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The cellular inhibitor of apoptosis 1 (cIAP1) protein is an essential regulator of canonical and noncanonical
nuclear factor kB (NF-kB) signaling pathways. NF-kB signaling is known to play important roles in myogenesis
and degenerative muscle disorders such as Duchenne muscular dystrophy (DMD), but the involvement of cIAP1
in muscle disease has not been studied directly. Here, we asked whether the loss of cIAP1 would influence the
pathology of skeletal muscle in the mdx mouse model of DMD. Double-mutant cIAP12/2;mdx mice exhibited
reduced muscle damage and decreased fiber centronucleation in the soleus, compared with single-mutant
cIAP11/1;mdx mice. This improvement in pathology was associated with a reduction in muscle infiltration by
macrophages and diminished expression of inflammatory cytokines such as IL-6 and tumor necrosis factor-
a. Furthermore, the cIAP12/2;mdx mice exhibited reduced serum creatine kinase, and improved exercise endur-
ance associated with improved exercise resilience by the diaphragm. Mechanistically, the loss of cIAP1 was
sufficient to drive constitutive activation of the noncanonical NF-kB pathway, which led to increased myoblast
fusion in vitro and in vivo. Collectively, these results show that the loss of cIAP1 protects skeletal muscle from
the degenerative pathology resulting from systemic loss of dystrophin.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a severe and progres-
sive X-linked neuromuscular disorder resulting from mutations
causing the loss of dystrophin (1). Dystrophin functions as a
major structural protein in skeletal muscle, and its loss renders
the muscle highly vulnerable to mechanical damage. In
humans, continuing cycles of degeneration and regeneration
result in the exhaustion and senescence of the satellite cells,
which are responsible for muscle regeneration and eventual re-
placement of muscle with fat and connective tissue. Affected
individuals present with muscle weakness as early as two
years of age, and usually die in their late teens or early twenties
from pulmonary or cardiac failure. To date, there are no durable
treatments or cures for this disorder; it is thus crucial to develop
strategies that either improve the regenerative potential or
decrease the damage susceptibility of affected muscle.

Although the cause of DMD is well defined, the factors that
both perpetuate and aggravate the resulting muscle pathology

are poorly understood. A point of convergence for existing
corticosteroid therapies, immune system biology and skeletal
muscle regeneration is the nuclear factor kB (NF-kB) signaling
pathway. In recent years, multiple studies have addressed the
role of NF-kB in DMD, using the mdx mouse model in which
a nonsense mutation in the DMD gene causes a loss of functional
dystrophin (2,3). NF-kB transcription factors function as homo-
or heterodimers formed from five proteins: RelA/p65, RelB,
c-Rel, p105/p50 and p100/p52. The dimers remain sequestered
in the cytoplasm by inhibitor ofkB (IkB) proteins until a cascade
of signaling events triggers ubiquitination and degradation of
IkB, allowing the translocation of NF-kB to the nucleus. Canon-
ical NF-kB activity, mediated through the RelA:p50 dimer, is
chronically elevated in dystrophic muscle, and many reports
suggest that this elevation contributes to the resulting pathology
(4–6). The cellular inhibitors of apoptosis-1 and -2 (cIAP1 and
cIAP2) proteins regulate NF-kB signal transduction through
various mechanisms. The cIAPs are E3 ubiquitin ligases, and
generally function by ubiquitinating key scaffold adaptor
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proteins and kinases, targeting them for either degradation or
formation of signaling scaffolds (7,8). The cIAP1/2 proteins
are essential for canonical signaling triggered by tumor necrosis
factor (TNF) superfamily members, such as TNFa, CD40L and
TWEAK (TNFa-like weak inducer of apoptosis) (7–10). In this
case, either cIAP1 or cIAP2 catalyzes the K63 ubiquitination of
the kinase RIP1 (receptor interacting kinase 1), which assembles
a signaling complex that is required for signal transduction. The
cIAP1/2 proteins also function as negative regulators of a non-
canonical NF-kB pathway. Here, cIAP1/2, along with the
adapter proteins TRAF2 and TRAF3, forms a ubiquitin ligase
complex that targets the protein kinase NIK (NF-kB-inducing
kinase) for degradation (8,11). In the absence of cIAP1/2, the ac-
cumulation of NIK triggers the processing of p100 into its func-
tional p52 subunit, which forms a heterodimer with RelB and
translocates to the nucleus. NF-kB signaling through
p52:RelB leads to the transcription of target genes that are
both shared with and distinct from the canonical pathway
(12,13). Although canonical NF-kB signaling is well studied
in the context of muscle regeneration, the noncanonical
pathway is as yet poorly understood. Recent studies have high-
lighted the noncanonical pathway as promoting an oxidative
muscle fate, at least in part through transcriptional upregulation
of the mitochondrial regulator PGC-1b (14–16). Furthermore,
we recently showed that the noncanonical pathway is an
apical regulator of myoblast fusion, and improves regeneration
following cardiotoxin-induced injury (17). Either the loss of
cIAP1 or treatment with the cytokine TWEAK (9,18) is suffi-
cient to induce robust activation of the noncanonical pathway
and promote myoblast fusion in vitro and in vivo. However,
the outcomes of cIAP1/2 loss on muscle function and regener-
ation in a disease model have not been studied. Notably, only
cIAP1 and not cIAP2 is expressed in muscle cells (7), though
both cIAP1 and cIAP2 are present in myeloid cells which infil-
trate muscle tissue following injury. A cIAP1 knockout animal
is thus effectively a cIAP1/2 double-knockout in muscle,
whereas most other tissues retain the compensatory function
of cIAP2.

