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Abstract 

 

Satellite cells are adult stem cells responsible for the regenerative capacity and 

post-natal growth of skeletal muscle.  They are capable of repairing damaged muscle 

fibers and repopulating their own cell pool.  Although typically quiescent, they can 

become activated and express MyoD, a muscle specific basic helix-loop-helix (bHLH) 

transcription factor, which is responsible for satellite self-renewal and differentiation 

through E-box dependent transcriptional activity.  Satellite cells lose their regenerative 

capacity when expanded in culture due to becoming activated.  The mechanisms by 

which satellite cells are maintained remain to be fully elucidated.  Here, we cloned a 

bHLH transcription factor, TCF23, and investigate its function in myogenesis.  Ectopic 

expression of TCF23 prevented the differentiation of myoblasts into differentiated 

myotubes by inhibiting the function of MyoD.  Since the suppression of MyoD activity is 

an important aspect in the self-renewal of satellite cells, TCF23 suppression of MyoD 

would be beneficial to expanding satellite cells in culture. 
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Introduction 

 

Duchenne muscular dystrophy (DMD) is a lethal progressive X-linked disease 

that causes muscle wasting in about 1 in 3500 males.
1
  Affected patients show signs early 

in life such as difficulties with walking and breathing.  Patients can develop severe 

scoliosis and are typically wheelchair bound by around 10 years of age.  They suffer 

progressively worsening symptoms such as weakness and difficulties with motor skills.  

DMD patients generally die from cardiac or respiratory failure in their early twenties.
2-3

 

 DMD is caused by a mutation in the dystrophin gene, which causes an absence of 

the dystrophin protein in all three muscle types:  skeletal, cardiac, and smooth muscle.
4
  

The dystrophin protein is expressed in the sarcolemma and acts in a structural capacity by 

interacting with the actin cytoskeleton, effectively stabilizing muscle fibers by anchoring 

the sarcolemma to the basal lamina.
4-6

  Loss of the dystrophin protein compromises the 

stability of the sarcolemma leading to muscle damage which causes an inflammatory 

response as well as necrosis and fibrosis of the tissue.
6-7

  The muscle regenerates and 

degenerates due to the activation of muscle stem cells which ultimately are incapable of 

creating healthy muscle fibers.  This leads to a collapse of the stem cell population’s 

ability to effectively compromise for the loss of muscle tissue.
8
  Current therapies include 

exon skipping as well as promoting the reading through of premature stop codons.
9-13

  

The strategy and effectiveness can be dependent on the specific mutation of the patient.  

For instance, exon skipping can be done by using antisense oligoribonucleotides specific 

to a patient’s particular dystrophin mutation to allow for an in-frame transcript of a fairly 
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functional although small dystrophin protein.
9,10

  However, there has not been an 

effective treatment with functional benefits using these methods.
 

Skeletal muscle has shown to have a powerful capacity for regeneration.  Muscle 

regeneration is due to a population of adult stem cells known as satellite cells.
14

  These 

cells are found between the basal lamina and the sarcolemma of muscle fibers.
14-16

  

Although they are typically quiescent, they have been shown to have the capacity to 

become activated and created transit amplifying cells to form new myogenic precursors 

as well as myotubes.
17-20

  The regenerative effect of these satellite cells has drawn 

attention to the possibilities of using purified donor satellite cells as a means of cellular 

therapy for DMD patients.  Engrafted donor satellite cells have been shown to contribute 

to the repair of fibers as well as repopulating the satellite cell pool of the host.  However, 

expansion of the satellite cell population in culture prior to engraftment causes the cells to 

lose their capacity to contribute to muscle fibers and of self-renewal.  This makes it 

impossible to generate an ample amount for clinical application.
21 

 Myogenesis begins in the embryo, and skeletal muscle of the abdomen and limbs 

have their beginning in the somites which are masses of mesoderm located alongside the 

neural tube known as the paraxial mesoderm.
22

  The somites then mature into three 

unique divisions, one of which is the myotome.
23-24

  The dorsal portion of the myotome, 

known as the dermomyotome, contains early myogenic precursors that are positive for 

the paired box transcription factors Pax3 and Pax7.
26-27

  These cells migrate to a niche 

just under the basal lamina of muscle fibers.
28

  In the somites, transcription factors that 

fate cells to the skeletal muscle lineage become activated, such as Mox2 and Pax3.
29
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Commitment to this lineage is further dictated by members of a family of factors referred 

to as the myogenic regulatory factors (MRF).
30-36

  MRF, MyoD, Myf5, Myogenin and 

MRF4, have been characterized as being basic helix-loop-helix (bHLH) transcription 

factors (Fig. 1).
37 

 

 

 Figure 1.  MyoD is a muscle-specific bHLH transcription factor.  The MyoD 

protein contains two activation domains and a basic helix-loop-helix (bHLH) domain. 

