Anderson et al, J Neurosci Clin Res 2017, 2:1

Journal of
Neuroscience &
Clinical Research

Research Article

Antibody to MyoD Decreases
Myogenin Gene Expression and
Agrin-induced Acetylcholine
Receptor Clustering
Erica E Anderson1, David H Campbell2, Kelly Ezell1, Paul R
Standley2 and Wade A Grow1*

Abstract
Objective: A family of myogenic regulatory factors, including MyoD
and myogenin, guide myogenesis and neuromuscular synapse
formation. Myogenin gene expression is activated by MyoD, and
one of myogenin’s functions is to activate gene expression of the
acetylcholine receptor (AChR) at the neuromuscular synapse.
Motor neurons release agrin as they near skeletal muscle fibers
in development, which drives the clustering of existing AChRs
to the site of neuromuscular synapse formation. We have
previously demonstrated that continuous exposure to antibody
to MyoD or myogenin decreases agrin-induced AChR clustering
in C2C12 skeletal muscle cell culture. Our objective was to
more specifically establish how MyoD and myogenin interact in
development.
Methods: C2C12 cell cultures were exposed to experimental
manipulations including antibodies to MyoD and myogenin, and
myogenin morpholino. Endo-Porter was used to enhance cell
uptake of experimental manipulations. AChR clustering assays
were performed to assess the effect of antibody or morpholino on
agrin-induced AChR clustering. Western blots were performed to
assess myogenin gene expression after antibody or morpholino
exposure.
Results: The results reported here demonstrate that exposure
as short as eight hours for antibody to myogenin can decrease
agrin-induced AChR clustering in myotubes. We have previously
demonstrated that some experimental manipulations reduce
myogenin gene expression concurrent with a decrease in agrininduced AChR clustering. The current results establish more
specifically how MyoD and myogenin interact in neuromuscular
synapse formation by demonstrating that exposure to antibody
to MyoD reduces myogenin gene expression concurrent with a
decrease in agrin-induced AChR clustering.
Conclusion: These results suggest that MyoD is essential for
agrin-induced AChR clustering through a mechanism that includes
activation of myogenin gene expression, leading to activation of
AChR gene expression, and ultimately production of an appropriate
level of AChR for agrin-induced AChR clustering and neuromuscular
synapse formation.
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Introduction
Myogenic regulatory factors MyoD (myf3), myogenin (myf4),
myf5, and MRF4 (myf6) guide skeletal muscle development. They
evolved from a single gene as a result of gene duplication events and
subsequent mutations [1]. These basic helix-loop-helix transcription
factors bind to the E-box found in the promoters or enhancers of
many muscle-specific genes to activate or inhibit transcription [2-6].
Western blots using C2C12 cell culture verified in vitro the temporal
expression pattern initially determined with experiments using
knockout mice. MyoD was expressed in proliferating myoblasts and
myotubes, while myogenin was primarily expressed in myotubes
[7]. This expression pattern, where MyoD is expressed early in
myogenesis and myogenin is expressed later in myogenesis, was also
demonstrated in C2C12 cell culture using immunofluorescence [8].
Skeletal muscle cell cultures, such as the C2C12 cell line derived from
mouse hindlimb, provide simplified systems for studying myogenesis
and more specifically the development of the postsynaptic component
of the neuromuscular synapse [9,10].
This postsynaptic component includes acetycholine receptors
(AChRs), as well as other molecules that aggregate and co-localize with
AChR, including a low-density lipoprotein receptor-related protein
(Lrp4), a muscle-specific kinase (MuSK), and rapsyn. Activated
motor neurons release acetylcholine, which binds AChRs as a first
step in muscle fiber contraction. In early development AChRs cluster
spontaneously but aggregation increases upon exposure to motor
neuron derived agrin [11-13]. As motor neurons approach skeletal
muscle fibers in development, agrin is released and binds to Lrp4,
forming a complex of Lrp4 and MuSK which mediates MuSK activation
by agrin [14-16]. Agrin binding stimulates tyrosine phosphorylation
of MuSK [17] and Lrp4 [15], which drives a subsequent signaling
pathway that includes tyrosine phosphorylation of AChRs leading to
increased AChR clustering [18,19]. MuSK and rapsyn are essential for
AChR clustering during neuromuscular synapse formation [17,20],
with MuSK required for the signaling events that precede AChR
clustering [17,21-23]. In addition, AChRs are required for the agrininduced aggregation of MuSK at the neuromuscular synapse [24].
Suppression of Lrp4 gene expression decreases agrin binding activity,
agrin-induced MuSK tyrosine phosphorylation, and agrin-induced
AChR clustering [15].
In myogenesis, the expression of early genes is initiated by
MyoD, while later expression of other genes is initiated by MyoD
and myogenin. In the absence of MyoD, myogenin can inefficiently
activate early genes [25]. In addition to increasing myogenin gene
expression, MyoD also targets MuSK and rapsyn gene expression,
while myogenin targets rapsyn but not MuSK gene expression [7].
Moreover, myogenin activates genes for AChR subunits [26,27].
Overexpression of myogenin in transgenic mice elevates mRNA
and protein levels of all five AChR subunits, while reducing MyoD
protein levels [28]. This suggests that myogenic regulatory factors
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like MyoD and myogenin are intricately linked to the development
of the postsynaptic component of the neuromuscular synapse. More
specifically, MyoD has a role earlier in differentiation involving
MuSK and rapsyn, while myogenin has a role later in differentiation
involving rapsyn and AChR but not MuSK.
The C2C12 cell culture model has proven useful for asking
fundamental questions concerned with muscle development and
neuromuscular synapse formation, and is ideal for examining
more precisely the roles of MyoD and myogenin in neuromuscular
synapse formation. Using an immortalized rat muscle cell line, RNA
interference experiments revealed that myogenin expression was
necessary for robust spontaneous AChR clustering [29]. In C2C12
cell culture, antibody to either MyoD or myogenin decreased the
frequency of agrin-induced AChR clustering without affecting
myotube formation, demonstrating that MyoD and myogenin are
necessary for agrin-induced AChR clustering [8]. The results in the
present study establish more specifically how MyoD and myogenin
interact in neuromuscular synapse formation by demonstrating that
exposure to antibody to MyoD reduces myogenin gene expression
concurrent with a decrease in agrin-induced AChR clustering. This
suggests that MyoD is essential for agrin-induced AChR clustering
through a mechanism that includes activation of myogenin gene
expression, leading to activation of AChR gene expression, and
ultimately production of an appropriate level of AChR for agrininduced AChR clustering and neuromuscular synapse formation.

