hindlimb suspension.

These data suggest that inconsistent levels of CnA suppression may have been achieved with
different doses of inhibitors, thus resulting in different conclusions about the role of CnA in
the regulation of muscle growth. At higher doses, CnA inhibitors prevent regrowth or
hypertrophy although as in the genetic models, the effects seem to be more evident in
predominantly slow-fiber muscles like soleus. This is logical since CnA activity is higher in
slow than fast muscles.

ROLE OF CALCINEURIN IN SKELETAL MUSCLE PROTEIN DEGRADATION
The role of CnA in the maintenance of muscle size during atrophic conditions has only
recently been investigated in detail. Muscle atrophy largely results from activation of
intracellular proteolytic systems including the ubiquitin-proteasome pathway (Hudson et al.,
2012, Lecker et al., 2006, Lecker et al., 2004, Sacheck et al., 2007), the autophagy-lysosome
system (Mammucari et al., 2007), and select members of the calpain and caspase families
(Franch and Price, 2005, Lecker and Mitch, 2011, Powers et al., 2012, Smuder et al., 2012,
Whidden et al., 2010, Zheng et al., 2010). The cellular responses giving rise to increased
activities of these systems include a coordinated increase in gene expression for key
components of multiple proteolytic systems (i.e., atrophy-inducing genes or atrogenes).
Details of these processes can be found in a number of excellent reviews (Glass, 2005,
Jackman and Kandarian, 2004, Lecker, Jagoe, 2004, Powers et al., 2005, Schiaffino et al.,
2013, Ventadour and Attaix, 2006, Workeneh and Mitch, 2010). To briefly summarize, the
PI3K/Akt signaling system is the central pathway that controls proteolysis (as well as
protein synthesis). Inhibition of the pathway, genetically or pharmacologically, results in the
same atrophy-related responses that occur in conditions associated with muscle wasting
(Price et al., 2010, Sacheck et al., 2004, Schiaffino and Mammucari, 2011). When activated,
Akt phosphorylates the FOXO transcription factors that inhibit the expression of the muscle-
specific E3 ubiquitin ligases, atrogin-1/MAFbx and MuRF1, as well as other proteolytic
genes. When insulin or IGF-1 signaling is low or impaired (e.g., diabetes, kidney disease),
the activities of the FOXOs increase, resulting in upregulation of the ubiquitin-proteasome
and autophagy-lysosome systems (Mammucari, Milan, 2007, Sandri et al., 2004, Zhao et al.,
2007, Zheng, Ohkawa, 2010). Reduction of FOXO3 by siRNA or overexpression of a
dominant-negative plasmid attenuates muscle atrophy and in some cases actually induces
muscle growth (Reed et al., 2012, Sandri, Sandri, 2004).

Interestingly, PGC-1α, a transcriptional coactivator that regulates various aspects of skeletal
muscle metabolism, is reduced in skeletal muscle during conditions associated with FOXO
activation and atrophy (Arany, 2008, Mootha et al., 2003, Patti et al., 2003, Roberts-Wilson
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et al., 2010, Sandri et al., 2006). This is notable because Sandri et al. (Sandri, Lin, 2006)
reported that overexpression of PGC-1α attenuates FOXO activity; this effect decreased the
expression of atrogenes and protected muscles from denervation or starvation-induced
atrophy. Similarly, Wenz and colleagues (Wenz et al., 2009) found that overexpression of
PGC-1α prevented sarcopenia and muscle wasting associated with metabolic disorders. The
animals also had improved insulin signaling.

Recently, our lab identified an interaction between CnA activity and PGC-1α expression in
muscle during atrophy induced by streptozotocin-induced diabetes (Roberts-Wilson, Reddy,
2010). PGC-1α expression and CnA signaling were decreased in diabetic rat muscle.
Although CnA activity was not directly measured, several findings indicate that CnA
signaling was suppressed. First, luciferase activity in hindlimb muscles of NFAT-luciferase
transgenic mice was lower in diabetic than control mice. Second, the level of mRNA for
RCAN1-4, a gene target of NFAT, was also decreased in muscle by diabetes; RCAN1-4 are
a generally accepted surrogate of CnA activity (Ni et al., 2006, Ni et al., 2007). Last, a direct
link between PGC-1α expression and CnA activity is indicated by the reduced level of
PGC-1α mRNA measured in the hindlimb muscle of both CnAα−/− and CnAβ−/− mice
versus wild type controls. Others have reported that overexpression of CnA in skeletal
muscle results in increased PGC-1α expression (Guerfali et al., 2007, Jiang, Garcia-Roves,
2010, Long et al., 2007). In a recent study, Banzet and colleagues (Banzet et al., 2012)
reported that CsA treatment does not change PGC-1α mRNA expression in rat muscle. The
caveat to these experiments is that CsA was administered at a low dose (12.5mg/kg) for a
short time (2.5 days) and CnA activity was not consistently suppressed in all muscles tested.

There are several other less conventional mechanisms by which CnA may affect protein
degradation. Knockdown of a naturally occurring constitutively active variant of CnA,
CnAβ1, activates FOXO3 (Lara-Pezzi et al., 2007). Ectopic overexpression of CnAβ1
inhibits FOXO3 and prevents atrophy while transgenic overexpression of CnAβ1 in muscle
enhances muscle regeneration following damage (Lara-Pezzi, Winn, 2007). Despite the
mechanism of CnAβ1 action being unknown, the study suggests that selective activation of
specific CnA isoforms could provide a novel approach for treating muscle atrophy.

