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Human pluripotent stem cells (hPSCs) can recapitulate aspects of 
development in vitro and produce cell types not routinely available 
from primary tissue. This has already proven useful in modeling  
disease, screening compound libraries to identify drug targets and 
developing cell therapies1–3. The heart is of particular relevance 
because of its vital function and inaccessibility. Differentiation of 
hPSCs to cardiomyocytes and vascular cells can contribute to under-
standing the nature of congenital defects in development and disease 
and in safety pharmacology, as the heart is a crucial target of toxicity4. 
The availability of expandable hPSC-derived multipotent CPCs with 
the ability to form cardiomyocytes and vascular cells in culture could 
advance all of these areas by providing renewable precursors without 
the need to return to the hPSC source. This goal has been challenging 
because the culture requirements of CPCs are uncertain and their 
molecular identity is poorly defined5.

In heart development, CPC populations arise within bilateral  
cardiogenic areas of mesoderm. Following prior lineage segrega-
tion, one CPC population, called the first heart field (FHF), forms 
the myocardium of the linear heart tube, and the remaining pool 
of undifferentiated CPCs, called the second heart field (SHF), are 
added later, providing further cardiomyocytes, smooth muscle and 
endothelial cells to the developing heart6. The genes ISL1 and NKX2-5 
(the vertebrate homolog to tinman), which encode homeobox trans-
cription factors, are two of the earliest genes identifying CPCs and 
may be expressed at least transiently in the majority of these cells7–9. 
Both have been used to isolate multipotent CPCs from embryonic or 
neonatal hearts and hPSCs, and the potential of these cells for dif-
ferentiation has been demonstrated in short-term experiments10–12.  

However, the difference between the isolated populations in  
these respective studies is unclear, and heterogeneity in clonal  
experiments suggests that there is a need for additional markers  
and better methods for robustly maintaining discrete populations 
at different stages of commitment. Expression of Nkx2-5 in mice,  
for example, is present in the majority of CPCs destined to form 
‘working’ myocardium but is thought to be absent in the SHF lineage 
destined for the sinoatrial node (SAN)13. These SAN progenitors, 
however, express Isl1 and may also express Tbx18, which encodes  
a T-box transcription factor14. Conversely, in mice, the FHF CPC 
population, which gives rise mainly to primitive left ventricular pro-
genitors, may be uniquely marked by early Hcn4 expression15,16. Hcn4 
is expressed later and then maintained in the Isl1+Nkx2-5−Tbx18+  
SHF-CPC–derived SAN. These important commitment steps and 
their regulatory mechanisms are not resolved in the hPSC model. 
Generating pure populations of pacemaker cells is crucial for  
modeling sinus node dysfunction and could be useful in the  
future development of biological pacemakers; pure populations of 
ventricular or atrial working myocardial cells would similarly benefit 
other applications.

The practical challenge for more effectively directing cardiac pro-
gression from hPSCs is to slow the otherwise rapid and uncontrolled 
transition from the appearance of CPCs, marked by increasing expres-
sion of platelet-derived growth factor receptor-α (PDGFR-α)17, to 
their differentiation, predominantly to cardiomyocytes of heterogene-
ous identity. Here, taking advantage of NKX2-5eGFP/w human embry-
onic stem cells (hESCs) in which the emergence of NKX2-5+ cells 
can be followed by eGFP expression, we report a solution through 
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regulated MYC expression. This enables the expansion of primitive 
pre–NKX2-5+ CPCs, their patterning through regulation of fibrob-
last growth factor (FGF) and bone morphogenetic protein (BMP) 
signaling and their directed differentiation to NKX2-5–eGFP+ work-
ing ventricular-like cells, NKX2-5–eGFP− pacemaker-like cells and 
endothelial and, later, smooth muscle cells, mimicking the cardiac 
developmental program.

RESULTS
Regulated MYC expression restrains cardiac differentiation
A doxycycline-inducible MYC transgene (Tet-On-MYC) was intro-
duced into an NKX2-5eGFP/w hESC line to allow MYC expression to 
be controlled during differentiation. In NKX2-5eGFP/w Tet-On-MYC 
hESCs and day 5 embryoid bodies (EBs) derived from them, MYC 
expression could be tightly regulated by doxycycline (dox) (Fig. 1a,b 
and Supplementary Fig. 1). High transgene expression was also 
evident given the autosuppression of endogenous MYC18. In the 
absence of dox these hESCs could differentiate to beating cardiomyo-
cytes in EBs with similar efficiency as the parent line, making ~60% 
eGFP+ cells by day 9 of differentiation (Supplementary Fig. 2a,b).  
Activation of MYC expression by addition of dox during cardiac dif-
ferentiation at day 5.5 or beyond had little impact on the expression 
of NKX2-5–eGFP (Supplementary Fig. 2c), whereas dox addition 
at day 4.75 significantly blocked differentiation from the PDGFR-α+  
state to the NKX2-5–eGFP+ state (Fig. 1c,e and Supplementary 
Fig. 2e). There was no such effect of dox on eGFP expression in the 
parent line (Supplementary Fig. 2b). We also analyzed the expres-
sion kinetics of the posterior heart field marker podoplanin (PDPN) 
(Supplementary Fig. 2d). PDPN was highly expressed in undiffer-
entiated hESCs and was maintained in derivative NKX2-5–eGFP+ 
cardiomyocytes, whereas in the heart myocardium PDPN expression 
is restricted largely to the SAN19. These data suggest that PDPN may 
have utility as a marker of both primitive CPCs and SAN-like deriva-
tives in this system.

With the aim of further restricting CPC differentiation–inducing  
signaling, we added SB431542 (SB) together with dox to inhibit 
endogenous transforming growth factor-β (TGF-β)–activin signal-
ing; this further restrained NKX2-5–eGFP induction as measured 
on day 8 (Fig. 1d,e).

CPCs proliferate with defined mitogenic stimulation
To investigate the proliferative capacity of this largely PDGFR-α+, 
pre–NKX2-5+, putative CPC-encompassing population, we seeded 
cells at day 6 of EB differentiation at low density on a soft basement 
membrane. With maintained MYC expression in the continued  
presence of dox, cells proliferated to form small spheres (Fig. 1f). 
If dox was not added or was removed on seeding, spheres did not 
form, and cell proliferation was not apparent on this substrate. Yet dox 
combined with SB was insufficient to robustly sustain the culture in 
a growing state beyond this first expansion, so additional mitogenic 
stimulants or supportive factors were sought.

Roles have been proposed for IGF-1 and hedgehog signaling in 
CPC proliferation during cardiac development20,21. Dox combined 
with SB and IGF-1 or SAG (an agonist of Smoothened, part of the 
hedgehog signaling pathway) increased proliferation within spheres 
by 2.1-fold or 2.7-fold, respectively (Fig. 1f,g). Whereas dox com-
bined with SB, IGF-1 and SAG had an additive effect, increasing  
proliferation by 4.1-fold, MYC remained essential. The expression 
of SAG-induced hedgehog response genes GLI1 and PTCH1 was not 
modified by IGF-1, suggesting that the additive potentiation was not 
due to enhanced hedgehog signaling (Fig. 1h). Time-lapse imaging 

showed that spheres were typically clonal (Fig. 1i and Supplementary 
Video 1) and remained NKX2-5–eGFP− under these conditions.