Methods
Cell culture maintenance
C2C12 myoblasts were derived from mouse hind limb (gift from
H. Gordon, University of Arizona; [9,10], and are commonly used for
skeletal muscle cell culture experiments. They are ideal for studying
myoblast fusion to form myotubes, and acetylcholine receptor
(AChR) clustering. For normal maintenance of C2C12 cell culture,
myoblasts were first plated in growth medium (GM) on 10 cm
plates at approximately 20% confluence. GM consists of Dulbecco’s
modified Eagle’s medium (DMEM) plus 20% fetal bovine serum, 0.5%
chick embryo extract and 100 U/ml streptomycin/penicillin. GM was
replaced daily, and myoblast cultures were split at approximately 60%
confluence into new plates. For formation of myotubes, myoblasts
were plated in GM on 22x22 mm cover slips that had been flamed
in 200-proof ethanol and placed in 6-well plates. GM was replaced
daily. After 48 hours in GM, myoblast cultures typically reached 80%
confluence, and cultures were then switched to differentiation medium
(DM). DM consists of DMEM plus 2% horse serum and 100 U/ml
streptomycin/penicillin. DM was replaced daily as myoblasts fused into
myotubes, and cultures were maintained for 72 hours in DM. All cultures
were exposed to 10 ng/ml agrin (R&D Systems) for the last 16 hours of 72
hours in DM to induce AChR clustering. The incubator was maintained
at 37oC under 8% carbon dioxide and 100% humidity.
Experimental manipulations
C2C12 cell cultures were maintained as untreated controls or
exposed to antibody to MyoD (Santa Cruz Biotechnology sc-71629)
or antibody to myogenin (Santa Cruz Biotechnology sc-12732),
or exposed to myogenin morpholino (Gene Tools), for various
periods of time during the 72 hours in DM. To optimize antibody or
mopholino delivery into cells, media with 6 µM Endo-Porter (Gene
Tools) was added 24 hours prior to experimental treatments. EndoPorter enhances an endocytosis-mediated process. Previously EndoVolume 2 • Issue 1 • 1000108