Here, we examined the effect of a loss of cIAP1 on the path-
ology of skeletal muscle in the mdx mouse. We show that the
loss of cIAP1 is associated with decreased damage, reduced
inflammation and improved contractile responsiveness of the
soleus muscle. We also show that in the absence of cIAP1,
mdx mice exhibit reduced diaphragm permeability and
improved endurance to treadmill exercise. In primary mdx
myoblasts, we show that the loss of cIAP1 leads to elevated
activation of both canonical and noncanonical NF-kB path-
ways, leading to delayed (but not impaired) myoblast differen-
tiation and increased myoblast fusion, respectively. These
results suggest that the downregulation of cIAP1, or the acti-
vation of the noncanonical NF-kB pathway, may have poten-
tial therapeutic utility in the treatment of DMD.

RESULTS

cIAP12/2;mdx double-mutant mice have decreased
pathology in the soleus muscle

To determine the role played by cIAP1 in the pathology
of mdx muscle, we generated whole-body cIAP12/2;mdx

double-mutant mice, as well as single-mutant cIAP1+/+;mdx
controls, by crossing cIAP12/2 males (19) with mdx
females. Immunohistochemistry for dystrophin, as well as
western blotting for cIAP1 expression (Fig. 1A and B), was
used to confirm genotypes determined by PCR and sequen-
cing. We went on to characterize the muscle pathology of
the cIAP12/2;mdx mice. The presence of a nucleus at the
center of a muscle fiber is an indicator of recent regeneration,
as mature healthy fibers have nuclei at the periphery (20,21).
Cross-sections of 12-week-old male soleus and extensor
digitorum longus (EDL) muscles were stained with H&E for
analysis. The cIAP12/2;mdx solei had �50% fewer centronu-
cleated fibers than their cIAP1+/+;mdx counterparts (28+
9.7% versus 57+ 1.2%, respectively, Fig. 2A and B), which
suggests that fewer muscle fibers required repair in the
cIAP12/2;mdx solei. However, there was no difference in
the proportion of centronucleated fibers between cIAP1+/+;
mdx and cIAP12/2;mdx EDL muscles (Fig. 2C). There was
a modest reduction in the number of fibers expressing embry-
onic myosin heavy chain (eMHC) in both soleus and EDL
muscles (Supplementary Material, Fig. S1). Since a reduction
in fiber centronucleation may also suggest a deficit in regener-
ation, we directly measured muscle damage by quantifying the

Figure 1. Generation and confirmation of cIAP12/2;mdx double-mutant mice.
(A) The mice were generated from crossings of cIAP12/2 males with mdx
females. The loss of dystrophin expression was confirmed by immunohisto-
chemistry on 10 mm gastrocnemius sections (right panels). Individual
muscle fibers were identified by laminin staining (left panels). Gastrocnemii
from wild-type mice were used as controls. Scale bar represents 100 mm.
(B) Gastrocnemius muscles from wild-type, cIAP12/2, single-mutant
(cIAP1+/+;mdx) and double-mutant (cIAP12/2;mdx) mice were assayed by
western blotting for the expression of cIAP1. Each lane represents an individ-
ual animal. GAPDH was used as a loading control.
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amount of muscle containing necrotic tissue and dense infiltra-
tion by mononuclear cells (monocytes and macrophages).
There was a considerable reduction in total size of such
regions in cIAP12/2;mdx solei (Fig. 2D and E). These
results suggest that the loss of cIAP1 results in decreased
muscle damage and a reduced requirement for regeneration.

A secondary indicator of muscle regeneration is the pres-
ence of infiltrating macrophages in damaged muscle (5). We
reasoned that if the major outcome of cIAP1 loss was a de-
crease in muscle damage, this would be reflected by reduced
infiltration of pro-inflammatory macrophages into the dys-
trophic muscle. To test this, we performed quantitative
RT–PCR on RNA extracted from soleus and EDL samples
and measured the expression of the pro-inflammatory macro-
phage marker CD68. cIAP12/2;mdx solei contained about
half the CD68 expression of the cIAP1+/+;mdx controls
(Fig. 3A and B), whereas CD68 expression in the EDL was
unchanged between both genotypes. We further characterized
the inflammatory environment in the soleus and EDL muscles
by examining the expression of other macrophage and

cytokine markers. CD163, which is a marker of anti-
inflammatory M2 macrophages (22,23), was markedly
increased in cIAP12/2;mdx soleus, but not in the EDL
(Fig. 3C). This outcome was again consistent with the obser-
vations of reduced dystrophic damage in the cIAP12/2;mdx
soleus. Furthermore, mRNA expression of cytokines IL6,
IL10 and TNF were all decreased in the cIAP12/2;mdx
soleus and EDL (Fig. 3D–F), indicative of a generally
reduced inflammatory response in the cIAP12/2;mdx mice.
Taken together, these data suggest that the loss of cIAP1
attenuates the inflammatory response in dystrophic muscle.

cIAP12/2;mdx solei demonstrate improved contractile
properties

Deficits in the contractile properties of mdx muscle are well-
documented effects of DMD pathology (24–26). Specifically,

Figure 2. The loss of cIAP1 reduces damage in mdx solei. (A) Cross-sections
of soleus muscles were stained with H&E, highlighting centronucleated fibers,
and the percentage of fibers with centrally located nuclei was counted. Scale
bar represents 100 mm. The percentage of fibers containing centrally located
nuclei (B and C) and the total area of necrotic tissue (D and E) were measured
from the H&E-stained cross-sections, using the Northern Eclipse software.
Data are means+SEM, n ¼ 5. ∗P , 0.05 versus cIAP1+/+;mdx controls.
EDL, extensor digitorum longus.

