-

View metadata, citation and similar papers at core.ac.uk brought to you byj‘: CORE

provided by University of Bath Research Portal

UNIVERSITY OF

BATH

Citation for published version:
Daughters, RS, Keirstead, SA & Slack, IMW 2017, 'Transformation of jaw muscle satellite cells to
cardiomyocytes', Differentiation, vol. 93, pp. 58-65. https://doi.org/10.1016/j.diff.2016.11.003

DOI:
10.1016/).diff.2016.11.003

Publication date:
2017

Document Version
Peer reviewed version

Link to publication

Publisher Rights
CC BY-NC-ND

University of Bath

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 13. May. 2019


https://core.ac.uk/display/161918645?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1016/j.diff.2016.11.003
https://researchportal.bath.ac.uk/en/publications/transformation-of-jaw-muscle-satellite-cells-to-cardiomyocytes(2fda542d-3af3-46d0-9e16-4621f04573b4).html

Transformation of jaw muscle satellite cells to cardiomyocytes

Randall S.Daughters, Susan A.Keirstead, Jonathan M.W.Slack *

*Communicating author slack017@umn.edu

Stem Cell Institute,
University of Minnesota,
MTRF, 2001 6th Street SE,
Minneapolis,

MN 55455, USA

Keywords: Second heart field; muscle satellite cell; cardiomyocytes; myogenesis; BMP;
WNT.



Abstract

In the embryo a population of progenitor cells known as the second heart field forms not just
parts of the heart but also the jaw muscles of the head. Here we show that it is possible to take
skeletal muscle satellite cells from jaw muscles of the adult mouse and to direct their
differentiation to become heart muscle cells (cardiomyocytes). This is done by exposing the
cells to extracellular factors similar to those which heart progenitors would experience during
normal embryonic development. By contrast, cardiac differentiation does not occur at all from
satellite cells isolated from trunk and limb muscles, which originate from the somites of the
embryo. The cardiomyocytes arising from jaw muscle satellite cells express a range of specific
marker proteins, beat spontaneously, display long action potentials with appropriate responses
to nifedipine, norepinephrine and carbachol, and show synchronized calcium transients. Our
results show the existence of a persistent cardiac developmental competence in satellite cells of
the adult jaw muscles, associated with their origin from the second heart field of the embryo,
and suggest a possible method of obtaining cardiomyocytes from individual patients without the

need for a heart biopsy.



1.Introduction

In embryonic development the heart forms from three separate regions of the early mesoderm.
The primary heart field gives rise to the atria and left ventricle, while the second heart field gives
rise to the right ventricle and outflow tract, and, at least in the chick embryo, there is also a third
heart field forming the pacemaker region (Bressan et al., 2013; Buckingham, 2005). The second
heart field is part of the cranial splanchnic mesoderm and, in addition to forming parts of the
heart, also forms the jaw muscles of the head (Buckingham, 2001; Grifone and Kelly, 2007;
Lescroart et al., 2010; Nathan et al., 2008). The second heart field is characterized by
expression of the transcription factor Islet1 (ISL1) (Black, 2007; Cai et al., 2003; Laugwitz et al.,
2008; Laugwitz et al., 2005; Moretti et al., 2006).

In skeletal muscle, stem cells, called satellite cells, are the source of new muscle fibers during
normal growth and are also responsible for generating new fibers following muscle damage in
adult life (Dhawan and Rando, 2005; Hawke and Garry, 2001; Morgan and Partridge, 2003;
Seale and Rudnicki, 2000). As might be expected from the different origins of the parent
muscles, the jaw and trunk skeletal muscle satellite cells are also derived from distinct
embryologic cell populations and may have different regenerative abilities (Gayraud-Morel et al.,
2012). Trunk and limb muscle satellite cells originate from the somites (Daughters et al., 2011;
Gros et al., 2005; Relaix et al., 2005), while satellite cells of the jaw muscles originate from the
second heart field (Harel et al., 2009; Nathan et al., 2008; Sambasivan et al., 2009). Because of
the close developmental relationship between jaw muscles and heart, we postulated that the
satellite cells of the jaw muscles in adult animals might retain aspects of secondary heart field
developmental competence and still be capable of developing into cardiomyocytes.

