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Parthenogenetic stem cells for tissue-
engineered heart repair

Michael Didié,1,2,3 Peter Christalla,1,2,3 Michael Rubart,4 Vijayakumar Muppala,1,2,3  
Stephan Döker,1,2,3 Bernhard Unsöld,2,3,5 Ali El-Armouche,1,2,3 Thomas Rau,3,6  

Thomas Eschenhagen,3,6 Alexander P. Schwoerer,3,7 Heimo Ehmke,3,7 Udo Schumacher,8  
Sigrid Fuchs,9 Claudia Lange,10 Alexander Becker,2,3,4,5 Wen Tao,4 John A. Scherschel,4  

Mark H. Soonpaa,4 Tao Yang,4 Qiong Lin,11 Martin Zenke,11 Dong-Wook Han,12,13 Hans R. Schöler,12 
Cornelia Rudolph,14 Doris Steinemann,14 Brigitte Schlegelberger,14 Steve Kattman,15 Alec Witty,15 

Gordon Keller,15 Loren J. Field,4 and Wolfram-Hubertus Zimmermann1,2,3

1Institute of Pharmacology, University Medical Center Göttingen, Göttingen, Germany. 2Heart Research Center Göttingen, Göttingen, Germany.  
3DZHK (German Center for Cardiovascular Research), Göttingen and Hamburg partner sites, Germany. 4Riley Heart Research Center,  

Herman B Wells Center for Pediatric Research and Krannert Institute of Cardiology, Indiana University School of Medicine, Indianapolis,  
Indiana, USA. 5Department of Cardiology and Pneumology, University Medical Center Göttingen, Göttingen, Germany.  

6Department of Experimental Pharmacology and Toxicology, 7Department of Cellular and Integrative Physiology, 8Institute of Anatomy II,  
9Institute of Human Genetics, and 10Bone Marrow Transplantation Unit, University Medical Center Hamburg-Eppendorf, Hamburg, Germany.  

11Helmholtz Institute for Biomedical Engineering, Rheinisch Westfälische Technische Hochschule, Aachen, Germany.  
12Max-Planck-Institute for Molecular Biomedicine, Münster, Germany. 13Department of Stem Cell Biology, School of Medicine, Konkuk University,  

Seoul, Republic of Korea. 14Institute of Cell and Molecular Pathology, Hannover Medical School, Hannover, Germany.  
15McEwen Center for Regenerative Medicine, Toronto, Ontario, Canada.

Uniparental parthenotes are considered an unwanted byproduct of in vitro fertilization. In utero parthenote 
development is severely compromised by defective organogenesis and in particular by defective cardiogenesis. 
Although developmentally compromised, apparently pluripotent stem cells can be derived from parthenoge-
netic blastocysts. Here we hypothesized that nonembryonic parthenogenetic stem cells (PSCs) can be directed 
toward the cardiac lineage and applied to tissue-engineered heart repair. We first confirmed similar funda-
mental properties in murine PSCs and embryonic stem cells (ESCs), despite notable differences in genetic 
(allelic variability) and epigenetic (differential imprinting) characteristics. Haploidentity of major histocom-
patibility complexes (MHCs) in PSCs is particularly attractive for allogeneic cell-based therapies. Accordingly, 
we confirmed acceptance of PSCs in MHC-matched allotransplantation. Cardiomyocyte derivation from PSCs 
and ESCs was equally effective. The use of cardiomyocyte-restricted GFP enabled cell sorting and documen-
tation of advanced structural and functional maturation in vitro and in vivo. This included seamless electri-
cal integration of PSC-derived cardiomyocytes into recipient myocardium. Finally, we enriched cardiomyo-
cytes to facilitate engineering of force-generating myocardium and demonstrated the utility of this technique 
in enhancing regional myocardial function after myocardial infarction. Collectively, our data demonstrate 
pluripotency, with unrestricted cardiogenicity in PSCs, and introduce this unique cell type as an attractive 
source for tissue-engineered heart repair.

Introduction
Unisexual reproduction by parthenogenesis is commonly 
observed in fish, amphibians, and reptiles (1); however, mam-
mals lack this capacity (2, 3). In humans, spontaneous activation 
of unfertilized oocytes is a rare event that has been identified as 
the cause for ovarian teratoma formation (4). In vitro, parthe-
nogenetic activation of mammalian oocytes can be stimulated 
chemically, leading to the development of diploid nonembryonic 
blastocysts (5–8), and apparently pluripotent stem cells have been 
derived from the resulting blastocoel inner cell mass (9–11). Uni-
parental parthenogenetic stem cells (PSCs) exhibit self-renewal 
capacity and clonogenic proliferation in vitro, but show abnormal 
embryonic and extraembryonic development as a consequence 
of differential expression of imprinted genes in vivo (6, 12–14). 
Ectodermal lineage specification appears to be least affected in 
vitro (5, 15) and in vivo (14), while endodermal and mesodermal 

cell lineages have been reported to be developmentally compro-
mised in parthenotes (6, 12–14).

Given the enormous efforts to develop cell-based strategies to 
repair failing hearts (16), exploring the capacity for mesoderm for-
mation in and cardiomyocyte derivation from PSCs appears war-
ranted. The utility of PSCs in cell-based organ repair may, more-
over, be facilitated by: (a) the availability of unfertilized oocytes 
from uncompleted in vitro fertilization procedures typically owing 
to oocyte immaturity or lack of sperm (17), (b) the high efficiency 
of PSC derivation (18), and (c) the widely haploidentical genomes 
of PSCs (8, 19). Major histocompatibility complex (MHC) hap-
loidentity is particularly interesting, as it would increase cell accep-
tance in allogeneic applications and provide a realistic rationale 
for therapeutic cell banking (20, 21).

A key concern associated with cell-based organ, and in particular 
heart repair is the limited cell retention observed after intracoro-
nary or intramyocardial delivery (22). To address this concern and 
introduce sustained myocardial support, tissue engineering tech-
nologies are presently being explored (23). A fundamental chal-
lenge in cardiac tissue engineering is the provision of sufficiently 
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passes the ability to: (a) derive bona fide cardiomyocytes; (b) 
enrich PSC-derived cardiomyocytes (PCMs) using 3 different 
technologies (i.e., FACS, antibiotic selection in genetically mod-
ified PSCs, and directed differentiation); and (c) construct engi-
neered heart muscle (EHM) with the structural and functional 
properties of native myocardium for subsequent utilization in 
heart muscle repair. Moreover, we provide evidence for immu-

large cell populations with appropriate cardiomyocyte content 
and quality. Whether recent developments in stem cell differenti-
ation (24, 25) and selection (26–29) can overcome this limitation 
has yet to be investigated.

Here we demonstrate that PSCs exhibit properties similar to 
other pluripotent stem cells, including embryonic stem cells 
(ESCs) and induced pluripotent stem cells (iPSCs). This encom-

Figure 1
Basic characterization of PSCs. (A) Undifferentiated PSCs cultured on MEFs formed ESC-like colonies with alkaline phosphatase activity (red 
– inset). Scale bar: 100 μm. (B) Immunofluorescence labeling of POU5F1, NANOG, and FUT4 (also known as SSEA1) in undifferentiated PSC 
colonies. Scale bars: 20 μm. (C) Growth kinetics of ESC line R1 and PSC lines A3, A6, B2, and B3 (n = 3 per group and time point; data rep-
resent means ± SEM; cell-doubling time: 16–17 hours). (D) PCA of global gene expression profiles of pluripotent cells (PSCs, ESCs, iPSCs, and 
gPSCs) and somatic cells (MEFs and neural stem cells [NSCs]). The respective Gene Expression Omnibus accession numbers are: GSE11274 
(includes MEF and gPSCs); GSE10806 (includes NSC and iPSCs); and GSE30868 (includes ESCs [R1], PSCs [A3] and PSC-derived EBs [A3 
EB culture day 15]). Each microarray experiment is represented by a dot, which is positioned in 2D space according to its similarity or degree of 
variance to all samples analyzed. PC1 and PC2 show variances of 47% and 20%, respectively. (E) Heat map of 80 annotated imprinted genes 
expressed in ESCs (R1 passage 25; n = 3) and PSCs (A3 passage 25; n = 3). Each gene is represented by a single row of colored boxes. Red 
represents transcript levels above median; blue represents transcript levels below median. (F) Comparison of global gene expression in ESCs 
and PSCs with key reprogramming factors highlighted. (G) qPCR of selected stemness factors (n = 4 per group; data represent means ± SEM).
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of Zfp42 in PSCs versus ESCs (Figure 1G) was anticipated because 
of reported differences in pluripotency-related gene expression in 
Sv129-derived versus C57BL/6-derived stem cells (32).

