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Muscle activity contributes to muscle development and function
largely by means of regulated gene expression. Many genes crucial
to neuromuscular synapse formation, such as MuSK and nAChRs,
are induced before muscle innervation or after muscle denervation,
and this induction requires expression of the E-box binding, basic
helix–loop–helix muscle-specific transcription factor, myogenin
(Mgn). The mechanism by which muscle activity is coupled to gene
expression is poorly defined. Here we report that inhibition of
histone deacetylase (HDAC) activity attenuates the induction of
activity-regulated genes in aneural myotubes and adult dener-
vated muscle. The effect of HDAC inhibitors requires new protein
synthesis, suggesting HDACs may regulate the expression of a Mgn
transcriptional repressor. We identified Dach2 as a Mgn transcrip-
tional repressor whose expression is dramatically reduced in an
HDAC-dependent manner in developing aneural myotubes or adult
denervated muscle. Dach2 overexpression in denervated muscle
suppressed Mgn, nAChR, and MuSK gene induction, whereas
Dach2 knockdown induced Mgn gene expression in innervated
muscle and relieved Mgn promoter inhibition by HDAC inhibitors.
Thus, a HDAC-Dach2-myogenin signaling pathway has been iden-
tified to decode nerve activity and control muscle gene expression
in developing and adult skeletal muscle.

acetylcholine receptor � depolarization � MuSK � synaptogenesis �
transcription

Uncovering the mechanisms by which muscle activity controls
gene expression is crucial to understanding how activity

controls muscle development and function. One of the best
studied systems documenting activity-dependent gene expres-
sion is the neuromuscular junction where muscle depolarization
helps restrict expression of proteins necessary for nerve-muscle
communication to the synapse (1). These proteins include
nicotinic acetylcholine receptors (nAChRs) and the muscle-
specific tyrosine kinase (MuSK). The mechanisms contributing
to activity-dependent gene expression are just beginning to
emerge. Early events in depolarization-dependent gene regula-
tion include an activity-dependent increase in intracellular cal-
cium (2–4) that activates a protein kinase C (5, 6) and�or
calcium�calmodulin-dependent protein kinase (CaMK)II-
dependent (7, 8) signal transduction cascade leading to suppres-
sion of nAChR gene expression. The mechanism by which these
kinases lead to gene suppression is not known, although ulti-
mately they must control the expression or function of transcrip-
tion factors.

One set of transcription factors that can regulate the expres-
sion of genes involved in neuromuscular junction formation are
bHLH MyoD family members, MyoD, myogenin (Mgn), myf5,
and MRF4 (9–16). We recently showed that Mgn is necessary for
nAChR gene induction in differentiated myotubes (17) and adult
denervated skeletal muscle (15). Therefore, to further our
understanding of activity-dependent control of gene expression,
it is important to understand the mechanisms by which muscle
activity controls Mgn gene expression.

Recent studies indicate that denervation-dependent gene
induction is mediated by increased histone acetylation (18). Mgn
and nAChR genes are hyperacetylated and induced after muscle
denervation. The HDAC9 splice variant, MITR, is highly ex-
pressed in innervated muscle and contributes to Mgn gene
repression by binding MEF2 and recruiting HDACs 1 and 3 to
the Mgn promoter. However, MITR�/� mice still exhibit activity-
dependent Mgn and nAChR gene regulation, suggesting addi-
tional mechanisms are involved.

Here we report the identification of a second mechanism for
regulating gene expression by muscle activity. In apparent
contradiction to the observation that muscle denervation is
accompanied by chromatin hyperacetylation, we found HDAC
activity is necessary for denervation-dependent gene induction.
Interestingly, this regulation is mediated by the Mgn transcrip-
tional repressor, Dach2. We show that HDAC activity is neces-
sary for Dach2 gene suppression in denervated muscle and that
Dach2 gene suppression is required for Mgn gene induction.
Based on these results, along with previous data, we present a
new model for activity-dependent gene expression in skeletal
muscle.