Here we show, for the first time, that it is possible to take satellite cells from jaw muscles of the
adult head and to direct their differentiation to become embryo-type cardiomyocytes. This is

done by exposing the cells to extracellular factors similar to those which heart progenitors would
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experience during normal embryonic development. By contrast, cardiac differentiation does not
occur at all from satellite cells isolated from trunk and limb muscles, which originate from the
somites of the embryo. The cardiomyocytes arising from jaw muscle satellite cells express a
range of specific marker proteins, beat spontaneously, display long action potentials with
appropriate responses to nifedipine, norepinephrine and carbachol, and show synchronized
calcium transients. Our results show the existence of a persistent cardiac developmental
competence in satellite cells of the adult jaw muscles, associated with their origin from the
second heart field of the embryo, and suggest a possible method of obtaining cardiomyocytes

from individual patients without the need for a heart biopsy.

2. Materials and Methods

2.1 Cell Cultures

All animal procedures were conducted under IACUC protocol 1002A78295. Satellite cell-derived
myoblasts of the jaw (digastric and masseter) or from trunk (limbs and back) muscles were
isolated by magnetic cell sorting (MACS) or fluorescence activated cell sorting (FACS) using
sequential sorting for CD45, CD31, SCA1 negative, followed by positive selection for integrin 3-
1 and integrin -7 cells, as previously described (Hirai et al., 2010). Myoblasts were cultured in
myoblast medium containing 20% fetal bovine serum (FBS) (Asakura et al., 2002)
supplemented with 100ng/ml bone morphogenetic protein 4 (BMP4) (R&D Systems) plus
10ng/ml basic fibroblast growth factor (bFGF) (R&D Systems) for four days followed by
100ng/ml dickkopf 1 (DKK1), 10ng/ml bFGF and 5ng/ml vascular endothelial growth factor
(VEGF) for two days and allowed to differentiate in low serum Dulbecco's minimal essential

medium (DMEM) (Gibco) with 5% FBS or serum free (StemPro, Gibco) to a total of twenty-one



days. Some initial experiments were conducted using a modified differentiation scheme that
consisted of myoblast medium supplemented with 100ng/ml BMP4 for two days followed by
100ng/ml DKK1 for three days.

Movies of beating cardiomyocytes were taken from day 21 cultures isolated from the myotubes
and re-plated in differentiation medium for 2 days. Video was recorded at 7 frames/sec for 180
seconds. For single-fiber muscle preparations, masseter or digastric muscles were removed
and incubated in 0.2% type | collagenase in DMEM for 45 minutes at 37°C. Isolation of single
fibers was achieved through mechanical disruption. They were cultured in myoblast medium for
12 hours with or withour BMP4 (100ng/ml) and then immunostained with antibodies for PAX7

and NKX2.5.

2.2 RNA and gene expression

Two step RT-PCR was performed on an ABI Prism 7500 Real Time PCR System (Applied
Biosystems, Foster City, Calif.). Total RNA was isolated from cultured cells during the
differentiation protocol using Trizol reagent (Invitrogen). cONA was generated from 5 ug of total
RNA using 1% Strand Synthesis Supermix primed with random hexamers (Invitrogen). Relative
gRT-PCR was performed on 1 ul of cDNA using qRT-PCR SYBER Green Master Mix
(Invitrogen) with murine specific primers for myogenic (Pax7, M-Cad, Myf5, MyoD), early
cardiac progenitor cell (Nkx2.5, Tbx5, Gata4, Isl1,Tbx1), or late cardiomyocyte specific (Myh6,
Cav1.2, CX43, MLC2v, cTnT) transcription factor genes. Primer sequences can be furnished
upon request. Two stage PCR was performed with each sample cDNA/primer pair done in
triplicate. Relative quantification compared to control was estimated using the threshold cycle
(CT) of the transcription factor normalized to the CT of the housekeeping gene Gapdh.