PSCs display characteristic genomic and epigenetic properties. The hall-
marks of PSC identity are largely haploidentical genomes and a 
lack of differential methylation of imprinted genomic loci (dif-
ferentially methylated regions, referred to herein as DMRs) (19). 
PCR-based microsatellite marker analyses of chromosome 5 
demonstrated the anticipated variable genomic constitution of 
PSCs, with high homozygosity for centromeric markers and an 
increasing degree of heterozygocity with increasing distance from 
the centromeres (Figure 2A). This characteristic feature of PSCs 
results from homologous recombination prior to chromosomal 
segregation in meiosis I (33). Giemsa-stained metaphase spreads 
suggested normal karyotypes in the different PSC lines (Supple-
mental Figure 1A; supplemental material available online with 
this article; doi:10.1172/JCI66854DS1). High-resolution spectral 
karyotyping analyses at passage 24–25 did, however, indicate the 
expected karyotype variability with clones containing regular (40, 
XX), but also abnormal [40,X, Der(X)T(XA.1;12D1) — confirmed 
by array CGH (passage 5 versus passage 24); 40,X,–X,+1; 39,X,–X] 
karyotypes (Supplemental Figure 1B). The frequently observed 
partial or complete loss of 1 X chromosome is a common observa-

nological acceptance of PSC allografts in related and unrelated 
recipients with matching MHCs.

Results
PSCs exhibit properties similar to other pluripotent stem cells. We gener-
ated 12 PSC lines from 63 nontransgenic blastocysts, and 2 PSC 
lines from 30 αMHC-EGFP transgenic blastocysts. The αMH-
C-EGFP transgene used the cardiomyocyte-restricted α-myosin 
heavy chain (Myh6; also known as αMHC) promoter to drive expres-
sion of an EGFP reporter (27). We first compared morphology and 
alkaline phosphatase activity (Figure 1A), presence of stemness 
factors (Figure 1B), and growth kinetics (Figure 1C), and found no 
differences in PSCs or the well-characterized pluripotent R1-ESC 
line (30). Principal component analysis (PCA) of transcriptome 
data from PSCs, ESCs, iPSCs, and germline-derived pluripotent 
stem cells (gPSCs) demonstrated a remarkable similarity between 
the investigated cell types (Figure 1D). Interestingly, only 5 (Zfp42, 
Myc, Foxd3, Gbx2, Dppa3) of the 27 annotated stemness-related 
transcripts were differentially expressed in PSCs (A3) and ESCs 
(R1) at a similar passage number (Figure 1E). Notably, of the 6 
established reprogramming factors (Pou5fl, Sox2, Klf4, Myc, Nanog, 
Lin28; refs. 18, 31) only Myc showed lower transcript abundance 
in PSC line A3 versus ESC line R1 (Figure 1F). A lower abundance 

Figure 2
Characteristic genetic and epi-
genetic differences in ESCs and 
PSCs. (A) Overview of chromo-
some 5 genotype demonstrat-
ing the expected variable allelic 
disparity in PSC lines (A3, A6, 
B2, B3). Color codes: C57BL/6J 
allele, blue; DBA/2J allele, yel-
low; alternative allele, green. (B) 
Bisulfite genomic sequencing of 
DMRs of imprinted genes in PSC 
line A3. Each row represents a 
cloned allele and each circle a 
CpG site (black circles represent 
methylated and white circles rep-
resent unmethylated CpG sites). 
(C) Differentially expressed 
imprinted genes in ESCs (R1; 
n = 3) versus PSCs (A3; n = 3). 
Each gene is represented by 
a single row of colored boxes. 
Color codes: yellow represents 
transcript levels above median; 
blue represents transcript levels 
below median.
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(34) and ESCs (35). Transcriptome profiling identified differences 
in 18 of 80 annotated imprinted genes, with most paternally and 
maternally expressed imprints displaying lower and higher tran-
script abundance in PSCs versus ESCs, respectively (Figure 2C).

PSCs are capable of differentiating into ectodermal, endodermal, and 
mesodermal cells in vitro and in vivo. We tested 2 selected nontrans-
genic PSC lines (B2 and B3) and the 2 transgenic (A3 and A6) PSC 
lines for their multilineage differentiation capability in embryoid 
body (EB) cultures using (a) RT-PCR for mesodermal, vascular, 

tion in female pluripotent stem cells, but does not appear to affect 
cell differentiation in vitro (9). As anticipated, maternally methyl-
ated DMRs controlling Peg1 and Igf2r transcription were hyper-
methylated (100%), and the paternally methylated DMRs control-
ling Dlk1 and Gtl2 transcription (IG-DMR) were hypomethylated 
(3%) in PSCs at passage 25 (Figure 2B). In contrast, paternally 
methylated DMRs of H19 (CTCF1) and Igf2 (DMR2) displayed 
59% and 33% CpG methylation, respectively, which is in agreement 
with recent reports on variable methylation of these loci in PSCs 

Figure 3
Multilineage potential of PSCs in vitro and in vivo. (A) RT-PCR analyses of lineage-specific transcripts in differentiating PSCs (PSC line B2). 
MEFs served as controls. Culture day 7; i.e., 2 days of hanging drop followed by 5 days in suspension culture. (+): Subsequent adhesion culture 
days. M, 100 bp DNA marker (full uncut gels are shown in the Supplemental Material). (B) EB culture day 22 (PSC line B3): pancytokeratin 
(pKRT), cytokeratin-18 (KRT18), α-fetoprotein (AFP), neurofilament protein M (NEFM), nebulin (NEB), GATA4. Respective lineage markers 
(red); nuclei (blue). Scale bars: 20 μm. (C and D) Comparison of teratoma size and composition 3 weeks after s.c. injection of ESCs and PSCs 
in SCID mice. Teratoma volume was quantified by ultrasonic biomicroscopy (representative image in C; data represent means ± SEM). H&E 
staining revealed multilineage potential of PSCs, including the capacity to generate cross-striated muscle (inset in D shows magnification of 
smaller boxed area). Scale bars: 50 μm.
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injection of pluripotent stem cells indicates immunological accep-
tance. We specifically investigated the hypothesis that MHC-hap-
loidentical donor cells (A3 – H2d/d) would be tolerated if implanted 
in related (DBA – H2d/d) and unrelated (BALB/c – H2d/d) allogeneic 
recipients with a complete MHC match; moreover, we hypothesized 
that allografts with a missing, but not mismatching, H2 haplotype 
(H2d/d A3-PSCs in H2d/b B6D2F1 recipients) would not be rejected 
(Figure 4B). In agreement with our hypotheses, we found that the 
A3 line (H2d/d) was not rejected in DBA (H2d/d), B6D2 (H2d/b), or 
BALB/c (H2d/d) mice; in contrast, a small teratoma was observed 
in only 1 of 10 B6 mice (H2b/b) with A3 PSC (H2d/d) implants. 
MHC-heterozygotic A6 PSCs (H2d/b) were not rejected if implanted 
in B6D2F1 (H2d/b) mice. In contrast, only 3 of 10 DBA (H2d/d) mice, 
1 of 10 B6 mice (H2b/b), and 2 of 10 BALB/c (H2d/d) mice developed 
teratoma after A6 PSC (H2d/b) implantation.

PSCs and ESCs exhibit a similar potential to differentiate into cardio-
myocytes. Given (a) the utility of the cardiomyocyte-restricted EGFP 
reporter for myocyte isolation and in vivo tracing; (b) the immu-

epithelial/hepatic, neural, and myogenic markers (Figure 3A); 
(b) immunofluorescence staining for endodermal (KRT, AFP), 
ectodermal (NEFM), and mesodermal (NEB, GATA4) markers 
(Figure 3B); and (c) teratoma formation after subcutaneous injec-
tion in SCID mice (Figure 3, C and D). Collectively, these data con-
firmed similar differentiation and growth potential in the tested 
uniparental PSCs and the widely used biparental R1-ESCs.