Results
Mgn Gene Induction in Inactive Muscle Requires HDAC Activity.
Activity-dependent suppression of Mgn and nAChR gene ex-
pression in innervated muscle is associated with histone hy-
poacetylation, presumably because of increased HDAC activity
(18). To determine whether HDAC activity is necessary for Mgn
gene suppression, we exposed innervated and denervated muscle
to HDAC inhibitors (Fig. 1). Both long-term (14 days; Fig. 1 A
and B) and short-term (3 days; Fig. 1C) denervated sternomas-
toid muscles were examined. The HDAC inhibitor, trichostatin
A (TSA), was applied locally to sternomastoid muscles, in vivo,
for 12 h just before harvesting muscles for Mgn RNA analysis by
real-time quantitative PCR (Fig. 1 A and C) or protein analysis
on Western blots (Fig. 1B). Surprisingly, HDAC inhibition did
not relieve Mgn gene suppression in innervated muscle, but,
instead, suppressed Mgn gene and protein induction after muscle
denervation (Fig. 1 A–C). The inability to completely reverse
Mgn gene expression (80% maximal inhibition; Fig. 1C) with
TSA probably reflects: (i) its inability to completely penetrate
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the muscle, (ii) the relatively short time of application (last 12 h
of a 3-day or 14-day denervation), and (iii) the presence of
myogenin gene activators, such as MEF2, in denervated muscle.
In contrast, myosin (Fig. 1B) and �-actin RNA (data not shown)
expression were not affected by muscle denervation or HDAC
inhibition. To ascertain whether these results were unique to the
sternomastoid muscle, we examined the effect of HDAC inhi-
bition on diaphragms explanted to organ culture (Fig. 1D) (19,
20). Consistent with the results obtained in vivo by using the
sternomastoid muscle, gene induction in denervated diaphragm
is also attenuated by HDAC inhibition (Fig. 1D).

To determine whether HDAC activity also participates in gene
induction in differentiated myotubes, we treated C2C12 myo-
tubes with HDAC inhibitors and assayed Mgn gene expression
(Fig. 2). Without influencing myotube morphology, HDAC
inhibition dramatically suppressed Mgn protein levels preferen-
tially in inactive myotubes (�TTX) (Fig. 2 A). This suppression
is not a result of increased Mgn protein degradation because
Mgn mRNA levels also decreased drastically after HDAC
inhibition (Fig. 2B). Interestingly, blocking new protein synthesis
with cycloheximide (CHX) completely eliminated the suppres-
sive effect of HDAC inhibitors on Mgn expression (Fig. 2 B and
C), suggesting this effect is mediated by a Mgn transcriptional
repressor. We confirmed that Mgn transcription was suppressed
by HDAC inhibition (Fig. 2C) and mapped this effect to a 133-bp
region of the Mgn promoter (Fig. 2D).

Dach2 Is a HDAC-Regulated Gene That Contributes to Mgn Repression
in Innervated Muscle. The above data suggests that a transcrip-
tional repressor mediating Mgn gene suppression in innervated
muscle is inhibited in an HDAC-dependent manner after muscle
denervation. Candidate repressors, previously reported to in-
hibit Mgn transcription, include MITR (18) and Dach proteins
(21). There are two Dach genes expressed in mammals, Dach1
and Dach2 (22, 23). Interestingly, RT-PCR reveals that Dach2

and MITR, but not Dach1, are dramatically suppressed after
muscle denervation (Fig. 3A). Shortly after muscle denervation,
we observed a very rapid drop in Dach2 and MITR expression
that preceded Mgn and nAChR gene induction (Fig. 3B). Thus
MITR and Dach2 emerge as good candidates for inhibiting Mgn
expression in innervated muscle. However, only Dach2 is regu-
lated in a HDAC-dependent manner (Fig. 3 C and D).

We confirmed Dach2 is a Mgn transcriptional repressor that
mediates HDAC-dependent regulation by (i) overexpressing
Dach2 in myotubes harboring the 133-bp Mgn promoter (Fig.
4A) and (ii) rescuing TSA-mediated Mgn repression by Dach2
knockdown (Fig. 4B). It is interesting that TSA-mediated sup-
pression was somewhat more robust at inhibiting Mgn promoter
activity than Dach2-mediated suppression, perhaps suggesting
that HDAC inhibitors are suppressing Mgn expression in both a

Fig. 1. HDAC inhibition attenuates denervation-dependent Mgn gene in-
duction. (A and C) Relative Mgn RNA level in innervated and 14-day (A) or
3-day (C) denervated sternomastoid muscles bathed, in vivo, in buffer or HDAC
inhibitors (HDACi) for 12 h before tissue harvest (n � 2, for each individual
experiment). Error bars are standard deviation. (B) Western blot analysis of
Mgn protein levels in innervated and 14-day denervated sternomastoid mus-
cle bathed, in vivo, in buffer or NaB for 12 h before tissue harvest. (D) RNA
levels in adult mouse diaphragm muscles placed in organ culture with TSA or
vehicle for 48 h (n � 4). Error bars are standard error of the mean. All RNA
levels were assayed by real-time PCR and normalized to �-actin, which did
not change after muscle denervation or HDAC inhibition. I, innervated; D,
denervated.