The HLH is involved in heterodimerization with the ubiquitously expressed bHLH factor 

E2A protein. The basic domain is involved in binding to CANNTG DNA motifs termed 

E-box. MyoD-E2A heterodimers can bind to E-boxes located at enhancer regions of 

many muscle-specific genes coordinately, and activate gene expression to initiate the 

myogenic program.  
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Myogenesis also occurs postnatally.  In response to injury to the skeletal muscle, 

satellite cells become activated and proliferate.  During this process of activation, the 

transcriptional co-activators MASTR and MRTF-A are upregulated.  These two factors 

are members of the Myocardin family, which have other members involved in 

differentiation of smooth muscle.
51

  This MASTR activates the muscle specific MyoD 

enhancer with MRTF-A and MEF2.  These factors are part of the regulatory network that 

drives the expression of MyoD, meaning they are responsible for the activation of 

satellite cells after injury as well as their migration to the site of injury to begin 

proliferating and repairing the muscle tissue.
51,52 

The bHLH factors can act in a direct or indirect fashion in a network.  They are 

able to form homo- or heterodimers through their HLH domains.
38

  This allows the 

factors to form a DNA-binding motif that are able to recognize E-box sequences 

commonly found on enhancers or promoters.
37-38

  The four factors previously mentioned 

have a bHLH and are each capable of inducing differentiation of skeletal muscle; 

however, they hold different roles in the process of myogenesis.  MyoD and Myf5 have 

the role of establishing the identity and commitment of a mesodermal progenitor cell to a 

skeletal muscle fate.
39-41

  Myogenin promotes the differentiation of these committed 

progenitors into myotubes.
31-32

  MRF4 functions during both the commitment and 

differentiation stages of myogenesis.
33

  This occurs in a progressive manner to allow for 

activated satellite cells to repopulate their niche. When satellite cells are quiescent, they 

express Pax3 and Pax7.  Upon activation, they express the bHLH transcription factor 

MyoD, and undergo the activated satellite cell, followed by Pax7
+
/MyoD

+
 myoblasts.

41-42
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After several rounds of cellular division, myoblasts lose Pax7 expression and initiate 

Myogenin expression (Fig. 2).
18,35-36

  The cells will then fuse with each other and become 

myosin heavy chain II (MHC) positive multinucleated myotubes.
35

  A minor population 

of myoblasts loses MyoD expression, cease commitment, and repopulate the quiescent 

satellite cell pool as a process of self-renewal.
43-44 

 

 

Figure 2.  Satellite cell, activation, differentiation and self-renewal. Quiescent 

satellite cells express Pax7 but do not express MyoD until the cells are activated.  If 

MyoD expression is downregulated in these activated satellite cells (myogenic precursor 

cells), the cells undergo satellite cell self-renewal.  However, if Pax7 expression is lost, 

the myogenic precursor cell exits the cell cycle, and undergo differentiation into 

Myogenin
+
 MHC

+
 multinucleated myotubes by cell fusion. 

 

The bHLH family of transcription factors has a subset of negative regulators that 

contain an HLH binding domain but lack the DNA binding domain.
37

  Consequently, 

these factors form heterodimers with proteins such as MyoD or Myogenin.  However, 

they lack DNA binding activity, thereby negatively regulating myogenesis.
45-46

  Several 

proteins have been identified as part of this family of negative regulators of bHLH 
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factors.  One particular group is the DNA-bind protein inhibitors Id1, Id2, Id3, and Id4.
45

  

A novel transcription factor TCF23 has been identified as possibly having similar 

inhibitory properties as that of the Id proteins through bioinformatics pattern matching.  

TCF23 was found to be similar to the Id proteins by having an HLH binding domain and 

also lacking a DNA binding domain (Fig. 3).
46

 The activity and mechanism of TCF23 in 

satellite cells has yet to be specifically investigated.  Due to the similarities TCF23 has 

with the Id proteins, it would be expected to be found in quiescent satellite cells with 

subsequent downregulation during activation and differentiation. 

