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Duchenne muscular dystrophy (DMD) is a lethal X-linked disorder associated with dystrophin deficiency that
results in chronic inflammation and severe skeletal muscle degeneration. In DMD mouse models and patients,
we find that IkB kinase/NF-kB (IKK/NF-kB) signaling is persistently elevated in immune cells and regenera-
tive muscle fibers. Ablation of 1 allele of the p65 subunit of NF-kB was sufficient to improve pathology in mdx
mice, a model of DMD. In addition, conditional deletion of IKKf in mdx mice elucidated that NF-xB func-
tions in activated macrophages to promote inflammation and muscle necrosis and in skeletal muscle fibers to
limit regeneration through the inhibition of muscle progenitor cells. Furthermore, specific pharmacological
inhibition of IKK resulted in improved pathology and muscle function in mdx mice. Collectively, these results
underscore the critical role of NF-kB in the progression of muscular dystrophy and suggest the IKK/NF-kB
signaling pathway as a potential therapeutic target for DMD.

Introduction

Duchenne muscular dystrophy (DMD) is the most common lethal
X-linked recessive disorder, affecting 1 in 3,500 live male births (1).
DMD children show early symptoms of muscle degeneration, fre-
quently develop contractures, and lose the ability to walk between
6 and 12 years of age. With progressive disease, most patients suc-
cumb to death from respiratory failure and cardiac dysfunction
in their twenties (2). The primary cause of this disease stems from
mutations in the dystrophin gene, which is essential for the struc-
tural and functional integrity of muscles (3). Dystrophin inter-
acts with several members of the dystrophin glycoprotein com-
plex, which forms a mechanical as well as signaling link from the
extracellular matrix to the cytoskeleton (4). Mutations in dystro-
phin result in membrane damage, allowing massive infiltration of
immune cells, chronic inflammation, necrosis, and severe muscle
degeneration (2). Normally, muscle cells possess the capacity to
regenerate in response to injury signals. However, this ability is lost
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in DMD, presumably due to an exhaustion of satellite cells during
ongoing degeneration and regeneration cycles (1). Although dystro-
phin mutations represent the primary cause of DMD, it is the sec-
ondary processes involving persistent inflammation and impaired
regeneration that likely exacerbate disease progression.

The microenvironment of dystrophic muscles consists of
elevated numbers of inflammatory cells that act as a complex
interface for cytokine signaling (5, 6). In particular, TNF-a levels
are upregulated in dystrophic muscles from animal models and
DMD patients (7, 8). Among its pleiotropic effects, TNF-a.acts asa
potent inducer of the inflammatory response transcription factor
NF-kB (9, 10). In mammalian cells, NF-kB consists of 5 members,
RelA (p65), RelB, c-Rel, p50, and p52, of which p50/p65 is the most
prototypical NF-kB complex found in cells. In inactive conditions,
NF-kB is mostly retained in the cytoplasm through binding of the
inhibitor protein IkB. NF-kB activation is tightly regulated by the
IkB kinase (IKK) complex composed of catalytic subunits, IKKa
and IKK, and a regulatory subunit, IKKy/NEMO (11). Classical
stimulatory signals such as proinflammatory cytokines result in
IKKB-mediated site-specific phosphorylation and subsequent deg-
radation of IkB by the 26S proteasome. Loss of IkB allows nuclear
NF-kB accumulation and subsequent transcription of diverse
genes encoding growth factors, cytokines, chemokines, antiapop-
totic proteins, and cell adhesion molecules (12). In addition to this
classical activation mechanism by IkB degradation, posttransla-
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NF-kB activity in dystrophic muscle is localized to both muscle and immune cells. (A—C) Muscle nuclear extracts from 5-week-old WT C57BL/10
and 3- and 5-week-old mdx mice (A), 5-week-old WT and mdx mice (B), or 7-week-old WT, mdx, and DKO mice (C) were used in EMSA for
NF-kB and Oct-1. Supershift assays were performed on mdx muscle extracts using antibodies against p65 and p50. Arrowheads denote shifted
subunits. (D) IKK assays performed with IkBo WT and mutant (double serine to threonine [SS/TT]) or p65 WT and mutant (serine to alanine
[S/A]) substrates using gastrocnemius muscle lysates from 7-week-old WT or mdx mice. Immunoprecipitates were probed for IKKy as a loading
control. Western blots are shown for p-IKK, p-lkBa, 1kBa, p-p65, and p65. GST, glutathione-S-transferase. (E) Gastrocnemius muscles from
7-week-old WT or mdx mice were immunostained for p-p65. Scale bars: 50 um. Black arrowheads denote immune cells, and blue arrowheads
indicate regenerating fibers. (F) Muscles from either 4- or 7-week-old mdx mice were double stained with p-p65 (green) and CD68 (red) or p-p65
and E-MyHC (red), respectively. Scale bars: 20 um. (G) H&E staining and p-p65 immunohistochemistry were performed on muscle biopsies
from healthy controls and age-matched DMD patients (n = 4). Scale bar: 50 um.

tional modifications of p65 by phosphorylation, acetylation, and
ubiquitination have been shown to modulate the transactivation
potential of NF-kB. Therefore, NF-kB serves as a pivotal transcrip-
tion factor with multiple levels of regulation that mediates a host
of biological functions (9). Furthermore, chronic activation of
NF-kB is frequently associated with pathophysiological states of
cancer, rheumatoid arthritis, sepsis, and asthma (9, 13).

Evidence of perturbation of NF-kB signaling also exists in condi-
tions of muscle atrophy (14, 15) and in dystrophies such as limb-gir-
dle muscular dystrophy (LGMD) and DMD (16, 17). While NF-xB
cell survival function is repressed in LGMD, NF-kB signaling is
instead persistently activated in dystrophinopathies. However, rela-
tively lictle is known about the mechanisms of action or regulation
of NF-kB signaling in these muscular dystrophies. Moreover, the
nature and origin of NF-kB activity in DMD patients has also not
been resolved. In this study, we use genetic analysis of dystrophin-

890 The Journal of Clinical Investigation

http://www.jci.org

deficient mice to elucidate the dual contribution of IKK/NF-kB
signaling originating in immune cells and that originating in skel-
etal muscle fibers in promoting dystrophic pathology. Further-
more, we show that inflammation is decreased and regeneration
enhanced following selective pharmacological inhibition of IKK,
implicating IKK/NF-kB as a suitable therapeutic target in DMD.