Figure 3. Hallmarks of inflammation and macrophage infiltration are reduced
in cIAP12/2;mdx solei. (A) Cross-sections of soleus muscles from cIAP1+/+;
mdx and cIAP12/2;mdx mice were immunolabeled for CD68 (red) to detect
pro-inflammatory macrophages. Scale bar represents 100 mm. (B–F) Total
RNA was isolated from soleus and EDL samples for quantitative RT–PCR de-
tection of markers of inflammatory macrophages (CD68, B), noninflammatory
macrophages (CD163, C) and cytokines (D–F). Values are expressed relative
to cIAP1+/+;mdx data. Graphs represent means+SEM, n ¼ 4. ∗P , 0.05
versus cIAP1+/+;mdx controls. SOL, soleus; EDL, extensor digitorum longus.
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the increased membrane permeability of dystrophic muscle
permits excessive influx of calcium, which may initiate the
cascade of pathology and eventual necrosis (27–29). Such
disruptions of calcium homeostasis manifest as excessive
force production at low frequencies of stimulation. We
asked whether the loss of cIAP1 would restore normal
force–frequency characteristics to mdx muscle. To test this,
we first determined the maximum isometric force produced
by isolated soleus and EDL muscles. As previously reported
(30–32), maximum force produced by the dystrophic solei
was unaffected by the loss of dystrophin in either cIAP1+/+;
mdx or cIAP12/2;mdx muscle (Fig. 4A). In contrast, force
output was reduced by 30% in the cIAP1+/+;mdx EDLs
compared with the wild-type controls (Fig. 4B). The
cIAP12/2;mdx EDLs exhibited a slight increase in force com-
pared with the cIAP1+/+;mdx, but the increase was not statis-
tically significant. We next determined the force–frequency
relationships of the soleus and EDL muscles by measuring
the percentage of maximum force produced at stimulating fre-
quencies between 0 and 140 Hz. The cIAP1+/+;mdx solei pro-
duced a force–frequency curve that was significantly shifted
toward the left (requiring lower stimulation frequencies to

produce the same force) compared with wild-type controls
(Fig. 4C), which indicates that the cIAP1+/+;mdx solei were
aberrantly responsive to stimulation. In contrast, the force–
frequency curve of the cIAP12/2;mdx solei was essentially
identical to the wild-type controls (Fig. 4A), which suggests
that there is normalization of calcium homeostasis and respon-
siveness in the cIAP12/2;mdx solei. cIAP1+/+;mdx EDLs also
had a force–frequency curve shifted toward lower frequencies
when compared with wild-type EDL (Fig. 4B). However, the
force–frequency responsiveness was not normalized in the
cIAP12/2;mdx EDL muscles. Dystrophic muscles maintain
contractile properties by altering the fiber-type composition
toward slow/oxidative fibers (33,34). We asked whether the
loss of cIAP1 would restore normal proportions of slow
fibers to the soleus. To test this, we immunolabeled cross-
sections of wild-type, cIAP1+/+;mdx and cIAP12/2;mdx
solei with antibodies to type I (slow) MHC and quantified
the percentage of fibers expressing this MHC isoform. The
cIAP1+/+;mdx solei had �60% more slow fibers than the un-
damaged wild-type solei (43.5+ 4 versus 27.4+ 2%, Supple-
mentary Material, Fig. S2). In contrast, the cIAP12/2;mdx
solei exhibited approximately the same percentage of slow

Figure 4. The loss of cIAP1 restores normal frequency responsiveness to mdx solei. Isometric force maxima of muscles stimulated at 140 Hz were determined
from soleus (A) and EDL (B) muscles of wild-type, cIAP1+/+;mdx and cIAP12/2;mdx mice. Force–frequency curves were obtained from the same soleus
(C) and EDL (D) muscles. Data are means+SEM, n ¼ 5. ∗P , 0.05 versus wild-type controls. SOL, soleus; EDL, extensor digitorum longus.
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fibers (30.4+ 2%) as the wild-type muscles. Surprisingly,
immunolabeling of EDL sections from cIAP1+/+;mdx and
cIAP12/2;mdx mice identified no slow fibers in either geno-
type (data not shown). Collectively, these results indicate
that the loss of cIAP1 normalizes contractile responsiveness
and fiber-type distributions in mdx solei, an outcome that is
consistent with our observations of reduced muscle pathology
in the cIAP12/2;mdx mice.