Fig. 2. HDAC inhibitors require new protein synthesis to inhibit Mgn gene
expression. Differentiated myotubes were used to investigate the effect of
HDAC inhibition on Mgn gene expression. (A) Western blot analysis of Mgn
protein levels in active (�TTX) and inactive (�TTX) myotubes treated with
either buffer or TSA for 6 h. Graph below the blot shows quantification of Mgn
protein levels shown on Western blot after normalization to total protein
applied to the gel (n � 3). (B) New protein synthesis is required for Mgn RNA
suppression by HDAC inhibitors. C2C12 myotubes were treated with buffer or
NaB in the presence or absence of cycloheximide (CHX) for 6 h before isolating
RNA for radioactive RT PCR and analysis on polyacrylamide gels (autoradio-
gram shown, Upper). (B Lower) Graph shows quantification of data shown in
autoradiogram (n � 3). (C and D) Mgn promoter activity is suppressed by HDAC
inhibitors. (C) C2C12 myotubes harboring an integrated 1-kb Mgn promoter
driving GFP gene expression were treated with and without TSA and CHX for
12 h before quantifying GFP and actin RNA levels by real-time PCR (n � 3). GFP
RNA level is normalized to actin RNA. (D) C2C12 cells were transfected with a
133-bp Mgn promoter-luciferase expression vector along with CMV-CAT for
normalization. Transfected myotubes were treated with and without TSA for
12 h before cell harvest for luciferase and CAT assays (n � 3). Error bars are
standard deviation.
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Dach2-dependent and independent fashion. This latter idea is
consistent with our finding that Dach2 knockdown does not
completely rescue Mgn promoter activity in TSA-treated cells
(Fig. 4B).

Dach proteins are thought to regulate Mgn promoter activity
via their interaction with Six�Eya proteins bound to the Mgn
promoter’s MEF3 site (21, 24). Consistent with this idea is our
finding that the Mgn promoter with a mutated MEF3 site was
barely suppressed by Dach2 overexpression (Fig. 4A) and
3xMEF3 sites ligated upstream of the minimal enkephalin
promoter (MEK) confers Dach2-dependent suppression when
transfected into HEK cells (Fig. 4C) or electroporated into adult
denervated muscle (Fig. 4D).

To test whether Dach2 suppression is necessary for denervation-
dependent gene induction, we overexpressed Dach2 in adult de-
nervated tibialis anterior (TA) muscle (Fig. 5). For these experi-
ments, adult innervated TA muscle was electroporated with a GFP
expression vector along with either a control or Dach2 expression
plasmid. Twelve days later muscles were denervated for 3 days
before harvesting transfected muscle fibers by using a dissecting
microscope equipped with fluorescence optics (Fig. 5A). RNA
isolated from electroporated fibers was assayed by using PCR,
followed by gel electrophoresis to visualize amplified products (Fig.
5B), and real-time PCR (Fig. 5C) to obtain more quantitative
results. Increased expression of Dach2 in denervated muscle was
verified and was accompanied by a dramatic reduction of Mgn
expression (Fig. 5B). In addition, we found that genes normally
induced by muscle denervation such as Mgn, MyoD, nAChR �-, �-
and �-subunits, and MuSK, were suppressed by Dach2 expression
(to �25% of their control values; Fig. 5C), whereas muscles

electroporated with the empty vector expressed these genes at a
high level (100% in Fig. 5C). The specificity of this effect is
demonstrated by genes encoding the nAChR �-subunit (nAChR�),
muscle-specific creatine kinase (MCK), and muscle-specific enolase
(MSE), which were unaffected or slightly increased by Dach2
over-expression (Fig. 5C).

