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Adenosine deaminases acting on RNA 1 (ADAR1) catalyzes cellular RNA adenosine-to-inosine editing events on structured RNA
molecules. In line with this critical role, ADAR1 exhibits ubiquitous expression and is essential for embryonic development.
However, regulation and developmental significance of this RNA editor in a spatiotemporal context are largely elusive. Here we
unveil a novel tissue-specific role of ADAR1 in skeletal myogenesis. ADAR1 expression displayed programmed alteration that is
coordinated with differentiation cues, and mediated negatively by miRNA-1/206. Coincidently, ADAR1 exerts stage-dependent
functions—suppression of apoptosis at the onset of differentiation and preservation of timely myotube formation through later
phase. Furthermore, the post-transcriptional aspect of its myogenic role was illustrated by the spectrum of binding RNAs, as
revealed by high-throughput approach, as well as by direct regulation of myogenesis-associated targets such as dynamin 1/2
(Dnm1/2) and annexin A4. Consequently, maintenance of target gene expression profiles likely contributes to a state of
cytoskeleton and membrane dynamics that is amenable to myoblast morphogenesis. Collectively, these findings uncover a
critical link of ADAR1 to myogenesis, and further highlight an epigenetic mechanism by which ADAR1 and miR-1/206 interplay to
control scheduled myoblast–myotube transition.
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The full complement of RNA molecules in a cell, or the
transcriptome, is finely and dynamically regulated to meet the
cellular need associated with a particular developmental or
physiological state. Among mechanisms that shape the
transcriptome, RNA editing of the adenosine-to-inosine
(A-to-I) type represents an integral post-transcriptional process.
Such conversion is mediated by ADARs (adenosine
deaminases acting on RNA), which catalyze the hydrolytic
deamination of adenosines in specific double-stranded RNA
substrates.1 Through this enzymatic reaction, transcripts are
covalently modified in a manner that results in an RNA
sequence different from that encoded by the genomic DNA,
thereby diversifying the cellular RNA signatures.2–4 And given
that the nucleoside inosine is interpreted as guanosine by
cellular machineries, such as the translation and RNA
processing apparatuses, the A-to-I editing represents a form
of genetic recoding with widespread implications on the
expression and functions of coding and non-coding RNAs.
Although extensive efforts have been devoted to profile
sequence alterations that constitute the RNA editome,
regulation and functional consequence of ADAR activity
remain largely unresolved.
This metazoa-specific ADAR protein family comprises

threemembers – ADAR1, ADAR2 (or ADARB1), and ADAR3
(or ADARB2) – and is characterized by the catalytic
deaminase domain as well as multiple double-stranded

RNA-binding domains. The ADAR1 gene encodes two
isoforms of the enzymes through alternative promoter usage
– an interferon (IFN)-inducibleB150 kDa protein (p150) and
a constitutively expressed N-terminally truncated B110 kDa
protein (p110).5 The p110 form is exclusively nuclear in
the cells, whereas the long form exhibits cytoplasmic
localization.6 Among the ADAR family members, ADAR1 is
absolutely essential for life in mammals, as inactivation of
this gene in mice leads to embryonic lethality attributable to
widespread apoptosis.7,8 Although this is consistent with its
pervasive expression and direct link to a critical step of
gene expression, demonstration of ADAR1’s developmental
significance in a spatiotemporal context has been largely
elusive. More significantly, how ADAR1’s editing and/or
transcriptomic roles are manifested in the developmental
processes are not fully characterized. In this regard, multiple
lines of evidence have provided support to a tissue-specific
role of this protein, particularly in the maintenance of
hematopoietic stem cells9,10 as well as in the neuronal
differentiation.11,12 In line with the emerging scenario that
ADAR1 may exert context-dependent developmental func-
tions, Meltzer et al have recently demonstrated ADAR1
activation in response to inflammatory stressors, such as
TNF-a, IFN-g, or lipopolysaccharide, in the skeletal myoblast
cells, and its possible function in limiting stress response and
associated atrophy pathways.13
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The formation of skeletal muscle, during development or in
response to muscle damages, is accomplished through
myogenesis. It is a complex process composed of temporally
separate but highly coordinated events – determination, the
phase through which multipotent stem cells are first com-
mitted to the myogenic lineage, and differentiation, the step
through which myoblasts cease proliferation and fuse into
multinucleated myotubes.14 At the molecular level, this
process entails tight integration of extracellular and intra-
cellular cues at the chromatin of muscle progenitors, which
leads to a dynamic and physiologically relevant state of gene
expression network.15–17 The important transcriptional reg-
ulators of myogenesis are a family of basic helix–loop–helix
(bHLH) transcription factors known as muscle regulatory
transcription factors, which has been shown to establish the
myogenic lineage during embryogenesis and regulate the
myogenic program.18,19 The status of the muscle-specific
genes is also governed by a multi-component epigenetic
system comprising a myriad of histone modifiers and
chromatin structure modulators.15

In addition, the post-transcriptional regulators of gene
expression, principally microRNAs (miRNAs) and RNA-
binding proteins, constitute another integral part of myogenesis
regulation. In this capacity, a small number of muscle-specific
miRNAs, termed myo-miRs, has been identified and
shown to impact myogenesis and/or cardiac functions.20–24

An exemplar member is the miR-1 family, which is composed
of six miRNA genes distributed in three paralogous clusters,
and has been functionally implicated in the development of
human skeletal muscle25 and in a Sprague–Dawley rat model
of myocardial infarction.26 Being an important and well-
characterized component of this regulatory circuit, miR-1
and miR-206 are closely related in terms of seed sequence,
expression, and function, and are known to promote
myoblast-to-myotube differentiation.27 Likewise, several
RNA-binding proteins, HuR, KSRP, CUGBP1, PABPN1, Lin-28,
and TTP, have been implicated in the regulation of alternative
splicing, RNA stability, and translation, and ultimately gene
expression associated with the myogenic program.28 How-
ever, this remains a less understood facet of gene regulation
that underlies muscle development.
Results from our present work revealed a novel tissue-

specific role of ADAR1 and are further consistent with the
scenario that this RNA editor is an integral regulatory
constituent of the myogenesis pathway. In response to
differentiation cues, expression of ADAR1 underwent stage-
specific alterations, which are triggered by both transcriptional
and miRNA-mediated mechanisms and lead to near absence
of this essential factor in late myogenesis. Consistent with
such profiles, ADAR1 provides fundamental, distinct functions
at multiple steps – in remedying stress arisen during early
differentiation and facilitating timely myoblast–myotube tran-
sition. We further demonstrated that its suppressive function
in myotubematuration occurs through targeting andmodulating
the expression of certain myogenesis-associated genes.
These findings collectively define a myogenic role of ADAR1
and establish a regulatory circuitry of miR-1/206-ADAR1 that
contributes to scheduled gene program transitions and
consequently skeletal myogenesis-associated cytoskeleton
and membrane dynamics.

