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a b s t r a c t

Transcription factors of the nuclear factor-kappa B (NF-kB) family play a pivotal role in inflammation,
immunity and cell survival responses. Recent studies revealed that NF-kB also regulates the processes of
muscle atrophy. NF-kB activity is regulated by various factors, including ankyrin repeat domain 2
(AnkrD2), which belongs to the muscle ankyrin repeat protein family. Another member of this family,
AnkrD1 is also a transcriptional effector. The expression levels of AnkrD1 are highly upregulated in
denervated skeletal muscle, suggesting an involvement of AnkrD1 in NF-kB mediated cellular responses
to paralysis. However, the molecular mechanism underlying the interactive role of AnkrD1 in NF-kB
mediated cellular responses is not well understood. In the current study, we examined the effect of
AnkrD1 on NF-kB activity and determined the interactions between AnkrD1 expression and NF-kB
signaling induced by TNFa in differentiating C2C12 myoblasts. TNFa upregulated AnkrD1 mRNA and
protein levels. AnkrD1-siRNA significantly increased TNFa-induced transcriptional activation of NF-kB,
whereas overexpression of AnkrD1 inhibited TNFa-induced NF-kB activity. Co-immunoprecipitation
studies demonstrated that AnkrD1 was able to bind p50 subunit of NF-kB and vice versa. Finally, CHIP
assays revealed that AnkrD1 bound chromatin at a NF-kB binding site in the AnrkD2 promoter and
required NF-kB to do so. These results provide evidence of signaling integration between AnkrD1 and NF-
kB pathways, and suggest a novel anti-inflammatory role of AnkrD1 through feedback inhibition of NF-kB
transcriptional activity by which AnkrD1 modulates the balance between physiological and pathological
inflammatory responses in skeletal muscle.

Published by Elsevier Inc.
1. Introduction

Nuclear factor-kappa B (NF-kB), composed of homo- and hetero-
dimers, is a transcription factor that regulates the expression of
more than 150 genes related to inflammation and cell survival re-
sponses [1,2]. Recent studies revealed that NF-kB also plays
important roles in regulating muscle atrophy or wasting found in
aging, disuse, denervation, muscular dystrophy, and cachexia due
to illness, such as cancer [3]. NF-kB consists of five members,
including p105/p50 (NF-kB1) and p100/p52 (NF-kB2), and is pre-
sent in cells in an inactive state [4,5]. NF-kВ belongs to the category
of rapid-acting primary transcription factors [5], which allows it to
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be a first responder to harmful cellular stimuli, such as stress, free
radicals, ultraviolet irritation, and inflammation [6]. Upon activa-
tion, the p50 and p52 products are proteolytically processed by
proteasomes from p105 and p100, respectively, and complexes
with RelA (p65), which are able to bind DNA and regulate tran-
scription [7].

The muscle ankyrin repeat protein (MARP) family, include
AnkrD1, AnkrD2, and diabetes-associated ankyrin repeat protein
(DARP), has been identified as a family of titin filament-based stress
response molecules [8], and shown to be involved in muscle stress
response pathways, such as that occurring after acute resistance
exercise or spinal muscle atrophy, or in those with Duchenne
muscular dystrophy [9e12]. AnkrD1 was first identified in endo-
thelial cells [13], but subsequently identified in skeletal muscle,
heart, ovarian, cancers [14], renal podocytes [15], healing wounds
[16], and mouse mammary epithelial cells [17]. AnkrD1 is localized
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in the nucleus in myoblasts, and is redistributed with myogenic
differentiation to the cytoplasm [18] where, in skeletal and cardiac
muscle, it and other MARPs bind preferentially to titin at the I band
of the sarcomere [19]. AnkrD1 is preferentially expressed in type 1
skeletal muscle fibers and is markedly induced by denervation [20].
AnkrD2 expression has also been reported to be elevated in
denervated skeletal muscle, though less so, and is also upregulated
in stretched skeletal muscle [21]. AnkrD2 protein has been shown
to migrate frommyofibrils to the nucleus of myofibers after muscle
injury by injection of cardiotoxin [22]. Both AnkrD1 and AnkrD2 are
proposed to be able to transmit signals from the sarcomere to the
nucleus, particularly, in response to muscle stress [22]. Moreover,
AnkrD1 down-regulates gene expression in the heart [23] and
binds to and regulates the transcriptional activity of p53 [24].
Silencing of AnkrD2 alters the expression of genes for multiple
pathways that included TGFß, Wnt signaling and p53 [24,25].
AnkrD2 has also been shown to bind proteins with PDZ and SH3
domains, and to multiple transcription factors including YB-1, p53,
PAX6, LHX2, NHIL3 and MECP2 [25,26].