 

Figure 3.  TCF23 is a negative HLH transcription factor.
46

 TCF23 contains 

HLH domain but is lacking a basic domain and a DNA binding domain. Therefore, 

TCF23 can bind to MyoD without DNA binding, acting as a negative regulator of MyoD. 

 



 

 7 

Inhibition of MyoD activity is essential for promoting self-renewal of satellite 

cells and to prevent unwanted differentiation.
47

  One of the major barriers of cell therapy 

with purified satellite cells is the inability to culture them while maintain their 

regenerative capacity.
49

  It would be beneficial for DMD therapy techniques to be able to 

allow for increased self-renewal of satellite cells in culture.
21

  One concept of achieving 

this goal is by suppressing MyoD through the expression of inhibitory factors.  TCF23 

could prove to be a useful means of suppressing MyoD activity and allowing for the 

expansion of satellite cells for therapy. 
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Materials and Methods 

 

Myoblast Isolation 

 Skeletal muscles were isolated from the hind limbs of 1 to 2 month old wild-type 

or MyoD
-/- 

mice, rinsed briefly in phosphate buffered saline (PBS) before being minced 

with surgical scissors.  The minced muscle tissue was digested with a solution of 

collagenase type B and dispase II (Roche Applied Science) for 20 minutes at 37°C.  The 

tissue was minced again and incubated for an additional 20 minutes.  After the 

incubation, 10 ml of Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen) 

supplemented with 2% fetal bovine serum (FBS, Fisher Scientific) was used to rinse the 

digested tissue.  The tissue and medium was divided between two tubes and spun down at 

800 rpm for 30 seconds.  The supernatant was transferred to a fresh tube and spun down 

once more for a second wash.  The cells were then collected by centrifugation at 2000 

rpm for 5 minutes at 4°C.  The cells were resuspended in fresh medium before 

undergoing magnetic activated cell sorting (MACS).  MiniMACS and MidiMAC kits 

(Miltenyi Biotec) were used to sort cells.  Negative selection was performed using 

phycoerythrin (PE)-labeled CD31, PE-labeled CD45, and PE-labeled Sca-1 antibodies 

(BD biosciences) and anti-PE micro beads (Miltenvi Biotec).  After negative selection, 

the cells underwent positive selection using Integrin α7 antibodies (MBL International) as 

well as anti-IgG1 micro beads (Miltenyi Biotec). The Institutional Animal Care and Use 

Committee (IACUC) for the University of Minnesota approved all experimental 
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protocols. Care was taken to minimize the number of animals used, as well as any pain 

and suffering. 

 

Myoblast Culture 

Wild-type or MyoD
-/-

 Myoblasts were cultured on collagen coated plates in a 

growth medium for myoblasts which consisted of HAM’s F-10 (Invitrogen) with 20% 

FBS (Fisher Scientific), 5 ng/ml basic fibroblast growth factor (bFGF) (R&D Systems), 

and 50 μg/ml penicillin/streptomycin (Invitrogen).  The cultured cells were kept in a 

humidified incubator with 5% CO2 and 5% O2 at 37°C.  The passaging of myoblasts was 

done enzymatically with 0.25% trypsin-EDTA (Invitrogen) every four to five days. 

 

RT-PCR 

Total RNA was isolated from myoblasts and tissues by TRIZOL (Invitrogen). Purified 

RNA was reverse transcribed (Roche: Transcriptor First Strand cDNA Synthesis kit), and 

20–35 PCR cycles were performed using Platinum Taq Polymerase (Invitrogen) and the 

gene-specific primer pairs for Mash4 (5’-TCATCTGCGTGCTTTTTCGCAGAG-3’, 5’-

CTCGTTGCGTTGGCGCAAAAAGGC-3’), TCF23 (5’-

CCACCCGACACCAAGCTTTCCAAG-3’, 5’-

GCATAGAGACGAGATCGCATGGGC-3’), MyoD (5’-

GGAGGAGCACGCACACTTC-3’, 5’-CGCTGTAATCCATCATGCCATCAGAGC-3’) 

and Pax7 (5’-GCTTGGTGGGGTCTTCATCAACGG-3’, 5’-

CTGAGCACTCGGCTAATCGAACTC-3’). 18S ribosomal RNA (5’-
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CGCACGGCCGGTACAGTGAAACTG-3’, 5’-

CACCCGTGGTCACCATGGTAGGCA-3’) or β-actin primers (5’-

CACCCTGTGCTGCTCACCGAGGCC, ACCGCTCGTTGCCAATAGTGATGA-3’) 

were used for internal control experiments. Optimal PCR cycles for each pair were 

determined by several different amplifications of the PCR products. 

