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Abstract

The possibility to generate cardiomyocytes from pluripotent stem cells in vitro has enormous

significance for basic research, disease modeling, drug development and heart repair. The

concept of heart muscle reconstruction has been studied and optimized in the rat model

using rat primary cardiovascular cells or xenogeneic pluripotent stem cell derived-cardio-

myocytes for years. However, the lack of rat pluripotent stem cells (rPSCs) and their

cardiovascular derivatives prevented the establishment of an authentic clinically relevant

syngeneic or allogeneic rat heart regeneration model. In this study, we comparatively

explored the potential of recently available rat embryonic stem cells (rESCs) and induced

pluripotent stem cells (riPSCs) as a source for cardiomyocytes (CMs). We developed feeder

cell-free culture conditions facilitating the expansion of undifferentiated rPSCs and initiated

cardiac differentiation by embryoid body (EB)-formation in agarose microwell arrays, which

substituted the robust but labor-intensive hanging drop (HD) method. Ascorbic acid was

identified as an efficient enhancer of cardiac differentiation in both rPSC types by signifi-

cantly increasing the number of beating EBs (3.6 ± 1.6-fold for rESCs and 17.6 ± 3.2-fold for

riPSCs). These optimizations resulted in a differentiation efficiency of up to 20% cTnTpos

rPSC-derived CMs. CMs showed spontaneous contractions, expressed cardiac markers

and had typical morphological features. Electrophysiology of riPSC-CMs revealed different

cardiac subtypes and physiological responses to cardio-active drugs. In conclusion, we

describe rPSCs as a robust source of CMs, which is a prerequisite for detailed preclinical
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studies of myocardial reconstruction in a physiologically and immunologically relevant small

animal model.

Introduction

Laboratory rats are a fundamental tool in the investigation of heart physiology, heart failure

and myocardial injury with profound advantages over mice. Open-chest cardiac surgery and

invasive hemodynamic assessment are easier to pursue in this larger rodent model [1,2]. Rat

models have been used extensively for proof-of-principle cell and tissue based regenerative

studies of the heart [3–6] and continue to be highly attractive, especially since the induced plu-

ripotent stem cell (iPSC) technology has driven the focus even more towards the strategy of

stem cell-mediated heart repair [7–11]. A significant limitation is the fact that published stud-

ies invariably represent xenogeneic models, e.g. using either human or murine iPSC-derived

cardiomyocytes for transplantation. In these settings, significance is impaired by species differ-

ences in immunology, genetics and cardiac physiology. It is only recently that germline com-

petent rat embryonic stem cells (rESCs) [12,13], and induced pluripotent stem cells (riPSCs)

[14,15] are available. In combination with novel possibilities of generating transgenic rat

strains via novel genome editing strategies [16], this will increase opportunities for the refine-

ment of treatment strategies of various degenerative diseases. However, until now, data on the

cardiac differentiation potential of rat pluripotent stem cells are limited, with only one study

describing the generation of functional cardiomyocytes from rESCs [17]. The potential of

riPSCs to generate cardiomyocytes (CMs) remains elusive. One possible reason for this lack of

knowledge is that conditions for culturing and genetic modification of undifferentiated rPSCs

had to be optimized [18,19]. Additionally, formation of stable embryoid bodies (EBs) of undif-

ferentiated rPSCs to induce differentiation was a general problem reported by several groups

[12,19,20]. In contrast to murine and human PSCs, where defined protocols meanwhile result

in high cardiac differentiation efficiencies with e.g. 40–60% CMs for mESCs [21,22] and>80%

for hESCs and hiPSCs [23,24], the reported efficiency for rESCs is relatively low. Here, an

average of 6.6% cardiac Troponin T (cTnT)pos CMs has been observed in the differentiated

population [17]. This is hardly enough to provide sufficient numbers of PSC-derived CMs for

allogeneic or syngeneic transplantation studies. We assume that, depending on the delivery

method, at least 2-10x106 PSC-CMs per animal will be required to achieve relevant restoration

of infarcted myocardium [7,25].