Results
NF-B is activated in immune cells and myofibers of dystrophic muscles.
In order to gain insight into NF-kB regulation in muscular dys-
trophy, we performed EMSA analysis on dystrophic muscles from
mdx mice, a widely used mouse model of DMD (3, 4). In line with
previous findings (18), NF-kB DNA binding activity was found
to be significantly higher in diaphragm muscles from mdx mice
compared with C57BL/10 controls (Figure 1A), but importantly,
a similar profile was also observed in tibialis anterior (TA) and gas-
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NF-«B activity is deregulated during postnatal development of mdx mice. (A) Muscle extracts from
5-week-old WT;3xkB-Luc-Tg or mdx;3xxB-Luc-Tg mice were prepared for luciferase assays. Lucif-
erase values were normalized to total protein. *P < 0.05; n = 5. (B) Gastrocnemius muscles were
immunostained for luciferase expression in 7-week-old WT;3xkB-Luc-Tg and mdx;3xxB-Luc-Tg mice
(n = 3). Scale bar: 50 um. (C) EMSAs for NF-kB and Oct-1 performed in gastrocnemius muscles
from WT and mdx mice during postnatal development. (D) Primary myoblasts isolated from 6-day-old
WT;3xk-Luc-Tg and mdx;3xkB-Luc-Tg mice were differentiated and subsequently switched to either

medium alone or medium containing TNF-a (5 ng/ml) for 6 hours.

trocnemius muscles (Figure 1B and Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI30556DS1). Since diaphragm represents the most affected mdx
muscle (1), these results suggested that NF-kB activity positively
correlated with degeneration but did not discriminate between the
degree of muscle loss in different muscle groups. Supershift EMSAs
revealed the binding contribution of both p50 and p65 subunits of
NF-xB (Figure 1B), but in contrast to past findings (18) we found
that this activity derived mainly from p50 and less from p65. In
addition, little to no binding occurred as a result of contributions
of the subunits c-Rel, RelB, p52, or Bcl-3 (data not shown). Further-
more, NF-kB activity correlated strongly with disease severity, since
considerably higher NF-kB binding was associated with muscles
from utrophin-dystrophin double KO (DKO) mice (19), which,
compared with mdx mice, more closely recapitulate the clinical
signs and early lethality of DMD patients (Figure 1C).

Consistent with NF-kB binding, IKK activity as determined by
Western blotting and GST-IkBa phosphorylation was also con-
siderably higher in mdx muscles (Figure 1D). However, unlike clas-
sical NF-kB activation, endogenous IkBa phosphorylation and
degradation were not associated with this dystrophic phenotype, a
finding that was further confirmed using sucrose density-purified
cytosolic fractions (Figure 1D and data not shown). Nevertheless,
we were able to clearly detect the endogenous phosphorylated form
of p65 at serine residue 536 (p-p65), and kinase assays supported
that p65 atserine 536 is a competent substrate for IKK phosphory-
lation in mdx muscles. These findings are in line with the recent
notion that p6S activation by IKKf may occur independently of
classical IkB degradation (20). Further immunohistochemical
analysis of mdx muscles revealed increases in the phosphorylated
(Figure 1E) but not total form of p65 (Supplemental Figure 1B).
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muscles. Although expression of
Elk1 was increased, no changes were
seen with Oct-1, Ets-2, p38, Ras, Raf,
MEK]1, SOS, and p90Rsk (Figure 1 and
Supplemental Figure 1, D and E),
demonstrating that IKK/NF-kB is
likely to represent a selective set of
signaling factors regulated in dys-
trophic muscle.

To determine whether increases in NF-kB DNA binding and
phosphorylation translated to transcriptional activity, we utilized
transgenic NF-kB-luciferase reporter mice (21) (3xkB-Luc-Tg
mice) that were crossed into an mdx background. Results showed
that luciferase activity significantly increased only in dystrophic
muscles and not in unaffected spleen, liver, or kidney (Figure 2A
and data not shown). Immunohistochemical analysis with lucifer-
ase also supported the results shown above indicating that NF-xB
activity derived from both regenerating fibers and immune cells
(Figure 2B). Interestingly, in using reporter mice, we discovered
that WT neonates contained a relatively high level of skeletal mus-
cle-specific NF-kB activity that diminished over the following
weeks of postnatal development, a finding that was confirmed by
classical EMSA analysis (Figure 2C). In mdx muscles, NF-kB activ-
ity also appeared to diminish within the first few weeks but sub-
sequently became reactivated and persisted over time. We suspect
that this maintenance in activity derives from proinflammatory
or cellular damage-associated factors that begin to accumulate
at around the time when levels of NF-kB in unaffected muscles
would normally begin to decline. These in vivo results also indi-
cated that the inherent loss of dystrophin itself is not sufficient
to activate NF-kB. To further examine this point, we determined
NF-kB determined using primary myotube cultures. Results
showed that basal and TNF-induced NF-kB transcriptional activi-
ties were similar in myotubes isolated from WT and mdx 3xxB-
Luc-Tg reporter mice (Figure 2D), as were NF-kB DNA binding
activities of control, mdx, or DKO myotubes (data not shown).
This argues that regulation of IKK/NF-kB signaling in dystrophic
muscle occurs secondarily to the loss of dystrophin expression.