CnA could also indirectly protect muscle fibers from atrophy by raising the proportion of
slow fibers in muscles. For reasons that are not well understood, slow or Type I muscle
fibers are more resistant to atrophy than fast or Type II fibers (Sandri, 2008, Schiaffino et
al., 2007). CnA supports the slow fiber phenotype, in part, by maintaining PGC-1α through
activation of the MEF2 and NFAT transcription factors (Lin et al., 2002). In many diseases
(e.g., diabetes, cancer, kidney disease), fiber-type switching from slow to fast fibers occurs
(Stevenson et al., 2003). Atrogin-1, a muscle-specific E3 ubiquitin ligase that is upregulated
during atrophy, may contribute to this process because it initiates CnA degradation in
cardiomyocytes (Li et al., 2004). Therefore, a potential mechanism underlying the disease-
related fiber switching process is a reduction in both CnA and PGC-1α.

MicroRNAs provide yet another novel mechanism by which CnA may influence muscle
atrophy. In recent years, microRNAs have been suggested to have a therapeutic potential for
treating pathologic conditions (Quiat and Olson, 2013). MicroRNAs provide a post-
transcriptional mechanism by which the levels of specific proteins can be controlled in cells
(Allen and Loh, 2011, McCarthy et al., 2009, Wada et al., 2011). Although the regulation of
microRNAs is poorly understood in general, a few recent papers implicate CnA-related
signaling in the regulation of at least one microRNA that targets proteins involved in muscle
wasting.
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In 2011, Wada and colleagues (Wada, Kato, 2011) reported that microRNA-23a (miR-23a)
suppresses the translation of both atrogin-1 and MuRF1 in skeletal muscle. The potential
physiological importance of miR-23a during atrophy was demonstrated when ectopic
expression of miR-23a protected muscle from atrophy in vivo and in vitro. In the same
study, NFATc3 induced the activity of a miR-23a-responsive reporter gene in C2C12 muscle
cells; curiously, activated CnAα did not induce the same response (Wada, Kato, 2011). It
remains unclear why activated CnAα did not increase miR-23a reporter gene expression
because both CnA and NFAT up-regulate miR-23a in cardiomyocytes (Lin et al., 2009).
Moreover, the miR-23a-27a-24-2 microRNA cluster in which miR-23a is located is
controlled by a single promoter that is responsive to CnA signaling in C2C12 myotubes
(Allen and Loh, 2011). Additional studies are needed to extensively evaluate the relationship
between CnA signaling, miR-23a expression, and the control of muscle size.

CONCLUSIONS
The maintenance of skeletal muscle mass requires a delicate balance between a variety of
positive and negative biological inputs. Most inputs achieve their results by activating
signaling pathways that coordinate a complex interplay between transcriptional, post-
transcriptional, and post-translation responses that fine tune protein synthesis and
degradation. A growing number of publications indicate that CnA is an integral part of some
of these regulatory mechanisms. The preponderance of evidence indicates that CnA is
involved in both muscle growth and wasting (Fig. 1). Details about how these responses are
achieved remain largely unknown; however, research during the last few years has
uncovered new, unexpected ways by which CnA seems to regulate protein turnover.

CnA inhibitors, including cyclosporine and tacrolimus (FK506), are often prescribed to
organ transplant patients as part of their immunosuppressive drug regimen (Masuda and
Inui, 2006). Most take CnA inhibitors along with other medications known to alter skeletal
muscle signaling including glucocorticoids, statins, and/or colchicine(Masuda and Inui,
2006). Moreover, well known side-effects associated with sustained use of CnA inhibitors
include nephrotoxicity, new onset diabetes mellitis, and peripheral neuropathy (English et
al., 2002, Heisel et al., 2004) which put patients at higher risks of developing muscle
atrophy. These complications make it difficult to ascertain the CnA inhibitor-related effect
on skeletal muscle in these patients (Breil and Chariot, 1999). These are important questions
to sort out in future studies.

In summary, current evidence supports both correlative and causal links between CnA and
muscle fiber size. The use of various genetic models to address questions about whether
CnA is required for muscle growth and hypertrophy have yielded inconsistent results.
Outcomes of similar studies performed using CnA have been more consistent when higher
doses of the compounds were used and indicate that intact CnA signaling is necessary to
maintain muscle size, especially in slow muscles. Recent evidence indicates that CnA
signaling is suppressed by atrophy-inducing conditions. This response causes a reduction in
a variety of mediators that act to antagonize key components of the protein degradation
machinery in muscle. Future examination of the signaling pathways regulating CnA as well
as its downstream mediators will be important areas of future research. Such studies could
provide novel insights about the regulation of muscle size in response to diverse anabolic
and catabolic conditions.
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Abbreviations

CnA calcineurin

CnAα α isoform of the CnA catalytic subunit

CnAβ β isoform of the CnA catalytic subunit

CsA cyclosporine

MEF2 myocyte enhancing factor 2

NFAT nuclear factor of activated T cells

phosphatidylinositol 3-kinase PI3K

FOXO Forkhead box O

IGF-1 insulin-like growth factor-1

MCK muscle creatine kinase

MLC myosin light chain
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Figure 1. A basic overview of the regulation of muscle size by CnA
Solid lines represent established pathways while dotted lines represent potential or
unverified interactions. CnA’s activation of PGC-1α via MEF2 and NFAT is currently
thought to be the primary signaling cascade by which CnA prevents muscle wasting.
However, CnA also potentially activates miR-23a, thus inhibiting Atrogin-1 and MuRF1,
either by direct activation or by first activating MEF2 and/or NFAT, representing an
additional mechanism whereby CnA may prevent muscle loss.
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