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Dystrophin Dp71ab is monoclonally 
expressed in human satellite 
cells and enhances proliferation 
of myoblast cells
Manal Farea1, Abdul Qawee Mahyoob Rani1, Kazuhiro Maeta1,2, Hisahide Nishio1,3 & 
Masafumi Matsuo1,2*

Dystrophin Dp71 is the smallest isoform of the DMD gene, mutations in which cause Duchenne 
muscular dystrophy (DMD). Dp71 has also been shown to have roles in various cellular processes. 
Stem cell-based therapy may be effective in treating DMD, but the inability to generate a sufficient 
number of stem cells remains a significant obstacle. Although Dp71 is comprised of many variants, 
Dp71 in satellite cells has not yet been studied. Here, the full-length Dp71 consisting of 18 exons from 
exons G1 to 79 was amplified by reverse transcription-PCR from total RNA of human satellite cells. 
The amplified product showed deletion of both exons 71 and 78 in all sequenced clones, indicating 
monoclonal expression of Dp71ab. Western blotting of the satellite cell lysate showed a band 
corresponding to over-expressed Dp71ab. Transfection of a plasmid expressing Dp71ab into human 
myoblasts significantly enhanced cell proliferation when compared to the cells transfected with the 
mock plasmid. However, transfection of the Dp71 expression plasmid encoding all 18 exons did not 
enhance myoblast proliferation. These findings indicated that Dp71ab, but not Dp71, is a molecular 
enhancer of myoblast proliferation and that transfection with Dp71ab may generate a high yield of 
stem cells for DMD treatment.

The DMD gene is one of the largest genes in the human genome, consisting of 79 exons spanning a 14-kb tran-
script, which encodes the protein dystrophin Dp427. Alternative promoters scattered throughout the DMD 
gene produce at least eight tissue- or development-specific  isoforms1–3. One alternative downstream promoter 
located in intron 62 produces a transcript consisting of a unique exon, G1 and DMD exons 63–79 shared with 
other dystrophin  isoforms4,5. This transcript encodes a nearly 71-kDa protein, dystrophin Dp71, an isoform that 
is expressed  ubiquitously6.

Dp71 mRNA is characterized by multiple alternative splicings of exons 71, 71–74, and 78 and intron 77, 
resulting in the expression of more than10 types of Dp71 splice  variants6–8. Independent skipping of exons 71 
and 78 yields Dp71a and Dp71b, respectively, whereas simultaneous skipping produces  Dp71ab6. Dp71 plays 
important roles in various cellular processes, including water homeostasis, nuclear architecture and cell adhesion, 
as well as in cell division and  survival6,9–11. Recently, Dp71 has been studied in several types of  cancer12–16 but 
the roles of Dp71 in cancer development are still controversial. Although the splice variants of Dp71 have been 
implicated in specific  functions9,11,17–19, the functional characterization of each splice variant has been hampered 
by the co-expression of  isoforms20,21.

Duchenne muscular dystrophy (DMD) is a fatal progressive muscle wasting disease, caused by mutations in 
the DMD  gene1,22. Many strategies, such as stem cell-based therapy have been proposed to treat  DMD23. Satellite 
cells are muscle stem cells that generate myoblasts by cell  division24. Myoblasts, in turn, proliferate, differentiate, 
and fuse to form new myofibers and restore tissue functionality. The regenerative capacity of muscle is diminished 
in patients with DMD, because errors in cell division exhaust the supply of satellite  cells25–27. Therefore, therapeu-
tic targets for DMD treatment include satellite cell transplantation and modulation of satellite cell  division24,28. 
Although Dp71 has been implicated in cell  division11, Dp71 has not yet been examined in satellite cells.
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The present study therefore assessed the expression of Dp71 in human satellite cells by reverse transcription 
(RT)-PCR amplification and Western blotting. Dp71ab was shown to be monoclonally expressed in the satellite 
cells. In addition, over-expression of Dp71ab enhanced myoblast proliferation, suggesting that expression of 
Dp71ab may generate a high yield of stem cells for DMD treatment.