Because Dach-mediated gene repression is thought to be via
interactions with Six proteins bound to the Mgn promoters
MEF3 site (21, 24), we investigated whether Six proteins may
enhance Dach2-mediated gene repression in denervated mus-
cle. Although Six1 overexpression had only a modest effect on
Mgn RNA levels, it did enhance Dach2-mediated suppression,
resulting in a 90% reduction in Mgn gene expression (Fig. 5D).
Interestingly, we found that Dach2 expression in 14-day de-
nervated muscle also resulted in �90% reduction in myogenin
RNA levels (Fig. 7, which is published as supporting informa-
tion on the PNAS web site), perhaps indicating Six protein
levels or activity may increase during the later stages of muscle
denervation.

To investigate whether Dach2 is sufficient for mediating Mgn
gene repression in innervated muscle, we knocked down Dach2
expression with siRNAs. For these experiments we electropo-
rated innervated TA muscle with one of three different Dach2-
targeted siRNAs or a control siRNA, along with a GFP expres-
sion vector to identify electroporated fibers. Previous studies
have demonstrated prolonged gene silencing in skeletal muscle
harboring gene-specific siRNAs (15, 25). Fourteen days post-

Fig. 3. Dach2 expression is regulated in an activity- and HDAC-dependent
manner. (A) Gene expression in innervated and 15-day denervated TA muscle.
RT-PCR was used to evaluate gene expression, and reaction products were
visualized on agarose gels stained with ethidium bromide. The number of PCR
cycles is indicated. (B) Time course of gene expression after muscle denerva-
tion. At the indicated times, innervated and denervated TA muscles were
harvested for RNA analysis by real-time PCR. Experiment was repeated twice
with similar results. (C) Dach2 RNA is specifically induced by HDAC inhibition.
C2C12 myotubes were treated with TSA or buffer for 6 and 12 h before
isolating RNA and assaying Dach2 and MITR RNA levels by real-time PCR (n �
3). (D) Diaphragms in organ culture induce Dach2 expression. Diaphragms
were cultured for 48 h in the presence of TSA or buffer (n � 3). RNA was
assayed by real-time PCR and normalized to actin RNA levels. Error bars are
standard deviation.

Fig. 4. Dach2 inhibits Mgn promoter activity and Dach2 knockdown abro-
gates TSA-mediated Mgn promoter inhibition. (A) Dach2 overexpression in-
hibits Mgn promoter activity. C2C12 cells were cotransfected with the 133-bp
Mgn promoter-luciferase expression vector, CMV-CAT for normalization, and
either pCS2GFP or pCDNA3Dach2. Cells were differentiated, and 4 days post-
transfection, myotubes were harvested for luciferase and CAT assays (n � 3).
(B) Dach2 knockdown rescues Mgn gene expression in myotubes treated with
TSA. C2C12 cultures were transfected with the 133-bp Mgn promoter driving
luciferase expression along with CMV-CAT, and with either a control or two
different Dach2-targeted siRNAs (1# and 2#). Transfected and differentiated
myotubes were treated with either TSA or vehicle for 12 h before harvesting
for luciferase and CAT assays (n � 3). (C and D) The MEF3 element of the Mgn
promoter confers Dach2-dependent suppression on the minimal enkephalin
promoter (MEK). HEK cells (C) (n � 3) or adult denervated muscle (D) (n � 4)
were transfected or electroporated, respectively, with the indicated vectors.
Three days later, cells or tissue were harvested for luciferase and CAT assays.
Error bars are standard deviation.
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electroporation, GFP� fibers were isolated and assayed for
Dach2 and Mgn RNA. Consistent with Dach2 functioning as a
repressor of Mgn gene expression, we found that Dach2 knock-
down in innervated muscle increased Mgn RNA levels (Fig. 5D).
However, this increased Mgn expression is still much less than
what is observed in denervated muscle, suggesting additional
regulatory mechanisms contribute to the very high Mgn levels in
denervated muscle.