Concerted FGF and BMP signaling induce NKX2-5 expression
As these sphere-forming cells might be in a developmental state 
equivalent to pre–NKX2-5+ CPCs, we tested whether expression of 
NKX2-5–eGFP could be induced in this population by FGF and BMP 
signaling, as occurs during heart development22–26. For this experi-
ment, spheres were generated in medium containing dox, SB, IGF-1 
and SAG (DSIS) in the presence or absence of basic FGF (bFGF) 
and/or BMP4. SB does not interfere with BMP signaling27. After 6 d, 
bFGF had potently induced NKX2-5–eGFP expression in a concen-
tration-dependent manner yet also reduced the number of spheres 
formed (Fig. 2a–d). BMP4 alone had little impact on NKX2-5–eGFP  
expression but markedly potentiated induction by bFGF and, when 
combined with 1 ng/ml bFGF, was sufficient to induce NKX2-5– 
eGFP expression in >95% of cells and to a higher intensity. BMP4 in  
combination with bFGF also increased sphere formation compared to 
bFGF alone (Fig. 2c). Inhibition of BMP signaling with dorsomophin-
homolog 1 (DMH1) restricted NKX2-5–eGFP induction by bFGF 
and completely blocked sphere formation at higher concentrations of 
bFGF. A time-course experiment showed eGFP expression after 48 h 
of exposure to bFGF and BMP4, and this expression reverted on factor 
withdrawal (Supplementary Fig. 3). Both the CPC marker PDGFR-α 
and the primitive CPC–SAN marker PDPN were downregulated with 
increasing concentrations of bFGF and BMP4, creating heterogeneity 
in addition to the variation in NKX2-5–eGFP levels (Fig. 2a,b).

To additionally suppress endogenous FGF signaling and minimize 
differentiation, we produced NKX2-5-eGFP−PDPN+ spheres in the 
presence of an FGF receptor inhibitor (SU5402) as well as DMH1 
(Fig. 2e). Differences in NKX2-5 expression were confirmed by  
western blotting (Fig. 2f and Supplementary Fig. 4). Figure 2g 
shows an analysis of surface markers in NKX2-5–eGFP−PDPN+ 
cells expanded in DSIS with SU5402 and DMH1, compared to the 
most divergent NKX2-5–eGFP+ cells expanded in DSIS with 1 ng/ml 
bFGF and BMP4. The pluripotent markers TRA160 and E-cadherin 
were absent, as were vascular endothelial growth factor receptor 2 
(VEGFR2, here referred to as KDR) and stem cell factor receptor  
c-Kit (CD117); however, the CPC marker SIRPA was expressed in both 
sphere populations (data on additional surface markers are shown in 
Supplementary Fig. 5). Downregulation of KDR and CD13 is consist-
ent with their being earlier mesodermal markers28–30, and the absence 
of CD117 is consistent with cardiac lineage–tracing data31.

CPC patterning mimics features of heart field development
By regulating FGF and BMP signaling, we generated seven putative 
CPC sphere populations and isolated them by fluorescence-activated 
cell sorting (FACS) for gene expression and differentiation analysis 
(Fig. 3a). Inhibition of both signaling pathways enriched the NKX2-5– 
eGFP−PDPNhigh (population 1), whereas exposure to BMP4 alone  
(with FGF signaling inhibited) or BMP4 and bFGF (80 pg/ml or 1 ng/ml)  
allowed isolation of cells with different NKX2-5–eGFP and PDPN 
expression: eGFP−PDPN+ (population 2), eGFP−PDPN− (population 3),  
eGFPlowPDPN+ (population 4), eGFPlowPDPN− (population 5), 
eGFP+PDPN+ (population 6) and eGFP+PDPN− (population 7)  
(Fig. 3a,b).

Comparison of these cells with earlier MESP1+ mesodermal cells 
isolated from a MESP1 reporter derivative of the same hESC line28 
showed much lower expression of MESP1 in all sphere populations 
(Fig. 3c). NKX2-5 and PDPN expression confirmed expectations 
based on eGFP levels and sorting and antibody fidelity. The genes 
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ISL1, MEF2C, SMARCD3 and TBX5, encoding cardiac transcriptional 
regulators, were all upregulated compared to their expression in the 
MESP1+ cells and were expressed in the NKX2-5–eGFP−PDPNhigh 
population before BMP exposure. Whereas expression of the SAN-
regulatory genes TBX3 and SHOX2 was lower in spheres, TBX18 was 
induced, most notably in the NKX2-5–eGFP−PDPN+ populations. 
Notably, HCN4, which in vivo in the mouse marks early differentiating 
FHF CPCs that give rise to primitive left ventricular progenitors14,16, 
was induced by BMP4 exposure in this system and remained low 
in the NKX2-5–eGFP−PDPNhigh population. These data raise the  

testable hypothesis that BMP signaling, together with FGF, controls 
the transition from a multipotent CPC (SHF-like) to a ventricular- 
specified progenitor (FHF-like). Microarray analysis of five of the 
populations revealed a large number of genes differentially regu-
lated by BMP4 or bFGF and BMP4, and very close clustering of the 
subsets positive or negative for PDPN (Supplementary Fig. 6 and 
Supplementary Data Set 1).