Porter was shown to specifically increase cellular uptake of antibody
to MyoD or myogenin [8]. Antibodies were added at concentrations
ranging from 1-5 µg/ml, and for periods of time ranging from 1 hour
to 24 hours. Morpholinos were added at 1 µM for 24 hours. In all cases
treatments occurred while cell cultures were in DM, and all cell cultures
were fixed at 72 hours in DM. Previously concentrations of antibody to
MyoD or myogenin as low as 1 µg/ml, added daily beginning when cell
cultures were plated on coverslips in GM, was sufficient to decrease agrininduced AChR clustering relative to untreated cultures [8].
Acetylcholine receptor clustering assay
AChRs were labeled by the binding of α-bungarotoxin conjugated
to tetramethyl rhodamine (Molecular Probes; [30]). Cultures were
incubated in the toxin-containing medium for 30 minutes at 37°C
to label AChRs after 72 hours in DM. Cover slips were rinsed three
times with room temperature phosphate buffered saline (PBS), fixed
for 10 minutes with 2% paraformaldehyde in PBS, rinsed three times
with PBS, dehydrated in cold methanol for 5 minutes at -20°C, and
mounted on microscope slides in Vectashield Mounting Medium for
Fluorescence (Vector Laboratories). AChR clusters were visualized
with an IX70 Olympus inverted microscope under the 20X objective
(yielding a total magnification of 200X), and fluorescent images were
captured as high-resolution JPG files with an Olympus camera with
Magnafire digital imaging software. Bright clusters of AChRs were
observed on all aspects of myotubes in fluorescent images. AChR
clustering was assayed in two ways. First, AChR clusters per image
were determined by counting AChR clusters from randomly captured
JPG files, with 25 JPG files captured from each cover slip, and 1-4 cover
slips utilized for each data point (n=25-100). Files were coded and
then AChR clusters were counted by an individual blind to treatment
group. Second, total AChR clustered area was determined using an
algorithm developed for Cell Profiler [31]. These data were utilized
to assay agrin-induced AChR clustering with or without exposure to
antibodies or morpholinos for MyoD or myogenin. Comparison of
untreated cultures with exposed cultures were analyzed by Student’s
t-test to determine statistically different results at p<0.05, with
the results presented as histograms. Representative images were
assembled into figures.
Cell profiler algorithm
Each grayscale image was analyzed using Cell Profiler’s object
identification algorithm. The threshold used in the algorithm was
defined as the minimum fluorescent intensity that a pixel must
display to be counted as part of a cluster. Experimentation with the
threshold revealed that a minimum brightness of 70% best defined
a pixel with enough fluorescence to be counted as part of a cluster,
and this threshold was used for all analyses. To ensure objectivity
and consistent quantification, the threshold and all other settings
were kept constant across all groups and images. The diameter
range for identifying an AChR cluster was set at 4-150 pixels (2.93
µm–109.95 µm). Contiguous pixels meeting both the intensity and
size requirements were counted as parts of AChR clusters. The total
clustered pixels per image were displayed in histograms as total AChR
clustered area (pixels), to quantify what number of pixels in an image
was counted as containing clustered AChRs. Analysis of data trends
via unpaired t-tests were completed using GraphPad Prism.
Western blots
To assay for protein levels of the myogenic regulatory factor
myogenin, myotube cultures were divided into untreated cultures
(controls), and those that had been exposed to 1 µg/mL or 5 µg/mL
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antibody to MyoD for 24 hours beginning after 48 hours in DM.
Myotube cultures were rinsed twice with calcium- and magnesiumfree PBS (CMF-PBS), scraped off in RIPA complete lysis buffer
(containing PMSF, sodium orthovanadate, and protease inhibitors),
agitated for 30 minutes on ice, and then centrifuged at 13,000g for
2 minutes to create pellets containing insoluble materials such as
organelles and extracellular matrix. The extracted supernatant was
then frozen. At a later time samples were thawed, a BCA protein
assay was performed to determine the concentration of protein
in each sample, and samples were boiled for 5 minutes in sample
buffer to reduce and denature proteins. Then samples were separated
by electrophoresis on a 10% polyacrylamide gel (Bio-Rad) and
transferred to a nitrocellulose membrane. The membranes were
blocked with 5% milk in TBS-T, probed for 16 hours at 4°C with a
mouse monoclonal antibody to myogenin (sc-12732; Santa Cruz
Biotechnology) at 1:1000 in blocking solution, and then probed by a
goat anti-mouse secondary antibody (926-32210; Li-Cor) at 1:10,000
in blocking solution for 30 minutes. The resultant western blot
was then visualized with the Odyssey CLx, a near infrared imaging
system. It uses solid state diode lasers to excite at 685 and 785 nm. For
scanning, the western blot was placed on the glass surface of the
odyssey and covered with a rubber mat. In the Li-Cor software a
box was created to define the scanning area of the blot. The 700 and
800 channels were chosen and low quality image quality and 169 μm
resolution was checked before start scan was pressed. As a loading
control, all samples were also probed with a mouse monoclonal
antibody to actin (sc-8432; Santa Cruz Biotechnology).

agrin-induced AChR clustering [8]. These data show that the lower
concentration of antibody to MyoD or myogenin, 1 µg/ml, was only
sufficient to decrease agrin-induced AChR clustering if exposure
was continuous, or if exposure to the antibody to myogenin occured
during specific 24 hour periods. The C2C12 cell culture system
appears to be more sensitive to antibody to myogenin than MyoD,
and is especially sensitive when exposed to antibody to myogenin
early in myotube formation.
The results reported here also demonstrate that exposure to 1 µM
myogenin morpholino for the first 24 hours in DM, but not the last
24 hours in DM, decreased AChR clustering (Figures 4 and 5). This is

Results
Exposure to 5 µg/ml antibody to MyoD or myogenin for any 24
hour period in DM decreases AChR clustering
AChRs cluster spontaneously with a baseline frequency on C2C12
myotubes and this clustering is increased with agrin treatment [1113]. C2C12 cell cultures were switched from growth medium (GM)
to differentiation medium (DM) at 80% confluence, 10 ng/ml agrin
was added for the last 16 hours in DM, and myotubes were examined
for AChR clustering after 72 hours in DM. The results reported here
demonstrate that when C2C12 skeletal muscle cell cultures were
exposed to 5 µg/ml antibody to MyoD or myogenin, for any 24
hour period in DM, agrin-induced AChR clustering was decreased
with statistical significance at p<0.05 using Student’s t-test (Figures
1 and 2). Previously it was demonstrated that continuous exposure
in GM and then for 72 hours in DM to 1 µg/ml antibody to MyoD
or myogenin also decreased agrin-induced AChR clustering [8]. The
current data show that a shorter exposure time can decrease agrininduced AChR clustering if the antibody concentration is sufficient.
Exposure to 1 µg/ml antibody to myogenin, or 1 µM myogenin
morpholino, for the first 24 hours in DM decreases AChR clustering
The results reported here demonstrate that when C2C12 skeletal
muscle cell cultures were exposed to 1 µg/ml antibody to MyoD
or myogenin, for any 24 hour period in DM, agrin-induced AChR
clustering was only decreased with statistical significance at p<0.05
using Student’s t-test when the exposure was to antibody to myogenin
during the first or second 24 hours in DM (Figure 3). Exposure to
1 µg/ml antibody to myogenin during the final 24 hours in DM, or
exposure to 1 µg/ml antibody to MyoD during any 24 hour period
in DM, was insufficient to decrease agrin-induced AChR clustering.
This contrasts with continuous exposure in GM and then for 72 hours
in DM to 1 µg/ml antibody to MyoD or myogenin, which decreased
Volume 2 • Issue 1 • 1000108