Loss of cIAP1 leads to decreased diaphragm membrane
permeability and increased exercise endurance
in mdx mice

We next asked whether the improvements seen in muscle path-
ology with the loss of cIAP1 led to functional recovery.
Muscle fiber ‘leakiness’ is a hallmark of DMD, and results
in the permeation of muscle creatine kinase into the serum
(35–37). We assessed the amount of creatine kinase in
cIAP1+/+;mdx and cIAP12/2;mdx sera. The unexercised
cIAP12/2;mdx mice demonstrated a 14% reduction in serum
creatine kinase compared with cIAP1+/+;mdx mice
(Fig. 5A). This relatively modest but significant decrease
was consistent with improvements seen predominantly in
slow muscle, such as the soleus. We asked whether this was
sufficient to produce a detectable outcome in the animals’ ex-
ercise endurance. We tested mice on a two-part treadmill-
running task: first, they were run uphill at a 158 incline at
10 m/min for 2 min. Subsequently, they were switched to a
downhill run (158) at 10 m/min and their time-to-exhaustion
was recorded. The cIAP12/2;mdx mice ran about three
times longer than the cIAP1+/+;mdx controls (Fig. 5B). In
spite of the variances in animal run-times, notably 75% (6
of 8) of the cIAP12/2;mdx mice ran for longer than 10 min,
compared with 17% (2 of 12) of the cIAP1+/+;mdx mice. A
number of factors, including various endurance and cardiovas-
cular influences, could have accounted for this improvement.
The diaphragm is one of the most susceptible muscles to
eccentric damage in the mdx mouse, and is also the muscle
that most closely mimics the degeneration seen with DMD
in humans (38–40). Improved resistance of the diaphragm to
damage may explain the increased run-time of the
cIAP12/2;mdx mice. To test this, cIAP1+/+;mdx and
cIAP12/2;mdx mice were treadmill-exercised at 10 m/min
for 10 min on a level plane. Subsequently, they were injected
with Evans Blue dye, a membrane-impermeable fluorescent
dye that labels damaged fibers. Separate cohorts of cIAP1+/+;
mdx and cIAP12/2;mdx animals were injected with Evans
Blue, but were not exercised. Twenty-four hours later, the dia-
phragms were isolated, sectioned and immunolabeled for
laminin to identify damaged fibers that contained Evans
Blue (which appears red under fluorescence). The
cIAP12/2;mdx diaphragms had 50% fewer Evans Blue-
labeled fibers than the cIAP1+/+;mdx controls without exer-
cise, and 75% fewer labeled fibers after exercise (Fig. 5D).
Notably, there was no increase in the proportion of Evans
Blue-labeled fibers in the exercised cIAP12/2;mdx dia-
phragms, compared with unexercised controls. These data
suggest that the loss of cIAP1 improves exercise performance
at least in part by improving the exercise resilience of
the diaphragm.

Loss of cIAP1 increases myoblast fusion

Although the cIAP12/2;mdx exhibited protection against dys-
trophic damage, a mechanism linking cIAP1 loss with muscle
development or function remained unclear. We previously
demonstrated that the loss of cIAP1 leads to constitutive acti-
vation of the noncanonical NF-kB pathway and increases
myoblast fusion (17). We asked whether a similar mechanism
may account for the protective effect of cIAP1 loss in mdx
muscle. To test this, we isolated primary myoblasts from wild-
type, cIAP12/2;mdx and cIAP1+/+;mdx muscle and differen-
tiated the cells into myotubes by switching them to reduced-
serum media for 3 days. Myotubes formed from cIAP1+/+;
mdx myoblasts were normal and indistinguishable from wild-
type (Fig. 6A), which is consistent with previous comparisons
of wild-type and mdx primary myotubes (41,42). In contrast,
myoblast fusion was enhanced in cIAP12/2;mdx myoblasts,
producing myotubes that were 50% larger than either wild-
type or cIAP1+/+;mdx cells (Fig. 6A and B). Since cIAP1 is
known to regulate both canonical and noncanonical NF-kB
signaling, we asked whether the loss of cIAP1 affected the ac-
tivation of either pathway. Canonical and noncanonical NF-kB
activity decreased over the course of differentiation in wild-
type myoblasts, and was virtually identical in cIAP1+/+;mdx
cells (Fig. 6C and D). In contrast, activity in both pathways
was elevated in differentiating cIAP12/2;mdx cells. To
confirm these observations, myoblasts differentiated for
between 0 and 3 days were analyzed by western blotting for
the phosphorylation of p65, which is an indicator of canonical
pathway activation, and for the processing of p100 to p52,
which is indicative of noncanonical pathway activation. p65
phosphorylation was elevated in cIAP12/2;mdx myoblasts
compared with wild-type and cIAP1+/+;mdx cells (Fig. 6E).
Levels of p52 were also greater in cIAP12/2;mdx myoblasts
compared with the wild-type and cIAP1+/+;mdx cells,
though p65 phosphorylation and p52 expression declined
over the course of differentiation in every instance. Levels
of MHC were reduced in differentiating cIAP12/2;mdx
cells, which suggests that the loss of cIAP1 delays myoblast
differentiation. Nevertheless, the timely formation of hypernu-
cleated myotubes from cIAP12/2;mdx myoblasts suggested
that the delay was insufficient to attenuate myogenesis. To
confirm these observations in vivo, we measured the cross-
sectional areas of regenerating (centronucleated) muscle
fibers in cIAP1+/+;mdx and cIAP12/2;mdx solei. There was
a distinct shift in fiber size distributions toward large fibers
in the cIAP12/2;mdx mice (Fig. 6F), though overall muscle
mass was unaffected (Supplementary Material, Fig. S3).
Notably, 82% of the cIAP12/2;mdx fibers were .500 mm2

in cross-sectional area, compared with 62% of the cIAP1+/+;
mdx controls. Taken together, these results suggest that the
loss of cIAP1 leads to increased myogenesis and myoblast
fusion, both in vitro and in vivo, in spite of a delay in differ-
entiation observed in cIAP12/2;mdx myoblasts.