To induce differentiation, we removed dox to turn off MYC  
transgene expression and plated cells in defined endothelial- or  
cardiomyocyte-promoting conditions. Endothelial induction was 
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Figure 1 The expansion of early hPSC-derived  
cardiac cells. (a) Time course of MYC  
mRNA induction by dox in NKX2-5eGFP/w  
Tet-On-MYC hESCs and EBs (day 5).  
Expression is shown relative to that of  
the parent line. n = 2; error bars indicate  
range. (b) Western blot analysis of  
dox-dependent MYC induction and reversal  
in EBs (a full-length blot is presented in  
Supplementary Fig. 1). (c) FACS plots for  
PDGFR-α expression in undifferentiated  
NKX2-5eGFP/w Tet-On-MYC hESCs and  
during a time course of cardiac differentiation.  
Bottom, time course after dox addition  
on day 4.75. Numbers in the quadrants  
represent the respective percentage of cells.  
(d) Representative EBs imaged at day 4.75  
and again at day 9 showing the effect of  
dox and SB addition on eGFP induction.  
(e) The percentage of eGFP+ cells on day 8,  
with EBs maintained in the indicated  
conditions from day 4.75 (n = 6). (f) Cultures  
maintained in the indicated conditions  
(plus SB in all), imaged 6 d after dissociation  
(of day 6 EBs). Top, 10× magnification of  
area indicated by box (middle); middle,  
4× magnification; bottom, the entire well.  
(g) Quantification of sphere number and  
size (cells per sphere) after 6 d (n = 5).  
(h) mRNA expression of genes involved  
in hedgehog pathway response in spheres  
after expansion in dox and SB plus the  
factors indicted. Expression is normalized  
to the housekeeping gene RPLP0 and  
shown relative to that of cells treated  
with vehicle (n = 3 experiments  
counting all spheres from 1,000 seeded cells). (i) Time-lapse imaging showing a single cell (indicated by arrowheads) proliferating to form a sphere. 
Error bars in e, g and h indicate s.e.m. n signifies independent experiments with independent starting material. *P < 0.05, paired t-test.
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Figure 3 Characterization of sphere heterogeneity and differentiation potential. (a) Top, schematic showing seven sphere identities and the signaling 
configuration used to enrich for each. FGF was inhibited with SU5402 (−) or enhanced with 80 pg/ml bFGF (+) or 1 ng/ml bFGF (++); BMP was 
inhibited with DMH1 or added at a concentration of 20 ng/ml (+). Bottom, FACS plots showing population purity after sorting by eGFP and PDPN. 
The numbers in the quadrants represent the respective percentage of cells. (b) Individual spheres labeled live with anti–PDPN-phycoerythrin (PE) 
demonstrating the range of clonal identities. (c) Gene expression analysis for the sorted sphere populations compared to MESP1+ mesodermal 
progenitors (n = 4). (d) FACS measurements of VE-cadherin and eGFP in the same sample after differentiation of sorted populations toward endothelial 
cells. (e) Mean percentage of CD31+ and VE-cadherin+ endothelial cells measured by FACS on differentiation with or without DMH1 (n = 3).  
(f) Immunostaining showing typical CD31+/VE-cadherin+ endothelial cells derived from ‘Population 1’. (g) Live cell images (brightfield and eGFP) after 
differentiation of sorted populations toward cardiomyocytes. All fields contained substantial areas of contraction (images are from the same fields 
recorded in Supplementary Video 2). (h) FACS measurement of population 1 and population 7 for podoplanin (PDPN) and eGFP after differentiation 
toward cardiomyocytes. (i,j) Immunofluorescence for troponin I after cardiomyocyte differentiation of sorted populations. Higher magnification of 
cardiomyocytes from population 7 is shown (j) to highlight the sarcomeric organization. (k) Average contraction frequency of beating areas measured  
10 d after differentiation (n = 3). (l) Mean percentage of troponin I+ cells (n = 3). Error bars, s.e.m. n signifies independent experiments with 
independent starting material. *P < 0.05, one-way ANOVA with Bonferroni’s correction. CM, cardiomyocytes.
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based on vascular endothelial growth factor (VEGF) and SB (to block 
the TGF-β activity from the substrate)32, with a low concentration 
of bFGF to preserve viability. Cardiomyocyte induction involved  
transient FGF and BMP signaling33,34, with Wnt signaling inhibited35 
and exposure to TGF-β between 24 and 72 h to promote full differen-
tiation36. A minimal change in bFGF concentration from the specific 
growth medium to the initial cardiomyocyte induction medium (i.e., 
in the first 24 h after dox removal) gave optimal viability and differen-
tiation. IGF-1 and hedgehog signaling have additional roles in cardiac 
differentiation and so were kept active. The NKX2-5–eGFP−PDPNhigh 
population gave rise to VE-cadherin+ (VE-cad+) CD31+ endothelial 

cells with the highest efficiency (46 ± 9%, s.e.m.), whereas eGFP+ 
cells were much more restricted (Fig. 3d–f). The presence of the BMP 

Figure 2 NKX2-5–eGFP  
expression is activated in  
spheres by concerted FGF  
and BMP signaling. FACS  
measurements for PDGFR-α  
(a) and PDPN (b) together with  
eGFP of spheres expanded in  
DSIS plus vehicle, BMP4 or  
DMH1 and a range of bFGF  
concentrations. The numbers  
in the quadrants represent the  
respective percentage of cells.  
(c) Number of spheres generated in each condition per 1,000 cells seeded (n = 3;  
error bars, s.e.m.). (d) eGFP+ cells in spheres of each condition (n = 3; error bars, s.e.m.).  
(e) Representative spheres (in suspension after collection) following expansion in DSIS plus 
the indicated factors. SU5402, FGF receptor inhibitor. Scale bars, 100 µm. (f) Western blot 
analysis of NKX2-5 and GAPDH in eGFP− and eGFP+ sphere lysates (full-length blots are 
presented in Supplementary Fig. 4). (g) FACS measurement of eGFP− and eGFP+ spheres for 
cell-surface makers. Unlabeled and isotype control–labeled cells are shown in gray; specific 
antibody–labeled cells are shown in red (eGFP−) or blue (eGFP+). The n signifies independent 
experiments with independent starting material.
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inhibitor DMH1 throughout differentiation improved endothelial  
differentiation efficiency in every population. In cardiomyocyte- 
promoting conditions, all populations differentiated with very high 
efficiency to spontaneously contracting cells. NKX2-5–eGFP expres-
sion status was largely maintained on differentiation, with NKX2-5– 
eGFP− CPCs unexpectedly giving rise primarily to NKX2-5–eGFP− 

cardiomyocytes (Fig. 3g–i and Supplementary Video 2). The bFGF 
and BMP4 present in this window of differentiation as cardiomyocyte-
inducing factors were apparently insufficient to induce substantial 
stable NKX2-5–eGFP expression in these populations. A time-course 
experiment during differentiation of these CPCs showed that eGFP 
induction was low (detected in <10% of cells) and mostly transient 
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Figure 4 Recapitulation of ventricular-like and pacemaker-like cardiomyocyte functions.  
(a) Gene expression analysis, grouped into three gene categories, showing three stages of cardiac  
differentiation: MESP1+ mesodermal progenitors, NKX2-5–eGFP−PDPN+ or NKX2-5–eGFP+PDPN−  
CPCs and the cardiomyocytes derived from differentiation of each CPC population (n = 3 samples  
from independent experiments). The expression in hESC-derived cardiomyocytes (hESC-CM)  
generated using a standard direct protocol and not via expanded CPCs, is shown for reference. (b) Western blot analysis of  
NKX2-5, α-actinin and GAPDH in CPCs and the cardiomyocytes derived from each population (full-length blots are presented in  
Supplementary Fig. 9). (c) Contraction frequency measured over time starting from the induction of cardiomyocyte differentiation  
(n = 2 experiments, and each value was an average of duplicate samples). (d) Brightfield and eGFP images of typical aligned cells on micropatterned 
soft polyacrylamide following dissociation of high-density cultures. Contracting cells are indicated with arrows. (e) Typical electrophysiological 
recordings of quiescent cells with a depolarized (>−50 mV) MDP. (f) Representative (from 6 measured cells) example of a quiescent NKX2-5–
eGFP+PDPN− cell with a MDP of around −75 mV without and with suprathreshold stimulation. (g) Typical examples of spontaneously active NKX2-5– 
eGFP+PDPN− (from 15 measured cells) and NKX2-5–eGFP−PDPN+ cells (from 9 measured). (h) Typical If recordings in response to hyperpolarizing 
voltage steps from −40 to −130 mV (top) and average current-voltage relationships of If (bottom). n = 6 NKX2-5− and 7 NKX2-5+ cell measurements. 
*P < 0.05, Mann-Whitney rank sum test. (i) Representative examples (from all spontaneous cell measurements) of action potentials in the absence 
(ctrl) and presence (after 5 min) of 2 mM CsCl. (j) Representative contracting cell (from 54 measured cells) and conversion to a vector displacement 
scale for contraction stress quantification. (k) Single-cell surface-area values. (l) Single-cell contraction stress values (each representing the peak value 
from at least 5 contraction cycles). (m) Single-cell contraction frequency values (each representing the average frequency over 10 contraction cycles). 
(n) Single-cell contraction stress values plotted against frequency. *P < 0.05, unpaired t-test. n.s., not significant. Error bars, s.e.m. Scale bars, 40 µm (d,j).
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during this exposure period (Supplementary Fig. 7), contrasting 
with the higher sensitivity of proliferating CPCs. On differentiation 
of populations 6 and 7, NKX2-5–eGFP expression was maintained 
and became stable and independent of bFGF and BMP4. Apart 
from derivatives of population 3, all cultures were >80% troponin I+  
(Fig. 3l). Sarcomeric organization was evident in cardiomyocytes 
from all populations but was particularly striking in cardiomyo-
cytes from populations 6 and 7 (Fig. 3j and Supplementary Fig. 8). 
Contraction frequency was much higher in the cardiomyocyte mon-
olayers from CPC population 1 (Fig. 3k). Contractility of these cells 
also seemed to have more limited dynamic range, contrasting with 
the lower frequency and more highly dynamic contractility of the 
NKX2-5–eGFP+ cultures.