Figure 1: 5 µg/ml antibody to MyoD (A) or myogenin (B) for any 24
hour period in differentiation medium (DM) can decrease the frequency
of agrin-induced AChR clusters. Clustering was quantified by analyzing
fluorescent images from cultures that were untreated or exposed to 5 µg/
ml antibody for a 24 hour period beginning with the introduction of DM,
or after 24 hours in DM, or after 48 hours in DM. Cultures were fixed
and images captured at 72 hours in DM. The histograms reveal that a
24 hour exposure to 5 µg/ml antibody to MyoD or myogenin at any time
during differentiation was sufficient to decrease agrin-induced AChR
clusters relative to untreated cultures, using Student’s t-test at p<0.05.
(*) statistically decreased from untreated cultures. Error bars indicate
standard error of the mean (s.e.m.).
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to MyoD was insufficient (Figure 7). The current data confirm that
MyoD is essential for normal myogenin gene expression, and suggests
that decreases in agrin-induced AChR clustering are due to a decrease
in myogenin, regardless of whether antibody to MyoD or myogenin
is utilized. This is consistent with other observations and suggests

Figure 2: Example images of cell cultures exposed for 24 hours to 5 µg/ml
antibody to MyoD or myogenin. Fluorescent images were captured from
agrin-induced cultures that were untreated (A, B), or exposed to 5 µg/ml
antibody to MyoD (C, E, G), or exposed to 5 µg/ml antibody to myogenin
(D, F, H). The antibody exposure was for a 24 hour period beginning with
the introduction of DM (C, D), or after 24 hours in DM (E, F), or after 48
hours in DM (G, H). Cultures were fixed and images captured at 72 hours
in DM. Fluorescent areas are clusters of AChRs. Scale bar=100 µm.

a similar result to 24 hour exposure to antibody to 1 µg/ml myogenin,
which decreased agrin-induced AChR clustering only when the
exposure was in the first or second 24 hours in DM. The current
data suggest that the C2C12 cell culture system is more sensitive to
antibody or morpholino to myogenin when exposed early in myotube
formation when myoblasts are first fusing into myotubes.
Exposure to 1 µg/ml antibody to myogenin for as brief as 8 hours
can decrease AChR clustering
Exposure to 1 µg/ml antibody to myogenin during the first 24 hours
in DM required a full 24 hours exposure to decrease agrin-induced
AChR clustering. Exposure for only 8 hours or less was insufficient. If
the exposure was during the second 24 hours in DM, an exposure of only
8 hours was sufficient to decrease agrin-induced AChR clustering, but
exposure shorter than 8 hours was insufficient (Figure 6). The current
data are consistent with other observations that the C2C12 cell culture
system sensitivity to antibody to myogenin peaks early in myotube
formation when myoblasts are first fusing into myotubes.
Exposure to antibody to MyoD decreases myogenin gene expression
Exposure to 5 µg/ml antibody to MyoD during the final 24 hours
in DM decreased myogenin gene expression, but 1 µg/ml antibody
Volume 2 • Issue 1 • 1000108