Dissociation curve and ethidium bromide gel analysis was used to assess PCR product purity at



the end of each qPCR run. Graphs are plotted as Relative Quantification Values or ratio to

GAPDH.

2.3 Cell lineage analysis

To confirm the second heart field origin of jaw muscles we crossed /s/7-Cre mice (Yang L et al.,
2006) to the reporter line mT/mG (Jackson labs) (Muzumdar et al., 2007) to generate /s/1-
Cre;mT/mG embryos. E13.5 embryos were collected by perfusion with variable fixation
procedure described previously (Daughters et al., 2001). Embryos were embedded in OCT
medium and frontal sections through the head region were collected on slides. Slides were
visualized for GFP and dTomato staining and further processed for MHC (MF20; DSHB) or
Pax7 (DSHB) immunostaining.

For lineage labeling of satellite cells we bred Pax7-CreER mice (Lepper et al., 2009) with
mT/mG mice. Pax7-CreER;mT/mG mice were injected with Tamoxifen (3 x 5mg at 3 day
intervals) prior to isolation of satellite cells from the masseter and digastric muscles of the head.
Satellite cell derived myoblasts were induced to form cardiomyocytes according the above
differentiation scheme. Beating aggregates of induced cardiomyocytes were re-plated on glass
culture slides and immunostained for cTnT (CT-3; DSHB) using a far-red tagged (Cy5)
secondary antibody and visualized for co-localization with GFP.

For studies on the contribution of /s/1 lineage derived satellite cells, jaw derived satellite cells
were isolated from Is/1-Cre;mTmG mice generated from crossing Is/1-Cre to the reporter
mTmG (Jackson labs). For the Is/1 derived satellite cells experiments, satellite cells were
isolated from the masseter muscle of four mice per biological sample by collagenase/dispase
digestion. /s/1 lineage derived GFP" cells were sorted to obtain 100% positive expressing cells
using the FACS Aria (BD). Cells were then subjected to the cardiomyocyte differentiation
scheme and assayed for colocalization of NKX2.5 expression at day 7, or cTNT expression at

day 14, with GFP.



2.4 Immunofluorescence and microscopy

Cell culture slides were fixed with 2% paraformaldehyde (PFA) (pH 8.5) for 15 minutes at room
temperature and stored in 1Xphosphate buffered saline A (PBSA) at 4°C until processing.
Isl1Cre;mT/mG mouse embryos were fixed using a variable pH PFA fixative procedure modified
from (Daughters et al., 2001) overnight at 4°C, washed in 1XPBSA and hardened overnight in
30% sucrose at 4°C. The following day embryos were embedded in OCT (optimal cutting
temperature) medium over dry ice and stored at -80°C until processing. Embryos were
processed by collecting 10um thick frontal sections through the head. Both cell culture slides
and embryos were processed for expression of markers of myogenesis, cardiogenesis or
mature cardiomyocytes. Briefly, slides were washed in 1XPBSA, permeabalized in PBSA
containing 0.1% Triton, blocked in 5% normal goat serum (NGS) for 2 hours at RT and
incubated overnight with primary antibodies to either PAX7 (1/1000; Developmental Studies
Hybridoma Bank, DSHB), MHC (MF20; 1/500; DSHB), NKX2.5 (1/200; Santa Cruz), GATA4
(1/500; ABCAM), Myogenin (F5D, 1:100; DSHB), cTnT (CT-3; 1/500; DSHB) in 5% NGS at 4°C.
The next day slides were washed 3 X 1 hour in PBSA, blocked in 5%NGS for 1 hour and
incubated overnight in the appropriate secondary antibodies: Alexa-594 anti-rabbit, Alexa-488
anti-mouse or Alexa-634 anti-mouse (1/2000; Invitrogen) at 4°C. Slides were mounted using
Vectashield mounting medium containing DAPI (Vector labs) and visualized on a Fluoview 1000
confocal microscope with FV1000 analysis software (Olympus). Photomicrographs are
composite images of 1-5um optical slices through the tissue compressed along the Z-axis.
Images for figures were further processed using Photoshop (Adobe Systems) by cropping and

by appropriate uniform and linear adjustments of brightness and contrast.



