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SHORT ABSTRACT:  16 
The purpose of this method is to generate heart field-specific cardiac progenitor cells in vitro in 17 
order to study the progenitor cell specification and functional properties, and to generate 18 
chamber specific cardiac cells for heart disease modelling. 19 
 20 
LONG ABSTRACT:  21 
Pluripotent stem cells offer great potential for understanding heart development and disease 22 
and for regenerative medicine. While recent advances in developmental cardiology have led to 23 
generating cardiac cells from pluripotent stem cells, it is unclear if the two cardiac fields—the 24 
first and second heart fields (FHF and SHF)—are induced in pluripotent stem cells systems. To 25 
address this, we generated a protocol for in vitro specification and isolation of heart field-specific 26 
cardiac progenitor cells. We used embryonic stem cells lines carrying Hcn4-GFP and Tbx1-Cre; 27 
Rosa-RFP reporters of the FHF and the SHF, respectively, and live cell immunostaining of the cell 28 
membrane protein Cxcr4, a SHF marker. With this approach, we generated progenitor cells which 29 
recapitulate the functional properties and transcriptome of their in vivo counterparts. Our 30 
protocol can be utilized to study early specification and segregation of the two heart fields and 31 
to generate chamber-specific cardiac cells for heart disease modelling. Since this is an in vitro 32 
organoid system, it may not provide precise anatomical information. However, this system 33 
overcomes the poor accessibility of gastrulation-stage embryos and can be upscaled for high-34 
throughput screens. 35 
 36 
INTRODUCTION:  37 
The use of pluripotent stem cells (PSCs) has revolutionized the field of cardiac regeneration and 38 
personalized medicine with patient-specific myocytes for disease modeling and drug therapies1-39 
4. More recently, in vitro protocols for the generation of atrial vs ventricular as well as pacemaker-40 
like PSC-derived cardiomyocytes have been developed5,6. However, whether cardiogenesis can 41 
be recreated in vitro to study cardiac development and subsequently generate ventricular 42 
chamber-specific cardiac cells is still unclear.  43 
 44 
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During early embryonic development, mesodermal cells under the influence of secreted 45 
morphogens such as BMP4, Wnts and Activin A form the primitive streak7. Cardiac mesodermal 46 
cells marked by the expression of Mesp1, migrate anteriorly and latterly to form the cardiac 47 
crescent and then the primitive heart tube7,8. This migratory group of cells includes two very 48 
distinct populations of cardiac progenitor cells (CPCs), namely the first and the second heart field 49 
(FHF and SHF)9,10. Cells from the SHF are highly proliferative and migratory and are primarily 50 
responsible for the elongation and looping of the heart tube. Additionally, SHF cells differentiate 51 
to cardiomyocytes, fibroblasts, smooth muscle and endothelial cells as they enter the heart tube 52 
to form the right ventricle, right ventricular outflow tract and large part of both atria7,10. In 53 
contrast, FHF cells are less proliferative and migratory and differentiate mainly to cardiomyocytes 54 
as they give rise to the left ventricle and a smaller part of the atria11. Moreover, SHF progenitors 55 
are marked by the expression of Tbx1, FGF8, FGF10 and Six2 while FHF cells express Hcn4 and 56 
Tbx511-15.  57 
 58 
PSCs can differentiate to all three germ layers and subsequently to any cell type in the body4,16. 59 
Therefore, they offer tremendous potential for understanding heart development and for 60 
modelling specific developmental defects resulting in congenital heart disease, the most frequent 61 
cause of birth defects17. A large subgroup of congenital heart disease includes chamber-specific 62 
cardiac abnormalities18,19. However, it still unclear whether these originate from anomalous 63 
heart field development. In addition, given the inability of cardiomyocytes to proliferate after 64 
birth, there have been extensive efforts to create cardiac tissue for heart regeneration1,7,20. 65 
Considering the physiological and morphological differences between cardiac chambers, 66 
generation of chamber-specific cardiac tissue using PSCs is of significant importance. While 67 
recent advances in developmental cardiology have led to robust generation of cardiac cells from 68 
PSCs, it is still unclear if the two heart fields can be induced in PSC systems. 69 
 70 
To recapitulate cardiogenesis in vitro and study the specification and properties of CPCs, we 71 
previously used a system based on differentiating PSC-derived cardiac spheroids21-24. Recently, 72 
we generated mouse embryonic stem cells (mESCs) with GFP and RFP reporters under the control 73 
of the FHF gene Hcn4 and the SHF gene Tbx1, respectively (mESCsTbx1-Cre; Rosa-RFP; HCN4-GFP) 25. In vitro 74 
differentiated mESCs formed cardiac spheroids in which GFP+ and RFP+ cells appeared from two 75 
distinct areas of mesodermal cells and patterned in a complementary manner. The resulting GFP+ 76 
and RFP+ cells exhibited FHF and SHF characteristics, respectively, determined by RNA-77 
sequencing and clonal analyses. Importantly, using mESCs carrying the Isl1-RFP reporter (mESCIsl1-78 
RFP), we discovered that SHF cells were faithfully marked by the cell-surface protein CXCR4, and 79 
this can enable isolation of heart field-specific cells without transgenes. The present protocol will 80 
describe the generation and isolation of heart field-specific CPCs from mESCs, which may serve 81 
as a valuable tool for studying chamber-specific heart disease. 82 
 83 
PROTOCOL:  84 
 85 
NOTE: In vitro generation of heart field-specific mouse cardiac progenitor cells (Figure 1). 86 
 87 
1. Maintenance of mouse ESCs 88 
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 89 
1.1 Grow mESCs (mESCsTbx1-Cre; Rosa-RFP; HCN4-GFP, mESCIsl1-RFP)25 on 0.1% (w/v) gelatin coated T25 90 
flasks in 2i medium (870 mL of glascow minimum essential medium (GMEM), 100 mL of fetal 91 
bovine serum (FBS), 10 mL of GlutaMAX, 10 mL of non-essential amino acids, 10 mL of sodium 92 
pyruvate, 3 μL of beta-mercaptoethanol, 20 μL of Lif (200 U/mL), 0.3 μM CHIR99021 and 0.1 μM 93 
PD0325901). 94 
 95 
1.2 When the cells reach 70-80% confluence, rinse the cells once with phosphate buffer 96 
solution (PBS) and then dissociate into single cells by adding 1 mL of Trypsin and incubating at 37 97 
°C for 3 min. 98 
 99 
1.3 Neutralize Trypsin by adding 4 mL of 10% FBS in Dulbecco’s Modified Eagle Medium 100 
(DMEM). Count the cells using an automated cell counter. 101 
 102 
1.4 Centrifuge ~3 x 105 cells for 3 min at 270 x g and room temperature.  103 
 104 
1.5 Aspirate the supernatant, resuspend the cells in 5 mL of 2i medium and replate on 0.1% 105 
(w/v) gelatin coated T25 flasks for maintenance. 106 
 107 
2. Generation of cardiac progenitor cells using cardiac spheroids 108 