Discussion
Although activity-dependent gene regulation has been studied
for decades, little is known about the mechanisms underlying this
regulation. Unraveling these regulatory mechanisms may not
only contribute to a better understanding of how muscle activity
contributes to muscle function but also may suggest novel

therapies for improving muscle function after injury or disease.
We used Mgn, MyoD, MuSK, and nAChR gene expression as
probes for studying activity-dependent gene regulation in mus-
cle. We previously demonstrated that MuSK and nAChR gene
induction after muscle denervation requires activation of Mgn
gene expression (15). Here we report that (i) HDAC activity is
necessary for gene induction in inactive muscle (aneural myo-
tubes and denervated adult muscle), (ii) Dach2 is an activity- and
HDAC-regulated Mgn transcriptional repressor, (iii) Dach2
mediates its effects on gene expression via the Mgn promoter’s
MEF3 site, and (iv) Dach2 suppression after muscle denervation
is necessary for Mgn, MyoD, nAChR, and MuSK gene induction.
This HDAC-Dach2-Mgn signaling pathway represents a signal
transduction cascade by which muscle decodes neural activity to
control gene expression.

HDAC Activity Is Required for Mgn, nAChR, and MuSK Gene Induction
in Inactive Muscle. We used pharmacological inhibition of
HDAC’s in C2C12 myotubes and adult muscle fibers to show
HDAC activity is necessary for Mgn, nAChR, and MuSK gene
induction in inactive muscle. Although HDAC inhibitors have
previously been used to study myogenesis (26) and have been
shown to inhibit Mgn expression in differentiated myotubes (27,
28), their effect on adult skeletal muscle has not been reported.
Our finding that both mature myotubes and adult denervated
muscle require HDAC activity and Dach2 repression for Mgn
and Mgn-dependent gene induction suggests a common under-
lying mechanism. The observation that innervated muscle gene
expression was relatively unperturbed by HDAC inhibition and
that denervated muscle HDAC inhibition specifically affected
genes whose expression is normally induced after muscle dener-
vation, highlights the specificity of the drug treatments.

Because Mgn gene suppression is accompanied by chromatin
hypoacetylation in innervated muscle (18), we were surprised to
find that HDAC activity is not required for this suppression and
suggests redundant modes of repression. Indeed MITR binds the
Mgn transcriptional activator MEF2 (29, 30), and may provide
a HDAC activity-independent mode of Mgn gene repression. In
addition, posttranslational control of MEF2 activity (ref. 31 and
references therein) and a dearth of Mgn transcriptional activa-
tors are also likely to contribute to its expression level.

Our finding that HDAC activity was required for Mgn and
Mgn-dependent gene induction in inactive muscle suggests
HDACs inhibit expression of a transcriptional repressor that is
normally expressed in active muscle. Experiments employing
cycloheximide confirmed this idea and suggested that the Mgn
promoter was a possible target for this repression.

HDACs Couple Muscle Depolarization with Gene Expression. The
observation that HDAC activity is necessary for denervation-
dependent gene induction, along with previous reports indicat-
ing class II HDACs nuclear export is regulated by calcium (32)
and muscle activity (33), suggests a mechanism by which changes
in intracellular calcium are coupled to gene expression. Al-
though we have not identified the specific HDACs that mediate
Dach2 suppression, we suspect that class II HDACs (HDACs 4,
5, 6, or 7) will be involved. Class II HDACs are calcium
responsive HDACs whose nuclear-cytoplasmic distribution is
regulated by calcium (32). These particular HDACs are often
excluded from the nucleus when calcium levels are high. Re-
cently HDAC4 nuclear-cytoplasmic shuttling was shown to be
regulated by muscle depolarization (33). Therefore, HDAC4
represents a good candidate for mediating the effects of muscle
denervation on Dach2 expression.

Calcium-dependent nuclear export of class II HDACs is
mediated by CaMK-dependent HDAC phosphorylation (32, 33).
Interestingly, we previously reported that a calcium�CaMK-
dependent signal transduction cascade also mediates Mgn and