2.5 Electrophysiology

For electrophysiological recordings, induced cardiomyocytes were isolated from cultures on or
after day 14 by picking or gentle dissociation with 0.1% collagenase, plated on glass culture
slides, and covered in a perfusion chamber. Whole cell current clamp recordings were obtained
from cells that were continuously superfused with solution containing 146 mM NaCl, 3 mM KCl,
10 mM HEPES, 2 mM CaCl,, 2 mM MgCl,, 1.25 mM NaH2PO4, 1 mM Na pyruvate, and 10 mM
D-glucose (pH 7.4, NaOH). Patch pipettes contained 140 mM KCI, 1 mM MgCl,, 1 mM CaCls,,
11 mM EGTA, 5 mM HEPES, 1 mM glutathione, 3 mM ATP-2K, 2 mM glucose, 0.5 mM GTP-Na
(pH 7.2, KOH). Recordings were made at room temperature using pipettes with resistances
ranging from 2-5 Mohm, a Multiclamp 700A amplifier, Digidata 1322A, and pClamp 9.2
acquisition software (Molecular Devices, Sunnyvale, CA). Junction potentials and electrode
resistance were nulled, data was acquired at 10 kHz, and filtered at 2 kHz for analysis.

For calcium measurements, cells were loaded for 60-90 minutes with 10 uM Fluo-3AM in culture
medium or superfusate, at either 37°C or room temperature. Cells were rinsed with superfusate
and imaged after 20 or more minutes thereafter. The perfusion chamber was placed on the
stage of an Olympus BX-51W microscope outfitted with a Lambda DG-4 fluorescence light
source and filter changer (Sutter Instrument, Novato, CA) and a Paultek intensified charge-
coupled device. The excitation filter was 470 nm/40 nm and the emission filter was 525 nm/50
nm. Metamorph/Metafluor Imaging Suite (Molecular Devices, Sunnyvale, CA) was used to
acquire images at 200 msec intervals. Images were background subtracted and fluorescence

intensity in regions corresponding to individual cells was plotted versus time.



3. Results

3.1 Cell lineage of jaw muscles

To confirm that the jaw muscles of the head do indeed originate from the secondary heart field,
we lineage labeled /s/1-expressing cells using /s/1-Cre mice crossed to a reporter (mTmG),
which expresses GFP following Cre-mediated recombination (Muzumdar et al., 2007; Yang L et
al., 2006). Consistent with the previous findings (Nathan et al., 2008), we found that the /s/1-
positive lineage contributes specifically to the masseter and digastric (jaw) muscles but not to
the tongue or the extraocular muscles (Fig.1A). In addition, we confirmed that the satellite cells
within the jaw muscles, identified by immunostaining for PAX7, also derived from the /s/1

lineage (Fig.1A).

3.2 Myogenic and cardiogenic differentiation in vitro.

For the reasons explained above, we tested to find whether the satellite cells of the adult jaw
muscles differed in their differentiation potential from those of the trunk. We isolated jaw
(masseter and digastric muscles), and trunk (all muscle from fore and hind limbs and back)
satellite cells by sequential FACS or MACS using negative selection for CD45, CD31, SCA1,
followed by positive selection for 1 and a7-integrin (Hirai et al., 2010) (Fig.1B). In normal low
serum myoblast culture conditions, the isolated satellite cells from both jaw and trunk muscle
quickly lose expression of PAX7, start to express myogenic transcription factors (MYOD,
Myogenin), and then differentiate into multinucleated myotubes. However, we found that culture
of isolated satellite cells with BMP4 and 20% serum can maintain cells in a non-differentiating
progenitor state in which PAX7 expression is retained by many cells. Under these conditions
there was no significant difference in expression of genes encoding myogenic transcription

factors (Pax7, Myf5, Myod) between the jaw- and the trunk-derived muscle progenitors (Fig.1C).



