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Abstract

Although resident cardiac stem cells have been reported, regeneration of functional 

cardiomyocytes (CMs) remains a challenge. The present study identifies an alternative progenitor 

source for CM regeneration without the need for genetic manipulation or invasive heart biopsy 

procedures. Unlike limb skeletal muscles, masseter muscles (MM) in the mouse head are 

developed from Nkx2-5 mesodermal progenitors. Adult masseter muscle satellite cells (MMSCs) 

display heterogeneity in developmental origin and cell phenotypes. The heterogeneous MMSCs 

that can be characterized by cell sorting based on stem cell antigen-1 (Sca1) show different lineage 

potential. While cardiogenic potential is preserved in Sca1+ MMSCs as shown by expression of 

cardiac progenitor genes (including Nkx2-5), skeletal myogenic capacity is maintained in Sca1− 

MMSCs with Pax7 expression. Sca1+ MMSC-derived beating cells express cardiac genes and 

exhibit CM-like morphology. Electrophysiological properties of MMSC-derived CMs are 

demonstrated by calcium transients and action potentials. These findings show that MMSCs could 

serve as a novel cell source for cardiomyocyte replacement.
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1. Introduction

Cardiac stem cell (CSC) therapy has been developed as a promising strategy to repair 

damaged myocardium [1, 2]. Several putative CSCs have been isolated from adult rodent or 

human hearts, whereas their contribution to the regeneration of cardiomyocytes (CMs) 

remains controversial [3-5]. The widespread use of autologous CSCs in a clinical setting has 

been hampered by the invasive nature of biopsy procedures and limited potential for self-

renewal and cardiogenesis [6-8]. There is also controversy regarding whether mesenchymal 

stem cells or skeletal myoblasts can be efficaciously transdifferentiated into CMs [9, 10]. 

Whether authentic cardiac regeneration can be achieved from extra-cardiac cell sources 

remains to be addressed as a potential therapeutic option [11].

Studies of embryonic development have stimulated great interest in new source of stem cells 

with cardiogenic potential. The heart is formed from bilateral heart fields during gastrulation 

process [12]. The first differentiated myocardial cells in the cardiac crescent of the lateral 

splanchnic mesoderm are referred to as the first heart field (FHF) [13]. The second heart 

field (SHF) migrates from the pharyngeal mesoderm (PM) and lies medially and posteriorly 

to the crescent/FHF [14, 15]. As the embryo grows, PM also develops into cranial head 

muscles in close apposition to the developing heart [16-18]. Mouse and chick embryo 

studies have demonstrated an overlapping pattern in the expression of cranial skeletal muscle 

and cardiac lineage markers [19-21]. These studies demonstrate that the progenitors in the 

PM enact as a common ancestry for the development of head and heart muscles. The 

asymmetric or symmetric self-renewal of craniofacial-cardiac progenitors may result in 

formation of satellite stem cell pools that are maintained in adulthood [22, 23]. Satellite cells 

normally reside in muscle tissues with a quiescent state and intermittently replenish the stem 

cell pool to regenerate neighboring myofibers [24, 25]. However, the stem cell pool within 

the head muscles has not been systematically characterized.

In the present study, we isolated the satellite stem cells of the branchiomeric muscles derived 

from craniofacial-cardiac PM and identified the cell phenotypes. We demonstrate that a 

subpopulation of masseter muscle satellite cells (MMSCs) derived from Nkx2-5 mesoderm 

in adult mice is capable of differentiation into functional CMs. Proof-of-concept is provided 

demonstrating that CMs can be transdifferentiated from masseter muscle-derived cells. This 

finding provides a new progenitor cell source for CM regeneration and it offers a great 

potential in subsequent applications.

2. Materials and methods

All research protocols were performed under the Guidelines for the Care and Use of 

Laboratory Animals published by the National Institutes of Health (National Academies 

Press, eighth edition 2011). All animal use protocols and methods of euthanasia in this study 

were approved by the University of Cincinnati Animal Care and Use Committee. An 

independent review and approval of cell culture methods used in this study was conducted 

by the Institutional Biosafety Committee. Additional Materials and Methods are described in 

Supplemental Information.
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2.1 Transgenic mice

Transgenic mice including Nkx2-5-Cre (Stock No: 024637), Rosa-RFP (Stock No: 007914), 

Myh6-Cre (Stock No: 011038), and Rosa-RFP-GFP (Stock No: 007576) were purchased 

from The Jackson Laboratory. The genotypes of these mice were authenticated using 

standard PCR protocols available from the Jackson Laboratory.