 109 
2.1. Centrifuge 2.5 x 106 cells from step 1.3 for 3 min at 270 x g and room temperature. 110 
 111 
2.2. Aspirate the supernatant and resuspend the cells in 25 mL of SFD medium (105 cells/mL). 112 
Depending on the scale of the experiment, mESC number can be adjusted accordingly.  113 

 114 
NOTE: SFD medium contains 715 mL of Iscove’s Modified Dulbecco’s Medium (IMDM), 250 mL of 115 
Ham’s F12, 5 mL of N2-supplement, 10 mL of B27 minus Vitamin A, 5 mL of 10% (w/v) BSA (in 116 

PBS), 7.5 mL of GlutaMAX and 7.5 mL of Penicillin-Streptomycin. Add ascorbic acid (50 g/mL) 117 
and 3.9 x 10-3% (v/v) of monothioglycerol prior to using. 118 
 119 
2.3. Plate the cell suspension into one 150 mm x 25 mm sterile plate and incubate at 37 °C in 120 
the 5% CO2 incubator for 48 h. Cardiac spheroids should be formed within 24 h. 121 
 122 
2.4. Collect all the formed cardiac spheroids and centrifuge for 3 min at 145 x g and room 123 
temperature to selectively isolate spheroids and avoid single cells. 124 
 125 
2.5. Aspirate the supernatant and resuspend the spheroids in 25 mL of SFD medium with 1 126 
ng/mL of Activin A and 1.5 ng/mL of BMP4 for differentiation induction. Plate the spheroids in 127 
the same 150 mm x 25mm sterile plate and incubate them at 37 °C in the 5% CO2 incubator for 128 
24 h.  129 