However, when we looked at expression of a range of markers of early cardiac progenitors we
found that satellite cells from jaw, but not the trunk, muscle expressed them in the presence of
BMP4 (Fig.1D). Expression of some of these genes, such as Tbx7 and Is/1, is specifically
characteristic of the second heart field of the embryo (Laugwitz et al., 2008; Olson, 2006;
Plageman and Yutzey, 2005).

We then cultured isolated jaw muscle satellite cells under conditions that mimic the environment
found in the embryo during normal heart field specification (Cohen et al., 2007; Cohen et al.,
2008; Kattman et al., 2011; Klaus et al., 2007; Marvin et al., 2001; Prall et al., 2007; van Wijk et
al., 2007) (Fig.2A). Cells were first cultured under proliferation conditions with BMP4 and bFGF
for four days, followed by DKK1, an inhibitor of Wnt signaling, together with bFGF and VEGF in
either 5% serum, or the serum substitute Stempro34. bFGF and VEGF were removed at day 6,
followed by culture for a further 8-15 days in the low serum, or serum free, medium.

In vivo, jaw muscle satellite cells do not express cardiac transcription factors and this remains
the case after isolation (Fig.2C, day 0 timepoint, also Fig.S1). However, by the next day in the
proliferation medium early cardiac progenitor cell markers appear (Nkx2.5, Thx5, Gata4, Isl1,
Thx1) (Fig.2C, later timepoints). In these early stage cultures (up to day 7 of the protocol),
NKX2.5 was only found in cells expressing PAX7 (Fig.2D). In the later stages of culture, co-
expression of skeletal and cardiac markers was no longer seen. Fig.2E shows expression of a
myogenic factor, Myogenin, only in differentiating myotubes and mononuclear cells, while a
cardiac transcription factor, GATA4, is seen in separate mononuclear cells. By 7 days, cells
were expressing markers of differentiated cardiomyocytes: cardiac troponin T (cTnT), a-myosin
heavy chain (=MHCG6), myosin light chain 2v, voltage-gated calcium channel 1.2 and connexin
43, all normally found in differentiated cardiomyocytes but not in skeletal myofibers (Fig.3A-D).
Starting between 10-15 days, 2.6% cells exhibited spontaneous beating (see supplemental

movie 1). Analysis of the final cell population, by RT-PCR and by flow cytometry, indicated that
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the cells are almost entirely made up of skeletal myoblasts or myotubes together with some
cardiomyocytes, and essentially no smooth muscle, endothelial cells or blood cells (Fig.S2)
Trunk-derived satellite cells treated in the same way do not show any cardiac differentiation at
all, either in terms of early expression of cardiac transcription factors, or in terms of later
expression of cardiac differentiation markers. For the jaw-derived satellite cells, the period of
WNT inhibition is essential. If the cells are left in BMP4, there is no further differentiation toward
either skeletal muscle or cardiomyocytes. If the serum is subsequently lowered to a level (5%)
allowing myogenic differentiation, then they undergo the usual differentiation to skeletal
myotubes. Only if DKK1 is administered from day 4-6, do some of the cells progress to
cardiomyocytes in the low serum or serum-free conditions. By day 7, 23.7% (SEM +1.09) of
cells express cardiac progenitor cell markers. At the end of the culture period, 12.3% (SEM
10.56) of cells show staining for cardiac troponin T (cTnT, Fig.3A). The cardiomyocyte

differentiation proceeds similarly in serum-free medium as it does in 5% serum (Fig.2B).