PSCs are largely MHC haploidentical, making them attractive for 
allotransplantation. We first analyzed the H2 locus, encoding for 
MHC, on chromosome 17 in the 4 well-characterized PSC lines (A3, 
A6, B2, B3) using a PCR microsatellite screen. Similar to chromo-
some 5 (Figure 2A), we observed the characteristic allelic disparity 
in the PSC genomes. Three of the 4 lines (A3 transgenic; B2 and 
B3 nontransgenic) were H2 haploidentical; the A6 line was hete-
rozygotic for the H2 locus (Figure 4A). MHC haploidentity is con-
sidered immunologically advantageous in allotransplantation (20, 
21). We screened for acceptance of PSC allografts using a teratoma 
formation assay (33); in this model, teratoma formation after i.m. 

Figure 4
H2-haploidentical PSCs as 
preferred allografts. (A) Allele 
contribution on chromosome 
17 (MHC locus is between 
18.4 and 20.3 cM) in A3, A6, 
B2, and B3 PSC lines. Allele 
color codes: C57BL/6J, blue; 
DBA/2J, yellow; alternative 
alleles, green; no PCR product 
detected, white. (B) Schematic 
of transplant conditions (upper 
left); representative teratoma 
histologies (bottom left); ter-
atoma formation after grafting 
of H2-haploidentical A3 PSC 
grafts in indicated recipient 
mice; n = 10 per group (upper 
right); teratoma formation after 
grafting of H2-heterozygous A6 
PSC grafts in indicated recipi-
ent mice; n = 10 per group (bot-
tom right).
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further exploited to FACS-purify PCMs from EB cultures 
for subsequent morphological and functional analyses 
(Figure 6A and Supplemental Video 1). This revealed 
the presence of cardiac-specific structural proteins orga-
nized within well-developed sarcomeres (Figure 6B) and 
electrophysiological properties of distinct cardiomyo-
cyte subtypes (ref. 36, Figure 6C, and Supplemental 
Table 1), including: (a) ventricle-like cells (n = 49) with a 
low maximal diastolic potential (MDP), a fast maximal 
upstroke-velocity (max dV/dt), a large action potential 
amplitude (APA), and a pronounced plateau phase; (b) 
Purkinje-like cells (n = 13) with a faster max dV/dt, the 
presence of a notch, and also a plateau phase; (c) atrial-
like cells (n = 11) lacking a significant plateau phase; and 
(d) pacemaker-like cells (n = 15) with less negative MDP, a 
slower max dV/dt, a smaller APA, and no defined plateau 
phase. Fourteen of the 102 cells studied exhibited inter-

mediate action potential (AP) phenotypes. Pharmacologic inter-
ventions stratified these cells as being dependent on Na+ or Ca2+ 
influx in phase 0 of the AP (Supplemental Figure 2). Blastocyst 
injection experiments confirmed the capacity of PSCs to develop 
into mature (Figure 6D) and functionally integrated (Supplemen-
tal Figure 3) cardiomyocyte subtypes within different anatomic 
regions of the developing heart. Importantly, the formation of 
PCMs following blastocyst injection occurred largely indepen-
dently from cell fusion events (Figure 6E).

PCMs survive and integrate into recipient myocardium after intramyo-
cardial injection. We next investigated whether PCMs would also 
integrate after intramyocardial injection into adult mouse heart. 
Three weeks after injection, PCM grafts displayed a rod-shaped 
morphology with regular cross-striations (Figure 7A) and connex-
in43-positive junctional complexes between engrafted and native 
cardiomyocytes (Figure 7B), making them indistinguishable from 
native cardiomyocytes (with the exception of the EGFP signal in 
PCMs). In agreement with these morphological observations, 
two-photon laser scanning fluorescence microscopy (27) revealed 
synchronous AP-evoked Ca2+ transients in adjacent EGFP-posi-
tive and EGFP-negative cardiomyocytes (Figure 7, C–E), indicat-
ing electrical coupling of PCMs to the recipient myocardium. 
Moreover, similar Ca2+ transient kinetics in engrafted and host 
cardiomyocytes indicated the capacity of the in vitro–“generated” 
PCMs to develop mature Ca2+-handling properties if exposed to 

nological advantage of an MHC-haploidentical cell line; and (c) a 
similar cardiomyogenic potential in all investigated PSC lines, we 
chose PSC line A3 for further in-depth analyses of cardiomyocyte 
generation and myocardial restoration. To scrutinize the process 
of cardiomyocyte differentiation in PSCs, we compared molecu-
lar markers for: (a) undifferentiated cells (Pou5f1 and Nanog); (b) 
mesodermal commitment (i.e., T, Isl1, Kdr); and (c) myocardial 
specification (i.e., Nkx2-5, Myh6) by quantitative PCR (qPCR) in 
A3 PSC and R1 ESC EB cultures (Figure 5, A and B). These data 
confirmed the anticipated downregulation of Pou5f1 and Nanog, 
a transient upregulation of T, Kdr, and Isl1, and a late elevation 
of Nkx2-5 and Myh6. In addition, we determined the percentage 
of EBs exhibiting spontaneous contractile activity and found all 
to contain beating areas by culture day 11 (analyzed EB num-
bers: 46, 43, and 67 in ES4, ES7, and PSC-A3 cultures; Figure 5C). 
Cardiomyocyte yield per input stem cell was on average 2.5 ± 0.3  
(n = 16), with no differences in ESC lines (ES4 and ES7) and PSC 
line A3 (Figure 5D); note that we derived these cell lines from 
the same transgenic mouse model (αMHC-EGFP) (27) to exclude 
potentially confounding mouse background bias. Collectively, 
these data confirmed that, despite an apparent 2- to 3-day delay in 
PSC differentiation, there were no essential differences in absolute 
cardiomyocyte derivation efficiency in PSC and ESC cultures.

PSCs can differentiate into terminally mature cardiomyocyte subtypes. 
Expression of the lineage-restricted αMHC-EGFP reporter was 

Figure 5
Mesodermal differentiation and cardiogenicity. qPCR for 
pluripotency (Pou5f1), (cardio)mesoderm (T, Kdr, Isl1), and 
cardiac (Nkx2-5, Myh6) markers in undifferentiated (UD) 
cells and differentiating EBs in (A) PSC (n = 4–5 per group) 
and (B) ESC (n = 3–4 per group) cultures (data represent 
means ± SEM). Decrease in Nkx2-5 and Mhy6 in ESCs on 
culture day 7 + 6 was the consequence of nonmyocyte over-
growth. (C) Enumeration of beating EBs at the indicated cul-
ture days (n = 2–3 per time point; data represent means). (D) 
Quantity of EGFP-positive cardiomyocytes (CMs) per input 
stem cell (SC; 400 ESCs or PSCs per EB; cells from 5 single 
EBs were pooled for analytic FACS; n = 5–6) on culture day 
5 + 10 (box plots indicate median with interquartile range; 
whiskers indicate minimal and maximal values). PSC line A3 
and ESC lines ES4 and ES7 were generated from the same 
αMHC-EGFP mouse strain.



technical advance

 The Journal of Clinical Investigation   http://www.jci.org 7

promotor control (26). Either protocol provided the necessary cell 
quality [cardiomyocyte content: (a) 50–60%, ref. 24; and (b) >95%, 
ref. 26] and quantity (1.5 × 106 cells/EHM) to enable EHM gener-
ation (Figure 8A and Supplemental Video 2). The nonmyocytes in 
protocol (a) were predominantly smooth muscle cells and fibrob-
lasts (24). Genetically selected cells from protocol (b) had to be sup-
plemented with nonmyocytes (25% fibroblasts) to yield contractile 
EHM. Cells were suspended in hydrogels and cast in circular molds 
to facilitate the formation of EHM. Irrespective of the cell proto-
col used, the EHM developed spontaneous contractions within  
3 days after casting. Immunofluorescence stainings for sarcomeric 
actinin after an additional 5 days of culture on custom-made hold-
ers to maintain the EHM under constant load demonstrated the 

the appropriate in vivo environment (Figure 7F). Similar obser-
vations were made in chimeric mice generated from blastocysts 
injected with undifferentiated A3-PSCs (Supplemental Figure 3C). 
Additional immunofluorescence staining confirmed that PCMs 
were well integrated into the recipient myocardium (Figure 7, G–I).