2.2 Isolation and culture of muscle satellite cells

Cells were isolated according to a modified myosphere protocol. Masseter or limb muscle 

tissue of mice (6-8 weeks old) was removed, washed, and minced. The muscles were 

enzymatically dissociated at 37°C for 2 hours in 0.1% collagenase II/DMEM. The tissue 

slurry was then dissociated with 0.125% Trypsin for 45 mins. After cell digestion, 10% FBS 

was added to inactivate collagenase/trypsin. The slurry was passed through a 70μm cell 

strainer and centrifuged for 5 mins. at 2000 rpm. Cell pellets were washed in phosphate 

buffer saline (PBS) and re-suspended in 10mL growth medium (containing 0.1mM 

nonessential amino acids, 0.1mM β-mercaptoethanol, 1000IU/mL leukemia inhibitory 

factor, 10ng/mL BMP-4, and 10% FBS in high-glucose DMEM). The cell suspension was 

filtered through a 40μm cell strainer and plated on low attachment plates for suspension 

culture. Growth medium was refreshed every 2 days. On day-3, the isolated cells adhered to 

the plates (plating) due to asymmetric cell division. The adherent cells were dissociated by 

using Cell Dissociation Solution (Sigma) and collected by centrifugation. The cell pellets 

were re-suspended with growth medium (Figure S1B) and seeded in the low attachment 

plates for suspension culture (re-sphere). Additionally, the microspheres of MMSCs greater 

than 100μm in the cell supernatant were passaged through dissociation with Cell 

Dissociation Solution and then centrifuged and re-suspended on the low attachment plates 

with growth medium. This re-sphere passaging strategy allowed for expansion of MMSCs, 

and isolation of skeletal myoblasts (SkM) from limb muscle was implemented using the 

same culture protocol.

2.3 Differentiation induction

After serial passaging in a microsphere culture, the floating colonies of MMSCs were gently 

collected by centrifuge (5 mins. at 1000 rpm) or allowed to settle by gravity (20-30 mins.) 

and then dissociated using Cell Dissociation Solution. These dissociated cells were re-

suspended and seeded on a 0.1% gelatin-coated dish in differentiation medium composed of 

20ng/mL bFGF, 10ng/mL EGF, 1mM L-glutamine, 0.1mM nonessential amino acids, 2% 

B-27 supplement, and 10% FBS in high-glucose DMEM/Medium-199 (4:1). Growth factors 

including bFGF and EGF were removed from the differentiation medium as the control 

culture medium. Differentiation medium was refreshed every 2 days until beating cells were 

observed. Human recombinant growth factors were purchased from R&D Systems.

2.4 Flow cytometry or fluorescence-activated cell sorting (FACS)

Primary MMSCs cultured in Petri dishes were dissociated into single cells using non-

enzymatic Cell Dissociation Solution, and then fixed in 4% paraformaldehyde for 20 mins. 

1×105 cells were suspended in 200μl of PBS buffer containing 0.5% BSA and 2mM EDTA 

and incubated with the following antibodies against surface markers: c-Kit (Santa Cruz 
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Biotechnology), CD34 (eBioscience), CD45 (eBioscience), Flk1 (BD Biosciences), and 

Sca1 (Cedarlane Laboratories Ltd). Intracellular flow cytometry analysis with antibodies to 

Myh6 (Santa Cruz Biotechnology) and Pax-7 (Abcam) was performed after permeabilization 

using triton X-100 (0.1% in PBS). Unconjugated isotype antibodies were detected with 

FITC-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories). After 

incubation with antibodies for 1 hour at room temperature, cells were washed twice with 

cold PBS and then re-suspended in 200μl PBS for analysis. Cell suspension was filtered 

through a 40μm cell strainer before sorting. Flow cytometric gates were set using control 

cells labeled with the appropriate isotype control antibody. Direct readout of RFP or GFP 

fluorescence signals was performed after cell fixation, while the same phenotypes of 

primary cells from wild type animals were used as control for FACS gate setting. Analyses 

were carried out using a BD FACSCanto II flow cytometer. The data was analyzed using 

computational software Modfit LT30 (Verity Software House).

2.5 Magnetic Activated Cell Sorting (MACS)

MACS Separation Kits (including microbeads) were purchased from Miltenyi Biotec (San 

Diego, CA). Sca1+ MMSCs were sorted using MACS according to our previous publications 

[26, 27]. Briefly, cells were digested using Accutase (Sigma) and incubated with 

microbeads. Unlabeled Sca1− cells were collected by passing through the MACS column 

using a magnetic separator, and then the attached Sca1+ cells were collected by flushing the 

column. The eluted fraction was then enriched by repeating the magnetic separation 

procedure to increase the purity of sorted cells.

2.6 Immunocytochemistry

Cardiac proteins expressed in MMSCs were identified by immunofluorescence staining. 