3.3 Physiological characterization of induced cardiomyocytes

In the induced cardiomyocyte cultures, 2.6% (SEM £0.92) of the cells exhibit spontaneous
beating (supplemental movie 1). Beating appearing from 10-15 days, the same time at which
the differentiated cardiomyocyte markers become clearly evident. In order to confirm their
identity as bona fide cardiomyocytes we have carried out a range of physiological studies. First
we made whole cell current clamp recordings. Spontaneously beating cells show spontaneous
action potentials of duration (APD90) 394 msec (SEM = 36; n=19; Fig.3E). This is a long
duration, similar to action potentials observed in embryonic cardiomyocytes in culture (239 + 87
msec; n=4). By contrast, the skeletal muscle myotubes derived from the trunk satellite cell
population had a stable resting membrane potential, and action potentials evoked by current
injection were much briefer in duration (APD90 of 10 £3 msec ; n=3) with a steep depolarization
phase, followed by a rapid repolarization and afterhyperpolarization (Fig.3E). Secondly, we have
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examined the response to various drugs. Nifedipine is a dihydropyridine Ca?* channel blocker. It
reduced the amplitude and duration of spontaneous action potentials and/or reduced the
frequency of action potentials in both induced cardiomyocytes (11/15 cells) and cardiomyocytes
taken from E13.5 embryos (2/3 cells); (Fig.3F). The reduced amplitude and duration of the
action potentials in the presence of nifedipine indicates the involvement of L-type Ca?* channels
in the depolarization and plateau phase of the action potentials. The spontaneous action
potentials returned when nifedipine was washed out, demonstrating a clear role of L-type Ca?*
channels in the pacemaker potentials of induced cardiomyocytes. Carbachol, which is a
muscarinic cholinergic agonist, reduced the frequency of spontaneous action potentials in
induced cardiomyocytes (12/16), while the catecholamine norepinephrine increased the
frequency (11/17; Fig.3F). Finally we have examined calcium transients. Cardiomyocytes
normally exhibit a rise in internal calcium coincident with the action potential. Cells were loaded
with the calcium-sensitive dye fluo-3AM, and fluorescence was measured over time. In 7/7
experiments, cells showed regular calcium oscillations and also showed synchronization of
adjacent cell groups, indicating that they are physiologically coupled (Fig.3G and movie S2). In
all respects: response to Ca?* channel blocker, to cholinergic and adrenergic agents, and Ca?*
oscillation, the behavior of the induced cardiomyocytes is very similar to that of embryonic

cardiomyocytes (Boheler, 2002; Maltsev et al., 1994; Maltsev et al., 1999).

3.4 Cell lineage of induced cardiomyocytes

Although we show that there is co-expression of PAX7 and NKX2.5 in the early stages of the
cultures, this does not absolutely prove that the cardiomyocytes observed later are actually
derived from those cells rather than from some minor contaminant of the preparations. To
confirm that the cardiomyocytes from the jaw muscle cultures really do originate from the
satellite cells, we permanently labeled Pax7-positive cells using an inducible Pax7-CreER
reporter line of mice (Lepper et al., 2009) treated with tamoxifen at least 3 days before sacrifice.

12



In these mice there is no expression of the reporter in the heart (Fig.S3). Jaw muscle satellite
cells were isolated using the method described above and 86.4% (SEM +3.6) of the recovered
cells were green, indicating successful recombination. After differentiation following the
procedure of Fig.2A, all of the spontaneously beating cells were green, and all of the cTnT-
immunopositive cells were green, indicating that they were indeed derived from cells that
expressed Pax7 before isolation (Fig.4A).

To close the loop on the cell origin, we also examined cells from Is/7-Cre;mTmG mice. Satellite
cells were isolated from the jaw muscles and sorted for green fluorescence. Thus all the cells
had formerly expressed Is/1. They were subject to the factor treatments of Fig.2A and 33.2%
(SEM = 9.2; n=6) of total cells were obtained positive for NKX2.5, 11.8 % (SEM % 3.7; n=6) were
positive for cTnT, confirming an origin from those cells in the jaw muscles that had once been

part of the second heart field of the embryo (Fig.4B).

4. Discussion

This work shows for the first time that cardiomyocytes can be derived in culture from skeletal
muscle satellite cells of adult mice. This occurs only if the satellite cells are derived from jaw
muscles and not if they are derived from trunk or limb muscles. The mammalian heart itself
probably does not possess stem cells and the cell turnover is very limited (Bergmann et al.,
2009; Mummery and Passier, 2011; Porrello et al., 2011), so this is a very dramatic phenotypic
reprogramming event.