Results

Stage-dependent regulation of ADAR1 expression
during myogenic differentiation. Despite its seemingly
ubiquitous expression and functional indispensability, it pre-
sently remains unresolved whether or how ADAR1 expression
could be regulated in a context-dependent manner. Previous
studies have revealed a scarcity of Adar1 in the skeletal and
cardiac muscle tissues,29 thus implying a tissue-specific mode
of expression regulation. To further explore this possibility, we
profiled the expression levels of ADAR1 during myoblast
differentiation. Myoblast C2C12 cells cultured under growth
condition (growth medium) or undergoing differentiation (DM
or differentiation medium) were harvested for mRNA and
protein expression analyses (Figures 1a and b). A surge in the
expression of IFN-inducible ADAR1 isoform (p150), at both
the transcript and protein levels, was observed within the first
day of differentiation (o24h). However, coincidently with the
upregulation of skeletal muscle-specific markers myogenin
(MyoG) and MHC, such increase in expression subsided.
Interestingly, although the mRNA levels of the constitutively
expressed isoform of Adar1 (p110) remained invariable
throughput the course of differentiation (Figure 1b), protein
expression underwent a progressive decline from mid- to late-
stage of differentiation (48–96h; Figure 1a). Such expression
alterations thus signify a stage-dependent, isoform-specific
regulation of ADAR1 during skeletal myogenesis.

ADAR1 facilitates initial myogenic progression through
its anti-apoptotic function. To next investigate whether
alteration in the ADAR1 levels is functionally correlated with
the scheduled progression of myogenic differentiation, we
initially assessed the effect of ADAR1 knockdown on muscle
differentiation. We found a lesser extent of differentiation in the
ADAR1 total knockdown culture undergoing differentiation,
based on the accumulation of myogenic markers (Figure 1c)
and multinucleated myotube formation (Figure 1d). In the
specific absence of the p150 isoform, we also observed
downregulation of myogenic markers and myotubes (Figures
1c and d). Further in line with a positive regulation, over-
expression of both forms of ADAR1 elevated the expression of
MyoG (Figure 1e). We also generated a catalytically defective
mutant as a means for loss-of-function characterization, as no
siRNAs were available for exclusive downregulation of the
p110 isoform. Our results showed that cells harboring ADAR1
p110 mutant similarly exhibited abrogated differentiation
(Figure 1e). Intriguingly, although overexpression of both
wild-type and deaminase-dead forms of p150 promoted the
expression of MyoG (Figure 1e), we noted an increased
expression of the p110 protein in the p150 overexpressing
cells. As transfection of a C-terminally FLAG-tagged construct
also gave rise to the expression of FLAG-tagged p110
(Supplementary Figure S1), we presumed that such upregula-
tion was a result of alternative translation initiation from an
internal Met codon for the in-frame p110 form. Therefore, as
compared with the knockdown experiments, ectopic expres-
sion assays may not be suitable for clarifying the role of p150
in myogenesis. Next, to exclude the possibility that the
delayed differentiation arose from abnormal cell growth,
we performed a BrdU-based cell proliferation assay and
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Figure 1 Stage-dependent expression profile and anti-apoptotic function of ADAR1 during early myogenesis. (a and b) C2C12 cells were cultured in growth medium (GM),
and when cells reached confluence, the medium was replaced with differentiation medium (DM). C2C12 cells were harvested under GM and DM (0, 4, 8, 12, 24, 48, 72, 96 h post-
differentiation) conditions. (a) Cell extracts were prepared for immunoblot analysis of ADAR1 and differentiation markers, MyoG and MHC. GAPDH serves as the internal control.
Filled arrowheads indicate the position of p110 isoform, whereas open arrowheads denote p150. (b) RNA was isolated from these cells and subjected to real-time RT-PCR with
primers specific to total Adar1, Adar1 p110, and Adar1 p150. Data presented were normalized to the levels in GM, with mean±S.D. from at least three experiments (*Po0.05;
**Po0.01; ***Po0.001). (c) C2C12 cells were transfected with siRNAs targeting Adar1 p150 (p150), both isoforms of Adar1 (Adar1) or control siRNA (ctrl; targeting GFP). After
differentiation induction, cells were harvested at 24 or 48 h for western blot analysis of ADAR1 and the indicated myogenic markers. GAPDH serves as the loading control. Filled
arrowheads indicate the position of the p110 isoform, whereas open arrowheads denote p150. (d) Morphological characterization of myoblast differentiation in response to Adar1
knockdown (Adar1, total Adar1; p150, p150 isoform). Myotubes (DM-48 h) were visualized by indirect immunofluorescence analysis antibody against MHC (green) and nuclear
counterstaining with DAPI (blue). Scale bar, 50mm. (e) Effect of overexpressing the wild-type (Wt) or catalytic mutant (Mt) variants of the ADAR1 (p110 or p150 isoform) on MyoG.
Western blot analysis was done as in c, for cells harvested at 24 h DM. (f) Profiling of stress-associated markers in differentiating C2C12 myoblasts. Cell extracts were prepared at
the indicated culture conditions for detecting the expression of total PKR, phosphorylated PKR (p-PKR), activated/cleaved Caspase 3, ADAR1, and loading control Tubulin by
immunoblot analysis. (g–i) Role of ADAR1 on the stress response of differentiating C2C12 cells. For loss-of-function experiments (g and h), cells were transfected with siRNAs
targeting ADAR p150 (p150), both isoforms of Adar1 (Adar1), or GFP (ctrl), and subsequently harvested at DM-24 h for immunoblot analysis (g) or terminal deoxynucleotidyl
transferase dUTP nick end labeling assay for apoptosis detection (h). For ADAR1 p110 overexpression (i), cells were transfected with expression plasmids encoding wild-type
(p110) or deaminase-dead variant (p110-Mt). The empty vector was used as a control (ctrl). Cells were collected at DM-48 h and analyzed for expression levels of the indicated
proteins. GAPDH and Tubulin were used as loading controls (For statistical analyses shown in this figure: NS, not significant or P40.05; *Po0.05; **Po0.01; ***Po0.001.)
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subsequently found that the state of cell proliferation was not
altered in the knockdown or overexpression cultures
(Supplementary Figure S2). Together, these results indicate
that both isoforms of ADAR1 are positive regulators of the
initial phase of myogenic differentiation program.
We next sought to further delineate functional consequence