Cardiomyocytes were isolated from neonatal mice (3 days old) using a primary cell isolation 

kit (Thermo Fisher Scientific) as positive control. Cells cultured on slices were fixed using 

4% paraformaldehyde for 20 mins. Permeabilization with 0.1% triton X-100 was added to 

the blocking buffer containing 1% BSA for 10 to 30 mins. The blocking process was 

optimized by monitoring both background and signal strength of fluorescence. After 

washing with PBS, antibody solution (Pax7, Nkx2-5, Isl-1, Myh6, cTnT, Myl2, or Myl7, 

from Abcam) was added to the slices and was incubated overnight at 4°C. After removal of 

the primary antibody, fluorescein-labeled secondary antibody (from Jackson 

ImmunoResearch) was added and incubated for 1 hour at room temperature. Nuclei were 

stained with DAPI, and immunostaining slices were observed with a confocal microscope 

(Olympus).

2.7 Electron microscope

The specimen preparation protocol for transmission electron microscopy was described in 

our previous publications [28, 29]. Heart tissue was isolated from adult mice (8 weeks old) 

as positive control. Briefly, MMSCs (~1×106) were fixed in 2% paraformaldehyde / 2.5% 

glutaraldehyde and then gently scraped with a cell scraper after overnight refrigeration. The 

resulting cell pellet was put into an Eppendorf tube and spun down at low speed. The sample 

was treated with 1% Osmium Tetroxide in 0.1M Cacodylate buffer for 2 hours in the 

refrigerator. Dehydration was performed using a graded series of ethanol (50%, 70%, 95%, 
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and 2×100%) and 2 × Propylene Oxide (each treatment for 15 mins.). Samples were 

embedded in fresh Epon resin with molds and then polymerized at 60°C in an oven 

overnight. Sample sectioning was performed using a diamond razor, and ultrathin sections 

(70 nm) were examined using an electron microscope (JEM, JEOL-USA).

2.8 Quantitative real-time PCR (qPCR)

Total RNA was isolated using Trizol reagent (Invitrogen), followed by DNAse treatment and 

purification using RNeasy mini column kit (Qiagen). cDNA was synthesized using miScript 

PCR Starter Kit (Qiagen) in a 20 μl reaction mixture. qPCR was performed on the CFX96 

Real Real-time PCR system (Bio-Rad) using the miScript PCR Starter Kit protocol 

(Qiagen). The primers for qPCR are listed in Supplemental Table S1. All oligonucleotides 

used for PCR were synthesized by Eurofins Genomics (Louisville, KY). Fold changes of 

each target mRNA expression relative to Gapdh under experimental and control conditions 

were calculated based on the threshold cycle (CT) as r = 2−Δ(ΔC
T

), where ΔCT = CT(target)-

CT(Gapdh) and Δ(ΔCT) = ΔCT(experimental) - ΔCT(control).

2.9 Western blots

Cells were lysed with ice-cold cell lysis buffer plus protease inhibitor. Protein samples (40 

μg) were mixed and resolved in 4 × SDS/PAGE sample buffer and boiled for 15 mins. before 

loading in 10% polyacrylamide gels (Bio-Rad). The electrophoresed proteins were 

transferred from the gel to PVDF membranes (Bio-Rad). Equal loading and transfer of 

proteins were confirmed by quantitative Ponceau red staining. The membranes were 

incubated for 60 mins. with 5% dry milk and Tris-buffered saline to block nonspecific 

binding sites of antibodies. Membranes were immunoblotted overnight at 4°C with 

antibodies against Nkx2-5 (Santa Cruz Biotechnology), Isl-1 (Abcam), Myh6 (Santa Cruz 

Biotechnology), cTnT (Abcam), or Gapdh (Sigma Aldrich) on a rocking platform. After 

washing with Tris-buffered saline, the membranes were incubated for 60 mins. at room 

temperature with HRP-conjugated secondary antibodies (Santa Cruz Biotechnology). After 

removal of unbound antibodies, the PVDF membranes were finally developed with an 

enhanced chemiluminescence plus kit (Thermo Scientific) and then exposed to X-ray film.

2.10 Measurement of calcium transients

MMSC-derived cells were dissociated by incubation with collagenase and 0.25% trypsin for 

10 mins. The dissociated cells were plated onto 25-mm microscope glass coverslips coated 

with growth factor-free Matrigel (diluted 1:60 in RPMI medium) and cultured overnight. 