Therefore, in this study we aimed at establishing a robust in vitro protocol for expansion

and cardiac differentiation of rPSCs. In a side-by-side comparison of rESCs and riPSCs, we

assessed the effects of a simplified expansion method on rPSC stability. Furthermore, we

sought to optimize cardiac differentiation efficiencies to provide sufficient numbers of

rPSC-CMs for future myocardial reconstruction approaches in a clinically relevant syngeneic

or allogeneic model. Additionally, morphology and physiology of iPSC-CMs was analyzed in

detail to assess functionality.

Materials and methods

Expansion of undifferentiated rESCs and riPSCs in feeder-dependent and

feeder-free culture

rESCs were derived from blastocysts of female Dark Agouti rats as described previously [26].

The male riPSC clone T1/64 was reprogrammed from rat adipose tissue-derived mesenchymal
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stem cells (rADMSCs) from Fischer 344 rats using a non-viral vector containing the murine

reprogramming factors Oct4, Sox2, c-Myc and Klf4 controlled by a bidirectional doxycycline-

inducible promoter, as described elsewhere [20]. For feeder-dependent and feeder-free culture,

N2B27/LIF2i expansion medium was composed of a 1:1 mixture of N2-Medium (DMEM/F12,

1x N2 supplement, 100 μg/mL BSA fraction V) and B27 medium (Neurobasal medium, 1x B27

supplement w/o retinoic acid, 2 mM Glutamax; all Thermo Scientific) supplemented with 0.1

mM 2-mercaptoethanol, 1000 U/mL LIF (ESGRO, Millipore), 3 μM glycogen synthase kinase

3 (GSK3β) inhibitor CHIR99021 (Axon Medchem) and 0.5 μM mitogen-activated protein

kinase kinase (MEK1/2) inhibitor PD0325901 (Sigma). rPSCs were cultured on a high-density

feeder layer (7x105 cells/cm2) of mitotically inactivated gamma-irradiated (30 Gy) murine

embryonic fibroblasts on 0.1% gelatin coated tissue culture plates. Partial medium exchange

was conducted daily. Every four days, floating and loosely attached colonies were harvested by

gentle washing, dissociated with Accutase (Thermo Scientific) and plated again (at 5x103 cells/

cm2) onto a fresh feeder layer. For feeder-free monolayer-based expansion of rPSCs, T25 flasks

(TPP) were coated for 1 h with a 1:400 dilution (200 μL/cm2) of Geltrex dissolved in DMEM/

F12 + Glutamax (both Thermo Scientific). rPSCs were seeded at a density of 1.6x104 (rESC) or

1.2x104 (riPSC) cells per cm2 and passaged every 3–4 days using Accutase.

Karyotype analysis

For each karyotyping approach, metaphases of at least 100 undifferentiated rPSCs were exam-

ined. Cells were treated with a final concentration of 0.1 μg/mL Colcemid (Invitrogen) for 2 h

in N2B27/LIF2i. Cells were detached with trypsin/EDTA (0.05/0.02%, Biochrom). After centri-

fugation, the pellet was incubated for 15 min at 37˚C in hypotonic solution (0.32% KCl with

0.2% (v/v) fetal calf serum (FCS)). Cells were fixed in ice-cold methanol/acetic acid, 3:1. G-

banding was performed according to Seabright [27]. For visualizing of metaphase images and

karyograms the IKAROS software of MetaSystems (Altlußheim, Germany) was used. Chromo-

somes were arranged according to Hamta et al. [28].

Microsatellite genotyping

Genomic DNA was isolated from undifferentiated rPSC and rESCs using the QuickExtract

DNA Extraction Solution (Epicentre) and 200 ng DNA was used as template for amplification.

Rat strain specific alleles, primer sequences and PCR conditions are listed in S1 Table.

Cardiac differentiation of rESCs and riPSCs

To determine cardiac differentiation efficiency of rPSCs in small scale, the hanging drop (HD)

method was employed using 3x103 undifferentiated rPSCs / droplet in 33 μL of differentiation

medium which was composed of IMDM + Glutamax, 1% (v/v) non-essential amino acids, 0.2

mM L-Glutamine, 0.1 mM 2-mercaptoethanol (all Thermo Scientific) and 15% (v/v) of a lot of

pretested FCS (S2 Table, Sigma, F7524, Lot BCBQ7890V). Following 2 days in HDs, EBs were

transferred individually to 96 well plates (Thermo Scientific) that was coated with 1% (w/v)

agarose/IMDM to avoid attachment of EBs. Each 96-Well contained 130 μL differentiation

medium, supplemented with 100 μM L-ascorbic acid-2-phosphate sesquimagnesium salt

hydrate (AA-2P, Sigma). The emergence of beating EBs was assessed by microscopic evalua-

tion every second day from day 8 to day 14.