 

Plasmid Vector Construction 

The retroviral vector used for the TCF23 overexpression experiments was pMX-

TCF23+MT.  This was achieved by amplifying the TCF23 cDNA fragment through RT-

PCR using Platinum Pfx polymerase (Invitrogen), the forward primer for TCF23 (5’-

GTCCCTGCTCTAGGGCCTACACCC-3’), and the reverse primer for TCF23 (5’-

CATCCTATTCTCTTAGACGGTGCCTCTG-3’). cDNA template was synthesized by 

Transcriptor First Strand cDNA Synthesis Kit (Roche) from total RNA, which was 

purified from MyoD
-/- 

myoblast by TRIZOL (Life Technologies). The resulting amplified 

fragments (712 bp) were cloned into the pCR2.1-TOPO vector (Invitrogen). Several 

independent clones were sequenced, and all clones were confirmed to have right 

sequences for mouse TCF23 cDNA.  For the myc-tag (MT) addition, the pCR2.1-TOPO-

TCF23 was digested at the EcoRV and SpeI sites, and the fragment was inserted into the 

StuI and XbaI sites of the CS2+MT vector.  The resultant CS2+MT-TCF23 was digested 

at the BamHI and NotI sites in order to isolate the TCF23 fragment with the addition of 

the myc-tag, TCF23+MT.  This fragment was inserted into the pMXs vector at the 

BamHI and NotI sites. 
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Retroviral Infection 

The retroviral vector pMX-TCF23+MT was transfected into PlatE cells with 

Lipofectamine 2000 (Invitrogen) according to the instructions from the manufacturer.  

Supernatant was harvested at time points of 24 and 48 hours after transfection. 

Myoblasts were seeded at a density of 1.25-2.5 x 10
5
 cells per 3-cm collagen 

coated plate 24 hours prior to infection.  The cells were incubated with the supernatants 

of the retroviral vector containing the TCF23+MT (pMX-TCF23+MT) or an empty 

vector (pMXs) with 10 μg/ml polybrene (Millipore) for three hours before being replaced 

with myoblast growth medium. 

 

Immunostaining 

Myoblasts were fixed with 2% paraformaldehyde then washed twice with 0.01% 

Triton-X 100 in PBS.  The cells were then permeabilized with 0.2% Triton-X 100 in PBS 

for ten minutes.  Subsequent blocking was performed with 1% bovine serum albumin 

(BSA) for thirty minutes.  The cells then were treated with primary antibodies diluted in 

the blocking solution at 4°C overnight.  The primary antibodies used for immunostaining 

included:  Anti-MyoD (Santa Cruz), Anti-Pax7 (R&D Systems), Anti-Myogenin 

(Developmental Studies Hybridoma Bank), Anti-MHC MF 20 which detects sarcomeric 

myosin heavy chain (Developmental Studies Hybridoma Bank), Anti-myc-tag (Santa 

Cruz), and Anti-myc tag (ABCAM).  After the overnight incubation with the primary 

antibodies, the cells were washed three times with 0.01% Triton-X in PBS.  The 
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secondary antibodies, which were diluted in blocking solution 1:1000, were then added to 

the cells for two hours at room temperature.  Secondary antibodies that were used 

included:  Alexa-594 goat anti-rabbit IgG and Alexa-488 goat anti-mouse IgG 

(Invitrogen).  The cells were then washed three times with 0.01% Triton-X 100 in PBS 

before undergoing counterstaining of the nuclei with 4',6-diamidino-2-phenylindole 

(DAPI; Sigma Aldrich) diluted 1:100,000 in 0.01% Triton-X 100 in PBS for twenty 

minutes.  The coverslip was mounted with Dako fluorescent mounting media.  A DP-1 

digital camera attached to a BX51 fluorescence microscope with x20 and x40 UPlanFLN 

objectives and an IX80 inverted fluorescence microscope with x20 and x40 

LUCPlanFLN objectives was used to capture fluorescent images (all from Olympus). 