Cells were then incubated with 5μM Fluo-4 acetoxymethyl ester (Invitrogen) in culture 

medium for 2 hrs. at 37°C. Using a standard Tyrode solution, a laser-scanning confocal 

microscope (Olympus) was used to measure the fluorescence intensity of Fluo-4 dye from 

the cells on a temperature-controlled plate (37°C). Cells with Fluo-4 dye were 

simultaneously excited at 340 (F340) and 380 nm (F380) and emission signals were 

collected at 505 nm by a photomultiplier tube. Changes of Fluo-4 fluorescence intensity 

(indicating transient fluctuation of cytosolic calcium concentration) were recorded in frame 

and line-scan mode as previously described [30, 31]. Changes of intracellular Ca2+ content 

were expressed as changes in ratio ΔR = F340/F380. In addition, caffeine (Sigma) was 

directly added into the chamber that contained the beating MMSC-derived cells during 
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imaging of calcium transient. Changes of Fluo-4 fluorescence intensity were confirmed and 

recorded with a confocal microscope.

2.11 Whole-cell patch-clamp recordings

Patch-clamping was performed as previously described [32, 33]. MMSC-derived cells grown 

on coverslips were placed on the stage of the electrophysiological recording setup and 

perfused with a bath solution that contained 140mM NaCl, 5.4mM KCl, 1mM MgCl2, 

1.8mM CaCl2, 5mM Na-HEPES, 0.33mM NaH2PO4, 10mM glucose, and 10mM HEPES 

(pH7.4 NaOH). For whole-cell patch-clamp recordings from a single spontaneously 

contracting MMSC-derived cell, electrode pipettes were made from borosilicate glass 

capillaries by a P-97 puller (WPI instruments) and had resistances of 3-6 MΩ when filled 

with internal solution. The pipette internal solution contained 140mM KCl, 1mM MgCl2, 

10mM HEPES, 10mM EGTA, 5mM MgATP, 10mM TEA-Cl (pH7.3 KOH). 

Electrophysiological signals were recorded using an Axonpatch 200B amplifier, filtered at 2 

kHz, and sampled at 5 kHz using pClamp9.0 software (Molecular Device). To test 

membrane excitability and action potential firing, cells were recorded under current-clamp 

configuration. Current steps were applied to cells from −100 to 300 pA with each step at 20 

pA. Step currents were injected for a duration of 2 seconds for each step and the interval 

between each step was 2 seconds. For measurement of If, cells were held at −60 mV and 

hyperpolarized to −140 mV for 6 seconds with each step at 10 mV, and then brought to the 

holding potential of −60 mV.

2.12 Measurement of cell contractile capacity

For electromechanical studies, differentiated MMSCs seeded on a 0.1% gelatin-coated glass 

cover-slips were analyzed for contractions in response to electrical stimulation as previously 

described [34]. MMSC-derived cardiomyocytes were paced with electrical field stimuli at 

frequencies of from 0 to 3 Hz (60 V; 25-ms square wave) using a Grass stimulator (model 

S88, Grass, West Warwick, RI, USA). Racemic isoproterenol (ISO, Sigma-Aldrich) was 

prepared fresh before each experiment. Glass coverslips containing cells were perfused with 

extracellular solution with or without ISO (1μM). The beating and contractile response to 

carbachol (1~10 μM) was also measured. Contractions were monitored and recorded 

digitally using a video detector (Crescent Electronics model VED-105, UT, USA) and 

electromechanical coupling was analyzed offline.

2.13 Statistical Analysis

Data from repeated experiments are presented as the mean ± SD. At least three independent 

experiments were repeated. Statistical analysis was performed using SPSS 21.0 software 

(IBM Corp). Data between two groups were compared using Student’s T-test. Data of 

multiple groups were analyzed using one-way analysis of variance (ANOVA). Following 

ANOVA, the least significant difference post hoc test or Dunnett’s t-test with Bonferroni 

correction were used to analyze the significance of differences between mean values of the 

experimental and control groups. p<0.05 was considered significant.
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3. Results

3.1 Identification and characterization of muscle satellite cells

Satellite cells are located under the basal lamina of muscle fibers where they maintain self-

renewal and regeneration potential [35]. Nkx2-5 is a mesodermal transcription factor for 

early SHF development [36]. The developmental origin of masseter muscle cells was 

determined by Nkx2-5Cre/RosaRFP mice (Figure S1A). Unlike the limb skeletal muscles, 

masseter muscles (MM) are developed from the cardiac-PM as traced by Nkx2-5 (Figure 

1A). Skeletal sarcolemma was labeled by wheat germ agglutinin (WGA), which binds to 

glycoproteins of the cell membrane. RFP cells were identified in the extracellular matrix 

(Figures 1A and S1B). Interestingly, nearly 35% of MMSCs did not express Pax7, a marker 

of myogenic stem cells [37] (Figure S1C). Furthermore, MMSCs were isolated from 

Nkx2-5Cre/RosaRFP mice using a myosphere approach (Figure S1D). The freshly isolated 

cells were round in shape and then formed and grew into cell clusters within 5 days (Figure 