Heterozygous deletion of the p65 subunit improves dystrophic pathology. In
order to define the role of NF-kB in the dystrophic process, we used
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Figure 3

Heterozygous deletion of p65 rescues mdx pathology. (A) Histopathology of muscle cryosections stained with H&E, comparing 5-week-old
mdx;p65++ and mdx;p65+- mice or mdx;p50++ and mdx;p50+- mice. Scale bars: 20 um. (B) Gastrocnemius sections from WT C57BL/10,
mdx;p65++, and mdx;p65+- mice were immunostained with F4/80. Scale bar: 50 um. (C) RNA was isolated from the remaining part of the
muscle, and real-time PCR was performed for lysozyme and CD68, comparing 5-week-old WT C57BL/10, mdx;p65*+, and mdx;p65*- mice
(n =3). (D) Necrotic fibers from gastrocnemius muscles were quantitated based on IgG staining (filled fibers appear in red, nuclei in blue) (n = 5).
Scale bar: 100 um. (E) Calcifications were quantitated from mdx;p65++ and mdx;p65+- muscles (n = 10). Data are plotted as mean + SEM from

2 independent experiments. *P < 0.05.

mice deficient in p65 or p50 subunits (22, 23). Since homozygous
deletion of p65 results in embryonic lethality that can be rescued
with further ablation of TNFz (24), triple p65, TNF-a, and dystrophin
KOs were generated by crossing p65*~TNFa~~ mice with mdx animals.
Consistent with previous reports (25), we found that deletion of TNFa
alone resulted in an exacerbated dystrophic pathology in an mdx
background (data not shown), thereby limiting the ability to examine
dystrophic muscle in the complete absence of this NF-kB subunit.
Due to this limitation, p65 heterozygous mice crossed into an mdx
background were instead used and compared with mdx p65 WT lit-
termates. Histological analysis showed that muscle pathology was
notably improved in mdx;p65*- but not mdx;pS0”- mice (Figure 3A).
Examination of mdx;p50*~ muscles revealed a predicted reduction in
P50 DNA binding, and interestingly, compensatory binding of pS0
occurred in muscles lacking p65 (Supplemental Figure 2A). There-
fore, although p50 DNA binding activity in our hands was found to
predominate NF-kB complexes in mdx muscles, this activity does not
appear to influence disease, suggesting that dystrophic pathology is
selectively regulated by p65.
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We next sought to determine the mechanisms by which p65
mediates its action on dystrophic muscles. Since macrophages
represent a major compartment of immune cells in dystrophi-
nopathies (6, 26), muscles were stained with the F4/80 macro-
phage marker. Immunohistochemical analysis showed a marked
reduction in macrophage infiltrates in the necrotic phase in
mdx;p65*/~ mice compared with mdx;p65*/" littermates (Figure 3B),
which was consistent with the associated 90% and 86% mean
reduction (P < 0.01) in additional macrophage markers, lyso-
zyme and CDG68, respectively (Figure 3C). Decreased macro-
phage invasion in mdx;p65*/~ mice also correlated with a 65%
(P=0.002) reduction in necrosis as determined by quantification
of IgG positive-stained fibers (Figure 3D), while similar decreas-
es in macrophage infiltration or necrosis were not observed in
mdx;p50*/~ mice (Supplemental Figure 2, B and C, and data not
shown). Another hallmark of mdx muscle degeneration is the
calcification deposits resulting from abnormal calcium influx
or intracellular release (1). Similar to the decrease in inflamma-
tion, mdx;p65*~ mice exhibited an 88% reduction (P = 0.008) in
Number 4
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Heterozygous deletion of p65 promotes regenerative myogenesis in mdx mice. (A) Gastrocnemius cryosections from 7-week-old mdx;p65+/+
and mdx;p65+- male mice were stained with H&E (top row) or immunostained for E-MyHC (bottom row). Scale bars: 15 um (top) and 50 um
(bottom). (B and C) Quantitation of E-MyHC—positive fibers and CLN. (D and E) TA sections from 5-week-old cardiotoxin-treated p65++ and
p65+- mice were stained with H&E, and numbers of E-MyHC fibers were calculated. Scale bar: 20 um. Data are plotted as mean + SEM from 2

independent experiments (n = 4). *P < 0.05.

calcification compared with mdx;p65** littermates (Figure 3E).
However, we were unable to detect reexpression of dystrophin-
associated complex proteins (Supplemental Figure 2D), which
shows that blocking p65 activity is not sufficient to restore the
primary dystrophin deficiency present in these muscle fibers.

In response to the ongoing phases of degeneration in dystrophic
muscles, cycles of regeneration attempt to compensate for the loss
of muscle mass. However, this process soon ceases in DMD patients
due to exhausted regenerative potential resulting from premature
senescence of satellite cells and accelerated attrition in telomeres
(1). Interestingly, we observed by both H&E and E-MyHC analysis
that mdx;p657~ muscles contained higher numbers of regenerat-
ing fibers compared with mdx;p65”* mice (Figure 4A). Scoring for
E-MyHC-positive stained fibers revealed a mean increase of 43%
in mdx;p657~ muscles (721.2 + 90.2) over that of muscles from
mdx;p65** mice (409.2 + 77.8; P = 0.0008) (Figure 4B). In addition,
the percentage of centrally located nuclei (CLN) was also found to
be significantly higher in mdx;p65+/-(30.05 + 1.02) than mdx;p65+/*
muscles (21.89 = 1.68; P = 0.0002) (Figure 4C). To further exam-
ine NF-xB regulation of injury-induced secondary myogenesis, we
utilized the well-established cardiotoxin regeneration model (27).
Consistent with mdx analysis, muscle sections from p65*~ mice 6
days after cardiotoxin injection showed reduced inflammation
that was associated with a significant increase in E-MyHC-posi-
tive fibers (P = 0.0002) (Figure 4, D and E).