 130 
NOTE: Different concentrations of Activin A (0-3 ng/mL) and BMP4 (0.5-2 ng/mL) can be used for 131 
differentiation optimization depending on the mESC line. 132 



  

Page 3 of 6  revised October 2016 
 

 133 
2.6. Collect all the cardiac spheroids and centrifuge for 3 min at 145 x g and room 134 
temperature.  135 
 136 
2.7. Aspirate the supernatant and resuspend the spheroids in 25 mL of SFD medium. Transfer 137 
the resuspended EBs in an ultra-low attachment 75 cm2 flask and incubate them at 37 °C in the 138 
5% CO2 incubator for 48 h.   139 

 140 
3. Isolation of heart field specific cardiac progenitor cells using fluorescent reporters 141 
 142 
3.1. Centrifuge cardiac spheroids at 145 x g and room temperature for 3min and aspirate the 143 
supernatant. Add 1 mL of Trypsin and incubate at 37 °C for 3 min. Mix well by pipetting to 144 
dissociate the cells. 145 
 146 
3.2. Add 4 mL of 10% FBS in DMEM to inactivate Trypsin and mix well by pipetting. To remove 147 

the non-dissociated EBs, filter the mix using a 70 m strainer and centrifuge the filtrated cells for 148 
3 min at 270 x g and room temperature.  149 
 150 
3.3. To sort CPCs carrying fluorescent reporters (CPCs derived from mESCsTbx1-Cre; Rosa-RFP; HCN4-151 
GFP), aspirate the supernatant and add 500 μL of FACS sorting solution (1% (v/v) FBS, 200 mM 152 
HEPES and 10 mM of EDTA in PBS) to resuspend. 153 
 154 
3.4. To remove all cell clusters prior to sorting, filter the cells again using a 5 mL polystyrene 155 
round-bottom tube with a 40 μm cell strainer. Keep the cells on ice until sorting. 156 
 157 
3.5. Sort the cells to isolate Tbx1-Cre; Rosa-RFP and HCN4-GFP positive CPCs using a 158 
fluorescent activated cell sorter (FACS). Collect the sorted cells in 1 mL of FBS. Keep the cell 159 
sample and sorted cells at 4 °C.  160 
 161 
4. Isolation of heart field specific cardiac progenitor cells using Cxcr4 as a cell surface protein 162 

marker  163 
 164 
4.1. To isolate first vs second heart field CPCs based on the expression of the surface protein 165 
receptor Cxcr4, use the mESCIsl1-RFP line. Aspirate the supernatant from step 3.3 and resuspend 166 
the single CPCs in 300 μL of 10% FBS in PBS containing 1:200 (vol/vol) PerCP-efluor 710 167 
conjugated anti-Cxcr4 antibody.  168 
 169 
4.2. Incubate at room temperature for 5min and wash by adding 1-2 mL of cold PBS. 170 
Centrifuge the single CPCs for 3 min at 270 x g and room temperature and wash two more times 171 
followed by centrifugation.  172 
 173 
4.3. Aspirate the supernatant and add 500 μL of FACS sorting solution to resuspend the single 174 
CPCs and filter as in step 3.4.  175 
 176 
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4.4. Isolate Cxcr4+ and Cxcr4- cells using FACS. Collect the sorted cells in 1 mL of FBS. Keep the 177 
cell sample and sorted cells at 4 °C.  178 
 179 
5. Analysis of isolated heart field specific cardiac progenitor cells 180 
 181 
5.1. Centrifuge sorted CPCs for 3 min at 270 x g and room temperature. Sorted cells can be 182 
used for gene and protein expression analyses or they can be recultured for analyses at later time 183 
points.   184 
 185 
5.2. To re-culture isolated CPCs, aspirate the supernatant, resuspend the cells in SFD medium 186 
and replate ~3 x 104 cells per well of a 384-well plate coated with 0.1% (w/v) gelatin.  If increased 187 
cell death is noted after sorting, add 10 μM of Y-27632 (ROCK inhibitor) to the sample. Two days 188 
after reculture, spontaneous beating should be noted.  189 