Recent reports revealed that NF-kB activity is regulated by
several additional checkpoints, such as MARPs [9,27]. For example,
AnkrD2 protein is able to modulate NF-kB transcriptional activity
through direct interaction with the p50 subunit in human airway
smooth muscle cells [27]. Since the p50 subunit of NF-kB lacks a
transactivation domain, its transcriptional activity is dependent on
dimerization with other members of the NF-kB family, or on other
co-regulators [28]. We have previously reported that AnkrD1, but
not AnkrD2, serves as a transcriptional repressor for the androgen
receptor (AR), and the expression of AnkrD1 and AnkrD2 is differ-
entially regulated by androgens [29], suggesting that AnkrD1 and
AnkrD2may play different roles as transcriptional co-regulators. To
determine whether AnkrD1 influence p50 subunit transcriptional
activity, we examined the interactions between AnkrD1 and NF-kB
signaling induced by TNFa in differentiating C2C12 myoblasts.
2. Materials and methods

2.1. Cell line and cell culture

C2C12 cells were maintained in DMEM containing 10% FBS
supplemented with 1% penicillin/streptomycin at 37 �C. All exper-
iments were performed with C2C12 cells that had been incubated
for 48 h in DMEM containing 2% horse serum (HS) to initiate
differentiation.
2.2. Preparation of cell lysates, immunoprecipitation (IP) and
Western blotting (WB)

Cells were rinsed twice with ice-cold PBS and scraped with
1.5 ml of PBS containing 4mM iodoacetate. After centrifugation, the
pellets were resuspended in CHAPS extraction solution (10 mM
CHAPS, 2 mM EDTA, pH 8.0, and 4 mM iodoacetate in PBS) with
protease inhibitors. The samples were incubated for 30 min on ice
and centrifuged at 15,000� g for 10 min. The supernatants were
collected and stored at �70 �C. Proteins from the cytosolic and
nuclear fractions were isolated using a commercial kit from Pierce
(Rockford, IL), according to the manufacturer's instructions. IP was
performed using a kit from Thermo-Sci. Inc. (Rockford, IL). For
immunoblotting, cell lysates were electrophoresed on SDS-
polyacrylamide gels, electrophoretically transferred to a PVDF
membrane, and incubated with targeting primary antibodies
overnight at 4 �C. b-tubulin and histone antibodies were used as
loading controls. Antibody against AnkrD1, AnkrD2, histone were
purchased from Santa Cruz (Santa Cruz, CA); Anti-NF-kB-p50 and
b-tubulin antibodies were obtained from Cell Signaling (Danvers,
MA).
2.3. Transient transfection and luciferase reporter assay

Transient transfection was done using Lipofectamine 2000 re-
agent according to the manufacturer's instructions (Life Technolo-
gies, Grand Island, NY). The AnkrD1 expression plasmid and control
vector were purchased from Origene (Rockville, MD). The NF-kB
luciferase reporter vector (QIAGEN, Germantown, MD) was pre-
mixed with a plasmid constitutively expressing Renilla luciferase
which served as an internal control for normalizing transfection
efficiencies. Cells were cultured in 12-well cluster plates and co-
transfected with either 1 mg of the reporter plasmid or control
vector (as mock controls) and 1 mg of AnkrD1 expression plasmid or
control vector for 24 h. The transfected cells were then lysed by
scraping into reporter buffer (Promega, Madison, WI). Luciferase
activity was assayed and quantitated using a luminometer. The
results were normalized to Renilla activity.
2.4. Quantitative real-time (Rt) PCR