Myeloid deletion of IKKP reduces inflammation and necrosis in dys-
trophic muscles. It is generally accepted that muscle regeneration
occurs in response to injury and inflammation and that modu-
lation of this inflammatory process would predictably decrease,
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rather than increase, the regeneration capacity of skeletal muscle
as we had observed in mdx;p657~ mice. One explanation for these
results is that in addition to its more accepted role as a regulator
of immune response, activation of NF-kB might also function in
skeletal muscle as a negative regulator of myogenesis (28). In order
to decipher these potential cellular functions of NF-kB in dystro-
phic muscle, we utilized IKKf conditional KO mice (29). Myeloid-
specific lysozyme-driven Cre transgenic mice (Lys-Cre mice) (30)
were therefore crossed with mdx;IKKBY* (flox/flox) animals, and
resulting mdx;IKKBEF;Lys-Cre offspring were obtained in expected
Mendelian ratios. Due to a predominant ratio of muscle fibers to
macrophages in dystrophic muscle, selective deletion of IKKf from
the immune cell compartment was undetectable by standard West-
ern blot analysis (data not shown), but such reduction was observed
by CD68/IKKf coimmunofluorescence staining (Figure SA). Con-
sistent with the findings that IKKf may be directly linked to p65
phosphorylation and NF-kB activity (31), reduction in IKKp levels
resulted in a decrease in p-p65 signaling in immune cells but not
regenerating muscle cells (Figure 5B). In connection to the reduc-
tion in IKK/NF-kB signaling, muscle pathology was noticeably
improved in mdx;IKKB/¥;Lys-Cre mice, which had a 51% decrease
(P=10.0019) in necrotic patches compared with mdx;IKKB** con-
trols (Figure SC). Nevertheless, no significant differences in CD68
expression were detected (Figure 5D), suggesting that IKKf activity
in macrophages is not required for the recruitment of these cells
to a dystrophin-deficient muscle. However, since cytokines and
chemokines contribute to a dystrophic pathology (8), we hypothe-
sized that deletion of IKKf in the immune cell compartment might
result in a reduction in the overall inflammation burden in these
Volume 117 893
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Figure 5

IKKp deletion in myeloid cells reduces inflammation. (A and B) Gastrocnemius sections from 4-week-old mdx;IKKBFF and mdx;IKKBF/F;Lys-Cre
male mice were analyzed either by double immunofluorescence staining against IKKB (green) and CD68 (red) (A) or by immunohistochemistry
for p-p65 (B). Dashed white lines in A mark field of macrophages. m, muscle fibers. Scale bars: 10 um. (B) p-p65 immunohistochemical staining
of immune infiltrates (top row) and regenerating muscle fibers (bottom row). Scale bars: 15 um (top) and 10 um (bottom). (C) Necrotic fibers
were identified by IgG staining (filled fibers in red, nuclei in blue) (n = 6). Scale bar: 50 um. Quantification of necrosis appears in the graph. (D)
Real-time PCR analysis of CD68 in TA from sex- and age-matched WT, mdx;IKKBFF and mdx;IKKBF/F;Lys-Cre mice. (E) Real-time PCR analysis
was performed as described in D for TNF-a, IL-1f3, and MCP-1. Graphs are plotted as mean + SEM. *P < 0.05.

diseased muscles. Indeed, by real-time PCR analysis, we observed
decreases in TNF-a. (58%; P = 0.011), IL-1p (66%; P = 0.002), and
monocyte chemoattractant protein-1a,/CC chemokine ligand 2
(MCP-1a,/CCL2) (45%; P = 0.030) in mdx;IKKB**;Lys-Cre muscles
compared with mdx;IKKB¥F controls (Figure SE). Interestingly, as
shown in Figure 5B, this reduction in proinflammatory cytokines
did not affect the activated state of p65 originating in muscle fibers
from mdx;IKKBF/F;Lys-Cre mice, suggesting that other mediators in
addition to TNF-o and IL-1f contribute to the persistent activa-
tion of NF-kB in dystrophic muscle. Moreover, quantitation analy-
sis of E-MyHC staining revealed that there were no significant dif-
ferences in the number of regenerating fibers between these groups
of mice (data not shown), further suggesting that the primary role
of IKKB/NF-kB signaling in recruited macrophages is to promote
the proinflammatory network leading to muscle necrosis.
Myofiber-specific deletion of IKKP promotes regeneration in dystrophic
muscles. Having gained insight into the role of NF-kB signaling in
the immune cell compartment of dystrophin-deficient muscle, we
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now turned our attention to the requirement of this signaling path-
way in skeletal muscle fibers. For this analysis, mdx;IKK”" mice were
crossed with Cre knock-in mice under the regulation of the myosin
light chain 1f promoter (MLC-Cre mice), whose expression has been
shown to be highly restricted to skeletal muscles (32). Surprising-
ly, genotyping analysis from more than 100 progeny showed that
MLC-Cre animals, in contrast to myeloid-depleted IKKf mice, were
not obtained in the expected Mendelian ratios, and more than 98%
of the viable mdx;IKKBYF;MLC-Cre litters were females, suggesting
a sex bias in the segregation of these alleles Since expression of
MLC-1f occurs early in skeletal muscle development (32, 33), it is
possible that the requirement of IKKf during embryonic devel-
opment might be differentially regulated in a sex-specific man-
ner in a dystrophic background. Based on these considerations,
mdx; IKKBYF;MLC-Cre female mice were used for our analyses
and were compared with age-matched mdx;IKKB"* female con-
trols. Immunoblots confirmed that IKKf was efficiently, but not
completely, deleted in mdx;IKKB**; MLC-Cre muscles (Figure 6A).
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IKKB deletion in muscle cells promotes regeneration. Muscles harvested from 4-week- (A—F) or 12-week-old (F only) mdx;/KKBF/F and
mdx;IKKBFF;MLC-Cre mice were used for protein analysis (A and C) or histology (B and D). (A) Western blots probing for IKK subunits. (B)
Muscles were immunostained for p-p65 expression. (C) Western blots probing for p-p65, p65, and IkBo.. (D) H&E staining of mdx;IKKBF and
mdx;IKKBFF;MLC-Cre muscles. (E) Muscles used in D were stained for quantitation of E-MyHC—positive stained fibers or stained with H&E for
counting of CLN. *P < 0.05. Scale bars: 15 um (B) and 50 um (D). Graphs are plotted as mean + SEM. (F) Mean fiber distribution in mdx;IKKBF
and mdx;IKKBFF;MLC-Cre mice was determined from a minimum of 3,000 fibers from randomly chosen fields, obtained from multiple muscle

sections from a minimum of 4 mice per group.