1B). These cells can be expanded through serial passages as suspended myospheres for at 

least one month without losing proliferation capacity. A subset of the isolated cells was RFP 

positive, indicating expression of Nkx2-5 in their developmental history (Figure 1C). Flow 

cytometry (FACS) showed that about 30% of MMSCs were derived from Nkx2-5 

progenitors (Figure 1D). Pax7 and stem cell antigen-1 (Sca1) were identified in MMSCs, 

while other progenitor markers such as c-Kit and Flk1 were not expressed. In addition, 

Sca1+ or Sca1− cells were sorted from MMSCs to assess whether Sca1 can be used as a 

marker to characterize the heterogeneous phenotypes. Up to 97% of Sca1+ cells can be 

tracked by Nkx2-5 lineage with a low level of Pax7, whereas Sca1− cells were RFP negative 

and highly expressed Pax7 (Figure 1 E and F). Therefore, these data indicate that Sca1+ and 

Sca1− subsets represent two different phenotypes of MMSCs.

3.2 Comparison of differentiation potential between MMSC subsets

Osteogenic/adipogenic assay was performed to determine whether the differentiation 

capacity of the sorted MMSCs was distinct from mesenchymal stromal cells. Unlike Sca1− 

cells, Sca1+ cells were not significantly induced into forming osteoblasts or adipocytes 

(Figure S2A). With treatment of the differentiation medium, Sca1− cells preferentially 

underwent myotube formation (a network of long, thin myofibers), while Sca1+ cells formed 

flat and polygonal myocytes after spreading on culture dishes (Figure 2A). Moreover, 

spontaneously beating cell clusters were found in Sca1+ cells (Movie S1), while irregular 

skeletal-like contraction was observed in Sca1− cells (Movie S2). The gene expression of 

MMSCs was measured by qPCR, and the limb skeletal myoblasts (SkM) were analyzed as 

control. The cardiogenic genes including Nkx2-5, Isl-1, Tbx5, and Gata4 were highly 

expressed, but the expression level of skeletal myogenic markers including MyoD, Myf5, 

and Pax7 was lower in Sca1+ cells as compared to SkM (Figure 2B). The nuclear 

localization of Nkx2-5 and Isl-1 was identified in Sca1+ cells (Figure 2C). Despite of 

expression of some cardiac progenitor markers, expression of skeletal myogenic genes in 

Sca1− cells was comparable to that in SkM (Figure 2B). These findings suggested that Sca1− 

MMSCs have prominent myogenic capacity, while Sca1+ MMSCs preserve multiple 

cardiogenic makers.
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Furthermore, we assessed whether Sca1+ MMSCs possess cardiogenic potential in vitro. 

When Sca1+ MMSCs were seeded and induced for up to 7 days, the expression of CM 

markers (including Myh6 and cTnT) was progressively upregulated, accompanied with 

downregulation of Nkx2-5 and Is1-1 (Figure 2D). To identify CMs permanently with a 

fluorescence tag, Myh6Cre/RosaRFP-GFP mice were generated (Figure S2B). Undifferentiated 

Sca1+ MMSCs from these mice showed little green color and a multitude of GFP+ cells 

appeared after treatment with the differentiation medium for up to 7 days (Figure 2E). FACS 

showed that the percentage of GFP+ cells progressively increased during the differentiation 

process and reached approximately 30% at day-14 (Figure S2C). GFP was not significantly 

expressed in Sca1− MMSCs (Figure S2D).

3.3 Sca1+ MMSCs can be converted into CM-like cells

Growth factors such as fibroblast growth factors (bFGF) and epidermal growth factor (EGF) 

that are important for mesoderm formation and cardiogenesis can be used to facilitate CM 

differentiation and growth [38, 39]. Protein levels of cTnT and Myh6 in MMSCs were 

significantly enhanced by the combination of B27 (serum substitute), bFGF, and EGF 

(Figure 3A). The expression of CM genes in MMSCs was also enhanced with the addition of 

these growth factors in the differentiation medium as compared to the undifferentiated cells 

(Figure 3B). Immunostaining of cardiac structural proteins (including cTnT and Myh6) 

showed that MMSCs treated with differentiation medium displayed characteristic striations 

indicative of sarcomere formation (Figure 3C and D) similar to neonatal cardiomyocytes. 

Moreover, Myl2 (ventricular isoform of myosin regulatory light chain 2) and Myl7 (atrial 

isoform of myosin regulatory light chain 2) were expressed in the differentiated MMSCs. 