EHM from PCMs. The level of spontaneous myocyte differentiation 
in pluripotent stem cell culture is notoriously low (Figure 6A) (26). 
Any large-scale in vitro or in vivo application such as tissue engineer-
ing and cardiac muscle repair requires augmentation of this process. 
We exploited 2 different strategies to reach the necessary scale and 
myocytic purity, namely: (a) directed differentiation (24), and (b) 
genetic selection after stable introduction into the A3 line of a sec-
ond transgene encoding for neomycin resistance (neoR) under Myh6 

Figure 6
Cardiomyocyte differentiation from PSCs in vitro 
and in vivo. (A) FACS of GFP-positive PCMs (cul-
ture day 7 + 15); nontransgenic ESCs served as the 
control cell population (right panel illustrates a PCM 
24 hours after plating; also refer to Supplemental 
Video 1). (B) Morphology of FACS-purified PCMs 
(EGP-positive) assessed by confocal laser scan-
ning microscopy. (C) Distinct APs in FACS-purified 
PCMs. (D) Epifluorescence images and histochem-
ical staining of atrial, atrioventricular (AV) nodal 
(acetylcholinesterase-positive/connexin43-neg-
ative), and ventricular regions in chimeric adult 
mouse heart (generated by blastocyst injection of 
αMHC-EGFP PSCs, A3 line). (E) Heart section from 
a chimeric mouse after injection of αMHC-EGFP 
PSCs (A3 line) into αMHC-nLacZ blastocysts. Light 
microscopy after X-gal staining (left panel); epifluo-
rescence image of the same section showing 
PSC-derived EGFP-positive cardiomyocytes (mid-
dle panel); merged image did not show cells dou-
ble-positive for EGFP and nLacZ, ruling out overt 
fusion events (right panel). Scale bars: (A) 10 μm, 
(B and D) 20 μm, (E) 50 μm.
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procedure in F-EHM; Figure 9E). Morphological analyses con-
firmed the presence of well-structured PCMs (Figure 9F) sur-
rounded by CD31-positive capillaries (Figure 9G).

Discussion
Several pluripotent stem cell species have been identified, and data 
on mesodermal differentiation and cardiomyocyte derivation have 
been reported previously in detail for ESCs (36, 37), iPSCs (38, 39), 
and spermatogonial stem cells (40). Most recently, the feasibility of 
direct reprogramming of fibroblasts into cardiomyocytes in vitro 
(41) and in vivo (42, 43) has been demonstrated. Thus, one may 
conclude that there is no need for yet another cardiogenic stem 
cell species. Despite the excitement about the already available 
stem cells and the seemingly unlimited reprogramming technol-
ogies, it must be recognized that pivotal limitations will remain 
unaddressed with the aforementioned cell types, especially if ther-
apeutic applications are anticipated in disease conditions such as 
heart failure with a malignant short-term prognosis. Here, the key 
concern is timely allocation (within weeks or several months) and 
retention of large myocyte numbers for myocardial reconstruction. 
Autologous cell repair, which would certainly be ideal, appears 
unlikely to be the answer to this challenge because of the time-
consuming quality control required for personalized therapeutics. 
Thus, it is understandable that well-defined allogeneic ESC deriva-
tives continue to enter clinical trials, preferably as an off-the-shelf 
product in immune-privileged niches (44). The establishment of 
cell banks containing MHC-haploidentical stem cells has been 
suggested to enhance the general acceptability of stem cell grafts 
(20, 21). However, finding donors with these rare genotypes that 
also have the necessary diversity to be broadly applicable appears 
very ambitious. In light of this, we hypothesized that PSCs, which 

presence of highly mature cardiomyocytes with regular sarcomeric 
cross-striations and anisotropic syncytial arrangement (Figure 8B). 
Accordingly, Myh6 transcript abundance was markedly higher in 
EHM cultures compared with ESC (4.9 ± 0.4-fold; P < 0.05 vs. EHM) 
or PSC (2.1 ± 0.2-fold; P < 0.05 vs. EHM) EB cultures, and reached 
similar levels as identified in neonatal mouse heart tissue (Figure 
8C). Interestingly, EHM and adult myocardium exhibited simi-
larly low levels of Myh7 transcripts (high levels of Myh7 transcripts 
are typically associated with immature or injured myocardium in 
rodents). Contractile properties of EHM were comparable to native 
myocardium with, however, higher calcium sensitivity (EHM [n = 8] 
vs. myocardium [n = 4]: 0.82 ± 0.03 vs. 1.52 ± 0.06 mmol/l; P < 0.05) 
and slower contraction kinetics (contraction time: 65 ± 3 ms vs.  
38 ± 2 ms; P < 0.05; relaxation time: 69 ± 4 ms vs. 38 ± 2 ms; P < 0.05; 
Figure 8D and Supplemental Table 2).

Therapeutic utility of EHM. To examine whether the therapeutic 
application of EHM is in principle feasible, we tested EHM from 
the A3-PSC line (H2d/d) in immune-competent DBA (H2d/d) mice 
after induction of myocardial infarction (MI) by permanent left 
coronary artery ligation (Figure 9A). The EGFP transgene allowed 
for easy identification of PCMs in EHM grafts (Figure 9B). EHM-
“treated” hearts (n = 7), in contrast to control groups (control, MI 
but no EHM graft [n = 8]; F-EHM, MI with formaldehyde-fixed 
nonviable EHM graft [n = 8]), exhibited thicker anterior walls 
(EHM vs. control: 1.3 ± 0.1 mm vs. 0.8 ± 0.1 mm; P < 0.05) (Fig-
ure 9C and Supplemental Table 3) and enhanced systolic anterior 
wall thickening (EHM vs. control: 13 ± 2% vs. 4 ± 2%; P < 0.05)  
(Figure 9D and Supplemental Table 3). Visual inspection clearly 
identified the grafts in situ and distinguished the viable EHM 
grafts from the nonviable F-EHM grafts by their strong EGFP 
fluorescence (EGFP fluorescence was destroyed by the fixation 

Figure 7
Retention and functional integration of PCMs after 
intramyocardial injection. (A and B) Immunofluores-
cent labeling of α-actinin (red, A) and connexin43 
(red, B) in adult ventricular mouse heart tissue  
3 weeks after injection of PCMs (EGFP, green; nuclei, 
blue). (C–F) Two-photon laser scanning microscopy 
of intracellular Ca2+ transients in adult mouse hearts 
after injection of PCMs: 2D-scan (C) and line-scan (D) 
images of stimulated (3 Hz) and spontaneous Ca2+ 
transients. Arrow 1, EGFP-positive cell; arrow 2, EGFP- 
negative cell; the dotted line indicates the location 
of the line scan. Bands of increased rhod-2 fluores-
cence intensity reflect AP-induced Ca2+ transients. (E) 
Plots of rhod-2 and GFP line-scan data in the EGFP-
expressing cardiomyocyte 1 and the GFP-negative 
(native) cardiomyocyte 2 as a function of time. (F) 
Superimposed tracings of AP-evoked changes in 
rhod-2 fluorescence as a function of time from car-
diomyocytes 1 (green) and 2 (red). For each cell, the 
relative changes in fluorescence were normalized 
such that 0 represents the prestimulus fluorescence 
intensity (F0), and 1 represents the peak fluores-
cence intensity. Additional immunofluorescence anal-
yses confirmed the maturity of engrafted PCMs: A3 
line; EGFP-positive; (G) α-actinin (red); (H) actin (red); 
(I) troponin (red); nuclei (blue; DAPI). Scale bars: (A)  
100 μm, (B, C, G–I) 20 μm.
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population of approximately 100 
million individuals (20, 21); in 
this scenario, little or no immune 
suppression may be necessary.