 

Cell Counts 

 Images were captured randomly from stained plates using the DP-1 digital camera 

on the BX51 fluorescence microscope with the x20 and x40 UPlanFLN objectives or the 

IX80 inverted fluorescent microscope with the x20 and x40 LUCPlanFLN objectives.  

These were then analyzed in Photoshop CS2 (Adobe Systems) by placing a grid over the 

image and counting the cells manually.  For each condition, at least three independent 

counts were taken. 

 

Statistics 

All data reported are expressed as ± the standard error of the mean (SEM).  

Statistical significance between the groups was analyzed using a Student’s t test.  At least 
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three experiments were performed.  Statistically significant differences are noted between 

experimental pairs (p < 0.05). 

 

Luciferase Assay 

 The firefly luciferase reporter 4R-SV-luciferase was used in this study.  Myoblasts 

were transfected with expression vectors for TCF23 (pMX-TCF23) and empty vectors 

(pMXs), and the luciferase reporter genes using Lipofectamine 2000 (Invitrogen). Cells 

were harvested at 48 hours after transfection. Luciferase activity was measured with a 

plate reader (LD400; Beckman Coulter) using a dual luciferase reporter assay system 

(Promega). 
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Results 

 

TCF23 expression in satellite cells. 

 The expression of TCF23 has been detected in quiescent satellite cells as well as 

in MyoD
-/-

 myoblasts through RT-PCR (Fig. 4). 

 

Mash4

MyoD

Pax7

TCF23

18S RNA

QSC     ASC

0      2      4  (day)

QSC: Quiescent satellite cell

ASC: Activated satellite cell

wild-type   MyoD-/- SKM

Gr Dif     Gr Dif

TCF23

-Actin

A B

 

Figure 4.  TCF23 expression in quiescent satellite cells and MyoD
-/-

 

myoblasts. (A) Expression of TCF23 and Mash4, a negative bHLH factor, were detected 

in quiescent satellite cells (QSCs) through RT-PCR. Expression is downregulated for 

both in activated satellite cells (ASCs). MyoD is not expressed until activation of the 

satellite cells.  Pax7 is expressed in quiescent satellite cells but it begins to be 

downregulated by day 4 of activation.  18S RNA was used as an internal control.  (B) 

TCF23 is downregulated in the wild-type cells in both growth (Gr) and differentiation 

(Dif) conditions, while TCF23 is upregulated in MyoD
-/-

 cells during both conditions.  

Skeletal muscle (SKM) is negative for TCF23.  β-actin was used as an internal control. 
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Viral Construct 

A useful method for the determination of the function of a gene is by 

overexpressing the gene of interest.  We were successfully able to construct a TCF23-

expression vector using pMXs based retroviral vector.  This vector, pMX-TCF23+MT, 

induces overexpression of the TCF23 gene with a myc-tag (MT) attached as an epitope 

tag, which allows to detect exogenous transgene product. As described in Materials and 

methods, retroviral vector was harvested from PLAT-E cells after transfection with pMX-

TCF23+MT vector. As shown in Fig. 5, around 20% of myoblasts expressed MT after 

viral infection. pMXs empty viral vector was used for control infection experiments. 

 

TCF23 overexpression inhibits Myogenin expression 

 To determine whether TCF23 can affect myogenic differentiation program, we 

examined wild-type myoblast cultures seeded in a 3-cm collagen coated plates infected 

with control pMXs viral vector and pMX-TCF23+MT viral vector.  The cells were 

allowed to grow for two days in culture before fixed and undergoing immunostaining for 

myogenic differentiation markers, followed by DAPI staining for detection of all nuclei.  

The cells were counted manually to analyze the expression of TCF23+MT and of 

myogenic markers. Myogenin is known to be involved in terminal myogenic 

differentiation program and one of the earliest myogenic differentiation markers for 

myoblast culture.  During the growth conditions in myoblast culture, similar to the ones 

previously described, 10-30% of myoblasts underwent spontaneous differentiation, which 

can be detected by anti-Myogenin antibody staining (Fig. 5).
48
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TCF23+MT Myogenin

Merged Merged+DAPI

Myogenin

Merged+DAPI

TCF23+MT

Merged

pMXs pMX-TCF23+MT

 

 Figure 5.  Myogenin and TCF23+MT immunostaining of myoblasts. 