of ADAR1 expression in early myogenesis. Profiling of the
stress-associated cellular state in differentiating myoblasts
showed transiently increased levels of phospho-PKR and
cleaved form of caspase 3 in the early DM culture (Figure 1f),
indicative of elevated stress and apoptotic responses imme-
diately associated with differentiation initiation. Depletion of
the total ADAR1 pools or ADAR1 p150 alone augmented
these molecular features (Figure 1g) as well as the extent of
apoptosis, as assessed by the terminal deoxynucleotidyl
transferase dUTP nick end labeling assay (Figure 1h).
Conversely, ectopic expression of both the wild-type and
deaminase-defective ADAR1 p110 moderated the levels of
cleaved caspase 3 in the DM-48 h cells, as compared with the
control (Figure 1i). Taken together, these data are consistent
with the notion that ADAR1 serves to sustain early commit-
ment window of myogenesis by suppressing exaggerated
apoptosis. Intriguingly, ADAR1’s involvement in myogenesis-
associated stress response was independent of its catalytic
activity (Figure 1i), implying that significance of the enzymatic
function in myogensis (Figure 1e) may be manifested in other
aspects of differentiation.

ADAR1 expression in differentiated myotubes is down-
regulated by myo-miRNAs miR-1 and miR-206. Based on
our expression profiling data, ADAR1 p110 protein under-
went downregulation in differentiated myoblasts (48–96 h
post-DM), whereas the corresponding mRNA levels exhibited
no significant changes (Figures 1a and b). To further
interrogate the mechanism underlying such control, we
turned our attention to miRNA-mediated post-transcriptional
regulation owing to its established link to myogenesis.30 To
this end, sequence analysis of mouse Adar1 30 untranslated
region (30UTR) using TargetScan uncovered the unique
presence of putative target site for two miRNAs – miR-1 and
miR-206 – with high degree of conservation and complete
complementarity in seed region (Figure 2a). Consistent with
previous studies and their roles in promoting myogenic
differentiation, expression profiling revealed that miR-1 and
miR-206 were clearly induced when C2C12 myoblasts
underwent differentiation (Supplementary Figure S3). Such
accumulation in differentiating cells coincided with ADAR1
protein reduction in later stage of myogenic program.
To further assess the importance of Adar1 30UTR in the
downregulation of ADAR1 protein in late differentiation,
we generated an Adar1 30UTR reporter by grafting the entire
30UTR to the 30 end of a luciferase reporter (Figure 2a). We
subsequently observed in the differentiating C2C12 marked
reduction in the luciferase activity that closely correlated with
miR-1/206 induction (Figure 2b). On the contrary, reporter
construct with modified miR-1/206 presumptive site in the
30UTR (Mt) lost its responsiveness to differentiation signals
(Figure 2b).
In further support to the miR-1/206-ADAR1 link, over-

expression of synthetic miR-1 and miR-206 in either the

C2C12 (Figure 2c) or HeLa (Figure 2d) cell lines inhibited the
ectopic 30UTR reporter in a target sequence-dependent
manner, whereas the wild-type reporter was negatively
regulated by the co-transfected miRNAs and the mutant
reporter ceased to respond to such treatment. In parallel,
delivery of anti-miR-1 (Figure 2e) and anti-miR-206 (Figure 2f)
oligomers to the differentiating C2C12 cells reversed the
differentiation-associated suppression of the 30UTR. In addition,
the significance of miR-1/206 regulation was corroborated by
the effects of altering these myo-miRs on the expression of
endogenous ADAR1 proteins – the levels of both isoforms
reduced under the overexpression of miR-1/206 in C2C12
(Figure 2g) or HeLa (Figure 2h) cells, yet higher levels of
ADAR1 p110 remained in differentiated myoblasts (DM-72 h)
that harbored miR-1/206 antagomers (Figure 2i). Overall,
these results are in full agreement with the scenario that miR-
1/206 directly targets Adar1 30UTR in C2C12 cells and
mediates its expression repression in response to myogenic
differentiation.

The downregulation of ADAR1 is important for scheduled
transition from nascent to mature myotubes and for
muscle development. Having established the stage-specific,
miR-1/206-mediated downregulation of ADAR1, we next
aimed to deduce the biological relevance of such regulation
in myogenic maturation. To address this issue, we first set out
to reconstitute the expression of ADAR1 p110 in late phase of
differentiation and observe its effect on multinucleated
myotube formation, a hallmark of terminal differentiation.
A expression construct was generated that induces ectopic
expression of ADAR1 p110 by a muscle-specific muscle
creatine kinase (MCK) promoter/enhancer, which is transcrip-
tionally restricted to differentiated muscle cells.31 Such
exogenous construct resulted in higher expression of ADAR1
p110 in the late phase of differentiation course (48–96h;
Figure 3a), complementing the depleted pools of this protein at
this stage. Quantitative examination of the extent of differentia-
tion was done by measuring the extent of myotube fusion,
defined as the percentage of total nuclei in myotubes that
comprise multiple nuclei. As shown in Figures 3b and c,
ectopic expression of ADAR1 p110 in late-differentiation
culture significantly moderated the myotube formation and
fusion extent as compared with the vector control, thus
implying severely impaired myotube formation. In contrast,
extent of myotube maturation was promoted upon over-
expression of the deaminase-deficient ADAR1 p110 (Figures
3b and c), suggestive of a dominant-negative effect. Collec-
tively, these results attest to the notion that downregulation of
ADAR1 activity may be an important determinant in the
scheduled transition from nascent to mature myotube.
To further assess the role of ADAR1 in skeletal muscle