Fig. 5. Dach2 overexpression suppresses denervation-dependent gene in-
duction and Dach2 knockdown induces Mgn gene expression in innervated
muscle. (A) Muscle electroporation with a GFP expression plasmid facilitates
identification of electroporated muscle fibers. TA muscle was electroporated
with a GFP expression vector (5 �g), and, 14 days later, TA muscle was isolated
and GFP fluorescence was examined in muscle cross sections. White areas are
GFP expression, and the asterisk in the center represents the region where we
isolate GFP� fibers for RNA analysis. (B) Dach2 overexpression in denervated
muscle suppresses Mgn RNA expression. Represented is an agarose gel show-
ing PCR amplification of Dach2, Mgn, and �-actin RNA isolated from dener-
vated muscle fibers electroporated with either a control or Dach2-expressing
vector. Dach2 overexpression induced high levels of Dach2 RNA. Dach2 RNA
was amplified in the presence (�) of reverse transcriptase (RT) but not in its
absence (�). Note that, when Dach2 expression is high, Mgn expression is low,
whereas actin RNA levels are unaffected. (C) Real-time PCR analysis of RNA
from 3-day denervated muscle electroporated with control or Dach2 expres-
sion vector. Dach2 electroporated muscle RNA levels are normalized to vector
electroporated muscle RNA values that were set to 100% (n � 4). (D) Six1
synergizes with Dach2 to mediate Mgn gene suppression. Real-time PCR
analysis of RNA from 3-day denervated muscle electroporated with the indi-
cated plasmids. RNA values are normalized to vector electroporated muscle
RNA values that are set to 100% (n � 4). (E) siRNA-mediated Dach2 knockdown
in innervated muscle induces Mgn expression. Innervated TA muscle was
electroporated with control or one of three different Dach2 targeted siRNAs
(1#, 2#, and 3#). Fourteen days postelectroporation, TA muscles were isolated,
and Mgn and Dach2 RNA levels were quantified by real-time PCR (n � 4). Error
bars are standard error of the mean.
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nAChR gene suppression by muscle activity (7, 8). Thus, calcium-
dependent nuclear localization of class II HDACs seem to play
a key role in coupling muscle activity to the genome.

Dach2 Is a HDAC-Regulated Mgn Gene Suppressor. Dach2 is the
vertebrate homolog of the Drosophila Dachshund (Dac) gene.
Dac along with eyeless (eye), eyes absent (eya), and sine oculis
(so) are components of compound eye formation (34). In
vertebrates these genes also participate in muscle formation and
Six�sine oculus proteins regulate Mgn expression via its MEF3
site (24). Six:Dach complexes have been reported to inhibit Mgn
promoter activity (21) and Eya, which is a Dach interacting
protein (35), may convert the function of this complex from gene
suppression to gene activation (21). Consistent with this data are
our observations that Dach2-mediated Mgn repression is via the
Mgn promoter’s MEF3 site, and this repression is enhanced by
Six protein overexpression.

Dach2 overexpression in denervated TA muscle suppressed
Mgn, MyoD, nAChR, and MuSK gene expression, whereas
Dach2 siRNA-mediated knockdown induced Mgn expression in
innervated muscle. Our data suggest that Dach2 suppresses Mgn
promoter activity via its MEF3 site, leading to nAChR and
MuSK suppression. The mechanism by which Dach2 leads to
MyoD suppression is not clear, although it is possible that in
adult denervated muscle Mgn and MyoD regulate each other’s
expression.

The 2- to 4-fold increase in Mgn levels after Dach2 knockdown
in innervated muscle does not approach the induction of Mgn
observed after muscle denervation (�30-fold induction) and
likely reflects additional mechanisms of Mgn suppression. In-
deed, MITR is a Mgn repressor (18) that does not seem to be
regulated by the HDAC-Dach2 signaling pathway. In addition,
siRNA-mediated Dach2 knockdown is not complete, and resid-
ual Dach2 expression may be sufficient to maintain low levels of
Mgn gene expression. Recently, a Dach2 knockout mouse was
generated and found to be viable with no gross defects in eye or
brain development (36). Although skeletal muscle was not
specifically examined, limbs were reported to appear normal.
Whether the expression of genes induced by muscle inactivity is
perturbed in the Dach2 knockout animal is not known; however,
if Dach2 represents just one of multiple pathways controlling
activity-dependent gene expression, an obvious phenotype may
be hard to discern.

Model for Activity-Dependent Control of Skeletal Muscle Gene Ex-
pression. The results reported here, along with previous studies,
allow us to formulate a model for muscle activity-dependent
gene expression (Fig. 6). It is proposed that specific class II

HDACs are exported from the nucleus in a calcium�CaMKII-
dependent manner in active muscle and translocate to the
nucleus on silencing of muscle activity (32, 33), providing a link
between changes in muscle calcium and gene expression. In
innervated muscle, MITR and Dach2 are highly expressed.
MITR mediates Mgn gene repression (dotted line) by binding
MEF2 and perhaps recruiting HDACs to the Mgn promoter
(18). In contrast, Dach2 suppresses Mgn transcription via its
interaction with Six proteins bound to the Mgn promoters MEF3
site (21, 24). On muscle denervation, specific class II HDACs are
imported into the nucleus and suppress Dach2 expression and
perhaps other genes that are down-regulated after muscle de-
nervation. The reduced expression of Dach2 and MITR in
denervated muscle allows for Mgn gene induction, which par-
ticipates in the activation of other genes such as MuSK and
nAChRs.