Myogenin and TCF23+MT immunostaining of pMX-TCF23+MT infected myoblasts.  

Myc-tag was stained red and Myogenin was stained green.  Arrows indicate cells that 

were myc-tag positive.  All nuclei were counterstained with DAPI. Bars, 20 µm. 

 

 

 Figure 6.  Myogenin expression with TCF23+MT overexpression. Myogenin+ 
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cells measured as the percentage of total DAPI+ cells after infection with pMXs control 

vector and the pMX-TCF23+MT vector.  

 

 Figure 7.  Percent of cells positive for Myogenin and TCF23+MT. Percentages 

of TCF23+MT and Myogenin single and double positive cells after infection with the 

control pMXs vector and pMX-TCF23+MT vector. 

 

 The overexpression of TCF23 had a statistically significant impact on the amount of 

Myogenin expressing cells in culture.  The control vector infected samples had an 

average of 28.2 ± 5.41% Myogenin positive cells of the 297 cells counted.  The pMX-

TCF23+MT infected cultures had an average of 12.8 ± 2.66% of cells expressing 

Myogenin of the 502 cells counted, which did prove to be a statistically significant 

difference by Student t test (Fig. 6).  In all of the treatment samples counted, there were 

no Myogenin+ TCF23+MT+ double positive cells (Fig. 7).  This, along with the 

statistically significant change in the amount of Myogenin+ cells, provides some 
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evidence of the inhibitory effect of TCF23 on the expression of Myogenin.  However, an 

alternative interpretation would be that since the cells were counted after two days in 

growth conditions, any cells that may have been transiently double positive for 

TCF23+MT and Myogenin died.  This could also be an explanation as to why there were 

no double positive cells seen. 

 

TCF23 overexpression inhibits MHC expression 

 Myosin heavy chain (MHC) is a muscle sarcomeric protein that is involved in 

muscle contraction and can be used as a marker for muscle differentiation in both 

mononuclear myocytes and multinucleated myotubes (Fig. 8).  

TCF23+MT MHC

Merged+DAPIMerged

TCF23+MT MHC

Merged+DAPIMerged

pMXs pMX-TCF23+MT

 

 Figure 8.  MHC and TCF23+MT immunostaining of myoblasts. MHC and 

TCF23+MT immunostaining was performed in pMXs or pMX-TCF23+MT infected 

myoblasts.  Myc-tag was stained red and MHC was stained green.  Arrows indicate cells 

that were myc-tag positive.  All nuclei were counterstained with DAPI. Bars, 20 µm. 
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 The overexpression of TCF23+MT caused a significant decrease in the amount of 

cells spontaneously expressing MHC.  The control pMXs vector infection had an average 

of 21.8 ± 1.59% of cells expressing MHC of the 104 cells counted.  The pMX-

TCF23+MT vector infected cells had a statistically significant decrease in the amount of 

MHC+ cells at 11.8 ± 2.83% of the 237 cells counted (Fig. 9).  There was a very small 

amount of cells that was double positive for MHC and TCF23+MT which amounted to 

2.3 ± 2.3% (Fig. 10). These results indicate that overexpression of TCF23 inhibits 

myogenic differentiation of myoblasts possibly mediated through suppression of MyoD 

activity. 

 

 Figure 9.  MHC expression with TCF23+MT overexpression. MHC+ cells 

measured as the percentage of total DAPI+ cells after infection with pMXs control vector 

and the pMX-TCF23+MT vector. 
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 Figure 10.  Percent of cells positive for MHC and TCF23+MT. Percentages of 

TCF23+MT and MHC single and double positive cells after infection with the control 

pMXs vector and pMX-TCF23+MT vector. 

 

TCF23 overexpression reduces Pax7 expression 

  During the growth phase of myoblast culture, overexpression of TCF23 in 

myoblasts reduced the expression of Pax7 (Fig. 11). In the control vector infected group, 

there were 83 ± 2.84% Pax7+ cells of 246 cells counted, while there were 75.0 ± 1.51% 

Pax7+ cells of the 395 cells counted.  The Student t test confirmed that the reduction of 

Pax7+ cells due to the transfection of pMX-TCF23+MT was statistically significant (Fig. 