For therapeutic applications, 
but also for such potential appli-
cations as cellular or tissue-engi-
neered models in studies of funda-
mental stem cell biology or disease 
processes and drug development, 
it is essential to enrich for cardio-
myocytes and augment total car-
diomyocyte numbers (45). Here, 
we demonstrate that PCMs can be 
enriched by: (a) directed differenti-
ation (24); (b) FACS via the use of 
a cardiomyocyte-restricted EGFP 
transgene (27); or (c) administra-
tion of cytotoxic antibiotics after 
cardiomyocyte-restricted expres-
sion of a neomycin-resistance 
gene (26). Importantly, directed 
differentiation and neomycin 
selection protocols provided opti-
mal cardiomyocyte numbers for 
myocardial tissue engineering; i.e., 
1.5 × 106 cardiomyocyte-enriched 
cell populations per EHM. FACS 
can, in principle, also prepare the 
required cell numbers, but is lim-
ited by the need for high-input 
cell quantities to compensate for 
procedure-related cell damage  
and death.

To enable myocardial support after in vivo application, it is essen-
tial that cardiomyocyte grafts exhibit the capacity to couple elec-
trically to recipient myocardium. Here, it is important to note that 
electrical integration of stem cell–derived cardiomyocytes cannot be 
readily anticipated (46). In light of this, we find it important to report 
that PCMs integrated electrically into recipient myocardium and 
adapted to the recipient milieu, rendering them morphologically and 
functionally indistinguishable from the recipient heart cardiomyo-
cytes. Use of the cardiomyocyte-restricted EGFP transgene in PCMs 
was particularly helpful in these experiments to unambiguously dis-
tinguish engrafted and recipient heart cardiomyocytes. Our findings 
add to earlier and recent observations on electromechanical integra-
tion of ESC-derived cardiomyocytes in pig and guinea pig models 
(47, 48) by providing evidence at the cellular level for calcium-han-
dling synchronization in graft and host cardiomyocytes.

We next tested the applicability of the cardiomyocyte-enriched 
cell pools in myocardial tissue engineering. EHM demonstrated 
an advanced degree of maturation compared with EB cultures and 
exhibited force parameters similar to those of left ventricular myo-
cardium from adult mice. However, we observed higher calcium 
sensitivity and slower contraction kinetics in the EHM. This is not 
a peculiar observation in EHM generated from PSCs, but a general 
finding also in EHM from neonatal rodent cardiomyocytes (49), 
as well as mouse and human ESC- and iPSC-derived myocytes (50, 
51). Whether limited diffusibility or fundamental differences in 
calcium handling account for this finding remains to be clarified. 

are by nature predominantly MHC-haploidentical, may represent 
attractive alternatives to biparental pluripotent stem cells, and we 
tested their applicability in tissue-engineered heart repair.

We first investigated in detail the fundamental biological prop-
erties of PSCs and determined that despite their unique genomic 
and epigenetic properties, there was no obvious difference in car-
diac differentiation potential between PSCs and ESCs. This was 
somewhat unexpected, given the heart defects observed during the 
development of parthenotes in utero (14). Finally, our data suggest 
that potential deficits could be “overridden” in vitro, despite the 
persistence of unique epigenetic traits. We find this particularly 
interesting because it suggests that the impact of the differentially 
expressed genes in ESCs and PSCs was neither negative nor pos-
itive on in vitro or in vivo (in chimeric mice) cardiogenicity and 
subsequent cardiomyocyte maturation.

We next tested the hypothesis that MHC-haploidentical PSCs 
would be tolerated in related and unrelated allogeneic recipients 
with matching MHCs. This advances earlier investigations demon-
strating acceptance in related allogeneic recipients (33). The appli-
cability of MHC-haploidentical PSCs in unrelated, MHC-matched 
recipients is particularly attractive because it suggests that a small 
number of oocyte donors would suffice to provide the immuno-
logically relevant MHC constellations for allogeneic applications. 
In fact, in silico predictions suggest that less than 100 MHC-hap-
loidentical cell lines would be sufficient to provide cells with no 
MHC mismatch to more than 90% of the potential recipients in a 

Figure 8
Tissue-engineered myocardium from PSC derivatives. (A) Light microscopic (top panel) and epifluo-
rescence images (bottom panel) of an EHM (culture day 8; also refer to Supplemental Video 2). (B) 
Confocal laser scanning microscopy of a cardiomyocyte bundle in EHM. EGFP (green); α-actinin (red); 
nuclei (blue, DAPI). (C) Transcript abundance of Myh6 and Myh7 (normalized to Casq2) in native 
myocardium (fetal, neonatal, adult), EB cultures (ESC and PSC), and EHM (n = 3–4 per group; data 
represent means ± SEM). (D) Concentration response curve under increasing extracellular [Ca2+] for 
EHM (n = 8) and native mouse myocardium (ventricular wedge; n = 4). Data represent means ± SEM 
(also refer to Supplemental Table 2). Single isometric contractions of EHM and native heart muscle 
(inset) at low (0.4 mmol/l) and high (2.4 mmol/l) extracellular [Ca2+]. Scale bars: (A) 1 mm, (B) 50 μm.
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of developmental defects in parthenotes (14). Accordingly, one 
of our key observations involved the capacity of PSCs to exhibit 
essentially normal cardiogenesis in vitro and in vivo. This, 
together with the ease of PSC derivation and the technical (no 
genetic manipulation required), ethical (no destruction of viable 
embryos), and immunological (MHC-haploidentity) advantages, 
warrants, in our view, the consideration of PSC use in heart mus-
cle repair. Assessment of the therapeutic utility of EHM grafts 
will require further scrutiny, preferably in large animal models, to 
better address potentially limiting biological and technical issues 
such as hypoxia/vascularization and surgical positioning of the 
grafts in or on myocardial defects with clinically relevant dimen-
sions. Potential clinical translation may benefit from the recent 
development of human PSCs (7). Moreover, the vast availability of 
unfertilized oocytes, which are otherwise discarded (17), provides 
a realistic option for therapeutic stem cell banking of preferably 
MHC-haploidentical stem cells (7, 20, 21). We conclude that our 
study provides a first proof-of-concept for PSC-based tissue-engi-
neered heart repair. Once human PSCs become widely available, 

Importantly, our in vivo data demonstrate that PCMs exhibit the 
principle capacity to develop mature calcium handling properties 
if subjected to the proper in vivo environment.

Finally, we tested the concept of tissue engineering–based myo-
cardial repair. In agreement with an earlier study on the ther-
apeutic utility of EHM allografts from primary rat heart (23), 
we observed that EHM grafts were not only retained, but also 
enhanced regional performance of infarcted hearts. In contrast to 
the previous study and in accordance with our hypothesis, there 
was no need for specific immune suppression, likely due to the 
MHC matching between EHM grafts (from A3 PSC line – H2d/d) 
and the recipient mice (DBA – H2d/d). Further studies will, how-
ever, be necessary to establish the full potential of PSCs in MHC-
matched heart repair, and, in particular, to optimize the reported 
tissue-engineering modality to achieve large-scale remusculariza-
tion — preferably in large animal models with human-like physiol-
ogy, i.e., pig or nonhuman primate.

Taken together, PSCs have thus far attracted little attention 
for cell-based therapies, likely owing to the earlier observation 

Figure 9
Proof-of-concept for the therapeu-
tic application of MHC-matched 
EHM grafts. (A) F-EHM graft 
sutured onto a beating heart. 
(B) EHM graft on infarcted myo-
cardium (PCMs, EGFP-positive; 
heart was explanted directly after 
EHM engraftment for demonstra-
tion). (C) Anterior wall thickness in 
diastole (AWThd) and (D) anterior 
wall thickening fraction (AWThF) 
measured by echocardiography 2 
weeks after MI and the respective 
surgical intervention. Sham, no MI, 
and no graft; control (Ctrl), MI with 
no graft; F-EHM, MI with formalde-
hyde-fixed (nonviable) EHM; EHM, 
MI with viable EHM graft (n = 7–8). 
Data represent means ± SEM;  
*P < 0.05 versus control (also refer 
to Supplemental Table 3). (E) Heart 
explants with F-EHM and EHM 
(EGFP-positive) grafts; EGFP sig-
nal (lower panels) indicates reten-
tion of viable cardiomyocytes. (F) 
Anisotropically arranged PCMs 
(α-actinin and GFP) in EHM 
graft. (G) PCMs surrounded by 
CD31-positive capillaries. Scale 
bars: (A, B, and E) 2 mm; (F and 
G) 20 μm.
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15 seconds, 56°C for 15 seconds, and 72°C for 20 seconds) of defined micro-
satellite markers and electrophoretic separation in 2.5%–3% MoSieve agarose 
gels (Peqlab) were used to identify genotypes. Primer sequences can be found 
in Supplemental Table 4, as obtained from www.informatics.jax.org.