development in vivo, we studied mice harboring a muscle-
specific transgenic (Tg) construct – an Adar1 transgene
driven by a MCK upstream regulatory sequence. Whole-
mount RNA in situ hybridization (WISH) was used to
characterize the spatiotemporal expression of the myogenic
bHLH factors myognic differentiation 1 (Myod) and Myogenin.
To this end, wild-type and Tg embryos of equivalent somite
numbers at embryonic day 13.5 (E13.5) were collected and
analyzed (Supplementary Figures S4a and b). AlthoughMCK
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is active in differentiating muscle cells, there was a rather
restricted, but distinct, pattern of ectopic Adar1 expression,
most discernably in the interlimb regions (Supplementary
Figure S4b, box). Tg animals were viable and without visible
anatomical malformation (data not shown), possibly as a
result of such limited expression. Interestingly, however,

distribution of the myogenic factors was altered in the Tg
ectopic sites – the ventral expression domain of MyoD in
interlimb somites exhibited reduction in Tg embryos
(Figure 3d, brackets; Supplementary Figure S4c), and the
ventral expansion of Myogenin expression in interlimb
somites was altered in E13.5 embryos, giving rise to reduced
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Figure 2 miR-1/206 target the Adar1 30UTR in differentiating myoblast. (a) Putative miRNA target site within the Adar1 30UTR (top). The alignment of the indicated Adar1
30UTR/miRNA complement (bottom). Numbers denote sequences relative to the stop codon (0). (b) Luciferase reporter constructs that contain wild-type 30UTR sequence of
Adar1 (30UTR) or 30UTR with mutated miR-1/206 target sites (30UTR Mt) was transfected into C2C12 myoblasts, which were subsequently induced to differentiate. Luciferase
activity was determined 0, 24, 48, 72, and 96 h after DM replacement, and is shown with respective vector controls being represented as 1. (c and d) Synthetic miR-1 or miR-206
was co-transfected with the above reporter constructs into C2C12 myoblasts (c) or HeLa cells (d), as indicated. Luciferase activity was determined 24 h after transfection, with
vector controls being represented as 1. (e and f) In C2C12 myoblasts, antisense oligonucleotides against miR-1 (e) or miR-206 (f) were co-transfected with control or wild-type
30UTR reporter constructs, as shown. Upon differentiation induction, luciferase activity was determined at 48, 72, and 96 h post-DM, and displayed with controls being
represented as 1. (g and h) Effect of ectopic miR-1/206 on the expression of endogenous ADAR1. C2C12 (g) or HeLa (h) cells were transfected with synthetic miR-1 or miR-206,
as indicated, and subsequently subjected to immunoblot analysis of ADAR1 (p110). Tubulin serves as an internal control. (i) Immunoblots of ADAR1 (p110) in C2C12
myoblasts transfected with synthetic control, anti-miR-1, or anti-miR-206 oligomers, as indicated. Expression of GAPDH represents equal loading (For statistical analyses
shown in this figure, which were based on three independent experiments: NS, not significant or P40.05; *Po0.05; **Po0.01; ***Po0.001.)
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somites is denoted by brackets, and exhibited reduction in Tg embryos. Arrows point to altered distribution of myogenin in the ventral regions of interlimb somites in Tg
embryos, and arrowheads indicate posterior extension of myogenin expression in dorsomedial dermomyotome
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size or even truncation of the expression domain (Figure 3d,
arrows). In addition, there was a notable posterior extension of
Myogenin expression in the dorsomedial dermomyotome of
Tg embryos (Figure 3d, arrowheads). These phenotypes of
defective myogenic bHLH factors expression, which corre-
lated with expression patterns of the transgene, indicate that
ADAR1 may have an effect on muscle development.

Identification of targets that underlie ADAR1’s contribution
to myogenesis. Given the putative role of ADAR1 activity in
contrasting myogenic maturation, we hypothesized that
regulation of myogenesis-associated genes may constitute
an underlying mechanism of this function. To consider this
possibility, we first examined whether known editing target
set was enriched in genes related to myogenic differentiation.
By analyzing with the bioinformatics tool MetaCore
(GeneGo) the functional and cellular attributes of the editing
target genes uniquely archived in the DARNED database32

and a previous deep sequencing study,33 we found myo-
genesis regulation as one of the most significantly enriched
GeneGo map folders (Supplementary Figure S5a).
To complement the pathway analysis, we next aimed to

systematically pinpoint ADAR1 targets in the differentiating
mouse myoblasts. By virtue of ADAR1’s direct binding
capacity as a mode of regulating their targets, we performed
native RNA immunoprecipitation (RIP) combined with RNA-
Seq (RIP-Seq) to capture at the transcriptome-wide level
RNAs bound by ADAR1 (Figure 4a). RNAs isolated from
C2C12 cells at DM-0 h (early differentiation) or DM-72 h (late)
stages were immunoprecipitated by anti-ADAR1 antibody.
Bound transcripts as well as total cellular RNA from respective
cells (input) were prepared for strand-specific RNA-Seq using
the SOLiD technology (see Materials and Methods, and
Supplementary Tables S1 and 2 for sequencing results). We
did not uncover sufficient amount of RNA in the control IgG
immune-complexes for sequencing, and hence used total
cellular RNA as a background control for subsequent
analyses.
To explicitly call transcripts an ADAR1-binding target, we

defined several criteria that account for transcript expression
levels and representation enrichment in IP versus input (see
Materials and Methods). We subsequently identified trans-
cripts that were preferentially bound by ADAR1 at one stage
or the other (Figures 4b and c, andSupplementary Table S3) –
DM-0h targets were defined as those with a 1.32-fold binding
enrichment as compared with DM-72 h (n¼ 3263), whereas
DM-72 h targets, with the converse threshold, amounted to
401. Such changes toward a less complex ADAR1-associated
transcriptome were in line with the downregulation of ADAR1
expression in late myoblast differentiation. Figure 4c and
Supplementary Figure S5b illustrate sequencing results for
selected candidate targets with enriched binding of ADAR1 in
DM-0h cells. Notably, we found a preponderance of DM-0 h-
enriched target genes implicated in cytoskeleton-associated
processes (5 of the top 10 enriched GeneGo processes/
networks; Supplementary Figure S5c).
RNA–ADAR1 interactions derived from the deep sequen-