Together with the observation of greater potential for endothelial 
differentiation, these data suggested that the ISL1-expressing NKX2-5– 
eGFP−PDPNhigh CPCs might resemble primitive SHF-like CPCs and, 
consequently, be competent for SAN lineage specification.

CPC differentiation to pacemaker and ventricular myocytes
To better characterize the two most divergent populations, we  
compared gene expression after cardiomyocyte differentiation of 
NKX2-5–eGFP−PDPNhigh and NKX2-5–eGFP+ PDPN− CPCs, with 
standard hESC-derived cardiomyocytes from the parental line used as 
a reference (Supplementary Table 1). Sarcomere-related transcripts  
from TNNT2 and MYL7 were induced equally in both popula-
tions, consistently with a general cardiomyocyte identity (Fig. 4a). 
Equal α-actinin protein expression was also observed (Fig. 4b and 
Supplementary Fig. 9). By contrast, the ventricular marker MYL2 
(encoding MLC2V) was 40-fold higher in the NKX2-5–eGFP+ 
PDPN− than in the NKX2-5–eGFP−PDPN+ cardiomyocytes  
(P < 0.05), and SCN5A, encoding cardiac sodium channel, was also 
significantly higher in the same population (P < 0.05). The differ-
ence in MLC2V expression was confirmed by immunostaining 
(Supplementary Fig. 10). Expression of the genes TBX5, MEF2C, 
GATA4, SMARCD3, HAND1, HAND2 and MYOCD, encoding  
cardiac transcriptional regulators, was increased similarly in each 
lineage and these genes were also expressed at similar levels in the 
reference cardiomyocytes. However, consistently with the premise 
that the NKX2-5–eGFP−PDPNhigh CPCs tend toward a SAN fate 
under these conditions, this lineage showed much higher induction 
of TBX3 and SHOX2 (11-fold and 289-fold, respectively) (P < 0.05), 
TBX18 (3.6-fold) and HCN4, the dominant HCN transcript underly-
ing the hyperpolarization-activated current (If) in SAN37 (4.3-fold). 
Despite these differences, which suggest regional specification, the 
chamber myocardial marker NPPA was induced on differentiation of 
both populations, and CX40 and CX43, which encode gap junction 
proteins, were equally expressed. Whether a functional pacemaker 
phenotype would develop despite seemingly inappropriate expression 
of such genes requires further validation.

Contracting monolayers of NKX2-5–eGFP+PDPN− and NKX2-5– 
eGFP−PDPN+ cardiomyocytes were dissociated to single cells on 
micropatterned polyacrylamide gels for electrophysiological and 
contraction stress measurement (Fig. 4c,d). Spontaneously active and 
virtually quiescent single cells were subsequently observed in both 
groups. After electrophysiological analysis, the quiescent cells could 
be subdivided into those with a depolarized (higher than −50 mV) 
maximal diastolic potential (MDP) (Fig. 4e) or an MDP of approxi-
mately −75 mV (Fig. 4f). Action potentials (APs) could be elicited by 
suprathreshold current pulses through the patch pipette in the latter 
group (Fig. 4f) but not in those that were depolarized. Quiescent 

cells with an MDP of around −75 mV were observed only in the  
NKX2-5–eGFP+PDPN− group. Figure 4g shows typical examples  
of spontaneous APs of NKX2-5–eGFP+PDPN− and NKX2-5–
eGFP−PDPN+ cells (average AP parameters are summarized in Table 1).  
AP parameters were notably different between the spontaneously 
active cells of each group. NKX2-5–eGFP−PDPN+ cells had a higher 
MDP and a faster diastolic depolarization rate (DDR), which resulted 
in pacemaker activity with a shorter intrinsic cycle length (CL). Their 
maximal AP upstroke velocity (dV/dtmax) was also lower. In both cell 
types APs overshot the zero potential value, but the AP amplitude (APA) 
was lower in NKX2-5–eGFP−PDPN+ cells. APs of NKX2-5–eGFP− 
PDPN+ cells repolarized earlier and faster, resulting in shorter AP 
duration at 20%, 50% and 90% repolarization (APD20, APD50 and 
APD90, respectively). Of note, the stimulated (previously quiescent) 
NKX2-5–eGFP+PDPN− cells had a more polarized MDP and higher 
APA and dV/dtmax than did the spontaneously active ones (Table 1).

If is an important characteristic of pacemaker cells, including those 
of humans37. In NKX2-5–eGFP−PDPN+ cells, If density was ~100% 
higher than in NKX2-5–eGFP+PDPN− cells (P < 0.05) (Fig. 4h). In 6 out 
of the 9 NKX2-5–eGFP−PDPN+ cells and in 7 out of the 15 NKX2-5– 
eGFP+PDPN− cells measured under current clamp conditions 
(Table 1), we assessed the contribution of If to pacemaker activity.  
If block by CsCl induced a reduction of DDR, as expected, and prolon-
gation of the CL (Fig. 4i). The DDR was reduced by an average of 43 
± 7% and 16 ± 7% (s.e.m.), whereas the CL was prolonged by 36 ± 6% 
and 14 ± 7% in NKX2-5–eGFP−PDPN+ and NKX2-5–eGFP+PDPN− 
cells, respectively. The more pronounced decrease in DDR and  
prolongation of CL in NKX2-5–eGFP−PDPN+ cells is probably due 
to the higher If and HCN4 density in these cells.

Another difference between pacemaker and working myocardial 
cells is in their contractile force. We measured this using traction 
force microscopy (Fig. 4j). Although spontaneously active NKX2-5– 
eGFP−PDPN+ and NKX2-5–eGFP+PDPN− cardiomyocytes were 
of similar size (Fig. 4k), the mean contraction stress was much 
lower in the NKX2-5–eGFP− cardiomyocytes (P < 0.05) (Fig. 4l 
and Supplementary Video 3). The lower contraction stress in the 
NKX2-5–eGFP− cardiomyocytes was not due to their higher beating  
frequency (Fig. 4m, P < 0.05), as shown by the frequency-contraction  
stress relationships (Fig. 4n). The absence of a positive force- 
frequency relationship in either population is consistent with  
previous measurements in PSC-derived cardiomyocytes, which  
display a fetal level of maturity38.