12).   
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TCF23+MT Pax7

Merged+DAPIMerged

Pax7

Merged+DAPI

TCF23+MT

Merged

pMXs pMX-TCF23+MT

 

 Figure 11.  Pax7 and TCF23+MT immunostaining of myoblasts. Pax7 and 

TCF23+MT immunostaining of pMX-TCF23+MT infected myoblasts.  Myc-tag was 

stained red and Pax7 was stained green.  Arrows indicate cells that were myc-tag 

positive.  All nuclei were counterstained with DAPI.  Bars, 10 µm. 

 
 Figure 12.  Pax7 expression with TCF23+MT overexpression. Pax7+ cells 

measured as the percentage of total DAPI+ cells after infection with pMXs control vector 

and the pMX-TCF23+MT vector. 
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 Figure 13. Percent of cells positive for Pax7 and TCF23+MT. Percentages of 

TCF23+MT and Pax7 single and double positive cells after infection with the control 

pMXs vector and pMX-TCF23+MT vector. 

  

 Further evidence that overexpression of TCF23+MT may be inhibitory to Pax7 

expression is the absence of a significant amount of double positive cells.  The amount of 

Pax7+ TCF23+MT+ double positive cells was only 2.2 ± .7%.  This does suggest that the 

expression of Pax7 or TCF23+MT is largely mutually exclusive (Fig. 13).  

 

TCF23 overexpression and MyoD 

 The expression of MyoD in myoblasts begins upon activation of satellite cells and 

is present through proliferating myoblasts to differentiation into myotubes.  In this 

experiment, the expression of MyoD was relatively unaffected by the overexpression of 

TCF23+MT (Fig. 14).  The pMXs control vector infected myoblasts had an expression 
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profile of 98.8 ± .7% cells positive for MyoD of the 243 cells counted, and the pMX-

TCF23+MT vector infected myoblasts were 95.6 ± 3.24% for MyoD positive cells out of 

the 117 counted (Fig. 15).  Statistical analysis confirmed that there was no significant 

effect on the expression of MyoD when TCF23+MT was overexpressed. 

TCF23+MT MyoD

Merged+DAPIMerged

TCF23+MT MyoD

Merged+DAPIMerged

pMXs pMX-TCF23+MT

 

Figure 14.  MyoD and TCF23+MT immunostaining of myoblasts. MyoD and 

TCF23+MT immunostaining of pMX-TCF23+MT infected myoblasts.  Myc-tag was 

stained green and MyoD was stained red.  Arrows indicate cells that were myc-tag 

positive.  All nuclei were counterstained with DAPI. Bars, 20 µm. 
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Figure 15.  MyoD and TCF23+MT immunostaining of myoblasts. MyoD cells 

measured as the percentage of total DAPI+ cells after infection with pMXs control vector 

and the pMX-TCF23+MT vector. 

 

 Nearly all of the TCF23+MT positive cells were also expressing MyoD with the 

exception of 0.595 ± 0.595% of the total number of cells (Fig. 16).  These results suggest 

that TCF23+MT does not have an effect on the expression of MyoD in a myoblast. 
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Figure 16. MyoD expression with TCF23+MT overexpression. Percentages of 

TCF23+MT and MyoD single and double positive cells after infection with the control 

pMXs vector and pMX-TCF23+MT vector. 

 

TCF23 overexpression suppresses MyoD activity 

 The luciferase assay showed a statistically significant reduction of MyoD activity 

in myoblasts overexpressing TCF23 (Fig. 17).  There is still some amount of luciferase 

activity in the TCF23 overexpressing myoblasts; however, this is because there is 

typically some activity when the firefly reporter used. 
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 Figure 17. MyoD Luciferase Assay with TCF23 overexpression.  The 

luciferase reporter assay showed a statistically significant decrease in the activity of 

MyoD when TCF23 was overexpressed in myoblasts. 
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Discussion 

  

The infection of TCF23+MT viral vector into myoblasts had a statistically 

significant negative effect on the expression of MHC and Myogenin, two markers of 

differentiation in the development of muscle tissue.  This could mean that the role of 

TCF23 is to maintain the less differentiated state of myoblasts by inhibiting 

differentiation.  This behavior is similar to that of other inhibitory bHLH transcription 

factors reported by previous works.
45,46,50

 However, since TCF23 seems to be expressed 

in quiescent satellite cells but not in proliferating myoblasts, the inhibitory roles for 

TCF23 might be limited only in quiescent satellite cells.  One possibility is that TCF23 

may negatively regulate terminal differentiation mediated through MyoD suppression and 

promote satellite cell self-renewal (Fig. 18).  The next step of experiments is to conduct 

infections of myoblasts with pMX-TCF23+MT vector followed by a protocol of inducing 

differentiation to further investigate and gather evidence of the effect of TCF23 

overexpression on the expression of terminal differentiation markers as well as quiescent 

satellite cell markers. We will also want to explore the time scale of the effect of TCF23 

during the growth and differentiation phases of myoblasts. 