cing studies were independently validated using RIP-qPCR.
As shown in Figure 4d and Supplementary Figure S5d,
candidate transcripts showed significant enrichment in the

anti-ADAR1 versus IgG immunoprecipitates. In addition, we
also compared anti-ADAR1 pull-down of RNAs in DM-0 h
relative to DM-72 h C2C12 cells and found stronger enrich-
ment for all selected candidate RNAs (Figure 4e and
Supplementary Figure S5d). This differentiation-responsive
decrease in RNA binding was thus consistent with the
downregulation of ADAR1. On the contrary, sequences of
the negative controls Gapdh, MyoG, and Acta1 were not
enriched in either ADAR1-specific or differentiation-
associated RIPs (Figures 4d and e, and data not shown).
Interestingly, we also examined and confirmed ADAR1’s
occupancy of the Arhgap26 transcript, a known myogenesis
regulator34 that initially was not identified in the RIP-Seq
analysis because of transcript abundance.
Next, to gain further insight into how ADAR1 operates, we

characterized whether ADAR1 regulates the expression of
candidate genes. For a more definite evaluation, we first
sought to identify targets whose expression patterns correlate
with the myoblast differentiation process. Expression profiling
revealed that some of these selected candidates underwent
expression alteration during the course of differentiation,
albeit with variable profiles (Figure 4f and Supplementary
Figure S5e). In view of the post-transcriptional mechanism of
ADAR1’s action, we then focused on three transcripts –
Dnm1, Dnm2, and annexin A4 (Anxa4) – which displayed
progressively elevated protein expression upon myoblast
differentiation. Incidentally, these genes share an ‘ultra-
editing’ feature, characterized by substantial RNA editing
events (respectively, 84, 33, and 229, according to the
DARNED database), and presumably should be most prone
to transcript alteration in response to ADAR1 downregulation.
At the mRNA level, ADAR1 seemed to have marginal effects
on their expression in the differentiating myoblast
(Supplementary Figure S5f). However, knockdown of ADAR1
markedly augmented their protein levels (Figure 4g). In
contrast, overexpression of ADAR1 had a negative effect on
the expression of these proteins (Figure 4h). Moreover,
ectopic expression of the deaminase-defective ADAR1 p110
did not result in expression alteration as compared with the
control, indicating that its enzymatic activity may be indis-
pensable for its repressive role. Therefore, these results
collectively demonstrate ADAR1’s direct involvement in the
negative regulation of certain myogenesis-associated genes
and, together with the above findings, serve as strong
evidence that maturation of muscle tissue hinges on the
temporal regulation of this activity.

Regulation and myogenic roles of Anxa4 and dynamins.
To further link ADAR1’s regulatory role to myogenesis, we
next investigated whether alteration in the target gene levels
is functionally correlated with the scheduled progression of
differentiation. To this end, we examined whether knockdown
of target gene (Anxa4, Dnm1, and Dnm2) might impact
C2C12 differentiation, and found a lesser extent of multi-
nucleated myotubes formation in the knockdown culture
undergoing differentiation (Figure 5a). Such outcome pheno-
copies the effects of ADAR1 abrogation in this respect.
Interestingly, we observed gene-specific effects on the extent
of myotube formation and morphology – each culture
seemed to exhibit distinct characteristics of arrested myotube
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fusion (Figure 5b). Furthermore, although the presence of
Anxa4 was critical for the upregulation of myogenic markers
associated with differentiation, Dnm1 and Dnm2 were
dispensable for this attribute. Viewed together, these findings
strongly suggest differential requirements for these ADAR1
targets at distinct steps of the initial myogenic differentiation,
and thus a possibly broad involvement of ADAR1 in this
process.
Next, we set out to elucidate the mechanism whereby

ADAR1 modulates the expression of these targets. To this
end, we first interrogated whether these selected candidate
genes are subjected to RNA editing, by performing Sanger
sequencing to check for A-to-I(G) changes at sites previously
reported in the mouse Dnm1 and Dnm2 transcripts.35

However, we failed to detect any editing events at known
sites (Supplementary Figure S6) as well as in the analogous
intronic regions reportedly harboring RNA editing in the
human counterparts (data not shown). We then sought to
characterize the involvement of ADAR1 in regulating the
transcription efficiency of these genes. We conducted nuclear
run-on assay on control and knockdown cells and quantita-
tively measured changes in the transcription activity by real-
time RT-PCR analysis. As shown in Figure 5c, we did not
detect significant changes in the levels of newly synthesized
transcripts of Dnm1, Dnm2, and Anxa4, thus excluding the
possibility that ADAR1 exerts its regulation at the transcrip-
tional level. Finally, as transcript binding by the nucleus-
resident ADAR1 implies a spatial regulation of target RNAs’
localization, we assessed this possibility by using subcellular
fractionation of RNA combined with real-time RT-PCR
analysis (Figure 5d). Our results revealed that, in the absence
of ADAR1, abundance of target transcripts in the nucleus
relative to cytoplasmunderwent notable decrease (Figure 5e).
Such reduced nuclear accumulation of target transcripts
therefore indicates that their subcellular localization depends
on ADAR1, and that altered gene expression during differ-
entiation may arise from transcript re-distribution.

Discussion

During cell lineage commitment and differentiation, transcrip-
tion and epigenetic factors constitute a significant regulatory
mechanism contributing to the timely expression of lineage-
specific genes. Compared with the extensive knowledge of
various chromatin regulatory complexes involved in the
muscle differentiation program, much less is understood

about the post-transcriptional regulation of myogenic trans-
criptome changes. In this study, we identified a novel
myogenesis regulator, ADAR1, which exhibited transient
expression fluctuation consistent with a dynamic regulation
and its stage-dependent functions. Consequently, the binding
and regulation of certain myogenesis-associated gene trans-
cripts by ADAR1 were implicated in conferring a proper state
of gene networks that maintains progression of myoblast-
to-myotube maturation. To our knowledge, our study is the
first report of a hitherto unrecognized link of the ADAR1
protein tomuscle development. Our findings also uncovered a
new component of the post-transcriptional regulatory network
that underlies myogenesis.
One of the important findings of this study is the