Table 1 Action potential parameters of single NKX2-5–eGFP+ 
PDPN− and NKX2-5–eGFP−PDPN+ cells

NKX2-5–eGFP+PDPN− cells NKX2-5–eGFP−PDPN+ cells

Stimulated at  
1 Hz (n = 6)

Spontaneous  
(n = 15)

Spontaneous  
(n = 9)

MDP (mV) −78.7 ± 1.4† −74.4 ± 0.7 −68.9 ± 1.9*
dV/dtmax (V/s) 44.7 ± 10.6† 16.0 ± 2.7 6.7 ± 1.3*
APA (mV) 105 ± 3† 97 ± 2 84 ± 4*
APD20 (ms) 123 ± 16 119 ± 16.9 79 ± 9*
APD50 (ms) 179 ± 18 178 ± 12 124±11*
APD90 (ms) 207 ± 18 217 ± 13 172 ± 12*
Cycle length (ms) – 1,330 ± 155 642 ± 108*
DDR100 (mV/s) – 21.6 ± 2.4 37.3 ± 6.2*

Data are mean ± s.e.m.; n, number of cells; DDR100, diastolic depolarization rate  
over the 100-ms time interval starting at MDP +1 mV. †P < 0.05, stimulated vs.  
spontaneously active NKX2-5+PDPN− cells; *P < 0.05, spontaneously active NKX2-5– 
eGFP+PDPN− vs. spontaneously active NKX2-5–eGFP−PDPN+ cells (unpaired t-test or 
Mann-Whitney rank sum test).
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CPCs are clonogenic and possess long-term multipotency
We next tested how frequently clonal lineages of expanded NKX2-5–
eGFP−PDPN+ cells retain the capacity to become NKX2-5–eGFP+ as 
well as self-renew, and whether heterogeneity in differentiation poten-
tial existed across this population. Clonal NKX2-5–eGFP−PDPN+ 
spheres were dissociated into DSIS with SU5402 and DMH1 (self-
renewal condition) or DSIS with 1 ng/ml bFGF and BMP4 (NKX2-5 
inducing condition). After 6 d, eGFP was induced in >95% of cells 
from clones expanded in bFGF and BMP4 and in none of those 
maintained in the inhibitors, where the NKX2-5–eGFP−PDPN+ sta-
tus was largely preserved (Supplementary 
Fig. 11). Endothelial differentiation 
capacity remained stronger in NKX2-5– 
eGFP−PDPN+ spheres, whereas both popu-
lations could generate a high percentage of 
cardiomyocytes (median troponin I+, ≥90%). 
Clone-to-clone variation was relatively 
small, indicating that the initial NKX2-5– 
eGFP−PDPN+ sphere population may be  
uniform. The self-renewal of this early SHF-
like progenitor population presents an oppor-
tunity for applying patterning with retinoic 

acid to direct CPC specification toward the atrial lineage. The expres-
sion profile of cardiomyocytes generated from CPCs exposed to 10 
nM retinoic acid prior to differentiation suggested that this response 
may be present in these cells (Supplementary Fig. 12).

To assess the long-term potential of NKX2-5–eGFP−PDPN+ 
spheres and their NKX2-5–eGFP+ derivative spheres, we expanded 
the cultures over multiple passages (Fig. 5a,b). Cells maintained in 
DSIS with bFGF and BMP4 had a shorter doubling time that did those 
in DSIS with SU5402 and DMH1 (15.3 h versus 18.6 h, respectively). 
In three separate experiments the lifespan of NKX2-5–eGFP−PDPN+ 
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Figure 6 Working model of hPSC-derived 
cardiovascular progenitor self-renewal 
and differentiation in the context of heart 
development.

2.8% 0.0%

0.0%97.2%

3.1% 60.2%

34.6%2.1%

80 bFGF + BMP4
SU5402 + DMH170

60
50
40
30
20
10

0
0

eGFP eGFP

PD37
SU5402 + DMH1

PD45
bFGF + BMP4

200 µm 200 µm

200 µm 200 µm

200 µm 200 µm

2 mm 2 mm

a b g h

c

e f

d

10 20 30 40 50
Time (d)

C
um

ul
at

iv
e 

P
D

 le
ve

l

60

α-SMA

Troponin I Troponin I Troponin I SM-MHC

α-SMA α-SMA α-SMA

Maintained in
SU5402 + DMH1
PD 37

40 µm 40 µm 40 µm 40 µm

40 µm

10 µm 10 µm 10 µm

Overlay Overlay Overlay Overlay 

40 µm 40 µm 40 µm

40 µm 40 µm 40 µm 40 µm

Maintained in
bFGF + BMP4
PD 44

Maintained in
bFGF + BMP4
PD 86

Induced with
bFGF + BMP4
PD 46

SU5402 + DMH1
Induced with bFGF + BMP4

eG
F

P
 in

du
ct

io
n 

(%
)

PD 44 induction1e3

1e2

1e1

P
D

P
N

eGFP

1
0

–1
–101 1e11e2

SU5402 + DMH1
Induced with bFGF + BMP4
Maintained in bFGF + BMP4

50 100

80

60

40

20

0
0 10 20 30 5060 70 80 9040

40

30

20

C
D

31
+
 V

E
-c

ad
+
 (

%
)

T
ro

po
ni

n 
I+

 (
%

)

10

0
0 10 20 30 40 50 60 70
PD level on differentiation PD level on differentiation

SU5402 + DMH1
Induced with bFGF + BMP4
Maintained in bFGF + BMP4

1e3

100

80

60

40

20

0
0 10 20 30 40 50
PD level on bFGF + BMP4

exposure

60

Figure 5 Long-term expansion and differentiation analysis of CPCs. (a) CPC spheres expanded for 37 population doublings (PD) in DSIS with SU5402 
and DMH1 (eGFP−) or for 45 PD in DSIS + 1 ng/ml bFGF + BMP4 (eGFP+). Images for each condition are of one dish at different magnifications.  
(b) Growth curves of spheres maintained in each culture condition (n = 3). (c) CPCs expanded to PD 44 in DSIS + SU5402 + DMH1 (red), tested for 
NKX2-5–eGFP induction capacity by 1 ng/ml bFGF + BMP4 exposure (blue). Each quadrant shows the frequency of each population coded by color. 
(d) NKX2-5–eGFP induction capacity from DSIS + SU5402 + DMH1, measured at progressive population doubling levels (n = 3). (e) Percentage 
of CD31+VE-cadherin+ endothelial cells or (f) troponin I+ cardiomyocytes generated from each culture condition at progressive population doubling 
levels (data are from 3 separate CPC expansions). (g) Immunofluorescence of α-smooth-muscle actin (α-SMA) and troponin I after cardiomyocyte 
differentiation of spheres at the indicated doubling level in the condition shown. eGFP fluorescence (in the bFGF + BMP4 conditions) is weak 
after fixation and does not interfere with interpretation of filament labeling by the α-SMA antibody. (h) Immunofluorescence images of α-SMA and 
smooth muscle myosin heavy chain (SM-MHC) after differentiation of spheres at PD 86. Error bars, s.e.m. n signifies independent experiments with 
independent starting material.