Quantification of Myh6+ cells showed that MMSCs were preferentially differentiated 

towards atrial CM-like phenotypes (Figure 3D). In addition, characteristic CM-like 

morphologies with organized sarcomeres and identifiable M- and Z-lines were observed in 

the differentiated MMSCs (Figure 3E), while adult heart tissue was used as a positive 

control.

The expression of Myh6 and cTnT in differentiated MMSCs decreased after Nkx2-5 siRNA 

treatment (Figure S3A and B). DNA methylation status and chromatin signatures of specific 

loci also reflect the genetic stability of lineage commitment [40]. CpG sites at the Myh6 

promoter were comparatively hypermethylated in undifferentiated MMSCs, but were 

demethylated in differentiated cells (Figure S3C). Furthermore, the level of H3K4me3 

(active promoter mark) was significantly increased at the promoter sites of the CM genes 

(Actn2 and Ryr2) in differentiated MMSCs, while the level of H3K27me3 (inactive 

promoter mark) was decreased at the cTnT promoter as compared to undifferentiated 

MMSCs (Figure S3D).

3.4 Induced Sca1+ MMSCs display CM-like electrophysiological properties

The functionality of MMSC-derived beating cells was assessed. Basal intracellular Ca2+ 

transients were detected in differentiated MMSCs (Figure 4A). Furthermore, sarcoplasmic 

reticulum (SR) Ca2+ content was analyzed by measuring the amplitude of Ca2+ transients 

mobilized by caffeine. A rapid release of Ca2+ from the intracellular SR store was induced 

by caffeine, and the signal amplitude was increased in the induced MMSCs (Figure 4B). The 
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release of Ca2+ from the SR was linked tightly to Ca2+ flux through L-type Ca2+ channels, 

which is closely associated with cardiac contraction [41]. Upregulation of Ca2+ handling 

genes including Cav1.2, SERCA2a, and CSQ2 in differentiated MMSCs was also 

demonstrated by qPCR (Figure 4C).

The membrane excitability of MMSCs was examined by whole-cell patch-clamp recordings. 

The induced MMSCs spontaneously fired rebound action potentials (APs) after 

hyperpolarization (Figure 5A and B) and beating cells displayed APs in response to 

membrane depolarization. Approximately 78% of the beating cells lacked a plateau phase in 

their APs (Figure 5A, left panel) and were completely repolarized at about −60 mV, 

indicating a sinoatrial (SA) node-like AP. Moreover, 21% of the beating cells displayed a 

ventricular-like AP shape (Figure 5B, right panel) with a repolarization phase. AP 

amplitude, duration, and resting membrane potential (70.3±4.2mV) of the induced MMSCs 

were comparable to that seen in immature, neonatal CMs [42-44]. The β-adrenergic 

response of beating cells was also tested using isoproterenol (ISO). The beating rate and 

fractional shortening of the cells was increased by ISO stimulation (Figure 5C), but there 

was no impact on skeletal myotubes (Figure S4A). In addition, beating cells exhibited 

typical rate adaptation in response to electrical stimulation from 0.0 to 3.0 Hz (Figure 5D). 

Finally, spontaneous beating frequency of induced MMSCs was significantly decreased by 

treatment with carbachol (Figure S4B).

4. Discussion

Understanding the biological features of MMSCs provides new insight into a novel cardiac 

progenitor population. MM tissue may be particularly interesting as a new stem cell resource 

due to the accessibility, dispensability for survival, and increased muscular regeneration rate. 

Isolation and expansion approaches of MMSCs based on suspension culture strongly favor 

the processes of myogenic cell division and self-renewal [23, 45-47]. Characterization of 

MMSC subpopulations facilitates optimization of these approaches for manipulating stem 

cells. In the present study, a Sca1-labeled MMSC subpopulation was identified with a 

cardiogenic gene signature. Importantly, Sca1+ MMSCs can be de novo differentiated into 

functional cells with CM-like morphology and electrophysiological properties.

Fate mapping studies of Isl-1 progenitors demonstrated that MM tissue and the satellite cell 

pool are developed from pharyngeal mesoderm [16, 48, 49]. The developmental origin of 

MM tissue can be demonstrated by mesodermal Nkx2-5 lineage tracing in our study. 