Results
Characterization of gene expression in satellite cells. The expression pattern of some genes in total 
RNA was first analyzed to characterize the human satellite cells. The expression of mRNAs encoding the PAX3, 
PAX7, Myf5, MyoD, and myogenin genes in these cells, as well as in adult skeletal muscle control sample, was ana-
lyzed by RT-PCR. In the satellite cells, the amplified products of PAX7, Myf5 and myogenin transcripts showed 
the expected size and the same density as the products from the adult skeletal muscles (Fig. 1). However, the 
product of PAX3 was revealed as a weak band compared to adult skeletal muscles. Notably, the product of MyoD 
was revealed as a barely visible band in the satellite cells, while it was clear in skeletal muscle (Fig. 1). It was con-
cluded that the satellite cells used in this study are PAX7 (+) and MyoD (−)29.

Monoclonal expression of Dp71ab in satellite cells. To determine whether the Dp71 promoter was 
activated in these human satellite cells, an exon G1 covering fragment was PCR amplified using a forward 
primer complementary to a sequence in exon G1 and a reverse primer complementary to a sequence in exon 
66 (Fig. 2A). This amplification yielded a product of expected size (Fig. 2B), indicating Dp71 promoter activa-
tion. Because the Dp71 transcript has been reported to consist of more than ten alternative splicing  products7,8, 
the full-length Dp71 transcript was amplified using a set of primers on exon G1 and exon 79. This amplifica-
tion yielded a single band of molecular weight around 2000 bp (Fig. 2B), confirming the expression of Dp71. 
To determine the exon structure of the product, 30 clones of the full-length Dp71 products were sequenced. 
Remarkably, all 30 sequenced clones showed deletions of both exons 71 and 78 (Fig. 2C), indicating that a single 
splicing pattern that removes both of these exons occurred in satellite cells. These findings indicate that Dp71ab 
is monoclonally expressed in satellite cells.

Dp71ab protein expression in satellite cells. To assess the expression of Dp71ab protein, satellite cell 
lysates were analyzed by western blotting. As controls, AGS cells, a gastric cancer cell line that does not express 
endogenous Dp71 (Fig.  2B), were transfected with plasmids expressing either Dp71 or Dp71ab, resulting in 
the over-expression of each plasmid. Western blotting of lysates of these transfected cells with the anti-Dp71 
antibodies ab15277 (Fig. 3A) and 7A10 (Fig. 3B) yielded bands of expected sizes, around 75 kDa, indicating that 
the proteins encoded by Dp71ab and Dp71 were of similar sizes. Since the satellite cell lysates yielded a protein 

Figure 1.  RT-PCR amplification of marker gene mRNAs in human satellite cells. Electropherograms of 
amplified products are shown. Fragments of the PAX3, PAX7, Myf5, MyoD, and myogenin genes were amplified 
from total RNA of satellite cells (S) and skeletal muscle (M). In the satellite cells, expected size product was 
obtained at different density from PAX3, PAX7, Myf5, and myogenin, but not from MyoD. In contrast, all 5 
fragments were amplified in skeletal muscle (M). The expected size of each amplified product is shown on the 
right margin of each electropherogram. Mk refers to the 100 bp ladder size marker. Full gel-images are available 
in Supplementary Figs. 1, 2 and 3.



3

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17123  | https://doi.org/10.1038/s41598-020-74157-y

www.nature.com/scientificreports/

band of the same size as Dp71ab using both antibodies (Fig. 3A,B), it implied that Dp71ab protein is expressed 
in human satellite cells.

Enhancement of myoblast proliferation with Dp71ab. The effect of Dp71ab on the proliferation of 
human myoblasts was assessed by transfecting these cells with plasmids expressing Dp71ab or Dp71 and analyz-
ing the cell proliferation at 72 h using the CCK-8 assay. The absorbance of the cells transfected with the plasmid 
expressing Dp71ab (1.02) was significantly higher (p < 0.01) than that of cells transfected with the mock plasmid 
(0.77) and the plasmid expressing Dp71 (0.75), suggesting that Dp71ab enhanced cell proliferation (Fig. 4A). 
Analysis of absorbance over time showed that absorbance increased linearly in mock- and Dp71-transfected 
cells, with no significant difference between them at any time point. The increase in absorbance of Dp71ab-
transfected cells was significantly higher, beginning on day 2, indicating that Dp71ab enhanced myoblast prolif-
eration. Direct cell counting using a fluorescence microscope showed that, despite the seeding of the same num-
ber of cells in each well, the density of cells transfected with the plasmid expressing Dp71ab was higher than that 
of the mock- and Dp71-transfected cells (Fig. 4B). Counting of cell numbers over time showed that the numbers 
of cells on days 2 and 3 were significantly higher following transfection of the plasmid expressing Dp71ab than 
that of the control plasmid, whereas the number of the Dp71 expressing cells did not differ from the number of 
mock transfected cells (p < 0.77) (Fig. 4B). These findings indicate that Dp71ab enhances myoblast proliferation.