Gene array analysis. Total RNA was extracted with an RNeasy Midi Kit 
(QIAGEN) with DNAse digestion using the manufacturer’s buffers and 
protocols. RNA quality was confirmed using an Agilent 2100 Bioanalyzer 
System. Probe was prepared with 1 μg RNA using the Affymetrix One-
Cycle Target Labeling Kit according to the manufacturer’s instructions. 
Labeled RNA was fragmented by heating to 95°C for 35 minutes in 200 
mmol/l Tris (pH 8.1), 500 mmol/l KOAc, 150 mmol/l MgOAc buffer. Affy-
metrix Mouse Genome 430 2.0 arrays were prehybridized with 200 μl MES 
hybridization buffer for 10 minutes at 45°C with rotation (60 rpm) in an 
Affymetrix Hybridization Oven 640. After removing the prehybridization 
solution, 10 μg of labeled cRNA in 200 μl MES hybridization buffer was 
applied to the array leaving a small air bubble. Arrays were incubated over-
night at 45°C with rotation (60 rpm) in the hybridization chamber. Arrays 
were scanned using the Affymetrix GeneChip Scanner 3000. CEL files were 
processed using the BioConductor software package. Normalization was 
done using robust multichip averaging (RMA) (53). PCA was performed by 
prcomp in R package statistics. Differential expression was analyzed using 
Student’s t tests. Transcripts with a fold change greater than 2 and a P value 
less than 0.05 between 2 conditions were considered to be differentially 
expressed. Raw P values were adjusted by the Benjamini-Hochberg method 
(54). Data sets were submitted to the Gene Expression Omnibus database 
(accession number GSE30868; http://www.ncbi.nlm.nih.gov/geo).

DNA methylation analysis. Genomic DNA from the A3-PSC line was 
treated with sodium bisulfite using an EpiTect Bisulfite Kit (QIAGEN) 
according to the manufacturer’s protocol. All genomic regions selected 
were then amplified using a nested primer approach. PCR amplifications 
were performed using SuperTaq polymerase (Ambion, Life Technologies) 
in a total volume of 25 μl. All PCR amplifications consisted of a total of 40 
cycles of denaturation at 94°C for 30 seconds, annealing at the appropriate 
temperature for each target region for 30 seconds, extension at 72°C for 
30 seconds with a first denaturation at 94°C for 5 minutes, and a final 
extension at 72°C for 10 minutes. For each primer set, 3 μl of product 
from the first round of PCR was used in the second round of PCR. The 
amplified products were verified by electrophoresis on 1% agarose gels. The 
PCR products were subcloned using the PCR 2.1-TOPO vector (Invitrogen) 
according to the manufacturer’s protocol. Reconstructed plasmids were 
purified using the QIAprep Spin Miniprep Kit (QIAGEN) and individual 
clones were sequenced (GATC Biotech). Detailed primer and annealing 
temperature information is provided in Supplemental Table 5.

Standard karyotyping. PSC cultures were arrested with 0.2 μg/ml colce-
mid for 2 hours and dissociated with 0.25% trypsin EDTA. For hypotonic 
treatment, cells were subjected to 75 mmol/l KCl for 20 minutes at 37°C. 
After fixation with methanol/acetic acid (3:1) at room temperature, chro-
mosome spreads were prepared by dropping the cell suspension onto 
prechilled slides. After drying at 90°C for 15 minutes, chromosomes were 
either stained directly with 10% Giemsa solution (in Weise’s phosphate 
buffered solution) for 5 minutes or, for GTG-banding, they were treated 
with 0.25% trypsin solution for 7 seconds and then stained with 10% Giem-
sa solution for 9 minutes.

Spectral karyotyping (SKY). Cells were prepared as described above and 
dropped onto glass slides in a climate chamber (Polymer) at 22°C and 48% 
humidity. Hybridization with the Mouse SKY Kit (Applied Spectral Imaging) 
was done for 3 days according to the manufacturer’s instructions. Spectral 
images were acquired using an epifluorescence microscope equipped with an 
interferometer (SpectraCube; Applied Spectral Imaging), a custom-designed 
optical filter, and the SkyView software (Applied Spectral Imaging).

we assume that they will be amenable to myocardial tissue engi-
neering just as human ESC and iPSCs are (50, 51).

Methods
Generation and culture of PSCs. We induced superovulation in 6- to 8-week-
old (C57BL/6J × DBA/2J)F1 (B6D2F1) mice by i.p. injection of 7.5 U preg-
nant mare serum gonadotropin (PMSG) and, 48 hours later, 7.5 U human 
choriogonadotropin (hCG). We harvested oviducts and collected cumulus 
oocyte complexes (COCs) 16 hours after hCG injection. Cumulus cells 
were removed with hyaluronidase (1 mg/ml for 10 minutes at room tem-
perature). We subsequently activated oocytes with strontium chloride (10 
mmol/l in Ca2+-free CZB medium in mmol/l: NaCl 82.7, KCl 4.68, KH2PO4 
1.17, MgSO4 1.18, D-glucose 5.6, Na-lactate 30.1, EDTA2Na 0.1, NaHCO3 
25, Na-pyruvate 0.62, glutamine 1; supplemented with 5 mg/ml BSA, and 
100 U/ml penicillin and 100 μg/ml streptomycin [100 P/S]) for 6 hours 
and prevented second polar body extrusion with cytochalasin B (5 μg/ml). 
Blastocysts formed during culture in mineral oil–covered Ca2+-containing 
(1.71 mmol/l) CZB medium for 6 days. We transferred blastocysts onto 
mitomycin C (10 μg/ml) inactivated murine embryonic fibroblasts (MEFs) 
in KO medium (Gibco, Life Technologies) supplemented with 20% serum 
replacement (Gibco, Life Technologies), 1,000 U/ml leukemia inhibitory 
factor (LIF; Chemicon), 2 mmol/l glutamine, 1× nonessential amino acids, 
50 P/S, and 100 μmol/l 2-mercaptoethanol, and manually selected inner 
cell mass (ICM) outgrowths after 5 days. We plated cells after trypsina-
tion on MEFs in stem cell medium: DMEM (high glucose, no pyruvate,  
25 mmol/l HEPES) supplemented with 20% FCS, 1,000 U/ml LIF,  
2 mmol/l glutamine, 1× nonessential amino acids, 50 P/S, 1 mmol/l Na- 
pyruvate, 30 μmol/l adenosine, 30 μmol/l guanosine, 30 μmol/l cytidine, 
30 μmol/l uridine, 10 μmol/l thymidine, and 100 μmol/l 2-mercaptoetha-
nol. PSC colonies were dispersed every 48–72 hours in 0.25% trypsin EDTA 
and split over a range of ratios from 1:2 to 1:8.

In vitro differentiation of PSCs. We generated EBs using the hanging drop 
method (52). Hanging drops contained 500 cells (if not indicated otherwise) 
in 20 μl Iscove’s medium supplemented with 20% FCS, 2 mmol/l glutamine, 
1× nonessential amino acids, 50 P/S, and 100 μmol/l 2-mercaptoethanol. 
Under these conditions, EBs formed within 2 days. We subsequently trans-
ferred EBs into Petri dishes for a 5-day suspension culture period before 
final transfer to cell culture dishes to facilitate in vitro differentiation. EBs 
from 10 of the 12 wild-type and both transgenic PSC lines showed spon-
taneously contracting areas without obvious differences in cardiogenic 
potential. Two of the 10 wild-type PSC lines (B2 and B3) showing contract-
ing areas in EB culture, and 1 of the 2 wild-type PSC lines (C4) showing no 
contractions in EB culture were randomly chosen for basic characterization. 
Cardiac differentiation capacity was evaluated in more detail in the 2 trans-
genic PSC lines (A3 and A6) and was found to be similar (A3: 45 ± 3% and 
A6: 38 ± 3% beating EBs on culture day 19; n = 3 per line).