Interestingly, use of the alternative tracing model showed two different cell subsets that can 

be distinguished by Sca1 labeling. The isolated MMSCs are heterogeneous with respect to 

developmental origin, surface markers, and gene expression pattern. Heterogeneity in cell 

compartment contributes to the variability in cell fate and function of MMSCs. Results 

demonstrated that the majority of Sca1+ MMSCs rather than Sca1− cells have expressed 

Nkx2-5 in their developmental history. Cardiac transcription factors such as Nkx2-5, Isl-1, 

and Gata4 were also expressed in the Sca1+ MMSCs from adult mice, whereas the Pax7 

expression was low. The lineage conversion of Sca1+ MMSCs into CMs was demonstrated 

by expression of CM-specific proteins and the Myh6Cre reporter mice, whereas the CM 

transdifferentiation of Sca1− MMSCs was insufficient. Therefore, the genetic and functional 
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signature of Sca1+ MMSCs is similar to that of embryonic cardiac progenitors, suggesting 

that the Sca1+ MMSCs are remnants of cells from heart development. The retained 

expression of cardiac factors in Sca1+ MMSCs indicates an epigenetic phenomenon of 

‘cellular memory’ during development [50, 51] and the underlying mechanism(s) still 

requires further investigation.

Sca1− MMSCs may also originate from the cardiac-PM as shown by expression of cardiac 

factors such as Isl-1 and Gata4. However, this cell subtype was not developed from the 

mesodermal Nkx2-5+ progenitors. The expression of myogenic regulatory factors such as 

Myf5, MyoD, and Pax7 in Sca1− MMSCs was comparable to that of limb myoblasts, 

consistent with the findings of unsorted jaw muscle satellite cells [48]. Additionally, Sca1− 

MMSCs displayed a mesenchymal stem cell phenotype as shown by the potential of 

osteogenesis and adipogenesis. The myogenic capacity of Sca1− MMSCs was also 

demonstrated by the formation of myotubes. Conversely, these characteristics were not 

identified in Sca1+ MMSCs, indicating the functional heterogeneity of MMSCs. It is noted 

that this study does not exclude the existence of a minor Sca1− subpopulation with 

cardiogenic potential due to the variance of sensitivity for different staining and analytic 

techniques. The myogenic capacity of the resident Sca1− MMSC populations is important 

for muscle tissue homeostasis.

An evolutionary link between branchiomeric muscles and heart development in vertebrates 

contributes to the mechanism in which MMSCs differentiate into CMs. Cardiogenic 

potential was found in mouse Sca1+ MMSCs in the present study. The CM-specific Myh6 

and cTnT genes were only expressed in cells originating from the cranial part of the embryo 

(including the heart muscle), as determined by their developmental history. This finding also 

supports the concept of an evolutionary cardio-craniofacial field [49]. Mechanistically, 

distinct combinations of transcription factors such as Nkx2-5, Isl-1, and Pitx2 act upstream 

of skeletal myogenic or cardiogenic genes to specify different cell fates [21, 52]. The 

cardiogenic potential of MMSCs was blocked by Nkx2-5 knockdown, indicating the 

essential role of transcription factors in controlling the lineage commitment. In addition, the 

DNA methylation status and histone modifications at the CM genes were changed to 

facilitate the cardiogenic potential of MMSCs. This change of epigenetic landscape also 

allows for the accessibility of transcription factors to the chromatin for activation of CM 

genes. Therefore, CM regeneration from MMSC appears stable at the epigenetic level.

Inefficient generation of functional CMs hinders a broader application of adult stem cells. 

Growth factors are thought to control the early stages of mesoderm formation and 

cardiogenesis [38, 53]. The differentiation approach using Sca1+ MMSCs was optimized 

using multiple growth factors. Induction with factors such as bFGF and EGF can enhance 

cardiac differentiation and maturation of MMSCs. Both atrial and ventricular CM-like 

phenotypes expressed with striated sarcomeric proteins were generated in MMSCs, although 

their morphology more closely resembles that of neonatal CMs rather than adult cells. 

Importantly, spontaneously beating cell clusters were observed in the induced MMSCs and 

represented a phenotype of functional CMs. The electrophysiological results suggest that the 

MMSC-derived beating cells had active intracellular Ca2+ cycling and were electrically 

excitable. MMSC-derived cells displayed mechanical contraction similar to neonatal CMs 

Huang et al. Page 10

Exp Cell Res. Author manuscript; available in PMC 2020 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and also stored large Ca2+ reserves in the SR for its automaticity, consistent with an earlier 

study [54]. Furthermore, the MMSC-derived beating cells exhibited cardiac (SA node or 

ventricular)-like APs. These functional characteristics of APs were similar to those observed 

in other cardiac-like cells derived from unsorted jaw muscle satellite cells [48]. Contraction 

of cardiomyocytes is modulated through β-adrenergic receptors and muscarinic 

acetylcholine receptors (subtype 2). Positive and negative chronotropic responses of Sca1+ 

MMSC-derived beating cells were demonstrated by application of ISO and carbachol, 

respectively. Contraction of the derived myotubes was not impacted by ISO. These 

properties together indicate that the MMSC-derived cells are CM-like cells rather than a 

deviant phenotype of skeletal muscle. The results can further distinguish cardiogenic 

MMSCs from other skeletal myoblasts.