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



978	 VOLUME 33 NUMBER 9 SEPTEMBER 2015 nature biotechnology

A rt i c l e s

spheres in DSIS with SU5402 and DMH1 was ~50 population dou-
blings, at which point the cells abruptly stopped growing, whereas 
cells in DSIS with bFGF and BMP4 grew for >80 doublings without 
reaching senescence. NKX2-5–eGFP induction capacity was well 
preserved in NKX2-5–eGFP−PDPN+ CPCs maintained with SU5402 
and DMH1, with ~80% of cells, on average, capable of full induction 
beyond 40 doublings (Fig. 5c,d). These cells could also generate >30%  
endothelial cells beyond 35 doublings, whereas CPCs induced to 
NKX2-5–eGFP+ status were progressively restricted (Fig. 5e), as 
observed above (Fig. 3e). Cardiomyocyte differentiation was >80% 
efficient up to around 30 doublings in all three populations (Fig. 5f),  
beyond which distinctly striated α-SMA+ smooth muscle–like cells 
(troponin I−) became increasingly prevalent, resulting in more mixed 
populations (Fig. 5g). NKX2-5–eGFP expression was difficult to 
maintain uniformly beyond 50 doublings (Supplementary Fig. 13).  
Spheres induced over one passage with bFGF and BMP4 gave the 
highest percentage of cardiomyocytes at higher doubling levels. 
Beyond 78 doublings, only smooth-muscle cells were generated. The 
more definitive smooth-muscle marker SM-MHC was also evident 
in many of these cells (Fig. 5h).

DISCUSSION
Studies in developmental biology have provided the foundation for 
the understanding and control of hPSC differentiation. This has led 
to effective methods for generating cardiac cell types, but difficulties 
in maintaining CPCs have hindered specific reconstruction of some 
aspects of heart development5. In this study we developed a system 
enabling the isolation and robust expansion of pure populations of 
hPSC-derived CPCs. A central feature of our method is the use of 
controlled MYC expression to facilitate the maintenance of CPCs. 
When expressed in a defined time window, MYC arrested CPCs at a 
pre–NKX2-5+ multipotent stage and acted as an essential permissive 
element in their continued expansion through IGF-1 and hedgehog 
signaling. In mouse development, c-Myc mRNA is clearly detectable 
in the embryonic heart and decreases markedly in the neonate39.

Cardiogenesis is regulated by the tight spatial and temporal control 
of secreted factors at specific concentrations40. Although the early  
cardiogenic roles of cytokines including BMP, activin and Wnt have 
been well characterized in the PSC system17,35,41, control of CPC spec-
ification has not be as well studied. The expression of FGF and BMP, 
particularly by endoderm and ectoderm adjacent to the heart-forming 
region, is thought to underlie early NKX2-5 expression22,24–26. These 
tissues may have similar inducing roles on the later-differentiating 
SHF progenitor population, with additional signaling sources being 
the SHF progenitors themselves and the primary myocardium7,42. 
Here we show that the developmental roles of FGF and BMP are reen-
acted in hPSC CPCs, and by modulating these signaling pathways 
we were able to recreate the gene expression signatures of early heart 
field development (Fig. 6) and direct the patterned CPCs toward 
NKX2-5–eGFP−PDPN+ pacemaker-like myocytes or NKX2-5–eGFP+  
ventricular-like working myocytes with appropriate electrophysiological 
and contractile characteristics. CPC-derived NKX2-5–eGFP+ cardio-
myocytes had well-organized sarcomeres and encompassed a population  
of highly polarized quiescent cells excitable by stimulation—the 
signature of mature working myocytes. By contrast, the pacemaker-
like cells exhibited rapid spontaneous activity owing to their higher 
If. Additionally, we found that NKX2-5–eGFP−PDPN+ CPCs were 
uniquely susceptible to differentiation to an endothelial fate despite 
having undetectable levels of KDR expression, which is therefore not 
essential for this capability. This competence might shed light on the 
origin of the endocardium43. The generation of atrial cardiomyocytes 

was not the focus of this study, but we showed that retinoic acid may  
have a role in directing this lineage commitment when applied  
initially to the self-renewing SHF-like NKX2-5–eGFP−PDPN+ CPCs, 
consistently with earlier reports44,45.

CPCs could be expanded to >40 population doublings while retaining  
multipotent differentiation capacity, a substantial extension com-
pared with previous reports11,12,29,30,46–51. Although the use of a MYC 
transgene limits the translational applicability of our approach, the 
growth stability achieved creates an opportunity to identify factors 
enabling the expansion of either pre–NKX2-5+ or NKX2-5+ CPCs 
in the absence of exogenous MYC (i.e., dox-independent growth) or 
genes that restrain self-renewal, such as those governing cell-cycle 
arrest mechanisms. This tractable system could be used to help iden-
tify the genes conferring CPC potential, and hence the nature of the 
apparent ‘clock’ we have observed, which we define as the progres-
sive time-dependent shift in differentiation affinity toward smooth 
muscle, perhaps in relation to the development of smooth muscle in 
the heart52.

We replicated the essential elements of these results in induced 
hPSCs (Supplementary Fig. 14 and Supplementary Video 4). Such 
applications could benefit studies aiming to model cardiac disease, for 
example, by isolating and cryopreserving CPCs, which are later dif-
ferentiated to the necessary target population. Realizing the potential 
shown here means that an expansion of more than 107-fold from the 
starting CPC population is feasible. In summary, the identification of 
MYC as a permissive factor in CPC self-renewal should enable the use 
of expandable PSC-derived CPCs for a variety of applications relating 
to modeling or regenerating the human heart.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Tet-On-MYC hPSC line generation and maintenance. NKX2-5eGFP/w hESCs 
generated previously51 and hiPSCs generated previously (LQT2-hiPSCsN996I 
and LQT2-hiPSCsCorr)53 were maintained on mouse embryonic fibroblasts 
in DMEM/F12-based medium containing 20% knockout serum replacement 
(Invitrogen) and 10 ng/ml bFGF (Miltenyi Biotech). hPSCs were passaged 
using TrypLE Select (Invitrogen). A Tet-On-MYC system was introduced 
into each line by transducing the hPSCs with two lentiviruses, one carrying a  
MYC T58A transgene under the control of a TRE-CMV promoter (Addgene 
plasmid #19775), and the second carrying the tetracycline transactiva-
tor (Addgene plasmid #19780)54. Titers giving transduction efficiencies of 
approximately 40% (based on a GFP expressing control lentivirus) were used 
to avoid multiple viral insertions. Clones were isolated following single-cell 
FACS deposition and selected for their ability to efficiently upregulate MYC on 
exposure to 1 µg/ml doxycycline (Sigma-Aldrich). The lines used had normal 
karyotypes and were negative for mycoplasma contamination.

hPSC differentiation. Differentiations were performed in serum-free BPEL 
medium containing 1 µg/ml insulin using an embryoid body (EB) system as 
previously described55. The following growth factors were present for the first 
3 d of differentiation: 30 ng/ml BMP4 (R&D), 20 ng/ml Activin A (Miltenyi 
Biotech), 30 ng/ml VEGF (Miltenyi Biotech), 40 ng/ml SCF (Miltenyi Biotech) 
and 1.5 µM CHIR99021 (Axon Medchem). On day 4.75, control wells were 
refreshed again with BPEL medium with or without vehicle, or for MYC induc-
tion with medium containing 1 µg/ml doxycycline ± 5 µM SB431542 (Tocris 
Bioscience). EBs were maintained in these conditions for subsequent FACS, 
RNA or protein analysis or dissociated on day 6 for progenitor expansion.