Assessment of growth rate. We plated 50,000 cells from PSC lines B2 (wild-
type), B3 (wild-type), A3 (αMHC-EGFP), A6 (αMHC-EGFP), and R1 ESC 
on MEF feeders in 6-cm gelatin-coated dishes containing stem cell medi-
um. We dissociated cells every 12 hours (3 dishes per cell line and time 
point) into single cells in 0.25% trypsin EDTA and counted the total num-
ber of cells. Cell-doubling time was calculated from the linear interval of 
the resulting growth curve.

Genotype analyses. We dispersed PSC lines A3, A6, B2, B3, and R1 ESC in 
0.25% trypsin EDTA and removed MEFs using a preplating step. Suspend-
ed cells were collected and DNA was extracted using standard protocols. 
Control DNA from mice (C57BL/6J, DBA/2J, B6D2F1) and MEFs (from 
NMRI mice) was isolated from liver and cultured MEFs, respectively. PCR 
amplification (touchdown PCR protocol: 20 cycles of 95°C for 15 seconds, 
60°C–56°C for 15 seconds; 72°C for 20 seconds, and 15 cycles of 95°C for 
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yield single-cell suspensions. Trypsin was inactivated by the addition of 
medium containing 20% FCS. Cells were subsequently strained through a 
30-μm mesh to remove cell aggregates and resuspended in 1 ml Ca2+- and 
bicarbonate-free Hanks’ solution with HEPES. EGFP-positive cells were 
separated using an FACSAria Cell-Sorting System (BD). Cell gating was 
adjusted using EGFP-negative R1 ESCs.

Patch-clamp experiments. Laminin-coated coverslips containing 200 FACS-
purified EGFP-positive PCMs were introduced into a recording chamber 
mounted on the stage of an inverted microscope (Axiovert 25; Zeiss) 
and continuously superfused with bath solution at room temperature 
(21°C–23°C). Spontaneous APs were evaluated using the standard patch-
clamp technique in the ruptured patch whole-cell configuration. Patch 
pipettes were pulled from borosilicate glass (GC150-15; Clark Electromedi-
cal Instruments) with an average resistance of 3.3 ± 0.1 MΩ (n = 102). The 
pipette solution contained (in mmol/l): K-glutamate 120, KCl 10, MgCl2 2,  
EGTA 10, HEPES 10, and Na2-ATP 2 titrated to pH 7.20 with KOH. Cells 
were superfused with a modified Tyrode’s solution (control solution) con-
taining (in mmol/l): NaCl 138, KCl 4, MgCl2 1, NaH2PO4 0.33, CaCl2 2, 
glucose 10, and HEPES 10 titrated to pH 7.30 with NaOH. In some experi-
ments, tetrodotoxin (1 μmol/l) or nifedipine (1 μmol/l) was added to the 
bath solution. Membrane potentials were recorded at a sampling rate of 
5 kHz using an EPC-9 amplifier controlled by PULSE software (HEKA 
Elektronik). Membrane capacitance and series resistance were calculated 
using automated procedures. The series resistance averaged 8.9 ± 0.5 MΩ 
(n = 102). APs were recorded immediately after patch rupture for at least  
2 minutes and analyzed offline using Igor (WaveMetrics) to determine the 
MDP, APA, the maximum rise rate of the AP upstroke (max dV/dt), and the 
AP duration at 20%, 50%, and 90% repolarization (APD20, APD50, APD90).

Blastocyst injection. Chimeras were generated according to standard 
protocols by injecting PSCs (PSC line A3) into wild-type or αMHC-
nLacZ blastocysts, respectively, and then transferred into pseudopreg-
nant SW/J surrogate mothers.

LacZ staining. Cryosections were stained with X-gal staining solution as 
follows (in mmol/l): MgCl 2, K4Fe(CN)6 5, K3Fe(CN)6 5, HEPES 20, 1 mg/ml  
5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-gal), in PBS, adjusted to 
pH 7.4, at 37°C for 6 hours.

Acetylcholinesterase staining. Air-dried (3 minutes) cryosections were fixed 
in ice-cold 4% neutral formalin for 15–25 minutes, washed with H2O, and 
incubated for 2 hours at 37°C in an aqueous staining solution (50 ml) con-
taining 25 mg acetylthiocholine iodide, 0.82% sodium acetate, 0.6% acetic 
acid, 2.94% sodium citrate, 0.75% cupric sulfate, 0.137% iso-OMPA, and 
0.165% potassium ferricyanide. Sections were subsequently washed in PBS 
(10 minutes), dried, and mounted.

Two-photon laser scanning microscopy of intracellular calcium transients. Three 
weeks following intracardiac delivery of PCMs (100,000 cells per heart), 
recipient SCID mice received i.p. injections of heparin (200 IU) and were 
sacrificed via cervical dislocation. The hearts were rapidly removed and 
retrogradely perfused for 15 minutes at constant pressure with oxygen-
ated Tyrode’s solution containing rhod-2/AM (10 μmol/l). Following an 
approximate 20-minute washout period with dye-free solution, two-pho-
ton laser scanning microscopy was performed as described previously (27). 
For imaging Ca2+ transients in day 15 neonatal (n = 2) and 3-month-old  
(n = 1) chimeric hearts, mice were given i.p. 100 IU heparin and loaded with 
rhod-2/AM as above. In all experiments, the excitation wavelength was 810 
nm, and the rhod-2 and EGFP fluorescence signals were simultaneously 
collected by 2 photomultipliers equipped with 560–650 nm and 500–550 
nm band pass filters, respectively. A 1.2 NA water immersion ×60 objective 
was used. All images were obtained during spontaneous or remote point 
stimulation-evoked depolarizations in the presence of the excitation-con-
traction uncoupler cytochalasin D (50 μmol/l).

Array comparative genomic hybridization. Labeling and hybridization of 
genomic DNA were performed according to the protocol provided by Agi-
lent. Briefly, 3 μg of test DNA (cell line A3, passage 5) and reference DNA 
(cell line A3 passage 24) were double-digested with AluI and RsaI (Promega) 
for 2 hours at 37°C. The digested test and reference DNAs were labeled 
by random priming using the Agilent Genomic DNA Labeling Kit Plus, 
the test DNA using Cy3-dUTP, and the reference DNA using Cy5-dUTP. 
Labeled products were purified by Microcon YM-30 filters (Millipore), com-
bined, and then mixed with human Cot-1 DNA (50 μg), Agilent 10X block-
ing agent, and Agilent 2× hybridization buffer. This solution was hybrid-
ized to Agilent’s 244K Mouse Genome comparative genomic hybridization 
(CGH) microarray (G4415A) at 65°C with 20 rpm rotation (hybridization 
oven rotator; Agilent G2530-60029) for 40 hours. Washing steps were per-
formed according to the Agilent protocol. Microarray slides were scanned 
using an Agilent microarray scanner. For image analysis, default CGH set-
tings of Feature Extraction (FE) Software 10.7.31 (Agilent) were applied. FE 
output files were subsequently imported into Agilent’s CGH data analysis 
software, Genomic workbench 5.0.14, for DNA copy number analysis using 
an ADM-2 (aberration detection module) algorithm set to a 6.0 threshold, 
and the aberration filter was set to 10 probes with a mean log2 ratio of 0.4.

RT-PCR. Total RNA from PSCs, ESCs, EBs, and fetal (ED15.5), neona-
tal (postnatal days 1–3), and adult mouse hearts was isolated using Tri-
zol reagent (Invitrogen) following the manufacturer’s instructions. One 
microgram (qPCR) or 2 μg (RT-PCR) RNA and oligo(dT)12–18 primers were 
used for cDNA synthesis with SuperScript II RNase H reverse transcriptase 
(Invitrogen) following the manufacturer’s instructions. One microliter of 
cDNA (~10–20 ng cDNA) was amplified using primer sequences and PCR 
conditions as previously described by Guan et al. (55). qPCR (TaqMan 
and SYBR Green) was performed using a TaqMan ABI Prism 7900 Sys-
tem (Applied Biosystems). Transcript expression levels were normalized 
to Gapdh or Casq2. Detailed primer and probe information is provided in 
Supplemental Table 6.