Figure 3: 1 µg/ml antibody to myogenin (B) but not MyoD (A) for some 24
hour periods in DM can decrease the frequency of agrin-induced AChR
clusters. Clustering was quantified by analyzing fluorescent images from
cultures that were untreated or exposed to 1 µg/ml antibody for a 24 hour
period beginning with the introduction of DM, or after 24 hours in DM,
or after 48 hours in DM. Cultures were fixed and images captured at 72
hours in DM. The histograms reveal that a 24 hour exposure to 1 µg/
ml antibody to myogenin beginning with the introduction of DM, or after
24 hours in DM, was sufficient to decrease agrin-induced AChR clusters
relative to untreated cultures, using Student’s t-test at p<0.05. For other
24 hour time periods examined for myogenin, or for antibody to MyoD
for any 24 hour time period, 1 µg/ml antibody was insufficient to have
an effect. (*) statistically decreased from untreated cultures. Error bars
indicate standard error of the mean (s.e.m.).
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form and myoblasts still appear [32]. Myoblast identity becomes
established as long as MyoD and myf5 are present [33-35]. In
contrast, myogenin is required for myoblast differentiation, as
myoblasts proliferate and fuse together to form multinucleated
myotubes [36,37]. Although MRF4 is highly expressed in adult
skeletal muscle fibers it does not appear to be essential for myogenesis
[38-42]. While single null mutations of MyoD, myf5, or MRF4 are not
lethal [33,34,43], the null mutation for myogenin eventually results in
severe muscle deficiency due to inadequate secondary muscle fiber
development and subsequent neonatal death [32,36,37].
Myogenic regulatory factors are so specialized that expression
of a single myogenic regulatory factor, MyoD, is sufficient to force
nonmuscle cells to complete the myogenic program [44,45]. MyoD
is considered the master myogenic transcription factor in triggering
muscle terminal differentiation. Using tandem affinity purification
coupled to mass spectrometry, the MyoD interactome was identified
and defined [46]. MyoD interacts with core promoter factors in
differentiation. Defective myogenic regulatory factors, or their core
promoter factors, can lead to developmental muscle disorders such as
congenital myasthenia and myotonic dystrophy.
Models of gene activation during myogenesis predict that genes
are turned on sequentially beginning with the activation of myogenin
by MyoD. An initial blueprint for myogenic differentiation combined
genome-wide transcription factor binding and expression profiling to
better elucidate the myogenic differentiation program in mammalian
skeletal muscle cells. Myogenic regulatory factors direct myogenesis
including the assembly of the neuromuscular synapse. Specifically,
the initial blueprint demonstrated that in growing myoblasts MyoD
targeted genes involved in synapse specification and neuromuscular
function, whereas in myotubes MyoD and myogenin targeted
genes involved in muscle development and contraction. Strikingly,
transcription factors were the largest cluster of targets [7].
In the nucleus, MyoD and myogenin coordinate muscle-specific
gene expression. In addition to activating myogenin, MyoD is
involved in myoblast proliferation by establishing an open chromatin
structure at muscle-specific genes. Myogenin drives high levels of
Figure 4: 1 µM myogenin morpholino for 24 hours can also decrease
the frequency of agrin-induced AChR clusters. Clustering was quantified
by analyzing fluorescent images from cultures that were untreated or
exposed to 1 µM myogenin morpholino for a 24 hour period beginning with
the introduction of DM, or after 48 hours in DM. Cultures were fixed and
images captured at 72 hours in DM. The histograms reveal that a 24 hour
exposure to 1 µM myogenin morpholino beginning with the introduction of
DM (A) was sufficient to decrease agrin-induced AChR clusters relative
to untreated cultures, using Student’s t-test at p<0.05. Exposure to 1 µM
myogenin morpholino for 24 hours beginning after 48 hours in DM (B) was
insufficient to have an effect. (*) statistically decreased from untreated
cultures. Error bar indicates standard error of the mean (s.e.m.).

that MyoD is essential for agrin-induced AChR clustering through
a mechanism that includes activation of myogenin gene expression,
leading to activation of AChR gene expression, and ultimately
production of an appropriate level of AChR for agrin-induced AChR
clustering and neuromuscular synapse formation.

Discussion
The temporal expression pattern of myogenic regulatory factors
was initially determined with experiments using knockout mice. In
the absence of myogenin early in somite formation, myotomes still
Volume 2 • Issue 1 • 1000108

Figure 5: Example images of cell cultures exposed for 24 hours to 1 µM
myogenin morpholino. Fluorescent images were captured from agrininduced cultures that were untreated (A, B), or exposed to 1 µM myogenin
morpholino for a 24 hour period beginning with the introduction of DM (C)
or beginning after 48 hours in DM (D). Cultures were fixed and images
captured at 72 hours in DM. Fluorescent areas are clusters of AChRs.
Scale bar=100 µm.
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of myoblasts into multinucleated myotubes [47]. Indeed, ectopic
expression of myogenin in proliferating myoblasts is sufficient to
activate a collection of genes that mediates exit from the cell cycle
[48].
In development TATA binding protein associated factors
(TAFs) interact with TATA binding protein related factors (TRFs)
to activate tissue specific transcription. TAFs and TRFs are subunits
that combine as core promoter factors specific to various tissues. In
skeletal muscle the combination of TAF3 and TRF3 (TAF3/TRF3)
drives the differentiation of myoblasts into myotubes [49,50]. First,
the TAF3/TRF3-dependent transcriptional mechanism results in a
high level of MyoD expression [49,51]. Then MyoD targets TAF3/
TRF3 to activate myogenin expression and downregulate Myf5
expression [52]. This switch from Myf5 to myogenin coincides with
cell cycle exit and commitment to differentiate [48]. Myogenin then
activates additional genes for myotube differentiation [7].
Previously it was demonstrated that continuous exposure over
several days to a lower level of antibody, 1 µg/ml antibody to MyoD
or myogenin, decreased agrin-induced AChR clustering [8]. The
current data show that this concentration of antibody to myogenin,
or exposure to myogenin morpholino, decreased agrin-induced
AChR clustering with shorter exposure times if exposure was early in
myotube formation. With a higher concentration, 5 µg/ml antibody
to MyoD or myogenin, exposure anytime during myotube formation
decreased agrin-induced AChR clustering. The current data suggest
that the C2C12 cell culture system is more sensitive to antibody to
myogenin than antibody to MyoD, and more sensitive to antibody to
myogenin or myogenin morpholino when exposed early in myotube
formation when myoblasts are first fusing into myotubes.
MyoD targets myogenin gene expression, and also targets MuSK
and rapsyn gene expression. Myogenin targets rapsyn but not MuSK
gene expression [7], and also targets genes for AChR subunits [26,27].
Therefore, MyoD has a role earlier in differentiation involving
MuSK and rapsyn, while myogenin has a role later in differentiation
involving rapsyn and AChR but not MuSK. The results in the present
study establish more specifically how MyoD and myogenin interact
in neuromuscular synapse formation by demonstrating that exposure
to 5 µg/ml antibody to MyoD reduced myogenin gene expression
concurrent with a decrease in agrin-induced AChR clustering. This