qRt-PCR was performed as described previously [29] using a
thermocycler (model 7500; Applied Biosystems). For each sample,
the determinations were performed in triplicate, and the means for
the crossing points of triplicates were used in subsequent calcula-
tions. Relative mRNA levels were expressed as fold-change using
the 2�DDCt method. Data were normalized relative to 18s RNA.
2.5. Small interfering RNA (siRNA) transfection

siRNA against AnkrD1 and non-silencing random siRNA (nega-
tive control) was purchased from Applied Biosystems. Cells were
cultured in 6-well plates and transfected with either non-silencing
random siRNA or 20 nM AnkrD1-siRNA in 100 ml of PepMute-Plus
siRNA transfection reagent (SignaGen Lab., Ijamsville, MD),
following the manufacturer's recommended procedures. Cells were
then treated with either vehicle or TNFa (5 ng/ml, Millipore,
Temecula, CA) for 24 h under differentiating conditions.
2.6. Chromatin immunoprecipitation (CHIP) assay

CHIP assayswere conducted as previously described [30] using a
kit purchased from USB-Affymetrix Co. (Santa Clara, CA) Briefly,
cells were washed once with PBS and then cross-linked with 1.5%
formaldehyde at 37 �C for 10min. After washing twicewith ice-cold
PBS, the cells were collected in lysis buffer and incubated for 30min
on ice. Cell lysates were sonicated using a Sonicator 3000 and then
diluted 5-fold with dilution buffer. Diluted cell lysates were pre-
cleared with salmon sperm DNA/protein A-agarose for 2 h at 4 �C.
Monoclonal anti-AnkrD1 antibody (5 mg) or normal mouse IgG
(control) was used to immunoprecipitate protein-DNA complexes
from precleared supernatants containing 500 mg of protein.
Immunoprecipitated DNA was amplified by PCR (35 cycles) using
Taq polymerase (New England Biolabs, Ipswich, MA), resolved by
1% agarose gel electrophoresis, and visualized with ethidium bro-
mide staining. The following primer set was used: forward, 50-GTT-
TCT-GCA-AGC-CAC-AGG-GC-30; and reverse, 50-AAC-AGA-TGG-
ACA-GGT-TCT-GT-30. The sequence of the DNA pulled down was
verified by DNA sequencing (DNA Sequencing Facility, Albert Ein-
stein College of Medicine, Bronx, NY).
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2.7. Statistics

Data are expressed as means ± SEM. The significance of differ-
ences between pairs of means was determined with an unpaired
two-tailed Student's t-test. Statistical calculations were performed
with Prism 6.0 (GraphPad).
3. Results

3.1. TNFa upregulated AnkrD1 expression in C2C12 myoblasts

To explore the possible links between signaling through NF-kB
and expression and function of AnkrD1, we initially investigated
the effect of TNFa on AnkrD1 mRNA and protein expression in
differentiating C2C12 cells. As shown in Fig. 1A, qRt-PCR revealed
Fig. 1. TNFa upregulates AnkrD1 expression. (A) C2C12 cells were cultured in DMEM
containing 2% HS and treated with either vehicle or TNFa (5 ng/ml) for 24 h. Total RNA
was isolated and subjected to qRT-PCR analysis. (B) Total cell lysates and nuclear
protein were isolated and subjected to Western blotting. (C) Blots in B were quantified
by scanning densitometry and normalized relative to either b-tubulin (total cell ly-
sates) or histone (nuclear protein). Data shown in B are representative Western blot
analysis; Data shown in C are mean values ±SEM for 3 separate determinations;
*p < 0.05, and **p < 0.01.
that treatment of cells with TNFa induced a significant increase in
AnkrD1 mRNA within 24 h. The effect of TNFa on AnkrD1 protein
expression was also evaluated. Western blot analysis revealed that
TNFa induced a moderate increase in AnkrD1 protein levels in total
cell lysates. In contrast, AnkrD1 protein levels were greatly
increased in the nuclear fraction in response toTNFa (Fig. 1B and C).
These results confirmed an upregulation of AnkrD1, both at mRNA
and protein levels, in response to inflammatory stimulation.