Figure 2.  Dp71ab transcript in human satellite cells. (A) Schematic description of Dp71 mRNA. The exon 
structure of Dp71 is shown. Boxes indicate exons. The shaded exon indicates the Dp71-specific exon1 (G1). 
Numbers in boxes indicate DMD exon number. Brackets indicate the amplified fragment. Numbers over the 
bracket indicate exon number of amplified fragments. (B) Amplified product of Dp71 transcript: the 5′ end 
fragment and full-length Dp71 transcript were RT-PCR amplified from total RNA of human satellite cells. 
Electropherograms of amplified products are shown. The amplified fragment from exon G1 to exon 66 was of 
the expected size (lane S in the left panel). Amplification of full-length Dp71, from exon G1 to exon 79, yielded 
a single product of expected size (lane S in the right panel). In AGS cells, in contrast, both fragments were not 
obtained (AGS lane in left and right panels). Mk refers to size markers. (C) Schematic description of Dp71ab. 
The exon structure of Dp71ab is shown as in panel (A). Boxes and boxes over the bar indicate exons and skipped 
exons, respectively. Partial sequences of the junctions between exons 70 and 72, and between exons 77 and 79, 
are shown below these junctions. Full gel-images are available in Supplementary Figs. 4 and 5.
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Discussion
The present study showed that dystrophin Dp71ab, consisting of Dp71 without exons 71 and 78, was mono-
clonally expressed in human satellite cells found to be PAX7 (+) and MyoD (−). Monoclonal expression of 
Dp71ab was unexpected, as Dp71ab transcripts constitute a small fraction of Dp71 transcripts in amniocytes 
and embryonic kidney  cells21,30, as well as in rat pheochromocytoma  cells9,31. Monoclonal expression of Dp71ab 
was confirmed by nucleotide sequencing of all 30 clones, which showed that all of the amplified products were 
identical. The alternative splicing demonstrating deletion of both exons 71 and 78 may constitute a default splic-
ing pathway in satellite cells.

Splicing out of DMD exon 78 of the Dp427 transcript has been reported to occur between 11 and 18 weeks 
of gestation, during the development of human skeletal muscle, being almost complete after 20 weeks32. Thus, 
omission of exon 78 may be a default pathway at this embryological stage. Dp71ab has been detected in embry-
onic cells, including cultured  amniocytes30 and embryonal kidney  cells21. Because satellite cells are muscle stem 
cells, complete omission of exon 78 in satellite cells was not unexpected. In contrast, it is not clear whether skip-
ping of exon 71 is an embryological event. Splicing of exon 78 in the Dp427 transcript is regulated by MBNL1 
RNA-binding  protein32. If splicing of exon 71 is also regulated by MBNL1, then a single mechanism involving 
the absence of MBNL1 would be responsible for the omission of both exons 71 and 78 from these transcripts.

The deletion of exon 71, which consists of 39 nucleotides, did not alter the reading frame, resulting in the 
removal of 13 amino acids from the Dp71 protein. In contrast, the deletion of exon 78, which consists of 32 
nucleotides, does change the reading frame, replacing the last 13 amino acids with a hydrophobic C-terminus 
consisting of 31 unique amino  acids30. Dp71ab consists of 622 amino acids with a molecular weight 70.8 kDa, 
whereas Dp71 consists of 617 amino acids with a molecular weight of 70.4 kDa. Structurally, the C-terminus of 
Dp71 is thought to consist of a β-sheet, whereas the C-terminus of Dp71ab is thought to consist of an amphip-
athic α-helix32. Western blotting could not distinguish between Dp71 and Dp71ab. The finding of a single Dp71ab 
mRNA in satellite cells suggests that this Dp71ab is the only Dp71 protein in satellite cells.