Nevertheless, reduction was sufficient to concomitantly decrease
P-p65 specifically in regenerative fiber nuclei, without significant-
ly affecting IkB phosphorylation or turnover (Figure 6, B and C).
In addition, histological analysis of mdx;IKKBF5;MLC-Cre muscles
revealed a noticeable increase in regeneration in muscles lacking
IKK/NF-kB signaling (Figure 6D), which we quantitatively con-
firmed by E-MyHC staining (423.5 + 91.72 E-MyHC-positive stained
fibers in mdx;IKKB"*;MLC-Cre mice compared with 182.29 + 15.79
in mdx; IKKBPF mice; P = 0.0008) and by scoring for centronucleat-
ed fibers (27.63% = 3.48% in mdx;IKKBF;MLC-Cre mice compared
with 21.72% + 1.21% in mdx; IKKBF mice; P = 0.0358) (Figure 6E
and Supplemental Figure 3A). This analysis was performed at 4
weeks of age, when the regeneration phase in mdx mice begins to
peak. Morphometric measurements revealed that at this time,
regenerative fibers in mdx;IKKB?*;MLC-Cre mice were smaller than
those in mdx;IKKPBY*F mice. However, when fiber measurements
were repeated at 12 weeks of age, fibers in mdx;,IKKB!*;MLC-Cre
muscles were found to be significantly larger (Figure 6F),
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suggesting that the higher regeneration capacity in mdx;IKKR"%;
MLC-Cre mice eventually culminated in more mature fiber forma-
tion. Taken together, these results support the existence of a path-
way of IKKB-mediated NF-kB regulation in skeletal muscle that
functions to inhibit regeneration in muscular dystrophy.

Muscle progenitor cells are increased in myyofibers lacking IKK[ in dystro-
phic muscle. Since muscle repair is integrally linked to immune reg-
ulation (6), we considered the possibility that one mechanism by
which loss of IKKB/NF-xB signaling in skeletal muscle could pro-
mote regeneration is through a concomitant reduction of immune
modulators emanating from skeletal muscle tissue itself. Howev-
er, histological analysis of mdx;IKKB"T and mdux;IKKB*;MLC-Cre
muscles revealed no overt decreases in the number of immune
cells, a finding that was confirmed by CD68 analysis (Figure 7A).
Furthermore, while there was a reduction in TNF-o expression,
no significant changes were seen in cytokine and chemokine genes
IL-18, MCP-1, RANTES, and MIP-1a (macrophage inflammatory
protein 1a) (Figure 7A), supporting the notion that muscle regen-
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Muscle progenitor cells increase in mice lacking IKKB. Gastrocnemius or quadriceps were harvested from 4-week-old mdx;/IKKBFF and
mdx;IKKBFF;MLC-Cre mice and frozen for RNA analysis (A), cryosectioned (B), or homogenized for immunoblotting (C). (A) Real-time PCR
analysis of CD68, TNF-a, IL-13, MCP-1, RANTES, and MIP-1a (macrophage inflammatory protein 1a) obtained from 3—6 mice per group. (B)
Sections as described in A or from 7-week-old mdx;p65++ and mdx;p65+- mice were immunostained with MyoD and quantitated from a minimum
of 20 randomly chosen fields per section in 3—4 animals per group. (C) Western blots probing for Pax7 and a-tubulin. (D and E) Satellite cells
were isolated from pooled hind limb muscles from 4-week-old mdx;IKKBFF and mdx;IKKBFF;MLC-Cre littermates and either fixed and stained
with Pax7 or differentiated for 3 days and subsequently stained with MyHC to determine myotube number normalized per mm? area. Scale bars:
200 um. (F) Flow-cytometric analysis from freshly isolated cells of 4-week-old mdx;/IKKBFF and mdx;IKKBFF;MLC-Cre mice were stained with
cell-surface markers CD34 and Sca-1. Graph represents averages from 2 independent experiments. Data are plotted as mean + SEM.

eration due to a deletion of myofiber IKKB/NF-kB signaling is not
primarily mediated by an attenuated immune response. Increased
regeneration also did not correlate directly with the degree of mus-
cle damage, since the percentage of necrosis did not significantly
differ between mdx; IKKR*F;MLC-Cre and mdx;IKKBF muscles
(Supplemental Figure 3B).

Given that TNF-o expression was found to be lower in
mdx; IKKBFF; MLC-Cre muscles and that this cytokine has been
shown to inhibit myogenesis through the activation of NF-xB
896
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and the modulation of MyoD (34), we next considered that the
ability of NF-kB to repress regeneration in dystrophic muscle
might be linked to its negative regulation of the myogenic pro-
gram. Indeed, assessment of MyoD by immunostaining revealed a
41% (P = 0.0014) increase in mdx; IKKR”F;MLC-Cre compared with
mdx; IKKBFF muscles, and similar results were found when MyoD
levels were examined in mdx;p65”~ mice (Figure 7B). These data
support earlier in vitro findings (34) and suggest that increases in
MyoD may be a contributing factor to the enhancement of myo-
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Pharmacological inhibition of IKK rescues the histopathology and function of dystrophic muscle. (A) Amino acid sequence of WT or mutant
(mut) NBD peptides. Underlined amino acids indicate changes from WT to mutant forms. (B) Soleus muscles from WT or mutant NBD—treated
mice were stained with F4/80, and macrophages were quantitated. Scale bar: 300 um. (C) Gastrocnemius muscles harvested from mdx mice
treated for 4 weeks were sectioned and stained with either p-p65 (C) or H&E (E). Scale bars: 20 um (C and E). (D) Lysates from mice were
used for Western blots probing for p-p65, p65, and IkBa. (F) RNA was isolated from similar muscles as used for D including C57BL/10 and
mdx controls, and real-time PCR was performed for lysozyme (n = 4). (G) Regeneration potential was measured by quantitating fibers with
centronucleation and positive E-MyHC staining from mdx mice treated with saline or NBD peptides. (H) Force generation assessed by measur-
ing active developed force comparing diaphragm muscles from mice treated with either WT or mutant NBD peptide for 4 weeks. Quantitative
data are plotted as mean + SEM from 3 independent experiments. *P < 0.05.