In terms of cell characterization it is important to be sure that the induced cardiomyocytes are
really cardiomyocytes. No one marker or behavior is 100% conclusive for cardiomyocyte

character, for example skeletal muscle cells can occasionally show spontaneous beating.
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However the concordance of many markers and characteristics is conclusive. We have
demonstrated the presence of several specific molecular markers at the RNA and protein level
and several distinct and specific physiological characteristics: long action potentials with
appropriate responses to nifedipine, norepinephrine and carbachol, and synchronized calcium
transients. All of these properties together indicate that the cells are cardiomyocytes of an
embryonic type and not a deviant type of skeletal muscle cell.

The percentage yield of induced cardiomyocytes may seem low. However the figure of 2.6%
relates only to beating cells, and many bona fide embryo-derived cardiomyocytes do not beat in
culture. The more appropriate figures are 23.7% that express cardiac transcription factors
during the proliferation phase and the 12.3% that express cardiac troponin. These are high
numbers, for example compared to the yield of cardiomyocytes in some direct reprogramming
experiments (leda et al., 2010). The remainder of the cells become skeletal myotubes. It is
possible that further testing of different types of media might increase the yield of
cardiomyocytes closer to 100%, but it is equally possible that a majority of adult jaw muscle
satellite cells do have an irreversibly determined commitment to skeletal muscle. In fact the yield
is the same when cells are sorted for previous /s/71 expression in vivo, guaranteeing origin from
the second heart field, so it cannot be due to the fact that some jaw muscle cells may not come
from the second heart field. The yield is certainly high enough to be confident that the
cardiomyocytes are really derived from satellite cells and not from some minor contaminant in
the preparation. This is further proved by the fact that when the cells were labeled for
expression of the satellite cell marker Pax7 in vivo, all of the induced cTnT-positive cells are
labeled. This experiment (Fig.4A) clearly excludes a non-satellite cell contaminant as the cell of
origin for the induced cardiomyocytes.

We attribute the ability to produce cardiomyocytes from jaw muscle satellite cells to the fact that
the jaw muscles, and their satellite cells, arise from the second heart field of the embryo. We

presume that the chromatin state of the cells differs from that of the somite-derived satellite cells
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and enables responsiveness to the BMP, FGF and Wnt signals that control cardiac
development. Investigating the difference in chromatin state between the two types of satellite
cells will be an important project for the future. The fact that both heart and skeletal muscle
emerges from a common region of the pharyngeal mesoderm has in fact been much discussed
recently and the molecular basis for the formation of the two cell types is currently being
elucidated (Harel et al., 2012; Tzahor and Evans, 2011). There are also some hints from
previous work of cardiac features of jaw muscle. In particular, some presence of cardiac myosin
heavy chain was noticed in human and rabbit jaw muscles (Bredman et al., 1991), and some
transient expression of cardiac transcription factors was seen in embryonic jaw muscles of mice
(Grifone and Kelly, 2007; Harel et al., 2009).

Apart from the developmental biology interest of the phenomenon, our result also suggests that
it may be possible to generate individual-specific cardiomyocytes from jaw muscle biopsies of
human patients, expanded in BMP before differentiation. The ability to expand the cells in BMP
is shown here and was also reported by Ono et al. (Ono et al., 2011). Cardiomyocytes derived
from such cultures could be used for a variety of diagnostic and drug sensitivity tests. Although
it is now possible to make cardiomyocytes from induced pluripotent stem cells prepared from
skin biopsies (Freund and Mummery, 2009; Zhang et al., 2009; Zwi et al., 2009), or by direct
reprogramming (leda et al., 2010) (Islas et al., 2012; Song et al., 2012), our work suggests an

alternative potential source for cardiomyocytes without the need for any genetic manipulation.
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Fig.1 Satellite cells from jaw muscles are derived from the secondary heart field
and express cardiac transcription factors in response to BMP4

A. Isl1-Cre;mT/mG mouse, frontal section through the head of E13.5 embryo showing that jaw
muscles are derived from /s/1-positive precursors. High power views are shown on the right.
Myofibers, immunostained for MF20, and satellite cells, immunostained for PAX7, are both
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derived from /Is/1-positive precursors. White boxes on low magnification image indicate the
location of the high magnification images on the right. The masseter (ma) consists of both deep
and superficial masses; (ad) anterior digastric; (my) mylohyoid; (t) tongue; (tm) temporalis;
(eom) extraocular muscles; (br) brain. Scale bars: 100um.