DISCUSSION

Our results demonstrate for the first time that the loss of
cIAP1, an essential regulator of NF-kB signaling, can amelior-
ate muscle pathology and improve muscle function in the mdx
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mouse. These effects are evidenced by reduced fiber damage,
reduced muscle inflammation, improved muscle contractile
properties, normalized fiber-type distributions, reduced
serum creatine kinase, increased exercise endurance and
reduced diaphragm permeability and damage following exer-
cise. Histologically and functionally, the improvements were
manifested particularly in the soleus and diaphragm muscles,
but not in the EDL. Combined with the reductions in serum
creatine kinase that indicate decreased muscle damage in the

animals as a whole, the evidence points to a positive effect
of the elimination of cIAP1 on muscle pathology in DMD.

A consistent finding of our study was that, at multiple levels
of analysis, the loss of cIAP1 protected soleus but not EDL
muscle from dystrophic damage. This disparity was evident
in the differences in centronucleation, necrotic damage,
macrophage infiltration and physiological responsiveness
between both muscles. The reason for these differences may
lie in the different physical demands placed on fast-twitch

Figure 5. The loss of cIAP1 decreases muscle permeability and increases exercise endurance. (A) Creatine kinase levels were measured from cIAP1+/+;mdx and
cIAP12/2;mdx mouse sera. For the latter two bars, mice were first exercised for 10 min by running on a treadmill, without incline. Sera were collected 24 h after
exercise. (B) Mice were exercised by running on a treadmill, set at a 158 incline and 10 m/min, for 2 min. They were then switched to a 158 decline, and the
time-to-exhaustion was recorded. Data plotted are for individual animals tested. Horizontal bar indicates the mean time-to-exhaustion for each group. (C and D)
Groups of cIAP1+/+;mdx and cIAP12/2;mdx mice were exercised on a treadmill at 10 m/min for 10 min, and injected intraperitoneally with 10 mg/kg Evans
Blue. Another group of mice was injected with equivalent amounts of Evans Blue without treadmill exercise. Twenty-four hours later, the mice were euthanized,
and the diaphragms were sectioned and immunolabeled for laminin to identify muscle fibers (green). Evans Blue-labeled fibers were identified by red fluores-
cence. The percentage of laminin-labeled fibers co-labeled with Evans Blue was calculated. Values were expressed relative to cIAP1+/+;mdx data. Data are
means+SEM, n ¼ 3–4 for (A), n ¼ 4 for (C and D). ∗P , 0.05 versus cIAP1+/+;mdx controls. Scale bar represents 250 mm.
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fibers, which predominate in the EDL, versus slow-twitch
fibers that are abundant in the soleus. The EDL produces con-
siderably more force than the soleus (�45 N/cm2 peak iso-
metric force in the wild-type EDL, versus �17 N/cm2 in
the soleus, Fig. 4A and B), rendering fast-twitch muscles
more susceptible to activity-induced damage. This is consist-
ent with previous observations that fast fibers are particularly
prone to damage associated with DMD (43,44). It is thus
likely that the protection accorded by the loss of cIAP1
applies only to ranges of force output routinely exceeded by
muscles such as the EDL. In spite of this restriction in
scope, the loss of cIAP1 is nevertheless sufficient to
produce detectable functional improvements in exercise per-
formance in the mdx mice, in part through increased
damage resistance of the diaphragm. Our observations of
decreased muscle damage and decreased centronucleation,

in response to the loss of an NF-kB regulator, are seemingly
in contrast to a previous study by Acharyya et al. (5). This
study indicated that the attenuation of canonical NF-kB sig-
naling through p65 promotes regeneration by increasing
muscle centronucleation. However, the methodological differ-
ences between that study and the present one can be recon-
ciled in the outcomes: although in both studies it is possible
to reduce inflammation by blunting canonical NF-kB signal-
ing (exemplified in the current study by reduced necrosis,
Fig. 2; and reduced macrophage infiltration, Fig. 3), the add-
itional effect of increased noncanonical NF-kB activation in
the cIAP12/2;mdx mice is to reduce muscle injury and conse-
quently reduce fiber centronucleation. The cIAP1 knockout
thus provides information about the differential roles of ca-
nonical and noncanonical NF-kB signaling in muscle regener-
ation and pathology.