genesis in muscles lacking NF-kB signaling. Since expression of
MyoD is represented in activated satellite cells committed to a
myogenic lineage and differentiation in response to injury (27),
we further speculated that NF-kB regulation of myogenesis might
extend to the level of myogenic progenitors or satellite cells. By
standard immunohistochemical stains, attempts to measure the
satellite cell marker Pax7 were unsuccessful in determining specif-
ic nuclear reactivity, but immunoblotting detected an induction
of Pax7 in mdx muscles that was further increased in fibers lacking
NF-kB (Figure 7C). Enhancement of Pax7 in mdx;IKKR"T;MLC-Cre
muscles was substantiated when immunostaining was performed
in freshly isolated satellite cells that were immediately fixed and
quantitated following 2 short preplating steps to minimize fibro-
blast contamination (Figure 7D). Furthermore, satellite cultures
prepared from mdx;IKKRT;MLC-Cre muscles also led to a 43%
increase in myotube formation (P = 0.0001) (Figure 7E). This reg-
ulation of satellite cells was specific to the dystrophic condition,
since IKKB¥:;MLC-Cre muscles on a WT background appeared
indistinguishable from those of IKKB?* or WT littermates, with
no evidence of regeneration or Pax7 deregulation (Supplemental
Figure 3, C and D).
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Although the exact origin of satellite cells remains elusive, adult
muscle-derived progenitor populations with stem cell-like prop-
erties that contribute to muscle formation during injury were
recently identified (35, 36). To further assess the extent of regula-
tion of the IKK/NF-kB signaling pathway in the satellite cell lin-
eage during regenerative myogenesis, muscle progenitor popula-
tions from mdx;IKKBF/F;MLC-Cre mice were isolated and analyzed
by flow cytometry (Figure 7F). Combinatorial FACS analysis with
CD34 and Sca-1 surface markers showed a 39% higher proportion
of CD34*Sca-1" cells in mdx;IKKR"T;MLC-Cre mice compared with
their mdx;IKKB¥¥ littermates. Since the CD34*Sca-1- fraction of
progenitor population isolated from adult muscles was found
to display myogenic activity in vitro (Supplemental Figure 3F) as
well as in vivo (35, 36), it is possible that increases in this fraction
detected in mdx muscles lacking NF-kB represent another source
of enhanced regenerative potential. Collectively, these results indi-
cate that chronic activation of IKK/NF-kB signaling in mdx muscle
contributes to dystrophic pathology through the negative regula-
tion of an adult skeletal muscle progenitor cell population.

Pharmacological inhibition of IKK identifies the IKK/NF-KB signaling
pathway as a therapeutic target in muscular dystrophy. Our results from
Volume 117 897
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biochemical and genetic analyses implicate IKK/NF-kB signaling
in the pathogenesis of DMD. To examine whether this signaling
pathway is a target for DMD treatment, we utilized the cell-perme-
able NEMO-binding domain (NBD) peptide (Figure 8A), which
was engineered from the C terminus of IKKf and shown to func-
tion as a specific IKK inhibitor (37). In vivo, systemic administra-
tion of NBD peptide is not toxic in mice and inhibition of NF-kB
correlates with attenuation of inflammatory response in other
disease models (38). Indeed, treatment of prenecrotic 6-day-old
mdx mice with WT NBD peptide resulted in a significant mean
decrease (80%; P = 0.034) in macrophage infiltration in muscles
as compared with similar administration with a mutant version
of the peptide (Figure 8B). Consistent with the notion that mac-
rophages promote inflammation-related membrane injury (6),
decreased immune invasion was associated with a 77% reduction
(P = 0.035) in membrane lysis with WT, but not mutant, NBD
treatment (Supplemental Figure 4, A and B).

Next we asked whether NBD therapy would prove efficacious
if treatment was pursued during the postnecrotic phase in mdx
mice. To this end, we began treatment from 23 days of age and
continued for an additional 4 weeks. WT NBD but not mutant
peptide treatment was successful in reducing NF-kB activity, as
assessed by p-p65, which was again seen to be independent of
IxBa turnover (Figure 8, C and D). Consistent with phenotypes
from genetic ablations of p65 and IKKp, treatment of mdx mice
with WT peptide caused a marked reduction in levels of immune
infiltrates (Figure 8, E and F, and Supplemental Figure 4C). In
contrast, only mild effects were observed in mutant NBD-treated
compared with untreated mdx mice. Furthermore, we addressed
whether pharmacological inhibition of NF-kB could promote
muscle repair. Again, as seen with the genetic models, treatment of
mdx mice with WT NBD peptide increased the number of E-MyHC
fibers by 47%, with a smaller, but significant, increase of 24% in
centronucleated fibers (P = 0.0007) (Figure 8G).

A major consequence of the dystrophic process is the inability
of degenerated muscles to produce a normal level of developed
force in DMD patients (1), which is mimicked in diaphragm
muscles from mdx mice (39). Measurements of active force devel-
oped by diaphragm muscles from mdx mice treated with WT
NBD or mutant peptide were therefore performed in independent
experiments in blinded fashion. Results revealed that diaphragm
muscles from WT NBD-treated mice had significantly higher
developed tetanic force (54.0 + 7.8 mN/mm?; n = 31) compared
with mutant peptide-treated mice (36.9 + 4.7 mN/mm?; n = 22)
(P = 0.048) (Figure 8H), suggesting that restored muscle pathol-
ogy and enhanced regeneration in mice treated with a specific
IKK inhibitor correlated with improved muscle function. Taken
together, these results elucidate that targeting the IKK/NF-kB sig-
naling pathway could be of clinical relevance in muscular dystro-
phies, specifically in improving the secondary pathology that is
critical to the disease progression of DMD.