 TCF23 did not alter the expression of MyoD in these experiments; however, it is 

not definitive as to whether or not TCF23 interacts with MyoD from the immunostaining 

assays.  The luciferase reporter assay did show that there was a statistically significant 

reduction in the activity of MyoD when TCF23 was overexpressed in myoblasts (Fig. 

17).  A pull down experiment such as an immunoprecipitation protocol could be useful in 
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verifying a direct interaction between TCF23 and MyoD during the growth or 

differentiation phases of myoblasts.  It would also be useful to confirm whether or not 

TCF23 inhibits binding of MyoD to DNA by using chromatin immunoprecipitation or a 

similar experimental protocol in the myoblast cultures.  It is evidenced that TCF23 is 

suppressing the activity of MyoD and preventing further differentiation of the cells (Fig. 

18).
46

  Another interesting observation is that TCF23 is upregulated in MyoD
-/- 

myoblasts 

but not in wild-type myoblasts. This indicates that TCF23 expression is negatively 

regulated by MyoD. It would seem that there may be a negative feedback loop for 

TCF23-MyoD interaction, which might be important for maintenance of quiescent 

satellite cells. 

 The loss of Pax7 expression by TCF23 overexpression might be an interesting 

phenomenon.  However, since Pax7 is highly expressed in quiescent satellite cells, the 

biological meaning of this Pax7 suppression by TCF23 is not clear. One explanation is 

that MyoD may positively regulate Pax7 gene expression in myoblasts. Assuming this 

may be the case, overexpression of TCF23 suppresses MyoD function, and thus 

suppresses Pax7 expression.  

 One of the major limitations of this work is that the overexpression of TCF23 may 

not reflect its natural biological status, and it may not reveal true functional aspects of 

TCF23. Also, since day one growth conditions have not been investigated as yet, the 

correlation of TCF23 overexpression and Myogenin expression may not be as it appeared 

in these experiments so far.  Loss of function experiments for TCF23, such as gene 

knockdown, should be performed for elucidating whether or not TCF23 truly suppresses 
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myogenic terminal differentiation during satellite cell self-renewal. In addition, it would 

be interesting to know whether or not TCF23-expressing myoblasts can contribute to 

more satellite cell pool after cell transplantation into regenerating skeletal muscle 

compared to control myoblasts.  

Expansion of satellite cells in culture before transplantation is required for clinical 

satellite cell transplantation for DMD patients. However, the process of culturing these 

cells reduced their regenerative capacity. Freshly isolated satellite cells do not express 

MyoD until activation, and this MyoD negative status is important for myoblast survival, 

protection of premature differentiation, and promotion of satellite cell self-renewal.
49

 One 

idea is that myogenic progenitor cells with genetically suppressed MyoD could be created 

and tested for their potential to efficiently engraft into damaged muscle, their contribution 

to muscle fiber regeneration, and their improvement of muscle function in DMD patients. 

Therefore, suppression of MyoD in myogenic progenitor cells by expression of TCF23 

would be beneficial to therapy by providing a selective advantage for expansion of the 

stem cells. 
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Figure 18.  Model for TCF23 regulating satellite cell self-renewal. TCF23 is 

expressed in quiescent satellite cells to inhibit MyoD function, and thus to inhibit 

transcription of Myogenin and MHC.  Upon activation, TCF23 expression is 

downregulated in myogenic precursor cells to allow for MyoD activity and subsequent 

differentiation and expression of MyoD, Myogenin, and MHC in myotubes.  

Upregulation of TCF23 in myogenic precursor cells inhibits MyoD activity and the 

expression of Myogenin and MHC.  This directs the myogenic precursor cells to become 

reserve cells or quiescent satellite cells for self-renewal. 
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