 190 
5.3. To analyze the ability of plated CPCs to differentiate to cardiomyocytes, collect the cells 191 
at day 12 of differentiation. Use Trypsin as described in steps 1.2-1.5 to isolate single CMs. 192 
Resuspend the cells in 4% (w/v) paraformaldehyde (PFA) and incubate for 30 min at room 193 
temperature to fix the cells.  194 

 195 
5.4. Centrifuge the cells for 3 min at 895 x g, and room temperature. Aspirate the supernatant 196 
and resuspend the cells in PBS to wash the PFA. Repeat this step once more. 197 

 198 
5.5. Aspirate the supernatant and resuspend the cells in 10% FBS in PBS. Incubate half of the 199 
cell sample with mouse anti-Troponin T antibody (1:500) and use the rest of the sample as a 200 
negative control. Incubate for 30 min at room temperature.  201 

 202 
5.6. Wash the cells twice as described in step 5.4 using PBS. Aspirate the supernatant and 203 
resuspend both cell samples in 10% FBS in PBS with 1:500 donkey anti-mouse IgG (H+L) secondary 204 
antibody, Alexa Fluor 647 conjugate. Incubate for 30 min at room temperature. 205 

 206 
5.7.  Wash twice with PBS as in step 5.6. Aspirate the supernatant and resuspend the cells in 207 
200 μL of PBS. Use a flow cytometer to analyze the cells. 208 
 209 
REPRESENTATIVE RESULTS:  210 
After approximately 132 h of differentiation, Tbx1-RFP and Hcn4-GFP CPCs can be detected using 211 
a fluorescent microscope (Figure 2). Generally, GFP and RFP cells appear approximately around 212 
the same time. The two populations of CPCs continue to expand in close proximity and commonly 213 
in a complementary pattern. Adjusting the concentrations of Activin A and BMP4 will alter the 214 
percentages of FHF vs SHF CPCs (Figure 3). CPC specification in vitro was primarily determined by 215 
the concentration of BMP4. Therefore, our cardiac spheroid system can be used to study CPC 216 
specification.  217 
 218 
Similarly using the Isl1-RFP reporter mESC line, after 132 h of differentiation, Isl1-RFP+ CPCs 219 
appear. After immunostaining of CPCs for CXCR4, Isl1-RFP+, Cxcr4+ vs Isl1-RFP+, Cxcr4- cells can 220 
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be isolated (Figure 4).  221 
 222 
To analyze the ability of mESC-derived CPCs to differentiate to cardiomyocytes, immunostaining 223 
for cardiac Troponin T can be performed at day 12 of differentiation. In agreement with the 224 
model that FHF cells differentiate mainly to myocytes, cells derived from Hcn4-GFP+ CPCs are 225 
mainly myogenic (Figure 5A, B). Similarly, cells derived from Isl1+, CXCR4- CPCs also give rise to 226 
cardiomyocytes at much higher percentages in comparison to Isl1+, CXCR4- CPCs (Figure 5C). 227 
 228 
Occasionally, mESCs fail to differentiate efficiently and form very low numbers heart field-specific 229 
CPCs (Figure 6).  230 
 231 
FIGURE AND TABLE LEGENDS: 232 
 233 
Figure 1: Schematic representation of in vitro specification of heart field-specific cardiac 234 
progenitor cells. mESCs form spheroids within 48 h. Then exposure to Activin A and BMP4 for 40 235 
h will lead to mesodermal induction. Cardiac progenitor cells develop approximately 36 h later. 236 
Progenitors of the second or first heart field can be sorted using fluorescent activated cell sorting. 237 
Second heart field cells are marked by Tbx1-RFP expression vs first heart field that are marked by 238 
Hcn4-GFP. Alternatively, Isl1-RFP marks CPCs and using live immunostaining against Cxcr4 one 239 
can sort Isl1+, Cxcr4+ vs Isl1+, Cxcr4- CPCs that represent second vs first heart field cells 240 
respectively. 241 
 242 
Figure 2: Representative image of cardiac spheroids after CPC specification. RFP marks Tbx1+ 243 
and GFP marks Hcn4+ CPCs. The two cell populations are formed in close proximity in a 244 
complimentary pattern. Scale bars indicate 50 μm. 245 
 246 
Figure 3: Flow cytometric analysis of cardiac spheroids after exposure to different 247 
concentrations of Activin A and BMP4. Adjusting the concentrations of the two morphogens 248 
leads to different percentages of Tbx1+ and Hcn4+ CPCs. The two populations were mainly 249 
affected by adjusting BMP4 concentration. 250 
 251 
Figure 4: Flow cytometric analysis of cardiac progenitor cells expressing Isl1 and are 252 
immunostained for Cxcr4. Cardiac progenitors were first gated based on their Isl1 expression 253 
and then Isl1+, Cxcr4+ vs Isl1+, Cxcr4- cells were sorted.  254 
 255 
Figure 5: Flow cytometric analysis of cells derived from heart field-specific CPCs stained for 256 