Although it is now feasible to generate CMs using cellular reprogramming techniques or by 

isolation of CSCs from the heart [55, 56], our study identifies an alternative progenitor 

source for CMs without the need for genetic manipulation or invasive heart biopsy 

procedures. CM generation and maturation efficiency of MMSCs in the present study 

remains to be enhanced robustly. The approach of purifying MMSC-derived CMs is still 

under development. The new CMs from MMSCs have strong potential for stem cell-based 

therapy, cardiac tissue engineering, or a variety of diagnostic and drug sensitivity tests. 

Overall, this report brings new insight into the heterogeneity of MMSCs and their 

developmental origin, genetic signature, and regenerative functionality.
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Figure 1. Identification and characterization of MMSCs.
(A): Limb or masseter muscles (MM) were isolated from Nkx2-5Cre/RosaRFP mice. Tissue 

sections stained with wheat germ agglutinin (WGA-FITC, green) were observed under 

multiple channels on a confocal microscope. Arrow head in magnification view indicates the 

location of RFP+ MMSCs. (B): MMSCs were isolated and maintained in suspension culture. 

(C): The expression of RFP was observed by microscope after culture of MMSCs in 

monolayer. (D): Surface markers and RFP in MMSCs were analyzed by FACS after primary 

cell isolation. Flow cytometric gates (indicated by solid lines) were set using the appropriate 

isotype control antibody. (E): RFP and Pax7 expressions in Sca1+ MMSCs were analyzed by 

FACS after sorting. (F): Immunostaining of Pax7 and RFP expression in sorted cells was 

observed by microscope. Nuclei were stained with DAPI.
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Figure 2. Cardiogenic potential of MMSCs.
(A): Representative morphologies of Sca1+ or Sca1− MMSCs treated with the differentiation 

medium were shown under bright field microscopy. (B): Relative gene expression of 

cardiogenic or myogenic markers in sorted MMSCs and limb skeletal myoblasts (SkM) was 

analyzed by qPCR. n=4 per group. Versus SkM, * p<0.05, ns p>0.05. (C): Immunostaining 

of Nkx2-5 and Isl-1 in Sca1+ MMSCs after cell sorting. Nuclei were stained with DAPI. 

(D): The protein level of cardiac progenitor or CM markers was detected by Western blotting 

in Sca1+ MMSCs treated with differentiation (Diff.) medium. Identical results were 

observed in 3 independent experiments, each with technical triplicates. (E): The expression 

of RFP and GFP in Sca1+ MMSCs from transgenic mice was observed by microscope after 

differentiation.
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Figure 3. Phenotypes of Sca1+ MMSC-derived cells.
(A): Myh6 and cTnT were analyzed by Western blotting in MMSCs treated with various 

growth factors. Identical results were observed in 3 independent experiments, each with 

technical triplicates. (B): The relative expression of CM markers in undifferentiated MMSCs 

(Ctrl) or MMSCs treated with or without growth factors (GF) including bFGF and EGF was 

analyzed by qPCR. n=4 per group. Versus Ctrl, * p<0.05, ns p>0.05. (C): CM markers were 

analyzed by immunostaining in MMSCs after induced with growth factors. The percentage 

of Myl2+ or Mly7+ cells in undifferentiated (Ctrl, n=4) or differentiated (Diff. n=5) MMSCs 

was showed. (D): Representative transmission electron imaging of undifferentiated (Ctrl) or 

differentiated MMSCs. Yellow and white arrows show M- and Z-lines respectively.
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Figure 4. Electrophysiological properties of Sca1+ MMSC-derived cells.
(A): Measurement of Ca2+ transient frequency in MMSC-derived beating cells loaded with 

Fura-2 fluorescent dye. (B): Ca2+ transient of MMSC-derived cells in response to caffeine 

(5mM). (C): Calcium handling gene expression in differentiated MMSCs, undifferentiated 

MMSCs, and limb skeletal myoblasts (SkM) was analyzed by qPCR. n=5 for each group; 

*p<0.05.
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Figure 5. Electrophysiological properties of MMSC-derived cells.
(A and B): Action potentials (APs) of the MMSC-derived beating cells were measured by 

whole-cell patch-clamp recording. Rebound APs of MMSC-derived beating cells after 

hyperpolarization. Identical results were observed in 3 independent experiments, each with 

technical triplicates. (C): Contractility analysis of CM-like cells treated with or without β-

adrenergic receptor agonist ISO (1μM). (D): Mechanical response of MMSC-derived 

myocytes to electrical stimulation. Frequencies of electrical stimulation from 0.0 to 3.0 Hz 

were measured by using video edge detection.
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