Dp71 downregulation by specific shRNA has been reported to dramatically reduce the proliferation of sar-
coma cell  lines15, strongly suggesting that Dp71 is a driver of cell proliferation. The present study showed that 
Dp71ab markedly enhanced myoblast proliferation, whereas Dp71 did not. The longer C-terminal sequence of 
Dp71ab may be responsible in part for enhancing myoblast proliferation. We previously showed that Dp71ab was 
localized to the nuclei of HEK293  cells21. Dp71ab may promote cell division by interacting with β-dystroglycan 
at the mitotic spindle  poles6.

Exon skipping therapy using antisense oligonucleotides (ASO) to change the reading  frame33 may be effec-
tive in the treatment of  DMD34. Although one ASO, eteplirsen, which induces skipping of DMD exon 51, was 
approved for treatment of DMD in  201635, this agent had low clinical efficacy. The efficacy of exon skipping 
therapy may be improved by enhancing ASO delivery or increasing the number of muscle cells. Stem cell therapy 
has been tested for the treatment of  DMD23. For example, an ongoing clinical trial is testing the effects of myo-
blast transplantation in DMD patients (NCT02196467). In that trial, a sufficient number of myoblasts will be 

Figure 3.  Western blot assay of Dp71ab in human satellite cells. Lysates of human satellite cells and AGS 
cells transfected with Dp71 and Dp71ab-expression plasmids were analyzed by Western blotting using 
antibodies ab12577 and 7A10, directed against different domains of the C-terminal region of dystrophin. The 
immunoblotting results are shown. Binding of ab12577 (A) and 7A10 (B) antibodies to proteins in AGS cells 
expressing Dp71 (Dp71) and Dp71ab (Dp71ab) was disclosed. These antibodies also bound to a protein in 
human satellite cells (S) located at the same position as artificially expressed Dp71ab. The blots were reacted 
with antibody to β-actin as a loading control (bottom). The left margins show molecular size markers. Full gel-
images are available in Supplementary Figs. 6, 7, and 8.
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transplanted to sustain the lifetime of transferred cells within the host. The generation of sufficient numbers of 
transplantable cells remains a significant obstacle to stem cell therapy. To generate a high yield of stem cells with 
myogenic potential, isolated cells are expanded by culturing with  biomaterials36. The ability of Dp71ab to enhance 
myoblast cell proliferation indicates that increased expression of Dp71ab may enhance stem cell proliferation.

Methods
Cells. The AGS gastric adenocarcinoma cell line was obtained from the American Type Culture Collection 
(ATCC; Manassas, VA, USA) and cultured at 37 °C in a 5%  CO2 humidified incubator in Dulbecco’s modified 
Eagle Medium (DMEM; Gibco Life Technologies, Waltham, MA, USA), supplemented with 10% fetal bovine 
serum (FBS; Gibco Life Technologies) and 1% Antibiotic–Antimycotic solution (Gibco Life Technologies). 
Human myoblasts, generated by the immortalization of primary cultured human myogenic cells, were the kind 
gift of Dr.  Hashimoto37. Myoblast cells were grown in DMEM supplemented with 10% FBS and 1% Antibiotic–
Antimycotic solution at 37 °C in a humidified 5%  CO2 incubator.

mRNA analysis. Cultured cells were rinsed twice with phosphate buffered saline (PBS; FUJIFILM Wako 
Pure Chemical Corporation, Osaka, Japan) and collected using the lysis/binding buffer in High Pure RNA iso-
lation kits (Roche Diagnostics, Basel, Switzerland). Total RNA was extracted from these cells using High Pure 