Alkaline phosphatase activity. Alkaline phosphatase activity was detected 
with a vector red substrate kit (Vector Laboratories) according to the man-
ufacturer’s instructions.

Confocal laser scanning microscopy. EB or FACS-purified cells were cultured 
in 96-well flat-bottom plates or on glass coverslips coated with gelatin 
(EBs) or laminin (FACS-purified cells). Cells and EHM were fixed in PBS 
containing 4% formaldehyde and 1% methanol for 5 minutes or overnight, 
respectively, then blocked and permeabilized for 30 minutes or overnight 
at room temperature or 4°C, respectively, in TBS solution (pH 7.4) con-
taining 10% FCS, 1% BSA, and 0.5% Triton-X 100, and incubated with indi-
cated primary (overnight for 2 days at 4°C) and suitable secondary (1 hour 
overnight at 4°C) antibodies (Supplemental Table 7). Filamentous actin 
was labeled with phalloidin-Alexa 633 (3.3 U/ml). DNA was labeled with 
4′,6-diamidino-2-phenylindole (DAPI; 1 μg/ml). Cells were washed exten-
sively with TBS after each incubation step and embedded in Mowiol 4-88. 
Imaging was performed with Zeiss 510 META or Zeiss 710/NLO confocal 
laser scanning microscopes.

Teratoma assays. PSCs were dispersed by exposure to 0.25% trypsin EDTA, 
resuspended in PBS, and 1 × 106 cells (in 50 μl Iscove’s medium without 
supplements) were either s.c. or i.m. (quadriceps) injected into immuno-
deficient SCID mice or immune-competent mice (DBA2, B6, B6D2F1, 
BALB/C), respectively. After 3 and 4 weeks, respectively, teratoma size was 
assessed by volumetric measurements of 3D reconstructed echographic 
images (Vevo770 System equipped with a 20 MHz center frequency scan-
head; VisualSonics). Animals were subsequently sacrificed and the teratoma 
were excised, embedded in paraffin, sectioned at 4 μm, and H&E stained.

FACS. Nineteen- to 22-day-old EBs from αMHC-EGFP PSCs and R1 
ESCs were carefully dispersed with 0.25% trypsin EDTA and triturated to 
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(9-0 Prolene; Ethicon). Successful ligation was confirmed by bleaching and 
hypokinesis of the myocardium. Fifteen to 20 minutes after LAD ligation, 
EHM grafts (viable or nonviable) were cut in half and sutured (9-0 Prolene; 
Ethicon) onto the evolving MI. Following expansion of the lungs, the 
thorax and skin were closed (6-0 Prolene; Ethicon). Isoflurane inhalation 
was stopped and the mice were ventilated until the onset of spontaneous 
breathing. Metamizole (1.33 mg/ml) was provided with drinking water for 
postoperative analgesia for 7 days. Sham surgeries were performed without 
LAD ligation. Control surgeries included LAD ligation and mock sutures 
as if EHM grafts were implanted. F-EHM was implanted on infarcted myo-
cardium as nonviable controls. Two mice died prematurely in the sham 
group, and 1 mouse died prematurely in the EHM group. Two mice in 
the control group, 2 mice in the F-EHM group, and 1 mouse in the EHM 
group were excluded from analysis because they showed no clear demarca-
tion of the anterior myocardial wall. All mice received methylprednisolone 
(5 mg/kg body weight per day; s.c. injections).

Echocardiography. Heart function was assessed 14 days after the surgical 
intervention with a Vevo2100 System (30 MHz scan head; VisualSonics).

Statistics. Data are presented as mean ± SEM. Statistical analyses were 
performed using an unpaired, 2-tailed Student’s t test or ANOVA with 
Dunnett’s multiple comparison test as indicated. Significance was 
defined as P < 0.05.

Study approval. Animal studies were approved by the Niedersächsisches 
Landesamt für Verbraucherschutz und Lebensmittelsicherheit (LAVES; 
33.11.42502-04-020/09, -04-022/09, -05-A-994/09).
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Directed differentiation of PSC-EB cultures. PCMs were generated using a 
serum-free induction protocol described previously (24). Briefly, PSCs were 
maintained on irradiated MEFs in serum-free ESC media (SFES) consist-
ing of 1:1 neurobasal medium (Invitrogen) and DMEM/F12 containing 
0.5× of N2/B27 supplement, 50-P/S, glutamine (2 mmol/l), BSA (0.05%), 
leukemia inhibitory factor (0.5% conditioned medium), BMP4 (10 ng/ml; 
R&D Systems), and 1-thioglycerol (150 μmol/l; Sigma-Aldrich). Cells were 
passaged following dissociation with TrypLE (Invitrogen). Prior to dif-
ferentiation induction, cultures were depleted of MEFs by 2 passages on 
gelatin-coated dishes in SFES media. Feeder-depleted PSCs were dissoci-
ated and cultured (1 × 105 cells/ml) in SF differentiation (SFD) media con-
sisting of 3:1 Iscove’s modified Dulbecco’s medium (IMDM)/F12 media 
containing 0.5× N2/B27 supplement, 50-P/S, 2 mmol/l glutamine (Gibco), 
BSA (0.05%), ascorbic acid (0.5 mmol/l), and 1-thioglycerol (4.5 μmol/l) for 
2 days without additional growth factors to generate EBs. On day 2, the 
EBs were dissociated and allowed to reaggregate (1 × 105 cells/ml) in SFD 
media in the presence of human VEGF (5 ng/ml), human activin A (8 ng/
ml), and human BMP4 (0.5 ng/ml; all R&D Systems) for an additional 28 
hours. At this stage, EBs were harvested and cultured for an additional 3–4 
days in StemPro-34 media (Invitrogen) supplemented with ascorbic acid  
(1 mmol/l), glutamine (2 mmol/l), human VEGF (5 ng/ml), human bFGF 
(10 ng/ml), and human DKK1 (150 ng/ml; all R&D Systems). Following 
induction, the EBs were transferred to IMDM supplemented with 10% 
serum (Tissue Culture Biologicals), ascorbic acid (1 mmol/l), and glutamine 
(2 mmol/l) for express shipment to Göttingen at ambient temperature.

EHM construction. PSC-EBs were dispersed with 0.25% trypsin EDTA. 
Cells (1.5 × 106) were mixed with pH-neutralized (0.1 N NaOH) collagen 
type I from rat tails (0.4 mg/EHM), Engelbreth-Holm-Swarm tumor exu-
date (10% vol/vol; Tebu), and concentrated serum–containing culture 
medium (2× DMEM, 20% horse serum, 4% chick embryo extract, 200 P/S). 
Subsequently, the mixture was poured into casting molds (volume: 450 μl) 
and the EHM was cultured in EHM medium (DMEM, 10% horse serum, 
2% chick embryo extract, and 100 P/S). After 3 days, the EHM was trans-
ferred to static stretch devices and cultivated for another 5 days. Twen-
ty-five micromoles per liter cytosine-arabinoside (Ara C) was added for  
2 days after transfer of the EHM onto stretch devices to prevent nonmyo-
cyte overgrowth. Alternatively, EHM was generated from G418-purified EB 
cultures (double transgenic PSC line A3/αMHC-neoR) and supplemented 
with cardiac fibroblasts from DBA mice (25% of the total cell number).

Isometric force measurement. After 8 days in culture, the EHMs were trans-
ferred to thermostatted organ baths (Föhr Medical Instruments), isometri-
cally suspended, and electrically stimulated at 4 Hz. Extracellular calcium 
concentration was increased stepwise from 0.2 to 2.4 mmol/l. Single con-
tractions and amplitude of contractile force (twitch tension) were evalu-
ated with BMON2 software (Ingenieurbüro Jäckel). Alternatively, mouse 
ventricular wedges were cut from left ventricles of adult DBA mice and 
subjected to isometric force measurement under similar conditions as 
described above for the EHM.

MI and EHM implantation. Mice (DBA2J) were anesthetized with isoflu-
rane and intubated. Anesthesia was maintained by continuous inhalation 
of 1.5% isoflurane in room air. After left lateral thoracotomy and pericardi-
otomy, the left anterior descending artery (LAD) was visualized and ligated 
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