Figure 6. The loss of cIAP1 leads to increased myoblast fusion. (A) Primary myoblasts of the indicated genotypes were differentiated by serum withdrawal for 3
days. Photomicrographs were taken of the resulting myotubes on a Zeiss PrimoVert microscope. Scale bar represents 50 mm. (B) Myotube diameters were mea-
sured from photomicrographs captured as in (A). Bars represent mean+SEM, n ¼ 3 independent experiments, approximately 200 myotubes per condition. (C
and D) Myoblasts were differentiated for between 0 and 3 days; at each time point, cells were harvested for NF-kB activity by DNA-binding ELISA. Antibodies
specific to p65 (C) or p100 (D) were used to detect DNA-binding complexes specific to the canonical or noncanonical NF-kB pathways, respectively. Values are
relative to wild-type samples at 0 days of differentiation, and are shown as mean+SEM, n ¼ 3 independent experiments. (E) Myoblasts differentiated as in (C)
and (D) were analyzed by western blotting. Diff., days of differentiation. (F) Cross-sections of solei from cIAP1+/+;mdx and cIAP12/2;mdx mice were stained
with H&E to identify centronucleated fibers. These fibers were traced using the ImageJ software to obtain cross-sectional areas. Values represented are means+
SEM of four solei per genotype.
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The reductions in muscle damage we observed in the
cIAP12/2;mdx mice may reflect the convergence of multiple
distinct mechanisms. First, the loss of cIAP1 activates the non-
canonical NF-kB pathway to increase myoblast fusion (17),
producing larger muscle fibers that may be intrinsically
more resistant to damage (45). Recent reports suggest that
the noncanonical pathway promotes an oxidative muscle fate
(15,16), which may also confer a protective role against
DMD (44,46). Second, we and others have shown that
cytokine-induced activation of canonical NF-kB signaling
is blunted in the absence of cIAP1 (7,8,47). The
cIAP12/2;mdx muscle is thus protected from the effects of
chronic NF-kB signaling that normally result from the heavy
cytokine load present in regenerating muscle. The loss of
cIAP1 also triggers ligand-autonomous activation of canonical
NF-kB activity, which in itself can aggravate muscle path-
ology in mdx mice (5,48). However, our data show that the
level of canonical activation triggered by the loss of cIAP1
is insufficient to impair myogenesis either in vitro or in vivo
(Fig. 6). This suggests that, following the loss of cIAP1, the
pro-myogenic effects resulting from the activation of the non-
canonical NF-kB pathway outweigh any consequences of ca-
nonical pathway activation, the latter of which can aggravate
mdx muscle pathology (5). Finally, a number of other major
signaling pathways are dysregulated in mdx muscle, particular-
ly mitogen-activated protein (MAP) kinases (49–51). A recent
study showed that cIAP1 and cIAP2 are essential for MAP
kinase signaling in response to cytokine triggers (10). The
loss of cIAP1 thus provides an avenue by which signaling
pathways that aggravate mdx pathology can be attenuated to
reduce degeneration and promote a pro-regenerative environ-
ment for muscle.

Evidence highlighting the importance of the inflammatory
response in the pathology of DMD may bear critically on
the phenomena we observed in this study. A caspase-11 muta-
tion was recently identified in the ES cells used to derive the
cIAP12/2 mice (52,53). Caspase-11 is an inducible regulator
of IL-1b production and caspase-1 activation from a variety
of bacterial pathogens and toxins (52,54,55). The caspase-11
mutation identified in animals and ES cells of the 129
mouse strain is a five base-pair deletion in the splice acceptor
region of exon 7, which produces a truncated and nonfunction-
al transcript. The cIAP12/2 mice were derived from 129 ES
cells and, in spite of extensive backcrossing to the C57BL/6
strain (which retains the wild-type caspase-11), the mutation
remains in cIAP12/2 mice currently in use. It is thus possible
that this mutation, which is also present in the cIAP12/2;mdx
mice (data not shown), may contribute to the attenuated in-
flammatory response observed in the soleus and EDL
muscles of these mice. However, evidence suggests that the re-
sistance to muscle degeneration we observed in these mice is
specific to the loss of cIAP1. All reports to date on the involve-
ment of caspase-11 in the inflammatory response indicate that
it activates the inflammasome in response to a limited subset
of stimuli (52,56), particularly Gram-negative bacteria
(55,57). To our knowledge there is no evidence of
caspase-11 involvement in the damage-associated inflamma-
tory response. Furthermore, the cIAP12/2;mdx EDL muscle,
which shows no rescue from mdx pathology, also exhibits
similar degrees of pro-inflammatory macrophage recruitment

(as measured by CD68 expression) to cIAP1+/+;mdx
muscle. This suggests that macrophage recruitment is not in-
trinsically impaired by the caspase-11 mutation. In contrast,
the cIAP12/2;mdx soleus, which shows reduced
mdx-associated pathology, reduced CD68 expression and
increased CD163 (anti-inflammatory macrophage) expression,
suggesting that macrophage recruitment is associated specific-
ally with the extent of muscle injury. We also observed
reduced expression of IL6, TNF and IL10 in both soleus and
EDL muscles of cIAP12/2;mdx mice (Fig. 3). These observa-
tions are also likely due to the loss of cIAP1, since we previ-
ously showed that both cIAP1 and cIAP2 are essential for
cytokine production by macrophages (58). Collectively, the
results show that cIAP1 loss can function at multiple levels
to reduce mdx pathology.