Figure 4.  Myoblast cell proliferation. (A) CCK-8 assay of the proliferation of myoblasts transfected with the 
mock-, Dp71- and Dp71ab- plasmids at 72 h (left). The absorbance of cells expressing Dp71ab was significantly 
higher than the absorbance of the Dp71- or mock-transfected cells (left). Absorbance is expressed as the 
mean ± standard error of the mean (SEM) of three independent experiments. Time course showing that cell 
absorbance began to increase significantly from baseline at 48 h (right). *p < 0.05, **p < 0.01. (B) Time course 
of numbers of myoblasts transfected with the mock-, Dp71- and Dp71ab-plasmids from 0 to 72 h. Cells were 
counted in a microscopic field of each well at 0, 24, 48 and 72 h. Data are expressed as mean ± SEM of three 
independent experiments. **p < 0.01, ***p < 0.001.
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RNA isolation kits (Roche Diagnostics). Total RNAs of human satellite cells and skeletal muscle were obtained 
from ScienCell Research Laboratories, Inc. (Carlsbad, CA, USA; catalogue no. 3515) and Clontech Laborato-
ries, Inc. (Mountain View, CA, USA; catalogue no. 636534), respectively. cDNA was synthesized from 0.5 µg 
of total RNA using random primers as  described38. Human satellite cells were characterized by assessing the 
expression of paired box transcription factor 3 (PAX3), PAX7, Myf5, MyoD, and myogenin mRNAs by RT-PCR, 
using primers that amplified fragments of PAX3 (forward,: 5′-GTC AAC CAG CTC GGC GGT GTTT-3′; reverse, 
5′-ATG GCA CCA GGA CGT ATG GGT-3′); PAX7 (forward, 5′-GGG TCT TCA TCA ATG GGC GA-3′; reverse, 
5′-GTC ACA GTG CCC ATC CTT CA-3′); Myf (forward, 5′-TGG ATG GCT GCC AGT TCT CA-3′; reverse, 5′-CCG 
ATC CAT GGT GGT GGA CT-3′); MyoD (forward, 5′-AGC ACT ACA GCG GCG ACT -3′; reverse, 5′-CGA CTC 
AGA AGG CAC GTC -3′); and myogenin (forward, 5′-CTG CTC AGC TCC CTC AAC CA-3′; reverse, 5′-GGT CAG 
CCG TGA GCA GAT GAT-3′) mRNAs. The 5′ end of Dp71 mRNA was PCR amplified using a forward primer 
in exon G1 (5′-TTG CAG CCA TGA GGG AAC AG-3′) and a reverse primer in exon 66 (5′-GGA CAC GGA TCC 
TCC CTG TTCG-3′). Full-length Dp71 mRNA was PCR amplified using the same forward primer in exon G1 
and a reverse primer in exon 79 (5′-ATC ATC TGC CAT GTG GAA AAG-3′). As a loading control, glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) mRNA was amplified by  PCR39. All PCR amplifications were performed 
in a total volume of 10 µl, containing 1 µl of cDNA, 1 µl of 10 × ExTaq buffer (Takara Bio, Inc., Shiga, Japan), 0.25 
U of ExTaq polymerase (Takara Bio, Inc.), 500 nM of each primer, and 250 µM dNTPs (Takara Bio, Inc.), on a 
Mastercycler Gradient PCR machine (Eppendorf, Hamburg, Germany). The amplification protocol consisted of 
an initial denaturation at 94 °C for 3 min, followed by 30 cycles (18 for GAPDH) of denaturation at 94 °C for 
0.5 min, annealing at 59 °C for 0.5 min, and extension at 72 °C for 1 min. PCR-amplified products were electro-
phoresed using DNA 1000 or 7500 LabChip kits on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, CA, USA). For sequencing, PCR-amplified products were subcloned into the pT7 blue T vector (Novagen, 
Inc., San Diego, CA, USA). Full length Dp71 was sequenced by two-step sequencing as  described8. Sequencing 
by the Sanger method was performed by FASMAC Co., Ltd. (Atsugi, Japan) using an Applied Biosystems Big 
Dye Terminator V3.1 (Carlsbad, CA, USA).