Discussion

The data presented here provide genetic evidence supporting the
role of IKK/NF-kB in the pathogenesis of muscular dystrophy and
mark this signaling pathway as a potential therapeutic target for
the management of DMD. Our results are consistent with previous
studies (16, 17) in describing the activation of NF-kB in dystrophic
muscles; however, in contrast to the earlier studies, we find this
activity to be associated with both immune cells and regenerative
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muscle fibers. We also show that NF-kB activity in mdx mice resists
the normal downregulation seen during postnatal development
in WT mice. Because this activation coincides with the initiating
phases of mdx pathology, we suspect that inflammatory signals are
likely to be involved in this regulation. Another distinguishing fea-
ture of our study is the presence of chronic NF-kB activity without
evidence of classical IkBa phosphorylation and turnover. In fact,
the data instead point to elevated IKK activity that activates p65
transcriptional activity through phosphorylation of serine 536.
Although in our hands EMSAs revealed predominant p50 binding
in dystrophic muscles, unlike in disuse atrophy (14, 15), genetic
analysis did not support the involvement of this subunit in mdx
pathology. Studies utilizing homozygous pS0 mutant mice will be
needed to substantiate the role of p50 in dystrophic muscles.

One of the mechanisms by which IKK/NF-kB signaling appears
to contribute to dystrophy is by promoting chronic inflamma-
tion. Due to the wide range of NF-kB target genes, including
cytokines and chemokines (9), we speculate that NF-kB-mediated
transcription might serve as an amplification signal for persis-
tent immune response in dystrophic muscle. In effect, the reduc-
tion in inflammatory response in mdx mice with heterozygous
deletion of p65, myeloid-specific deletion of IKKf, or treatment
with NBD peptide supports such a notion. Besides immune
cells, injured muscle fibers also act as sources of cytokines and
chemokines involved in immune cell chemotaxis (6). However,
dystrophic muscles lacking IKKP showed levels of macrophages
similar to those in control mdx mice, suggesting that IKKf func-
tion in muscle cells is not likely to involve a chemotactic response.
Nevertheless, the regulation of TNF-a detected from both IKKf-
deleted myeloid and muscle cells supports the hypothesis that
the decrease in inflammation observed in p65”~ and NBD-treated
mice could result from an impaired inflammatory signaling loop
between muscle fibers and immune cells. It is also possible that
the activation of NF-kB emanating from other immune compart-
ments such as mast and T cells (6, 10) might contribute to the
inflammatory processes in dystrophic muscles.

A second mechanism by which IKK/NF-kB signaling regulates
the dystrophic process is repression of muscle regeneration. The
findings in this study suggest that blocking NF-kB function either
genetically or by pharmacological means promotes formation of
new myofibers in response to degeneration. These results are high-
ly consistent with recent evidence that IKK deletion in muscles in
response to acute injury can also lead to increased regeneration
(40). Muscle regeneration after injury represents a coordinated
sequence of events involving the activation of quiescent satellite
cells into myoblasts and their subsequent fusion to newly formed
myotubes (27). NF-kB has been previously shown to repress the
differentiation program by targeting MyoD (34) and by preventing
myoblast fusion in vitro (41). Our current in vivo study is consis-
tent with previous in vitro findings that TNF-a inhibits myogen-
esis through repression of MyoD (34). Importantly, the data also
reveal a new mechanism by which the NF-xB signaling pathway
regulates the early initiating steps of regenerative myogenesis
by modulating progenitor cell number in dystrophic muscles,
although exactly how NF-kB mediates this action on the progeni-
tor population, satellite cells, or myoblasts during regeneration
remains to be further explored. However, based on our results, it is
tempting to speculate that NF-kB signaling from damaged myo-
fibers could potentially limit the activation of progenitor popula-
tions and interfere with their participation in repair.
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Importantly, since satellite cells are exhausted very early due to
futile rounds of degeneration and regeneration cycles in muscles
of DMD patients (1, 4), any pharmacological agent that blocks
NF-«kB and maintains or replenishes the progenitor population
even partially could possibly improve muscle pathology and func-
tion. Furthermore, if NF-xB inhibition in the early stages of dys-
trophy can reduce the inflammation burden, this might in turn
slow the initial exhaustion of the regenerative capacity in dystro-
phic muscles. Sustained inhibition of IKK/NF-kB signaling could
in turn allow dystrophic muscles to recuperate and reinitiate mus-
cle repair in the later phases of the disease. Since NF-kB regulation
maintains a delicate balance between cell survival and apoptosis
and is very important for host defense mechanisms, the specific-
ity and duration of the NF-kB-inhibiting agent becomes highly
relevant in designing effective pharmacological therapies against
chronic diseases. Whereas IKKf inhibition in macrophages is bene-
ficial in reducing inflammation in cancer (42), IKKa loss in macro-
phages can actually elevate the immune response by increasing the
production of proinflammatory cytokines and chemokines (43),
thus underscoring the importance of specificity for IKK inhibi-
tors. Similarly, though administration of nonspecific agents such
as MG-132 (44) and, more recently, a synthetic antioxidant (45),
has been shown to ameliorate the dystrophic phenotype, risks of
inhibiting unwanted cellular targets can also sometimes outweigh
the benefits (46). In addition, our inability to detect clear evidence
of IkBa degradation in dystrophic muscles may argue against the
use of general proteasome inhibitors as a therapeutic strategy for
blocking classical NF-kB signaling in DMD. Hence, the imple-
mentation of a specific NF-kB inhibitor such as the NBD peptide
might provide maximal therapeutic benefit with minimal side
effects (47). Although long-term inhibition of NF-kB is associated
with a vulnerability to bacterial infections and mounting immune
responses (48), it is noteworthy that the NBD peptide has not been
found to block basal NF-kB activity (37) and, as seen in this and
previously described studies, does not exhibit overt signs of toxic-
ity (38, 47). Together, the results identify the IKK/NF-kB signaling
pathway as a viable target for anti-DMD therapy.