programmed downregulation of the seemingly ubiquitous
and essential RNA editor ADAR1 by themyo-miRs, miR-1/206.
Although early microarray-based screening has revealed
ADAR1 as a candidate target of miR-1,36 we provided
experimental evidence that confirms miR-1/206’s negative
role in expression, firmly indicating that ADAR1 is subject to a
distinct mode of regulation employed by the myogenic
program. Our studies thus uncovered and characterized a
new target of the myo-miRs, expanding their substrate
spectrum of the gene regulatory molecules. More importantly,
this muscle-specific miR-1/206-ADAR1 axis highlights a
regulatory cross-talk between different post-transcriptional
mechanisms in the context of myogenesis, which may
serve to increase the robustness of the transcriptomic
transition during muscle differentiation process. Intriguingly,
this scenario also suggests that ADAR1 and RNA
editing are dispensable in maturing muscle tissue, which
may be refractory to a less heterogeneous state of
transcriptome.
Our current findings implicated ADAR1 in mitigating

apoptosis of differentiatingmyoblasts (Figure 1). Interestingly,
Meltzer et al have recently demonstrated ADAR1 activation in
response to inflammatory stressors such as TNF-a, IFN-g, or
lipopolysaccharide, and a possible function of this protein in
limiting stress response and associated muscle atrophy
pathways.13 This regulatory role is reminiscent of the
previously reported involvement of ADAR1 in hematopoiesis,
where it acts to suppress IFN signaling and to block
premature apoptosis in hematopoietic stem cells undergoing
differentiation.10 This parallelism in the upregulation of stress
and apoptotic signaling (i.e., increased expression of IFN
and activated caspase 3) between the hematopoietic and

Figure 4 RIP-Seq profiles ADAR1-target RNAs interactions during myogenesis. (a) Schematic depiction of the experimental design of the RIP-Seq study (see Materials
and Methods for details). Total RNAs and anti-ADAR1-immunoprecipitated RNAs from C2C12 myoblasts under DM-0 h or DM-72 h culture were subjected to high-throughput
whole transcriptome sequencing. (b) The scatter-plot profiles the transcripts by their IP/input values (in RPKM) in the DM-0 h libraries (x axis) and the DM-72 h libraries (y axis).
Transcripts that are enriched in DM-0 h, enriched in DM-72 h, or non-enriched are marked, respectively, in blue, red, and black. (c) Read density plot for Anxa4 representation
in the four sequencing libraries. x Axis denotes relative position of the gene, whereas y axis corresponds to number of distinct reads. Corresponding gene structure is depicted
on top of each plot. (d) Cells cultured under confluence (DM-0 h) were subjected to RIP for validating transcript binding by ADAR1. qRT-PCR was preformed to compare anti-
ADAR1 and control (IgG) immunoprecipitations of selected candidate genes uncovered by RIP-Seq experiments. MyoG and Gapdh were used as negative controls. The
experiments were done at least three times in triplicate, and shown with mean±S.D. as well as P values. (e) Stage-dependent enrichment of ADAR1 transcript binding.
Anti-ADAR1 RIP of DM-0 h and DM-72 h C2C12 cells was assessed by qRT-PCR. Data presented were normalized to IgG RIP values, with mean±S.D. from at least three
experiments and P values also shown. (f) Differentiation-associated protein expression profiling of selected ADAR1-targeted candidates. C2C12 cells were cultured in GM or
DM for the indicated time lengths before western blot analysis of targets, as noted. Expression of MHC and MyoG serves as differentiation marker, whereas levels of ADAR2,
Tubulin, and GAPDH were used as loading control. (g and h) Effect of ADAR1 mis-expression on the protein levels of selected candidate targets. C2C12 cells were transiently
transfected with siRNAs targeting Adar1 or control siRNA (ctrl; targeting GFP) (g), or plasmids encoding Flag-tagged wild-type (Wt) or catalytically defective (Mt) ADAR1 (h).
Cells were harvested at DM-48 h for immunoblot analysis using antibodies against the indicated proteins. Tubulin and GAPDH serve as internal controls
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myogenic programs lends support to the paradigm that
apoptosis facilitates differentiation during maturative
progression,37,38 and further signifies a more widespread role
of ADAR1 in safeguarding cell differentiation programs. In
addition, this anti-apoptotic aspect of ADAR1’s myogenic
roles lies partly in the association with and inhibition of the
dsRNA-dependent protein kinase PKR. Given the known link
of PKR to myogenesis,39,40 our studies thus extended the
ADAR1-PKR functional antagonism in stress response, which
has been prevalently observed in the context of virus
infection,41–43 to muscle development.

Although a regulatory function on myogenic differentiation
as well as specificmuscle genes has been ascribed to ADAR1
by our results, how such a role is manifested remains
unresolved. Owing to the extensive substrate spectrum of
ADAR1, it is conceivable that its activity, or lack thereof upon
differentiation, may impinge on a myriad of genes – an
expression network intimately linked to myogenic program.
Such notion is supported by our in silico and deep sequencing
analyses, which revealed a substantial extent of overlap
between the ADAR1-targeted transcripts and those asso-
ciated with myogenesis (Figure 4 and Supplementary
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Figure S5). Therefore, although we have successfully
pinpointed a few bona fide targets of ADAR1, regulation of
which presumably contributes to myogenesis progression,
developmental relevance of this enzyme should certainly be
considered at the systems level. Nevertheless, given the
known functions of the myogenesis-associated editing
targets, such as cytoskeleton organization and membrane
dynamics, ADAR1 may act, rather than stochastically, via
targeting specific cellular/biological pathways that underlie
skeletal muscle development.
An intriguing outcome of our mechanistic characterization of