Protein analysis. Expression of Dp71 and Dp71ab. Plasmids expressing Dp71 and Dp71ab were con-
structed by inserting the coding sequences of Dp71 and Dp71ab, respectively (Supplementary Table 1), into the 
mammalian expression vector pcDNA3 with a CMV promoter (Invitrogen, Thermo Fisher Scientific Inc.) by 
FASMAC Co., Ltd, as  described40. AGS cells (4 × 105) grown to 80% confluency on six-well culture dishes were 
transfected with 2 μg of the synthesized plasmids in 3 μL Lipofectamine 3000 (Thermo Fischer Scientific). After 
incubation for 24 h, the cells were harvested, lysed in RIPA buffer (Cell Signaling Technology Inc., Danvers, 
MA, USA) containing protease inhibitors and sonicated. After incubation on ice for 20 min, the lysates were 
centrifuged at 12,000g for 20 min to remove insoluble material. The protein concentrations of the cell lysates 
were determined using QUBIT Protein Assay kits (Thermo Fisher Scientific, Inc.).

Western blotting. Lysates of human satellite cells were obtained from ScienCell Research Laboratories (Carls-
bad, CA, USA; catalogue no. 3516). These lysates, as well as lysates of cells transfected with plasmids express-
ing Dp71ab and Dp71 (control), were analyzed by western blotting. Briefly, lysates containing 20 μg protein 
were mixed 3:1 with Laemmli Sample Buffer (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and boiled for 
5 min. These samples and protein size markers (PRECISION PLUS PROTEIN Dual Color Standards; Bio-Rad 
Laboratories, Inc.) were loaded onto MINI-PROTEAN TGX Precast Gels 4–20% (Bio-Rad Laboratories, Inc.). 
Following electrophoresis, the proteins were transferred to PVDF Transfer Membranes (GE Healthcare, Lit-
tle Chalfont, UK). The membranes were blocked with 2% ECL Prime Blocking Reagent (GE Healthcare) and 
incubated overnight with rabbit antibodies against the C-terminal domain of human dystrophin, either ab15277 
(C-terminal amino acids from 3661 to 3777, Abcam, Cambridge, UK) diluted 1:500 or 7A10 (C-terminal amino 
acids from 3200 to 3684, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) diluted 1:100. As a loading 
control, the membranes were also incubated with mouse antibody against β-actin (C4, Santa Cruz Biotechnol-
ogy, Inc.) diluted 1:1000. The membranes were washed and incubated with anti-rabbit IgG (GE Healthcare) or 
anti-mouse IgG (GE Healthcare) and immunoreactive bands were detected with ECL Select Western Blotting 
Detection Reagent (GE Healthcare).

Cell proliferation assay. CCK8 assay. Cell proliferation was analyzed by Cell Counting Kit-8 (CCK-8, 
Dojindo, MD, USA).

Myoblasts (1 × 104/well) were plated in triplicate in 96-well plates. After 24 h, the cells were transfected with 
100 ng of pcDNA3 containing the coding sequence for Dp71 or Dp71ab or no insert in 0.3 μL Lipofectamine 
3000 (Thermo Fischer Scientific), according to the manufacturer’s protocol. Three hours later, the media were 
replaced by DMEM. At 24, 48, and 72 h after transfection, 10 μL of CCK-8 solution were added to each well, and 
the absorbance of each well at 450 nm was determined using a microplate reader (ARVO X3, PerkinElmer). The 
results shown are representative of three identical experiments.

Cell number assay. Cell proliferation was analyzed by counting cells under a microscope. Myoblasts (1 × 103/
well) were plated in triplicate in 96 well plates. After 24 h, the cells were transfected with 10 ng of pcDNA3 con-
taining the coding sequence for Dp71, or Dp71ab or no insert in 0.1 μL Lipofectamine 3000 (Thermo Fischer 
Scientific) according to the manufacturer’s protocol. Cells in a microscopic field of each well captured by the 
4 × plan fluor lens of a BZ‐X710 fluorescence microscope (Keyence, Osaka, Japan) were counted 0, 24, 48, and 
72 h after transfection and analyzed using BZ-X analytic software. The same area of each well was analyzed at 
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each time point. The numbers of cells were reported as the average of three wells containing the same cell popu-
lations. The results shown are representative of three identical experiments.

Statistical analyses. All assays were repeated 3 times to ensure reproducibility. Results reported as 
mean ± SE were analyzed by one-way ANOVA and LSD. Results reported as means ± SD were analyzed by 
ANOVA for comparisons of three or more groups and Student’s t-tests for comparisons between two groups. All 
statistical analyses were performed using SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA), with P < 0.05 
considered statistically significant.
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