Materials and Methods
Cell Culture, Plasmids, and Antibodies. Primary muscle and C2C12
cells were cultured as described (7). Tetrodotoxin (TTX) (5 �M)
was used to keep myotubes inactive. Cells were treated with 5–20
mM sodium butyrate (NaB, dissolved in H2O) or 50–100 nM
Trichostatin A (TSA, dissolved in DMSO). Cycloheximide (dis-
solved in ethanol) was used at 50 �g�ml. The 1-kb Mgn promoter
spanning nucleotides �1001 to �1 (translation initiation) and
driving EGFP expression was stably integrated into C2C12 cells
by using G418 (400 �g�ml) selection. Mgn G133-Luc harbors the
133-bp Mgn promoter (�133 to �1) driving luciferase expres-
sion. 3xMEF3MEKpXP2 harbors the minimal enkephalin
(MEK) promoter with 3� MEF3 sites (GGGGCTCAGGTT-
TCTGTG) upstream and drives luciferase expression. CMV–
chloramphenicol acetyltransferase (CAT) has been described
(7). Mgn (F5D) and myosin (MF20) antibody were purchased
from the Iowa Developmental Studies Hybridoma bank. Protein
expression was examined by Western blot.

Animal Model, Diaphragm Culture, and HDAC Inhibition. The sterno-
mastoid muscles of adult mice were exposed and unilaterally
denervated by removing a 2-mm section of the nerve. On day 2.5
or 13.5 postdenervation, innervated and denervated muscles
were bathed, in vivo, in 250 mM NaB, 5 �M TSA or 15 �M TSA
and 250 mM NaB for 12 h while the mice were anesthetized.
Control animal received vehicle (0.9% NaCl with or without
0.1% DMSO). After drug treatment, both innervated and de-
nervated sternomastoid muscles were collected for RNA anal-
ysis. The lower hind limb muscles of adult mice were denervated
as described (10). For organ culture of hemidiaphragms, mice
were killed by cervical dislocation, and the diaphragm was
dissected and immersed in 10% FBS, DMEM. Connective tissue
and fat were removed, and diaphragms were cut into halves,
placed in fresh 10% FBS, DMEM with 0.1%DMSO or 5 �M
TSA, and incubated with periodic rocking for 48 h in 8% CO2
at 37°C.

In Vivo Muscle Electroporation. For Dach2 overexpression exper-
iments, 7.5 �g pCS2EGFP plasmid and either 15 �g of Dach2
expression vector or control vector were injected into innervated
TA muscle of anesthetized adult mice. For Dach2 and Six
overexpression experiments, 2 �g pCS2EGFP, �3 �g of Dach2,
�3 �g of Six1, �3 �g of control expression vector were injected
into innervated TA muscle. For Dach2 knockdown, 320 pico-
moles Stealth siRNAs targeting Dach2 (Invitrogen, Carlsbad,
CA) or control siRNA (similar GC content; Invitrogen) were
injected into innervated TA muscle. Nucleic acid uptake was
facilitated by placing electrodes, coated with ultrasound trans-
mission gel, on each side of the leg and by using a BTX840 square
wave electroporator to deliver six pulses of 140 V�cm of 60-ms
duration with an interval of 100 ms. For 3-day denervation

Fig. 6. Model of activity-dependent gene regulation. MITR and Dach2 are
Mgn gene repressors. In innervated muscle, calcium levels are high, and
CaMK-mediated phosphorylation of specific HDACs leads to their nuclear
export. MITR and Dach2 expression is high in innervated muscle. MITR inhibits
Mgn gene expression (dotted line) by sequestering MEF2 from the Mgn
promoter. Dach2 inhibits Mgn gene expression (solid line) by means of its
interaction with Six proteins residing at the Mgn promoter’s MEF3 site. On
muscle denervation, HDACs are imported into the nucleus and suppress Dach2
gene expression. MITR expression is also inhibited by an unknown mechanism.
The resulting relief of Mgn repression is necessary for denervation-dependent
gene induction.
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experiments, animals were allowed to recover for 12 days before
muscle denervation. A stereomicroscope (Leica) equipped with
fluorescence optics was used to isolate electroporated�GFP�

muscle fibers. GFP� fibers were isolated in ice-cold PBS and
then immediately lysed in TRIzol (Invitrogen). Stealth modified
Dach2 siRNA targeted the following sequences: Dach2 siRNA
1#, AUAAAUGGGAGAUCCAGACGAUUGC; Dach2
siRNA 2#, UAAACAGUAAUAGUUACCUCCUUGC;
Dach2 siRNA 3#, UAUCUUGCAAUACUCCCAAA-
GAACG.

RNA Isolation and RT-PCR. Total RNA was isolated by using TRIzol
and quantified spectrophotometrically. One to two micrograms of
total RNA was used to generate cDNA with oligo(dT) primers and
Superscipt II reverse transcriptase. DNA was amplified by using
Taq polymerase and 0.2 mM dNTPs spiked, in some instances, with
1 �Ci �-32P-dCTP (10 mCi�ml). The amplification profile was 94°C
for 1 min, 58°C for 1 min, and 72°C for 1 min. Amplified samples
were analyzed on 1.5% agarose gels and stained with ethidium
bromide or 6% acrylamide gels and subjected to autoradiography.
�-actin was used for normalization in all PCRs. For more quanti-
tative data, real-time PCR was performed with iQ SYBR green
Supermix on iCycler iQ real-time detection system. The procedure
followed the manufacturer’s instruction, and the reaction was at 20
�l scale. The specificity and efficiency of the primers used in
real-time PCRs were first verified by PAGE or agarose gel elec-
trophoresis. PCR cycles are 95°C for 30 s, 58°C for 30 s, and 72°C
for 40 s. All real-time PCR results were normalized to �-actin. The
primers used are Mgn forward 5�-CTCAGCTTAGCACCG-
GAAGCCCGA, reverse 5�-ATTGCCCCACTCCGGAGCG-
CAGGAG; nAChR �-subunit forward 5�-CGTCTGGTG-
GCAAAGCT, reverse 5�-CCGCTCTCCATGAAGTT; nAChR
�-subunit forward 5�-ACGGTTGTATCTACTGGCTG, reverse
5�-GATCCACTCAATGGCTTGC; nAChR �-subunit forward 5�-

GTGATCTGTGTCATCGTACT, reverse 5�-GCTTCTCAAA-
CATGAGGTCA; nAChR �-subunit forward: 5�-AGACCTA-
CAATGCTGAGGAGG, reverse 5�-GGATGATGAGCG-
TATAGATGA; MuSK forward 5�-CTCGTCCTCCCATTAATG-
TAAAAA, reverse 5�-TCCAGCTTCACCAGTTTGGAGTAA;
muscle-specific creatine kinase forward 5�-GCCGGCGATGAG-
GAGTCCTACA, reverse 5�-GCAGTGCGGAGGCAGAGTG-
TAA; �-actin forward 5�-ACCCAGGCATTGCTGACAG-
GATGC, reverse 5�-CCATCTAGAAGCATTTGCGGTGG-
ACG; muscle-specific enolase forward 5�-AAAAGTTGA-
CAAATTATGATTGA, reverse 5�-AATCATGAACTCCTG-
CATGG; Dach1 forward 5�-CATGGACACCACTACCTCC, re-
verse 5�-GTTGGACCTGCTTTTCTTGA; Dach2 forward 5�-
ACTGAAAGTGGCTTTGGATAA, reverse 5�-TTCAGACG-
CTTTTGCATTGTA; HDAC9 (MITR) forward 5�-TCAGAG-
GTTCCTATGGGCCTG, reverse 5�-TGGAGACGTTCCACT-
GAGGG; mitochondrial transcription factor A, forward 5�-
GAGCTTGTAAATGAGGCTTG, reverse 5�-CACTTCGA-
CGGATGAGATC; MyoD, forward 5�-TACCCAAGGTG-
GAGATCCT, reverse 5�-GCGGTGTCGTAGCCATTCT; GFP,
forward 5�-GACGACGGCAACTACAAGAC, reverse 5�-
GGTCACGAACTCCAGCAGGAC.
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