A further finding of this study was that the cIAP12/2;mdx
mice exhibited increased endurance to treadmill exercise.
Even accounting for the outliers, the cIAP12/2;mdx
animals’ time-to-exhaustion was three times longer than
those of the cIAP1+/+;mdx controls. One of the hallmark
symptoms of DMD is chronic and progressive impairment of
respiratory function (59). The diaphragm, as the muscle
most responsible for this function, is also the most reliable in-
dicator of damage or recovery in the mdx mouse (38,60,61).
On equivalent treadmill exercise tasks, the cIAP12/2;mdx dia-
phragms displayed less exercise-induced damage than the
cIAP1+/+;mdx counterparts, suggesting that improved dia-
phragm resilience partially explained the differences in per-
formance between the groups. The reduced diaphragm
damage, which was measured by Evans Blue permeability,
is also an indicator of reduced muscle ‘leakiness’. This obser-
vation is consistent with the decreased serum creatine kinase
in the cIAP12/2;mdx mice, as well as the normalized force–
frequency curves in the cIAP12/2;mdx solei (indicative of
reduced calcium influx to the muscle). Similar phenotypes
have been observed in previous studies, in which an increase
in fiber size was associated with reduced mdx pathology
(45,62,63). These observations indicate that muscle resilience
can be augmented either by increasing muscle fiber size during
myogenesis (by increasing myoblast fusion) or through hyper-
trophy of extant fibers.

In summary, we observed that the loss of cIAP1 was asso-
ciated with decreased soleus damage and increased exercise
performance of mdx mice. This opens the way for therapeutic
approaches using pharmacological inhibitors of cIAP1. The
cIAP1/2 small-molecule antagonists, known as Smac-mimetic
compounds, can be administered orally and are well tolerated
(64). Their use in mdx animals that normally express cIAP1
would provide a clearer understanding of the role of this
protein in the pathology of muscular dystrophy.

MATERIALS AND METHODS

Experimental mice

All experiments were reviewed and approved by the Animal
Care Committee of the University of Ottawa. Mice were fed
standard laboratory chow ad libitum and housed according
to the guidelines of the Canadian Council for Animal Care.
Female mdx mice homozygous for the point mutation in the
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dystrophin gene were mated with male cIAP12/2 mice
described elsewhere (19). They were further backcrossed to
obtain double-mutant cIAP12/2;mdx mice, as well as
cIAP1+/+;mdx controls. The mdx mice were derived from a
C57BL/10 background, and the cIAP12/2 mice were on a
C57BL/6 background. Male mice of age 10–12 weeks were
used for the experiments described herein. Age-matched
C57BL/6 males were used as dystrophin-containing controls
where indicated. Genotypes of the mice were determined by
PCR screening of tail snip or ear notch DNA for the cIAP1 de-
letion, and by sequencing the locus in exon 23 of the dystroph-
in gene containing the nonsense mutation (3). Primers used for
sequencing were 5′-CCTTCTTCTTGATATGAATGAAACT
(forward) and 5′-CACCAACTGGGAGGAAAGT (reverse).

Treadmill running

To determine time-to-exhaustion on a treadmill-running task,
cIAP1+/+;mdx and cIAP12/2;mdx mice were run for 2 min
at 10 m/min on a treadmill with a 158 incline. They were sub-
sequently run at a 158 decline until they could no longer main-
tain this speed, even with gentle prodding. For the assessment
of diaphragm resilience, four mice of each genotype were run
for 10 min at 10 m/min on a treadmill with a 08 incline. A
second group of four mice remained unexercised; all
animals were subsequently injected intraperitoneally with
10 mg/kg of Evans Blue (Sigma-Aldrich, Oakville, Ontario,
Canada) in sterile PBS. Diaphragms were excised 24 h after
injection for histological examination.

Force measurement

Force–frequency relationships were measured in soleus and
EDL muscles. Mice were anesthetized with a single intraper-
itoneal injection of 2.2 mg of ketamine, 0.44 mg of xylazine
and 0.22 mg of acepromazine per 10 g of body mass. Soleus
and EDL were excised and tendons tied with surgical silk
(#6). One tendon was attached to the force transducer,
whereas the other attached to fixed metal pin. Muscles were
continuously immersed in a previously described physiologic-
al saline solution (65) and maintained at 258C. Muscle length
(Le) was adjusted to obtain maximum isometric tetanic force
elicited every 5 min with 200 ms trains of supramaximal
10 V, 0.3 ms square pulses at 200 Hz. Stimulation pulses
were delivered using platinum wires on opposite side and
near the middle portion of muscles. The wires were connected
to a stimulation isolation unit (SIU5, Grass Instruments, USA),
which in turn was connected to a S88 Grass stimulator. Force
was monitored with a Cambridge ergometer (model 300,
Aurora Scientific, Inc., Aurora, Ontario, Canada) or with a
Kulite force transducer model BD100 (Kulite Semiconductor
Products, Inc., Leonia, NJ, USA). After muscles had equili-
brated for 30 min, forces were measured while stimulation fre-
quency was increased from 1 to 140 Hz.

Quantitative RT–PCR

Total RNA was extracted from soleus and EDL samples, using
the Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA, USA),
following manufacturer’s instructions. One-step real-time

SYBR Green RT–PCR reactions were carried out with each
sample in triplicate, using 100 ng of RNA per reaction. RT–
PCR reactions were performed in a 50 ml of reaction
volume, using the QuantiTect RT–PCR (Qiagen). GAPDH
was used as the housekeeping gene. Primers used were as
listed in Table 1.