cardiac Troponin T. (A). Consistent with the higher myogenic potential of FHF cells, a high 257 
percentage of Hcn4-GFP+ cells differentiate to myocytes. (B). Analysis of all mESC-derived 258 
cardiomyocytes, where the vast majority are Hcn4-GFP+. (C).  Cxcr4- CPCs differentiate to a 259 
higher percentage of cardiomyocytes. 260 
 261 
Figure 6: Representative cytometric analyses of failed/low efficiency in vitro differentiations. 262 
(A). Flow cytometry analysis after 132 h of differentiation showing no formation of Hcn4-GFP 263 
cells and a very low percentage of Tbx1-RFP+ cells. (B). Low differentiation efficiency of mESCs 264 
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expressing very low levels of Isl1. 265 
 266 
DISCUSSION:  267 
In our protocol, we describe a methodology to generate cardiac spheroids and isolated heart 268 
field-specific CPCs. Those can be used to study mechanisms of CPC specification and their 269 
properties, as well as for cardiac chamber-specific disease modelling. One previously published 270 
work used a mESC line with two fluorescent reporters (Mef2c/Nkx2.5) to study cardiogenesis in 271 
vitro, however, both those markers are expressed at embryonic day 9.5-10 when cardiomyocytes 272 
are already formed26. To our knowledge, there are currently no methods for the isolation of heart 273 
field-specific CPCs in vitro. More importantly, our protocol can also be applied to human stem 274 
cells, where CXCR4 can be used to isolate SHF CPCs that express high levels of Isl125. In addition, 275 
our double, fluorescent reporter mESC line can be used to screen libraries of compounds and 276 
transcription factors that can affect heart field specification or cell polarity in CPCs.  277 
 278 
One of the critical steps in the protocol is the starting number of mESCs. Using low or high 279 
numbers will significantly affect the size of cardiac spheroids and differentiation efficiency. We 280 
recommend testing different cell numbers (7.5-10 x 104 cells /mL) for different mESC lines. 281 
Alternatively, if the size of the cardiac spheroids remains significantly variable, plates with wells 282 
containing microwells of specified size can also be used to increase reproducibility. Investigators 283 
should also be mindful of the specific timing and duration of mesodermal induction as well as the 284 
timing of cell sorting. Moreover, for different mESC lines, optimization of the morphogen 285 
concentrations will need to be performed prior to testing their ability to generate CPCs in cardiac 286 
spheroids. The use of older/expired cytokines or cell culture medium, or inconsistent 287 
concentrations of morphogens will affect the differentiation efficiency. Finally, mESC lines that 288 
have been passaged for more than ~15-20 times, do appear to lose their ability to differentiate 289 
efficiently.  290 
 291 
Our differentiation system allows specific modifications. Cxcr4 can be used as a sole marker of 292 
SHF CPCs in mESC lines without a fluorescent reporter. However, investigators should still 293 
optimize the differentiation protocol to increase the percentage of Isl1+ CPCs prior to sorting 294 
Cxcr4+ vs Cxcr4- CPCs25. In addition, Activin A can be substituted with canonical Wnt 295 
agonists/activators such as Wnt3a or CHIR99021 (GSK3b inhibitor) to increase further the 296 
specification of SHF CPCs25. 297 
 298 
This protocol enables the study of CPC specification using well-defined conditions, time-lapse 299 
monitoring, and unrestricted numbers of cells. Thus, it is more facile, efficient and less costly 300 
in comparison to analyzing embryos. Nevertheless, it is still an in vitro system where the 301 
absolute gene expression values of heart-field specific CPCs may not tightly correlate with in 302 
vivo gene expression levels. Thus, in our system, solely BMP4 could specify CPCs from both 303 
heart fields and can significantly alter their respective ratios. Additionally, variability may exist 304 
regarding the differentiation efficiencies.  305 
 306 
In conclusion, using mESC fluorescent reporter lines or immunostaining of cell membrane 307 
proteins, we recapitulated cardiogenesis in vitro and isolated heart field-specific CPCs. This 308 
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allows the study of early signals that mediate CPC specification and functional properties as 309 
well as modelling heart field/chamber-specific congenital cardiac diseases.  310 
 311 
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Medium