ADAR’s myogenic roles was the failure to detect RNA editing in
the candidate target transcripts, despite analysis of previously
annotated sites as well as human-analogous regions. It remains
a formal possibility that ADAR1 might target as yet unreported
sites. A more comprehensive sequence analysis of the
candidate targets may thus be needed to discern whether
ADAR1 contributes to gene regulation in a catalysis-dependent
manner. As previous studies reported underrepresentation of
RNA editing in non-primate species, and particularly in the non-
brain tissues,44,45 another likely explanation for the dearth of
editing sites is the reduced enzymatic activity of ADAR1 in
murine myoblasts and/or cell lines. In this regard, we also failed
to detect anyRNA editing in the selected candidate transcripts in
anothermouse neuronal cell line, N2A (data not shown).Without
excluding the possibility of RNA editing, our results nonetheless
revealed an alternative scenario through which ADAR1 affects
target gene expression (i.e., transcript localization).
An important feature of skeletal myogenesis that is unique

from other developmental pathways is the formation of
myotube, which entails progressive membrane fusion of
myocytes. Incidentally, several functional attributes of ADAR1
are highly suggestive of its involvement in this process:
(1) breakdown of the known binding targets revealed a
preponderance of genes associated with cytoskeleton func-
tions (Supplementary Figure S5c). (2) ADAR1 was further
found associated with transcripts of certain candidate genes
directly implicated in membrane fusion or myogenesis, and
requisite for their timely differentiation-associated expression
profiles (Figures 4g and h). (3) Differentiation-associated
downregulation of ADAR1 coincided temporally with the
maturation of myotube structure; ectopic expression of this
protein at this stage stalled the progression of myotube
formation, giving rise to immature, altered myotube
organization. Therefore, myo-miRs-mediated downregulation
of ADAR1 may underpin a state of membrane dynamics
and/or cytoskeleton network that is amenable to the
coalescence of single cells into multi-nucleated myotubes.
Alternatively, it remains a formal possibility that expression
and activity of the RNA editor serve as a critical determinant in
the maintenance of single-cell identity.
Our current study uncovered in skeletal myogenesis the

hitherto uncharacterized upregulation of DNM1, which is
otherwise known to express mainly in brain. DNM1 is one of
the three dynamin GTPases, whose roles in intracellular
membrane-related events such as endocytosis/exocytosis
and mitochondrial network dynamics have been extensively
established.46 Presumably, catalysis of membrane severing
or fusion may also contribute to membrane changes that
underlie myoblast fusion. Although no myogenic role has yet

to be ascribed to DNM1, mutation in DNM2 is associated with
an autosomal dominant centronuclear myopathy.47 Considering
that differentiating myoblasts undergo extensive membrane
remodeling en route to multinucleated, fused myotube,
increased expression of DNM1 and DNM2 may represent a
mechanical measure to the rising demand for membrane-
modulating activities. In this capacity, DNM1 might cooperate
with the myotube fusion facilitator ARHGAP26,34 previously
shown to interact strongly with DNM1.48 Intriguingly, expres-
sion of an miRNA miR-199b, for which Dnm1 is a host gene,
are highly correlated with dystrophic muscle fibers of the mdx
mice,49 further strengthening DNM1’s myogenic function.

Materials and Methods
Cell culture and differentiation. Mouse C2C12 myoblast cells were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen, Grand Island, NY,
USA) supplemented with 20% heat-inactivated fetal bovine serum (Invitrogen) and
100 U/ml penicillin and streptomycin solution (Invitrogen; growth medium), at
subconfluent densities. Human HeLa cervical cancer cell line was cultured
similarly, except with 10% fetal bovine serum. Cells were maintained in a 5% CO2

humidified incubator at 37 1C. To induce C2C12 myotube differentiation, the
medium was replaced by Dulbecco’s modified Eagle’s medium supplemented with
2% heat-inactivated horse serum (DM) at subconfluent culture and maintained for
the time indicated in the corresponding experiments.

Tg mice. The MCK-ADAR1 transgene construct consists of a 3-kb MCK 50

regulatory region, a 2.8-kb mice ADAR1 p110 cDNA sequence, and a 0.5-kb
polyadenylation sequence. The MCK upstream region inserted into the muscle-
specific expression cassette contains both promoter and enhancer and was based
on a previous report.50 MCK-Adar1 Tg FVB/NjNar1 founder mice were generated
by injecting linearized transgene into the nuclei of fertilized embryos.
Semiquantitative PCR-based genotyping was used to detect a 216-bp fragment
of the MCK-ADAR1 transgene. Mice were fed ad libitum with standard diet and
housed in a pathogen-free environment on a 12-h light, 12-h dark cycle.
Procedures for animal studies were approved by the Chang Gung University
Institutional Animal Care and Use Committee.

WISH. WISH was performed basically as described in a previous report.51

Embryos were dissected in PBS, fixed in 4% PFA for overnight at 4 1C, washed
twice in PBS, dehydrated in sequentially increasing concentrations of methanol in
PBT (25, 50, 75%, 2� 100%), and stored at –20 1C in 100% methanol. They were
subsequently rehydrated following the reverse procedure up to the PBT stage.
Embryos were then bleached in 6% H2O2 in PBT for 1 h, washed twice in PBT,
treated with Proteinase K solution (10mg Proteinase K per ml of PBT) for 30 min at
room temperature, washed twice in PBT, refixed in 4% PFAþ 0.2% glutaraldehyde
for 20 min. After two washes in PBT, embryos were placed for at least 2 h in
hybridization buffer (50% formamide, � 5 SSC, 0.5% Chaps, 0.2% Tween 20,
50mg/ml yeast tRNA, heparin, pH adjusted to 4.5 with citric acid), before overnight
hybridization with 0.5mg/ml digoxigenin-labeled antisense RNA probe at 70 1C.
Embryos were then washed twice in hybridization buffer and twice in washing
solution (50% formamide/� 1 SSC/0.1% Tween 20). Following hybridization/wash,
they were incubated sequentially for 1 h in MABT supplemented with 2% blocking
powder (MABTB) at room temperature, 2 h in MABTB containing 20% goat serum,
and overnight at 4 1C in MABTB containing 20% goat serum and 1/2000 alkaline
phosphatase anti-digoxigenin Fab fragments (Roche, Indianapolis, IN, USA).
Embryos were washed in MABT, before incubation for 30 min in NTMT (100 mM Tris
pH 9.5, 50 mM MgCl2, and 0.1% Tween 20) and staining in NTMT solution
containing NBT/BCIP substrates (Roche). Stained embryos were refixed in 4% PFA,
and transferred into 80% glycerol.