3.2. AnkrD1 protein formed complexes with p50 subunit of NF-kB in
C2C12 cells

We next determined whether AnkrD1 protein bound to p50
subunit of NF-kB in cytosolic and nuclear compartments of the cells
in response to TNFa stimulation using co-immunoprecipitation. As
shown in Fig. 2, in pull-downs of the protein complexes formed by
p50 with AnkrD1 using antibody against p50, Western blotting
confirmed the presence in immunoprecipitated protein of AnkrD1
(upper panel). Similarly, when pull-down conducted with anti-
AnkrD1 antibody, presence of p50 protein was evidenced (lower
panel). Thus, AnkrD1 was associated with p50, and the binding was
enhanced in presence of TNFa.

3.3. AnkrD1 modulated NF-kB luciferase activity in C2C12 cells

We further test whether the complexes formed by AnkrD1 and
p50 subunit were functional, we examined how manipulating
AnkrD1 levels influenced TNFa-induced activity of an NF-kB re-
porter gene in C2C12 myoblasts. We co-transfected C2C12 cells
with an AnkrD1 expression vector to overexpress AnkrD1 gene and
together with an NF-kB luciferase reporter vector. Overexpression
of AnkrD1 did not impact luciferase activity, but significantly
blunted TNFa-induced increases of reporter activity (Fig. 3A). To
extend this observation, AnkrD1-siRNAwas employed to inhibit the
expression of AnkrD1 followed by NF-kB luciferase activity assays.
As shown in Fig. 3B, AnkrD1 gene knockdown with siRNA signifi-
cantly increased NF-kB transcriptional activity induced by TNFa.
These findings suggested a novel effect of AnkrD1 on modulating
the NF-kB activity in response to inflammatory stimulation.

3.4. TNFa promoted DNA binding of AnkrD1 to a NF-kB binding site

Finally, we performed CHIP assays to determine whether
exposure of C2C12 cells to TNFa induced recruitment of AnkrD1 to
an NF-kB binding site previously reported in the AnkrD2 promoter
[27]. PCR amplification of DNA fragments immunoprecipitatedwith
AnkrD1 antibody gave a single band of 500 bp as expected [27].
Fig. 2. AnkrD1 protein forms complexes with p50 subunit of NF-kB. C2C12 cells were
cultured in DMEM containing 2% HS and treated with either vehicle or TNFa (5 ng/ml)
for 24 h. Total protein lysates as well as cytosolic and nuclear proteins were isolated
and subjected to immunoprecipitation with antibodies against either p50 (upper
panel) or AnkrD1 (Low panel), followed by Western blotting, as indicated. Images are
representative of Western blot analysis for two separate experiments.



Fig. 3. AnkrD1 modulates NF-kB transcriptional activity. (A) Cells were cultured in 12-
well cluster plates and co-transfected with AnkrD1 expression plasmid (1 mg) or
control vector together with an NF-kB reporter plasmid or control vector (mock con-
trols) in the presence or absence of 5 ng/ml TNFa for 24 h. (B) Cells were co-transfected
with either AnkrD1 siRNA (20 nM) or non-silencing random siRNA (negative control)
together with the NF-kB reporter plasmid or control vector, and treated with TNFa for
24 h. The results were normalized to Renilla activity. *p < 0.05, and **p < 0.01.