Figure 6: 1 µg/ml antibody to myogenin for as few as 8 hours can decrease
the frequency of agrin-induced AChR clusters. Clustering was quantified
by analyzing fluorescent images from cultures that were untreated or
exposed to 1 µg/ml antibody for variable time periods beginning with
the introduction of DM (A), or after 24 hours in DM (B). Cultures were
fixed and images captured at 72 hours in DM. The histograms reveal that
exposure to 1 µg/ml antibody to myogenin for as few as 8 hours in DM,
beginning after 24 hours in DM, was sufficient to decrease agrin-induced
AChR clusters relative to untreated cultures or cultures treated for fewer
hours, using Student’s t-test at p<0.05. For cultures exposed to antibody
to myogenin beginning with the introduction of DM, 1 µg/ml antibody for 8
hours or less was insufficient to have an effect. (*) statistically decreased
from untreated cultures. Error bars indicate standard error of the mean
(s.e.m.).

transcription of genes within this open chromatin state, including
activating genes involved in neuromuscular synapse formation, and
genes that shut down the cell proliferation machinery. This leads to
myoblast differentiation and exit from the cell cycle, and the fusion
Volume 2 • Issue 1 • 1000108

Figure 7: 5 µg/ml antibody to MyoD decreased myogenin gene expression.
Untreated agrin-induced cultures were compared with cultures exposed to
1 or 5 µg/ml antibody to MyoD for 24 hours beginning after 48 hours in
DM. 5 µg/ml antibody to MyoD decreased myogenin gene expression but
1 µg/ml was insufficient to do so. Cultures were assayed for the amount
of myogenin protein and compared with an actin control using Western
Blots.
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suggests that MyoD is essential for agrin-induced AChR clustering
through a mechanism that includes activation of myogenin gene
expression, leading to activation of AChR gene expression, and
ultimately production of an appropriate level of AChR for agrininduced AChR clustering and neuromuscular synapse formation.

19. Ferns M, Deiner M, Hall Z (1996) Agrin-induced acetylcholine receptor
clustering in mammalian muscle requires tyrosine phosphorylation. J Cell
Biol 132: 937-944.

Acknowledgments

21. Sugiyama JE, Glass DJ, Yancopolous GD, Hall ZW (1997) Laminin-induced
acetylcholine receptor clustering: an alternative pathway. J Cell Biol 139: 181191.

This work was supported in part by Midwestern University funding through
the Biomedical Sciences Program (Erica E. Anderson) and the Office of Research
and Sponsored Programs (Wade A. Grow). In addition, David H. Campbell and
Paul R. Standley were supported by funding provided by the A.T. Still University
Strategic Research Initiative. Preliminary accounts of this work have appeared in
abstract form [53-55].

References
1. Atchley WR, Fitch WM, Bronner-Fraser M (1994) Molecular evolution of the
MyoD family of transcription factors. Proc Natl Acad Sci USA 91: 1152211526.
2. Piette J, Bessereau JL, Huchet M, Changeux JP (1990) Two adjacent
MyoD1-binding sites regulate expression of the AChR alpha-subunit gene.
Nature 345: 353-355.
3. Gilmour BP, Fanger GR, Newton C, Evans EM, Gardner PD (1991) Multiple
binding sites for myogenic regulatory factors are required for expression of
the AChR gamma-subunit gene. J Biol Chem 266: 19871-19874.
4. Numberger M, Durr I, Kues W, Koenen M, Witzemann V (1991) Different
mechanisms regulate muscle-specific AChR gamma- and epsilon-subunit
gene expression. EMBO J 10: 2957-2964.
5. Prody CA, Merlie JP (1991) A developmental and tissue-specific enhancer in
the mouse skeletal muscle AChR alpha-subunit gene regulated by myogenic
factors. J Biol Chem 266: 22588-22596.
6. Simon AM, Burden SJ (1993) An E box mediates activation and repression
of the AChR delta-subunit gene during myogenesis. Mol Cell Biol 13: 51335140.
7. Blais A, Tsikitis M, Acosta-Alvear D, Sharan R, Kluger T, et al. (2005) An
initial blueprint for myogenic differentiation. Genes Dev 19: 553-569.
8. Ball MK, Campbell DH, Ezell K, Henley JB, Standley PR, et al. (2013)
Antibody to MyoD or myogenin decreases acetylcholine receptor clustering in
C2C12 myotube culture. CellBio 2: 138-148.
9. Yaffe D, Saxel O (1977) Serial passaging and differentiation of myogenic
cells isolated from dystrophic mouse muscle. Nature 270: 725-727.
10. Blau HM, Pavlath GK, Hardeman EC, Chiu CP, Silberstein L, et al. (1985)
Plasticity of the differentiated state Science 230: 758-766.
11. Godfrey EW, Nitkin RM, Wallace BG, Rubin LL, McMahan UJ (1984)
Components of Torpedo electric organ and muscle that cause aggregation
of acetylcholine receptors on cultured muscle cells. J Cell Biol 99: 615-627.
12. Nitkin RM, Smith MA, Magill C, Fallon JR, Yao YM, et al. (1987) Identification
of agrin, a synaptic organizing protein from Torpedo electric organ. J Cell Biol
105: 2471-2478.
13. McMahan UJ (1990) The agrin hypothesis. Cold Spring Harb Symp Quant
Biol 55: 407-418.
14. Kim N, Stiegler AL, Cameron TO, Hallock PT, Gomez AM, et al. (2008) Lrp4
is a receptor for agrin and forms a complex with MuSK. Cell 135: 334-342.