2i medium

SFD medium

FACS sorting solution 10X
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Recipe

870 ml GMEM, 100 ml FBS, 10 ml GlutaMAX, 10 ml NEM NEAA, 10 ml Sodium Pyruvate, 3 μl beta -

mercaptoethanol, 20 μl of Lif (200 U/ml), 0.3 μM CHIR99021 and 0.1 μM PD0325901. Filter to sterilize

and store at 4 oC.715 ml IMDM, 250 ml Ham’s F12, 5 ml N2-Supplement (0.5% v/v), 10 ml B27 minus Vitamin A, 5 ml of

10% (w/v) BSA (in PBS), 7.5 ml GlutaMAX and 7.5 ml Pen-Strep. Filter to sterilize and store at 4 oC 

1% (v/v) FBS, 200 mM HEPES and 10 mM of EDTA in PBS. Filter to sterilize and store at 4 oC



Name of Material/ Equipment

β-mercaptoethanol 

0.1% (w/v) Gelatin 

100mM Sodium Pyruvate 

100X Pen/Strep 

1X PBS w/o Calcium and Magnesium 

20% Paraformaldehyde

5 ml Polystyrene round-bottom tube with a 40μm cell strainer 

Activin A

Ascorbic Acid

B27 minus vitamin A (50x)

BMP4

Bovine Serum Albumin 

Cell sorter

Cell strainer 70μm 

Centrifuge Sorvall Legend XT 

CHIR99021

CO2 Incubator

Corning Ultra Low Attachment T75 flask 

Countless II FL automated cell counter

Donkey anti-mouse IgG secondary antibody, Alexa Fluor 647 conjugate 

Dulbecco's Modified Eagle's Medium high glucose (DMEM) 

EDTA

Table of Materials Click here to access/download;Table of
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ESGRO (LIF) 

EVOS FL microscope 

Fetal Bovine Serum 

Glasgow’s MEM (GMEM) 

GlutaMAX (100 x)

Ham’s F12 

HEPES

IMDM

Monothioglycero (MTG)

Mouse anti-Troponin T antibody

N2-SUPPLEMENT 

Non-essential amino acid solution (NEAA

PD0325901

PerCP-efluor 710 conjugated anti-Cxcr4 antibody 

Suspension culture dish 150 mm x 25mm 

T25 flasks

TrypLE  (Trypsin)

Y-27632 (ROCK inhibitor)