CPC culture maintenance and differentiation. CPCs were seeded on a thin 
layer of undiluted Matrigel (14 µl/cm2) (growth factor reduced; Corning 
354230) in organ culture dishes (BD Falcon) in BPEL medium containing 5 µM 
SB431542 with or without the following experimental factors: 1 µg/ml doxycy-
cline, 100 ng/ml LONG R3 IGF-1 (hereafter, IGF-1), 1 µM SAG (Millipore),  
0.5 µM DMH1 (ref. 56), 10 µM SU5402, 10–1,000 pg/ml bFGF (Miltenyi 
Biotech), 20 ng/ml BMP4 (R&D). Reagents were obtained from Sigma-
Aldrich unless stated otherwise. Cultures were refreshed every 2 d. Growing 
cell spheres were manually collected after 6 d under a dissecting microscope, 
dissociated using TrypLE Select and either plated for differentiation or replated 
on fresh Matrigel at a density of 350–1,700 cells/cm2 depending on the condi-
tion. Long-term expansions were carried out at 3% O2 to minimize cellular 
senescence. For clonal analysis, single cell deposition of eGFP−PDPN+ cells 
into Matrigel-coated 96-well plates was performed by FACS from EBs at day 6 
of differentiation. Clonal spheres were picked 6 d later for propagation.

Cardiomyocyte differentiation was induced by plating cells at a density of 
105 cells per cm2 on Matrigel-coated (1:100 dilution) 96-well plates (BD Falcon)  
in BPEL medium supplemented with 100 ng/ml IGF-1, 1 µM SAG, 1 µM XAV  
939 (Tocris Bioscience), 100 or 1,000 pg/ml bFGF (for NKX2-5–eGFP− and 
NKX2-5–eGFP+ CPCs, respectively) and 20 ng/ml BMP4. From 24–72 h of differ-
entiation cells were all in the BPEL medium supplemented with 100 ng/ml IGF-1, 
1 µM SAG, 1 µM XAV 939, 100 pg/ml bFGF and 2.5 ng/ml TGF-β1 (Peprotech). 
At 72 h the medium was changed to BPEL supplemented with 100 ng/ml  
IGF-1, 1 µM XAV 939 and 10 pg/ml bFGF. At 96 h onward the beating cardio-
myocytes were maintained in contractility-promoting medium (unpublished 
data) containing 100 ng/ml IGF-1, 30 µM 3,3′,5-triiodo-l-thyronine sodium 
salt (T3) and 1 µM dexamethasone (Sigma-Aldrich).

Endothelial differentiation was induced by plating cells at a density of 0.6  
× 105 cells/cm2 on Matrigel-coated 96-well plates (BD Falcon) in BPEL medium 
supplemented with 100 ng/ml IGF-1, 50 ng/ml VEGF, 50 pg/ml bFGF, 5 µM 
SB431542 and 0.5 µM DMH1. Medium was refreshed at 48 h. At 96 h DMH1 
was removed. Cells were analyzed by FACS or fixed after a further 2 d.

Flow cytometry and cell sorting. Staining was done in PBS containing 
1 mM EDTA and 0.5% BSA. The antibodies and dilutions used were as  
follows: anti-PDGFRα-BV421 (BD Bioscience cat no. 562799; 1:50), anti-podo-
planin-PE (eBioscience cat no. 12-9381-41; 1:500), anti-VEGFR2-PE (R&D  
cat no. FAB357P; 1:50), anti-VEGFR3-PE (R&D cat no. FAB3492P; 1:50),  
anti-VE-cadherin-PE (eBioscience cat no. 12-1449-80; 1:150), anti-CD31-APC 

(eBioscience cat no. 17-0319-42; 1:150), anti-CD90-PE (BD cat no. 555596; 1:500),  
anti-CD146-PE (BD cat no. 550315; 1:20), anti-NG2-PE (R&D cat no. FAB2585P;  
1:20), anti-PDGFRβ-PE (BD cat no. 558821; 1:20), anti-E-cadherin-APC 
(R&D cat no. FAB18381A; 1:40), anti-TRA-1-60-PE (Miltenyi Biotec cat no. 
130-100-347; 1:100), anti-CD73-PE (BD cat no. 550257; 1:20), anti-CD105-PE 
(Life Technologies cat no. MHCD10504; 1:20), anti-CD13-BV421 (BioLegend 
cat no. 301716; 1:50), anti-CKIT-APC (BD Bioscience cat no. 550412; 1:100), 
anti-SIRPα (Biolegend cat no. 323801; 1:500, or Miltenyi Biotec 130-099-793; 
1:50), PE anti-mouse IgG (Jackson Immuno Research cat no: 115-116-146; 
1:200), mouse IgG2a-BV421 isotype control (BD Bioscience cat no. 562439), 
mouse IgG1-PE isotype control (Miltenyi Biotec 130-098-845), mouse IgG2b-
APC isotype control (R&D cat no. IC0041A). Samples were measured with a 
MACSQuant VYB (Miltenyi Biotech) equipped with a violet (405 nm), blue 
(488 nm) and yellow (561 nm) laser. Cell sorting was performed on a BD 
FACSAria III (BD Bioscience).

Immunostaining and microscopy. Cells were fixed with 2% paraformalde-
hyde or methanol (for MLC2V) and permeabilized with 0.1% Triton X-100. 
Blocking was achieved with 4% normal goat serum. Primary antibody incu-
bations were overnight in 4% normal goat serum at 4 °C using the following 
antibodies: anti-troponin I (clone H170, Santa Cruz; 1:500), anti-MLC2V 
(Synaptic Systems 310 111; 1:50), anti-α-smooth muscle actin (Sigma A2547; 
1:300), anti-myosin (smooth muscle) heavy chain (Biomedical Technologies 
BT-562; 1:200), anti-VE-cadherin (Cell Signaling; 1:200) and anti-CD31 
(DAKO M0823; 1:20). Secondary antibodies were Alexa 488 anti-mouse 
and Alexa 555 anti-rabbit (Invitrogen). eGFP fluorescence was reduced to 
background levels after fixation and could be differentiated from the specific 
smooth muscle type-α–smooth muscle actin staining. Nuclei were labeled 
with DAPI.

Quantitative real time PCR. RNA was isolated using a Minelute RNA extrac-
tion kit (Qiagen) and cDNA synthesized using an iScript cDNA synthesis kit 
(BioRad). Real-time PCR was performed on a Bio-Rad CFX96 machine using 
IQ SYBR Green (Bio-Rad). Gene expression values were normalized to the 
mean expression of the housekeeping genes encoding a human ribosomal pro-
tein (RPLP0), glucuronidase (GUSB), and RNF7. RNA from MESP1-expressing 
sorted cells was obtained from a derivative knock-in reporter line and used as a 
reference28. The hESC-cardiomyocyte control RNA was obtained from eGFP+ 
sorted cells from a standard monolayer differentiation of the NKX2-5eGFP/w 
hESC line with maintenance in the same medium as the CPC-CMs. Expression 
of NKX2-5 is presented as an average of mRNA from both alleles.

Primer sequences are shown in Supplementary Table 2.

Whole genome arrays and data analysis. Gene expression was determined 
on the HumanHT-12 v4 Expression BeadChip at ServiceXS, Leiden, The 
Netherlands. RNA was isolated from FACS sorted cells using a NucleoSpin RNA 
extraction kit (Macherey-Nagel). Biotin-labeled cRNA samples were amplified 
with Illumina TotalPrepTM-96 RNA Amplification Kit. Hybridization and 
scanning were performed according to standard Illumina protocols. Expression 
profiles were established for CPC ‘Populations 1, 2, 3, 6 and 7’ on the basis 
of duplicate samples collected from independent differentiations. Data were 
analyzed using GeneSpring v13.0 (Agilent Technologies) using the percentile 
shift method of normalization. Statistical significance was determined with 
one-way ANOVA test and multiple testing corrections were performed using 
Benjamini-Hochberg test. P < 0.05 was considered significant. All samples 
were compared against ‘Population 1’ and differentially expressed genes were 
identified with a fold change cut-off of >2.0.