20. Gautam M, Noakes PG, Mudd J, Nichol M, Chu GC, et al. (1995) Failure of
postsynaptic specialization to develop at neuromuscular junctions of rapsyndeficient mice. Nature 377: 232-236.

22. Bowen DC, Park JS, Bodine S, Stark JL, Valenzuela DM, et al. (1998)
Localization and regulation of MuSK at the neuromuscular junction. Dev Biol
199: 309-319.
23. Gautam M, DeChiara TM, Glass DJ, Yancopolous GD, Sanes JR (1999)
Distinct phenotypes of mutant mice lacking agrin, MuSK, or rapsyn. Brain
Res Dev Brain Res 114: 171-178.
24. Grow WA, Gordon H (2000) Acetylcholine receptors are required for
postsynaptic aggregation driven by the agrin signaling pathway. Eur J
Neurosci 12: 467-472.
25. Cao Y, Kumar RM, Penn BH, Berkes CA, Kooperberg C, et al. (2006) Global
and gene-specific analyses show distinct roles for Myod and Myog at a
common set of promoters. EMBO J 25: 502-511.
26. Tang H, Sun Z, Goldman D (2001) CaM kinase II-dependent suppression of
nicotinic acetylcholine receptor delta-subunit promoter activity. J Biol Chem
276: 26057-26065.
27. Tang H, Macpherson P, Argetsinger LS, Cieslak D, Suhr ST, et al. (2004)
CaM kinase II-dependent phosphorylation of myogenin contributes to
activity-dependent suppression of nAChR gene expression in developing rat
myotubes. Cell Signal 16: 551-563.
28. Gunderson K, Rabben I, Klocke BJ, Merlie JP (1995) Overexpression of
myogenin in muscles of transgenic mice: interaction with Id-1, negative
crossregulation of myogenic factors, and induction of extrasynaptic
acetylcholine receptor expression. Mol Cell Biol 15: 7127-7134.
29. Macpherson PCD, Cieslak D, Goldman D (2006) Myogenin-dependent
nAChR clustering in aneural myotubes. Mol Cell Neurosci 31: 649-660.
30. Ravdin P, Axelrod D (1977) Fluorescent tetramethyl rhodamine derivatives
of alpha-bungarotoxin: preparation, separation, and characterization. Analyt
Biochem 80: 585-592.
31. Campbell DH, Hicks M, Grow W, Standley P (2011) Improved quantification
of acetylcholine receptor (AChR) clustering in C2C12 myotubes using an
objective computational algorithm. Arizona Imaging & Microscopy Society
Conference.
32. Venuti JM, Morris JH, Vivian JL, Olson EN, Klein WH (1995) Myogenin
is required for late but not early aspects of myogenesis during mouse
development. J Cell Biol 128: 563-576.
33. Braun T, Rudnicki MA, Arnold HH, Jaenisch R (1992) Targeted inactivation
of the muscle regulatory gene Myf-5 results in abnormal rib development and
perinatal death. Cell 71: 369-382.
34. Rudnicki MA, Braun T, Hinuma S, Jaenisch R (1992) Inactivation of MyoD in
mice leads to up-regulation of the myogenic HLH gene Myf-5 and results in
apparently normal muscle development. Cell 71: 383-390.
35. Rudnicki MA, Schnegelsberg PN, Stead RH, Braun T, Arnold HH, et al.
(1993) MyoD or Myf-5 is required for the formation of skeletal muscle. Cell
75: 1351-1359.

15. Zhang B, Luo S, Wang Q, Suzuki T, Xiong WC, et al. (2008) Lrp4 serves as
a co-receptor of agrin. Neuron 60: 285-297.

36. Hasty P, Bradley A, Morris JH, Edmondson DG, Venuti JM, et al. (1993)
Muscle deficiency and neonatal death in mice with a targeted mutation in the
myogenin gene. Nature 364: 501-506.

16. Zhang W, Coldefy AS, Hubbard SR, Burden SJ (2011) Agrin binds to the
N-terminal region of Lrp4 protein and stimulates association between Lrp4
and the first immunoglobulin-like domain in muscle-specific kinase (MuSK). J
Biol Chem 286: 40624-40630.

37. Nabeshima Y, Hanaoka K, Hayasaka M, Esumi E, Li S, et al. (1993) Myogenin
gene disruption results in perinatal lethality because of severe muscle defect.
Nature 364: 532-535.