Creatine kinase assay

Serum creatine kinase was performed using an assay kit (Bio-
Assay Systems, Hayward, CA, USA), following manufac-
turer’s instructions. Blood was collected by cardiac puncture
from animals anesthetized with pentobarbital. Immediately
after bleeding, animals were killed by cervical dislocation.
Sera were separated by centrifugation at 300g for 5 min and
were stored at 2708C until use.

Histology and immunohistochemistry

Ten-micron sections were cut on a cryostat from fresh frozen
samples embedded in OCT (Tissue Tek II), and frozen in iso-
pentane precooled in liquid nitrogen. Hematoxylin and eosin
(H&E) staining was used to identify centronucleated fibers
and regions of degeneration. For immunohistochemistry, anti-
bodies used were rabbit anti-laminin (catalog #L9393, Sigma),
mouse anti-dystrophin (MANDYS1, Developmental Studies
Hybridoma Bank, IA, USA), mouse anti-type I myosin
(A4.840, Developmental Studies Hybridoma Bank) and
mouse anti-embryonic myosin (F1.652, Developmental
Studies Hybridoma Bank). Slide-mounted cross-sections
were incubated overnight with primary antibodies diluted in
PBS containing 0.3% Triton X-100 (Sigma) and 0.5%
bovine serum albumin (Invitrogen). After washing, cover
slips were incubated with the appropriate secondary antibody,

Table 1. List of primers used for qPCR experiments

Primer Sequence Primer
length

Product
size

CD68
forward

TTCCAAGAGAAGGCAAAG 18 271

CD68
reverse

GCTGGTGTGAACTGTGAC 18

CD163
forward

TTG CTA TTG GTT TGC TTG
TTC

21 76

CD163
reverse

GCT TGC CTG CTC TCT ATC G 19

IL6 forward GAG TTG TGC AAT GGC AAT
TCT G

22 50

IL6 reverse GCA AGT GCA TCA TCG TTG
TTC AT

23

IL10
forward

GCA CTA CCA AAG CCA CAA
GG

20 83

IL10 reverse TAA GAG CAG GCA GCA TAG
CA

20

TNF
forward

TAT GGC TCA GGG TCC AAC TC 20 75

TNF reverse GGT CAC TGT CCC AGC ATC TT 20
GAPDH

forward
CAT GTT CCA GTA TGA CTC

CAC TC
23 136

GAPDH
reverse

GGC CTC ACC CCA TTT GAT GT 20
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diluted in PBS with Hoechst 33258 (Sigma) as a nuclear coun-
terstain and incubated for 1 h at room temperature. This was
followed by washing, mounting of cover slips and visualiza-
tion. Sections were photographed using a Zeiss Axiophot
microscope equipped with a digital camera and the Northern
Eclipse image analysis software, version 6.0 (Empix
Imaging, Mississauga, Ontario, Canada). Areas of degener-
ation were measured in Northern Eclipse from the entire
area of each analyzed muscle section. For the soleus and
EDL muscles, data were collected from all fibers in a cross-
section; for the diaphragm, 400–500 fibers from randomly
selected fields were counted for the indicated analyses.

Cell culture

Primary myoblasts were prepared from 3–6-week-old female
mice killed by cervical dislocation, and lower limb muscles
were carefully dissected away from the bone. Muscle
samples were digested with collagenase-dispase solution
(Roche) for 2–3 h, before being triturated, washed by centri-
fugation twice at 300g for 5 min and resuspended in DMEM
(ATCC) containing 10% equine serum and 5 ng/ml basic
FGF (Peprotech). Fibroblasts were separated out by ‘preplat-
ing’ on a regular tissue culture coated-plate for 1 h before
the cell suspension was seeded into a six-well plate coated
with Matrigel (BD Biosciences). Two days later, the myo-
blasts were switched to and maintained in a growth medium
containing 20 FBS, 10% equine serum, 10 ng/ml bFGF and
2 ng/ml HGF (Peprotech), and also on Matrigel.

NF-kB activity assay

Binding of p65- and p52-containing complexes to DNA was
measured using an NF-kB DNA binding ELISA (Active
Motif, Carlsbad, CA, USA), following the manufacturer’s
instructions. Analysis was performed using a FLUOstar
Optima fluorescence microplate reader (BMG Labtech, Offen-
burg, Germany).

Western blotting

Western blotting was performed as described previously (7).
Rabbit polyclonal antibodies to p65, phospho-p65 (S536)
and p100 were obtained from Cell Signaling Technologies.
Antibodies to total MHC were obtained from the Developmen-
tal Studies Hybridoma Bank, and antibodies to cIAP1 were
from Enzo Life Sciences.

Statistical analyses

All quantitative data are represented as mean+SEM. Statis-
tical analyses were performed in GraphPad Prism 5 (GraphPad
Software, La Jolla, CA, USA), using a t-test with significance
set at P , 0.05. Split-plot ANOVA was used to determine
statistical differences for the force–frequency curves. The
mouse and muscle treatments were part of the whole plot
because they were independent from one another, whereas
the frequency treatment was in the split-plot because forces
at all frequencies were obtained from the same muscles.
The ANOVA calculations were made using version 9.0GLM

(general linear model) procedures of the Statistical Analysis
Software (SAS Institute, Inc., Cary, NC, USA). Least significant
difference was used to locate the significant differences (66).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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