Methods

Mice. mdx (C57BL/10 ScSn DMD™%), NF-kB1*/~, TNFa /-, and Lys-Cre mice
were purchased from The Jackson Laboratory and NF-kB reporter mice
from Xenogen. All genotypes were determined by PCR analysis from tail
DNA. Mice were housed in the animal facilities of The Ohio State Uni-
versity Comprehensive Cancer Center under conventional conditions with
constant temperature and humidity and fed a standard diet. Animal exper-
imentation was approved by The Ohio State University Animal Care and
Use Committee. For cardiotoxin experiments, 100 ul of 10 uM cardiotoxin
dissolved in PBS was injected into the TA of either p65"* or p65*~ mice.
NBD peptide synthesis is described in the Supplemental material. Peptide
injections were performed using 2 regimens in independent laboratories.
In one group of male mdx mice, peptides were injected intraperitoneally,
beginning at 6 days of age, daily for 22 days at 10 mg/kg. In a second group,
peptides were injected intraperitoneally at 200 ug per mouse, beginning at
23 days of age, once every 3 days for 27 days.

Patients. DMD muscle biopsies were obtained in accordance with the
Institutional Review Boards of Columbus Children’s Research Institute
after informed consent.

Histology. Frozen muscle sections were stained as previously described
(49). For immunostaining, p-p65 antibodies (either unconjugated or
Alexa Fluor 488 conjugated) (1:500; Cell Signaling Technology), p65
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(1:5,000; Rockland), luciferase (1:1,000; Sigma-Aldrich), MyoD (1:50;
Dako), F4/80 (1:500; Serotec), E-MyHC (1:50; Developmental Studies
Hybridoma Bank, University of Towa, Iowa City, Iowa, USA), CD68 (1:500;
Serotec), IKKf (1:50; Imgenex), or MyHC (1:500, Sigma-Aldrich) were
used. Immunofluorescence of cultured cells with E-MyHC (1:50) and
Pax7 (1:100) (Developmental Studies Hybridoma Bank) was used. Rhoda-
mine- and Oregon green-conjugated secondary antibodies (1:250; Molec-
ular Probes; Invitrogen) were used for indirect immunofluorescence, and
Hoescht stain (1:10,000; Sigma-Aldrich) was used for nuclear detection.
For E-MyHC and centronucleation quantitation, counts were performed
from a minimum of 20 randomly chosen fields, from 5-6 sections
throughout the length of the muscle in 4-6 animals per group. Calcifica-
tions were identified by von Kossa and H&E staining (49), and staining
of muscle sections for cytoplasmic IgG accumulation was performed as
previously described (50). Fiber diameter measurements were determined
as reported previously (49).

Satellite cell isolation. Total hind limb muscles (3 mice per group) were
digested with type II collagenase (Worthington Biochemical Corp.) and
dispase (Roche Diagnostics) for 70 minutes, and cell suspensions were then
preplated for an hour in tissue culture flasks containing supplemented
DMEM media as previously described (51). Nonadherent cells were cen-
trifuged, counted, and labeled with biotin-conjugated CD34, clone RAM
34 (eBiosciences). Negative control staining was performed with the omis-
sion of the primary antibody. Cells were then incubated with anti-biotin
paramagnetic beads and selected using a MiniMACS separation system
according to the manufacturer’s instructions (Miltenyi Biotec). Cells were
subsequently labeled with streptavidin coupled to PE (BD Biosciences
— Pharmingen) and then incubated with FITC-conjugated Sca-1 antibody
(clone D7; BD Biosciences — Pharmingen) for flow cytometry analysis
(FACSAria cytometer using FACSDiva software; BD Biosciences). Sorted
gates were defined based on isotype controls and single stained cells, and
sorted cells were differentiated as described previously (52). Satellite cells
were isolated as described previously (53, 54).

Functional analysis. Diaphragm muscles were rapidly excised and
placed in ice-cold standard Krebs-Henseleit solution. Diaphragm strips
(0.9 + 0.03 mm wide; 1-4 strips per mouse) were mounted between a
force transducer (KG-7; Scientific Instruments) and a micromanipulator
device in the experimental setup. The muscle was allowed to stabilize at
37°C in Krebs-Henseleit solution with constant oxygenation. Following
delivery of a monophasic stimulus to the muscle, the voltage was gradu-
ally increased until all motor units were activated. Subsequently, the
muscle was slowly stretched to determine the optimal length. The muscle
was then rested for 5 minutes before the tetanic protocol was started.
Maximal tetanic contraction was assessed at 250 Hz for a 600-ms dura-
tion. In addition, to investigate a potentially different frequency response
between groups, tetani were assessed by sequential stimulation at 20, 50,
80, 120, 150, 200, and 250 Hz with 2 minutes rest in between. The cross-
sectional area for each muscle was determined by dividing muscle weight
by its length and tissue density, and muscle force was compared after
correction for cross-sectional area.

EMSA and reporter assays. EMSA and supershift analyses were performed
on whole muscles as previously described (49). The antibody against p6S
was obtained from Rockland and antibodies against pS0, c-Rel, RelB, Bcl-3,
and p52 from Santa Cruz Biotechnology Inc. For reporter assays, tissue
homogenates were prepared in M-PER (Pierce), and standard luciferase
assays were performed.

Western blotting, kinase assays, and real-time PCR. Muscle extracts for Western
blot analysis were prepared as previously described (52) and probed using
antibodies against p-p65, p-IkB, pIKK (1:500; Cell Signaling Technology),
IkBo (1:500; Santa Cruz Biotechnology Inc.), IKKa: (1:500; Imgenex), IKK(
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(1:500; Cell Signaling Technology), IKKy (1:500; Santa Cruz Biotechnology
Inc.) and p65 (1:10,000; Rockland). IKK assays were performed according
to published procedures (14, 31) with the exception that IKKy was used to
immunoprecipitate endogenous IKK. For real-time analysis, RNA was iso-
lated from muscle tissues, and real-time PCR was performed as described
previously (49) using primers listed in the Supplemental material.

Statistics. All quantitative data are represented as mean + SEM unless other-
wise noted. Analysis was performed between different groups using 2-tailed
Student’s ¢ test and nonparametric Mann-Whitney U test. Statistical signifi-
cance was setat P < 0.0S.
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