17. Glass DJ, Bowen DC, Stitt TN, Radziejewski C, Bruno J, et al. (1996) Agrin
acts via a MuSK receptor complex. Cell 85: 513-523.
18. Wallace BG, Qu Z, Huganir RL (1991) Agrin induces phosphorylation of the
nicotinic acetylcholine receptor. Neuron 6: 869-878.

Volume 2 • Issue 1 • 1000108

38. Rhodes SJ, Konieczny SF (1989) Identification of MRF4: A new member of
the muscle regulatory factor gene family. Genes & Dev 3: 2050-2061.
39. Bober E, Lyons GE, Braun T, Cossu G, Buckingham M, et al. (1991) The
muscle regulatory gene, Myf-6, has a biphasic pattern of expression during
early mouse development. J Cell Biol 113: 1255-1265.
• Page 7 of 8 •

Citation: Anderson EE, Campbell DH, Ezell K, Standley PR, Grow WA (2017) Antibody to MyoD Decreases Myogenin Gene Expression and Agrin-induced
Acetylcholine Receptor Clustering. J Neurosci Clin Res 2:1.

40. Hinterberger TJ, Sassoon DA, Rhodes SJ, Konieczny SF (1991) Expression
of the muscle regulatory factor MRF4 during somite and skeletal myofiber
development. Dev Biol 147: 144-156.

47. Singh K, Dilworth FJ (2013) Differential modulation of cell cycle progression
distinguishes members of the myogenic regulatory factor family of
transcription factors. FEBS J 280: 3991-4003.

41. Buonanno A, Apone L, Morasso MI, Beers R, Brenner HR, et al. (1992) The
MyoD family of myogenic factors is regulated by electrical activity: Isolation
and characterization of a mouse Myf-5 cDNA. Nuc Acid Res 20: 539-544.

48. Liu QC, Zha X, Faralli H, Yin H, Louis-Jeune C, et al. (2012) Comparative
expression profiling identifies differential roles for myogenin and p38alpha
MAPK signaling in myogenesis. J Mol Cell Biol 4: 386-397.

42. Hannon K, Smith CK, Bales KR, Santerre RF (1992) Temporal and quantitative
analysis of myogenic regulatory and growth factor gene expression in the
developing mouse embryo. Dev Biol 151: 137-144.

49. \Deato MDE, Tjian R (2007) Switching of the core transcription machinery
during myogenesis. Genes & Dev 21: 2137-2149.

43. Yoon JK, Olson EN, Arnold HH, Wold BJ (1997) Different MRF4 knockout
alleles differentially disrupt Myf-5 expression: Cis-regulatory interactions at
the MRF4/Myf-5 locus. Dev Biol 188: 349-362.
44. Tapscott SJ, Davis RL, Thayer MJ, Cheng PF, Weintraub H, et al. (1988)
MyoD1: a nuclear phosphoprotein requiring a Myc homology region to
convert fibroblasts to myoblasts. Science 242: 405-411.
45. Weintraub H, Tapscott SJ, Davis RL, Thayer MJ, Adam MA, et al. (1989)
Activation of muscle-specific genes in pigment, nerve, fat, liver, and fibroblast
cell lines by forced expression of MyoD. Proc Natl Acad Sci USA 86: 54345438.
46. Boyarchuk E, Robin P, Fritsch L, Joliot V, Ait-Si-Ali S (2016) Identification
of MyoD interactome using tandem affinity purification coupled to mass
spectrometry. J Vis Exp 111.

50. Liu Z, Scannell DR, Eisen MB, Tjian R (2011) Control of embryonic stem cell
lineage commitment by core promoter factor, TAF3. Cell 146: 720-731.
51. Yao J, Tjian R (2011) Sub-nuclear compartmentalization of core promoter
factors and target genes. Cell Cycle 10: 2405-2406.
52. Deato MDE, Marr MT, Sottero T, Inouye C, Hu P, et al. (2008) MyoD targets
TAF3/TRF3 to activate myogenin transcription. Mol Cell 32: 96-105.
53. Grow WA, Ball MK, Henley JB (2010) Antibody or morpholino to myogenin
decreases agrin-induced AChR clustering in C2C12 cell culture. Soc for
Neurosci Abstr 590.2.
54. Anderson EE, Grow WA (2012) MyoD and myogenin are required for agrininduced AChR clustering. The FASEB Journal 26S: 919.2.
55. Anderson EE, Grow WA (2013) Myogenin expression and agrin-induced
AChR clustering are enhanced by MyoD. Soc for Neurosci Abstr 418.20/E31.

Author Affiliations

Top

Department of Anatomy, Arizona College of Osteopathic Medicine, Midwestern
University, Glendale, Arizona, USA

1

Department of Basic Medical Sciences, University of Arizona College of
Medicine, Phoenix, Arizona, USA

2

Submit your next manuscript and get advantages of SciTechnol
submissions







80 Journals
21 Day rapid review process
3000 Editorial team
5 Million readers
More than 5000
Quality and quick review processing through Editorial Manager System

Submit your next manuscript at ● www.scitechnol.com/submission

Volume 2 • Issue 1 • 1000108

• Page 8 of 8 •