Immunoblotting. Samples were lysed with ice cold ELB (50 mM HEPES (pH 
7.0); 250 mM NaCl; 5 mM EDTA; 0.1% NP-40) or RIPA (25 mM Tris-HCl (pH 
7.6); 150 mM NaCl; 1% Triton X-100; 0.1% SDS; 1% sodium deoxycholate) 
with 1:100 Protease Inhibitor Cocktail (Sigma-Aldrich) for 30 min on ice. 
The samples were centrifuged at 7,000 × g for 10 min, and the supernatant 
was quantified for protein content (Bradford dye-binding method). 30 µg of 
sample was run in a 10% polyacrylamide gel together with the protein lad-
der (Precision Plus Protein dual color, Bio-Rad). Proteins were transferred to 
an Amersham Hybond membrane (GE Healthcare Life Sciences) overnight. 
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Membranes were blocked with 2% milk in PBS. Membranes were probed with 
the following: rabbit IgG anti-MYC (Cell Signaling 5605S; 1:1,000), goat IgG 
anti-NKX2-5 (Santa Cruz SC8697; 1:500), mouse IgG anti–α-actinin (Sigma 
A7811), or a rabbit IgG anti-GAPDH (Abcam AB9485; 1:2,000) as a load-
ing control. Primary antibodies were detected with the following: anti-rabbit 
IgG–HRP (Cell Signaling 7074S), anti-mouse IgG–HRP (Cell Signaling 7076) 
or anti-goat IgG–HRP (Jackson Laboratories).

Patterned polyacrylamide gel fabrication. Patterned polyacrylamide gels 
were prepared as previously described57. Briefly, a 1% gelatin solution was 
activated with 3.5 mg/mL sodium periodate (Sigma-Aldrich). A polydimethyl-
siloxane (PDMS) stamp was cast from a SU8 master produced by standard soft 
lithography techniques and incubated with the activated 1% gelatin solution 
for 45 min. The excess of gelatin was removed with a nitrogen gun and the 
stamp was used to micro-contact (µcontact) print a pattern of 20-µm thick 
with 20-µm spacing gelatin lines onto 10-mm (electrophysiology) or 15-mm 
(contraction assay) coverslips. The polyacrylamide solution was prepared 
with a final concentration of 0.1% bisacrylamide (Bio-Rad), 5% acrylamide  
(Bio-Rad) and 10 mM HEPES (pH 8.5) in distilled water, followed by centrifu-
gation for 1 min at 10,000 r.p.m. for degassing. 0.006% (m/v) of ammonium 
persulfate (Sigma-Aldrich) and a 1:1,000 dilution of 0.2-µm fluorescent beads 
(excitation/emission 660/680 nm; Molecular Probes) were added to the solu-
tion (for the contraction assay) and briefly vortexed. The gel polymerization 
was initiated with TEMED (Bio-Rad) and 4.08 µl or 9.2 µl of the final solution 
was added to a 15 mm or 25 mm coverslip treated with plus Bind-Silane solu-
tion (GE Healthcare). The µcontact-printed coverslip was applied on top of the 
drop with the gelatin lines facing the gel. After 20 min of polymerization, the 
10 mm or 15 mm coverslip was removed. Each 25-mm coverslip was mounted 
in the well of a glass-bottom 6-well plate (Mattek). The 15-mm coverslips were 
placed in normal tissue culture plates and 10 mm borosilicate rings (Corning) 
were placed on top of each gel to aid cell seeding. Plates were UV-sterilized 
and rehydrated with culture medium for 30 min before use. The polymerized 
gel has a Young’s modulus of 5.8 kPa.

Contraction force measurements. Contraction force measurements were per-
formed in normal culture medium in an environment maintained at 37 °C  
with 5% CO2. Briefly, using a Leica AF-6000LX microscope, an image-series 
of aligned single spontaneously contracting cardiomyocytes was taken at  
40× magnification at 20 frames per second, recording brightfield and fluo-
rescent beads. Single frames from maximal relaxation and contraction of the 
brightfield and fluorescent beads image-series were analyzed by the LIBTRC 
software package (provided by M. Dembo), creating a mask of the cell outline 
from the brightfield image and a vector map from the difference between the 
relaxed and contracted fluorescent beads images. The vector map and the cell 
mask were used to calculate the total force that the cell applies on the substrate 
at its maximum peak of contraction. The contraction stress generated by the 
cardiomyocyte during contraction was calculated by dividing the total force 
by the cell surface area.

Cellular electrophysiology. Recording procedures. APs and If were recorded 
at 36 ± 0.2 °C in single cells by the amphotericin-perforated patch-clamp 
technique using an Axopatch 200B amplifier (Molecular Devices, USA) 5–7 d  
after dissociation on day 11 of differentiation. Cells were superfused with 
Tyrode’s solution containing (in mM): NaCl 140; KCl 5.4; CaCl2 1.8; MgCl2 1.0; 
glucose 5.5; and HEPES 5.0 (pH 7.4; NaOH). Patch pipettes (borosilicate glass, 
2–3 MΩ) were filled with solution containing (in mM): K-gluconate 120, KCl 
20, NaCl 5, amphotericin-B 0.44, HEPES 10 (pH 7.2; KOH). Series resistance 
was compensated by ≥80%, and potentials were corrected for the calculated 
liquid junction potential. APs were low-pass filtered (cut-off frequency: 2 kHz) 
and digitized at 10 kHz, and If was filtered and digitized at 1 kHz and 4 kHz, 
respectively. Voltage control, data acquisition and analysis were done with 
custom software. Cell membrane capacitance (Cm) was estimated by dividing 
the time constant of the decay of the capacitive transient in response to 5-mV 
hyperpolarizing voltage clamp steps from −40 mV by the series resistance.

Action potentials measurements. We recorded spontaneous APs, or APs 
elicited at 1 Hz by 3-ms, ~1.2× threshold current pulses through the patch 
pipette. APs were characterized by duration at 20%, 50%, and 90% repolarization 
(APD20, APD50, and APD90, respectively), maximum diastolic potential (MDP), 
AP amplitude (APA), maximum upstroke velocity (dV/dtmax), and, in the case 
of spontaneously active cells, cycle length (CL) and diastolic depolarization rate 
measured over the 100-ms time interval starting at MDP + 1 mV (DDR100). 
Parameter values obtained from ten consecutive APs were averaged.

If measurements. If was activated upon 2-s hyperpolarizing pulses from a 
holding potential of −40 mV. If amplitude was calculated as the difference 
between the current at the beginning and end of the voltage step. Current 
densities were calculated by dividing current amplitudes by Cm.

Statistical analyses. Normality and equal variance assumptions were tested 
with the Shapiro-Wilk (or Kolmogorov-Smirnov test if N was too small) and 
the Levene median test, respectively. Groups were compared with unpaired  
t-test or, in case of a failed normality and/or equal variance test, Mann-Whitney 
rank sum test. A paired t-test was used to compare drug effects within a group 
of cells and cell proliferation from the same starting population. One-way  
ANOVA with Bonferroni’s correction was used to compare the means of  
multiple groups. P < 0.05 was considered statistically significant.
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