B. Schematic of representative muscles of adult mice used to prepare satellite cells, and typical
sequential FACS plot.

C. Absence of difference between jaw and trunk-derived satellite cells in myogenic transcription
factor gene expression in the presence of BMP4 (day 3).

D. Upregulation of cardiogenic transcription factor genes in jaw but not trunk satellite cells in the

presence of BMP4 (day 3).
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Fig.2. Formation of cardiomyocyte precursors from jaw muscle satellite cells

Head S.C.

Trunk S.C.

A. Scheme of the growth and differentiation protocol.

B. Percentage of cTnT-positive cells generated by the end of the differentiation period, with and
without serum. Error bars indicate + standard error of the mean.

C. gqRT-PCR of expression of myogenic and cardiogenic transcription factors during the first 7

days. Error bars indicate + standard error of the mean.
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D. NKX2.5 (red) is found only in those cells expressing PAX7 (green) at day 3 cultures. Scale

bar 25um.

E. At 7 days of culture, myogenin (green) is not co-expressed with GATA4 (red). Scale bar

25um.
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Fig.3. Characterization of induced cardiomyocytes

A-C. Induced cardiomyocytes visualized by immunostaining at day 14 of culture. A. Cardiac
troponin T (cTnT). B. a-myosin heavy chain. C. Connexin 43 showing gap junctions between
adjacent cells. Scale bars: 25[1m.

D. Expression of five genes for cardiomyocyte terminal differentiation markers (QRT-PCR). Error

bars indicate + standard error of the mean.
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E. Typical spontaneous action potentials for E13.5 embryonic cardiomyocytes; induced
cardiomyocyte; and evoked action potential for skeletal myotube. The duration of the induced
cardiomyocyte action potentials is similar to those of the embryonic cardiomyocytes and much
longer than those of the myotubes.

F. Effects of norepinephrine, carbachol and nifedipine on spontaneous action potentials.
Colored overlayed traces indicate spontaneous action potential after addition of each drug.

G. Calcium transients in induced cardiomyocytes visualized with Fluo3AM. The traces indicate
the signal for the four indicated cells, which are highly synchronized. Scale bar 20um.

All measurements were repeated several times as indicated, with standard errors, in the text.
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Fig.4. Cell lineage studies.

A. Evidence that induced cardiomyocytes are derived from satellite cells. Pax7 expressing cells
were labeled by treating the Pax7-CreER;mT/mG mice with tamoxifen. The green label
indicates that cTnT-positive cardiomyocytes formerly expressed Pax7. Scale bar 25um.

B. Evidence that induced cardiomyocytes are derived from the secondary heart field. Satellite
cells were prepared from /s/1-Cre;mTmG mice and then sorted for GFP expression, and
subjected to the cardiomyocyte differentiation procedure. The NKX2.5 and cTnT-positive cells

must be derived from cells that had expressed /s/1 in vivo. Scale bar: 25um.
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Supplementary data
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Fig.S1. A single fiber preparation showing the absence of NKX2.5 from the satellite cells in jaw

muscle. When treated with BMP4, NKX2.5 is expressed. Scale bars 25um.
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Fig.S2. Absence of cell types other than skeletal myotubes and cardiomyocytes from the
cultures. A. FACS for markers characteristic of endothelial, hematopoietic, cardiac and skeletal

muscle proteins. B. qRT-PCR for additional markers.

Pax7-CreER ..

Fig.S3. Absence of PAX7 expression in the heart. Pax7-CreER;mTmG mice were treated with

tamoxifen to label Pax7-expressing cells. There are no GFP-positive cells in the heart. Scale bar

25um.
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Movie S1. Beating cardiomyocytes at the end of the differentiation procedure.

Movie S2. Calcium transients in beating cardiomyocytes, showing synchronization of adjacent

cells. Two cells are out of synchrony with the rest.
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