Company Catalog Number

Sigma M6250

EMD Millipore ES-006-B

Gibco 11360

Gibco 15070-063

Thermo Fisher Scientific 21-040-CV

Thermo Fisher Scientific 50-980-493

BD Falcon 35223

R & D Systems 338-AC-010

Sigma A-4544

Thermo Fisher Scientific 12587010

R & D Systems 314-BP

Sigma A2153

Sony SH800

Thermo Fisher Scientific 08-771-2

Thermo Fisher Scientific 75004508

Selleck chemicals S2924

Thermo Fisher Scientific 51030285

Corning 07-200-875

Thermo Fisher Scientific

Thermo Fisher Scientific A-31571, Lot #1757130

Gibco 11965-092

Sigma E6758



Millipore ESG1106

Thermo Fisher Scientific AMF4300

Invitrogen SH30071.03

Gibco 11710035

Gibco 35050-061

Gibco 10-080-CV

Sigma H3375

Gibco 12440053

Sigma M-6145

Thermo Fisher Scientific MS-295-P1

Gibco 17502-048

Invitrogen 11140-050

Selleckchem S1036

Thermo Fisher Scientific 46-9991-82

Corning 430597

Corning 353109

Gibco 12604

Stem cell technologies 72304



Comments/Description

Sony or any other fluorescence-

activated cell sorter
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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Editorial comments: 
The manuscript has been modified and the updated manuscript, 59826_R1.docx, is 
attached and located in your Editorial Manager account. Please use the updated version 
to make your revisions. 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. 
2. Please obtain explicit copyright permission to reuse any figures from a previous 
publication. Explicit permission can be expressed in the form of a letter from the editor or a 
link to the editorial policy that allows re-prints. Please upload this information as a .doc or 
.docx file to your Editorial Manager account. The Figure must be cited appropriately in the 
Figure Legend, i.e. “This figure has been modified from [citation].” We did not reuse any 
figures. 
3. Please use mL, μL instead of ml, μl. We made all necessary changes.  
4. Please use h, min, s for time units. We made all necessary changes.  
5. Figure 2: Please add a scale bar. We added a scale bar.  
6. Please remove trademark (™) and registered (®) symbols from the Table of Equipment 
and Materials. We made all necessary changes.  
7. Please define all abbreviations before use, e.g., PBS, etc. We defined all abbreviations 
8. Please do not abbreviate journal titles for all references. We used End note and followed 
the specific format for JoVE. Thefore some journal names appear abbreviated and others 
are not. Please let us know what the preferred format would be.  
 
 
Reviewers' comments: 
 
 
 
Reviewer #1: 
 
Manuscript Summary: 
In this ms, the authors described a robust method to induce and isolate PHF- and SHF- 
derived cardiomyocytes from in vitro mES cells. 
 
Major Concerns: 
No major concern 
 
Minor Concerns: 
1. It will be really helpful if the authors can list the companies and cat# of the reagents 
that are used in this protocol. Respectfully, these are included in the table. 
2. It will also be very helpful if the authors put the receipts of all the special medium used 
in this study (such SFD medium, 2i medium, etc) as a supplement table. We added one 
more table with the recipes.  
3. Step 2.5, will the authors give some suggestions regarding the range of the 
concentrations of Activin A and BMP4? We added a range of concentrations.  
 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal
Letter.docx
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4. The author will need to provide the information regarding the cTnt and Cxcr4 antidodies 
(company name and cat #). Respectfully, these are included in the table. 
 
 
Reviewer #2: 
 
Manuscript Summary: 
The recent advances in developmental cardiology have led to generating cardiac cells from 
pluripotent stem cells, but it is unclear if the progenitor cells of first and second heart fields 
(FHF and SHF) are induced in this pluripotent stem cells systems. To address this, the 
authors generated a protocol for in vitro specification and isolation of heart field-specific 
cardiac progenitor cells. To distinguish the cells of FHF and SHF, the authors used 
embryonic stem cells lines carrying Hcn4-GFP and Tbx1-Cre; Rosa-RFP reporters of the FHF 
and the SHF, respectively, and live cell immunostaining of the cell membrane protein Cxcr4, 
a SHF marker. With this approach, they can establish a protocol to generate progenitor 
cells, which recapitulate the functional properties and transcriptome of their in vivo 
counterparts. 
 
Major Concerns: 
No major concern. 
 
Minor Concerns: 
 
The authors did not introduce "mESCsTbx1-Cre; Rosa-RFP; HCN4-GFP, mESCIsl1-RFP" in 
the abstracts or introduction, but use it in the protocol. It will be better for the authors to 
introduce this line before they use it in the protocol. We made the changes and introduced 
the two lines. 
 
Line 276: The description of "when cardiomyocytes are already formed" is not accurate. 
Respectfully, the first cardiomyocytes during heart development do appear around 
embryonic day 9.5-10. 
 
In Figure 3, the differentiation of the cells treated with different concentration of BMP4 is 
dramatically affected by the concentration of BMP4. It will be better for the authors to 
explain or discuss. We want to thank the reviewer for his comment and note that we now 
discuss this in the text. 
 