RIP. Native RIP was carried out largely as described previously.35,52 Briefly, cells
were washed twice with ice-cold � 1 PBS and removed from the culture plate
using a cell scraper in 1 ml ice-cold polysomal lysis buffer (100 mM KCl, 5 mM
MgCl2, 10 mM HEPES (pH 7.0), 0.5% NP40, 1 mM DTT, 50 U RNase inhibitor
(SUPERase-in; Ambion, Austin, TX, USA), protease inhibitor cocktail (Roche)) per
10-cm dish. Subsequently, suspension was passed through a 27.5-G needle eight
times to promote cell lysis. Whole-cell extracts were collected by centrifugation

Roles of ADAR1 in skeletal myogenesis
C-L Hsieh et al

717

Cell Death and Differentiation



(16 000 g, 15 min) and pre-cleared with magnetic protein-G beads (Invitrogen) at
4 1C for 1 h. Immunoprecipitation was performed by adding the ADAR1 antibody to
the precleared extracts and incubating at 4 1C overnight. Magnetic protein-G
beads were then added to each IP sample and rotated for 1 h at 4 1C. The beads
were pelleted and washed with polysomal lysis buffer. After several washes, 20 U
of DNase I (Roche) and 10� reaction buffer was added and incubated at 37 1C
for 15 min to remove all contaminating DNA. Then, 1 ml Trizol reagent was added
to the beads and the RNA was extracted according to the manufacturer’s protocol.
Reverse transcription and quantitative PCR were performed as described in
Supplementary Methods.

RIP-Seq. RIP was performed using C2C12 cells under confluence (DM0) or 3
days after differentiation induction (DM3). RNA-Seq was performed by the Genomics
Core Laboratory of the Molecular Medicine Research Center, Chang Gung
University. SOLiD sequencing libraries were prepared using the SOLiD Total RNA-
Sequencing kit (ABI PN4445374; Life Technologies, Grand Island, NY, USA)
according to the manufacturer’s instructions. About 5mg of total input or
immunoprecipitated RNAs was used as starting materials, except for IP of DM3,
of which 1.6mg was used because of lower recovery of bound RNAs. Samples were
then subjected to ribosomal RNA removal using the Ribo-Zero Gold Kits (Human/
Mouse/Rat; Epicentre, Madison, WI, USA; Cat. #RZG1224), and then 200–500 ng of
the rRNA-depleted RNAs were fragmented by RNAase III. After purification, 100 ng
of each fragmented sample were ligated with the RNA adaptors. Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA) was used for profiling the distribution of
fragmented RNA (with the median size between 125 and 140 nt). After reverse
transcription and size selection, each cDNA library was amplified with distinct
barcoded 30 PCR primer from the SOLiD RNA Barcoding kits (PN 4427046). The
distribution of insert size and concentration of each library were measured by Agilent
2100 Bioanalyzer. From each library, equal concentration (0.8 pM) was pooled
together and sequenced strand-specifically in an ABI SOLiD5500 platform (Life
Technologies, Foster City, CA, USA) generating 75-bp tags. Approximately 50
million reads were generated for each library (Supplementary Table S1).

Bioinformatic analysis of RIP reads. The Raw RNA-Seq reads were
analyzed by the Whole Transcriptome Analysis workflow, a built-in module in the
LifeScope Genomic Analysis Solution version 2.5.1 (Life Technologies, Grand
Island, NY, USA). In brief, the adaptor/barcode sequences and homopolymer
reads were first detected and filtered, and reads matching the transfer and
ribosomal RNAs were excluded (Supplementary Table S1). Remaining reads were
mapped to the complete mouse genome (mm9, NCBI Build 37). The initially
unmapped reads are sequentially aligned to a virtual exon and junction sequence
library (Supplementary Tables S1 and 2). In the final step, the aligned reads were
merged into a single BAM file.

To properly calculate the expression level of mapped regions, we first examined the
read distribution of several known transcripts (examples are shown in Figure 4c and
Supplementary Figure S5b). On the basis that the read distributions of IP-enriched
regions on transcripts displayed similar pattern as those of the control input samples,
we thus used the RNA-seq workflow in Partek Genome Suite 6.6 (Partek, St. Louis,
MO, USA) to calculate the read counts per exon and per gene, and summarize the
read counts for all exons within a gene. Sequence hits to the transcripts were
converted to RPKM units,53 a normalized representation that allows for comparisons
within transcriptomes and between libraries of different sequencing depths.

Identification of ADAR1 targets. For each gene, we first determined its
respective RPKM values in the four RNA-Seq samples – DM0/input, DM0/IP,
DM3/input, and DM3/IP. To call transcripts an ADAR1-binding target in a more
unequivocal manner, we defined several criteria to help exclude potential false
positives: (1) the abundance of the transcripts, based on sequence coverage
(RPKM), was accounted on the principle that lower-than-background expression
might bias binding enrichment analysis. We set the RPKM minimum at 1.5 for
genes represented in the input/DM0 library, which is equivalent to B5�
coverage of transcript by distinct reads per million. (2) Owing to the lack of
sequence data for control IP (by IgG), we considered the relative transcript
representation in the IP versus input libraries of DM0 cells, in which ADAR1 was
considerably expressed, as the extent of binding enrichment. To establish a
threshold for this parameter, we examined negative control transcripts Gapdh,
Acta1, and Myog, which are expressed at varying levels and have not been
reported as editing targets – these genes did not show significant ADAR1
association in RIP-qPCR experiments, and had IP/input ratios of 9.24:10.18

(¼ 0.91), 41.02:58.95 (¼ 0.70), and 1.93:2.30 (¼ 0.84), respectively. On this
basis, the enrichment cutoff was set at 1.1-fold. (3) Finally, we compared the
IP/input ratios between DM0 and DM3 (median¼ 1.32), and identified transcripts
that were preferentially bound by ADAR1 at one stage or the other. DM0 targets
were defined as those with a 1.32-fold difference in the DM0 versus DM3
(n¼ 3263), whereas DM3 targets, with the converse threshold, amounted to 401.
Lists of all enriched transcripts can be found in Supplementary Table S3.

Statistical analysis. Data are presented as mean with error bars indicating
the standard deviation (S.D.). Student’s t-test was used to determine the statistical
significance of quantitative comparisons. Degrees of statistical significance (NS,
not significant; P40.05; *Po0.05; **Po0.01; ***Po0.001) are indicated in the
respective figure legends.

Descriptions for gene expression analyses, immunochemical analyses,
expression constructs, miRNA manipulation, and reporter assays are provided in
Supplementary Methods.
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