Fig. 4. TNFa promotes DNA binding of AnkrD1-NF-kB complexes. (A) Cells were treated
with or without TNFa, as indicated, for 24 h. (B) Cells were transfected with either NF-
kB siRNA (20 nM) or non-silencing random siRNA (negative control). CHIP assays were
then performed with anti-AnkrD1 antibody and PCR was used to detect AnkrD2 pro-
moter fragments. Data shown in A & B are representative photographs from 3 inde-
pendent assays.
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Cells treated with TNFa resulted in an increase in density of the
band suggesting enhanced binding of AnkrD1 to the region of
chromatin in response to TNFa (Fig. 4A). To confirm a functional
interaction of AnkrD1 with NF-kB bound to the AnkrD2 promoter,
we treated cells with siRNA against p50 subunit of NF-kB prior to
CHIP assay. As shown in Fig. 4B, knockdown of p50 gene led to a
decreased intensity of the band suggesting that binding of AnkrD1
to chromatin involved the formation of AnkrD1/p50 complexes.
These data support the notion that AnkrD1 forms complexes with
DNA-bound NF-kB.
4. Discussion

The above findings indicate that TNFa stimulates the upregu-
lation of AnkrD1 expression, that AnkrD1 binds the p50 subunit of
NF-kB and that AnkrD1 is recruited to NF-kB bound to chromatin at
a proven NF-kB binding site in the AnkrD2 promoter. Furthermore,
these data reveal AnkrD1 as a transcriptional repressor of signaling
induced by TNFa through NF-kB. When taken together, the findings
support the existence of a negative feedback loop in skeletal muscle
wherein activation of NF-kB, such as might occur due to upregu-
lation of TNFa, increased levels of reactive oxygen species, or
cellular stress, elicits expression of AnkrD1 and thereby represses
continued NF-kB actions in gene expression. It is attractive to
propose the possibility that one function of AnkrD1 in paralyzed
muscle is to act as a break on continued deterioration of skeletal
muscle mass and function by inhibiting ongoing NF-kB signaling.
This interpretation of the findings is supported by observations that
TNFa expression is upregulated after nerve transection [20,31], and
that signaling by TWEAK, another TNF family member [32] which
signals through NF-kB, is also activated during denervation atrophy.

Signaling through NF-kB is upregulated in skeletal muscle dur-
ing a variety of conditions that predispose to muscle atrophy
including paralysis, sarcopenia related to aging, and cancer
cachexia [33]. AnkrD1 expression has been shown to be increased
after nerve transection, muscle stretch, resistance exercise, or Du-
chenne's muscular dystrophy; the full spectrum of conditions
which upregulate AnkrD1 expression is unknown. Data from
several reports reveals that upregulation of AnkrD1 and activation
of NF-kB occurs concurrently in diseased or paralyzed muscle.
Therefore it is likely that interactions between NF-kB signaling and
AnkrD1 observed in C2C12 myoblasts in the above studies is also
participating in NF-kB signaling in skeletal muscle in-vivo, although
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further studies are needed to confirm this prediction. Further
elucidation of the roles of AnkrD1 and AnkrD2 in regulating muscle
gene expression programs in response to exercise, injury or disease
will be an interesting area to additional investigation.

How AnkrD1 contributes to muscle homeostasis, whether in
health, disease states or after immobilization or paralysis, is un-
known and is an area that requires further study. Mice with
germline deletions of AnkrD1 and DARP develop normally but their
muscles demonstrate altered elastic properties and impaired re-
sponses to bouts of eccentric resistance exercise [34]. One might
presume that AnkrD1 aids in muscle responses to stretch, paralysis,
overloading or disease by appropriately modulating gene expres-
sion programs triggered by pro-inflammatory cytokines, reactive
oxygen species, or tissue responses to damaged muscle fibers. The
above findings suggest that AnkrD1might direct NF-kB signaling in
a way that facilitates optimal tissue adaptations or repair. Inter-
esting and unanswered questions include which effects of AnkrD1
on muscle gene expression and adaptation to stress and disease are
distinct from those of AnkrD2, which is expressed at much higher
levels in normal, healthy muscle.

AnkrD1 and other MARPs act as transcriptional regulators that
are released from binding sites on Titin during periods of stress
after which they migrate to the nucleus to regulate gene expres-
sion. How AnkrD1, or other MARPs participate in regulating such
gene expression programs has not been elucidated. Our findings
are, to our knowledge, the first to relate AnkrD1 function in skeletal
muscle to a specific transcriptional circuit and function. Further
studies are required to better define the functional consequences of
repression of NF-kB signaling in skeletal muscle.
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