For large-scale cardiac differentiation, we used the agarose microwell method that we previ-

ously developed for EB formation of mouse and human PSCs [29,30]. In brief, 1.5% (w/v) aga-

rose (NEEO ultra quality, Roth) was dissolved by boiling in IMDM + Glutamax. The liquid

agarose/IMDM solution was filter-sterilized and cooled to 65˚C. Two mL of this solution were
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applied to a 12-Well plate (Nunc) and the structured surface of a sterilized silicon master (gen-

erated from Aggrewell800 plates (Stem Cell Technologies) by soft lithography) was carefully

placed into this solution. After solidification of the agarose, the silicone master was removed

resulting in agarose microwells containing approximately 300 micro-cavities. Agarose micro-

wells were equilibrated for 2 h with rat differentiation medium. For the generation of EBs, aga-

rose microwells were seeded with 2 x 103 and 3 x 103 undifferentiated rPSCs. Cells settled by

gravitation and formed aggregates, which were harvested after 48 h and transferred to 10 cm

Petri dishes with 10 mL differentiation medium and 100 μM AA-2P. Subsequent culture was

conducted in dynamic suspension culture on an orbital shaker (Infors, Celltron) at 60 rpm.

The percentage of beating EBs was assessed on day 14–16 by microscopic evaluation.

Alkaline phosphatase detection and immunofluorescence staining

Alkaline phosphatase staining was performed using the Alkaline phosphatase detection kit

(EMD Millipore) according to the manufacturer’s instructions. For immunofluorescence

staining, cells and cryosections (10 μm) of OCT-embedded embryoid bodies (Tissue-Tek,

Sakura) were fixed for 20 min with 4% (w/v) paraformaldehyde at room temperature and

blocked with phosphate buffered saline (PBS) containing 5% (v/v) goat and donkey serum

(Millipore), respectively, and 0.25% (v/v) Triton X-100 (Sigma). Cells were incubated for 1 h

or overnight with a primary antibody diluted in PBS containing 1% (w/v) bovine serum

albumin at room temperature or 4˚C, followed by three washing steps with PBS and further

incubation (30 min) with the appropriate fluorescent secondary antibody (Jackson Immunore-

search) at room temperature. For antibodies and dilutions see S3 Table). Nuclei were counter-

stained with 4’, 6’-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) and analyzed using an

EVOS FL Auto fluorescence microscope (Life Technologies). Projection areas of EBs were

evaluated using ImageJ.

Flow cytometry

Undifferentiated rPSC colonies and monolayers were dissociated with Accutase (Thermo Sci-

entific). rPSC-derived EBs (day 14) were dissociated after washing in PBS w/o Ca2+ and Mg2+

for 45 min using 1 mg/mL collagenase B (Roche) in low calcium solution (mM: 120 NaCl, 5.4

KCl, 5 MgSO4, 5 Na-pyruvate, 20 glucose, 20 taurine, 0.3 CaCl2 and 10 HEPES at pH 6.9) in a

thermomixer at 1200 rpm. For immuno-staining, cells were fixed with 2% (w/v) paraformalde-

hyde for 10 min at room temperature and permeabilized with chilled methanol for 10 min.

Primary and secondary antibodies were diluted in PBS. Flow cytometry analysis was per-

formed using a FACSCanto II (Beckton Dickinson) and FlowJo software (version 9.4.10; Tree

Star Inc.). Primary and secondary antibodies used are listed in S3 Table.

Transmission electron microscopy (TEM)

Beating EBs were fixed with 4% (w/v) formaldehyde (FA) in phosphate buffer (pH 7.4) for 10

min at room temperature followed by a mixture of 1.5% (w/v) glutaraldehyde und 2% (w/v)

FA, for 2 h at 6˚C. After three washing steps in 0.1 M cacodylate buffer, EBs were incubated

for 60 min in 1% (w/v) OsO4 and 0.4% (w/v) potassium ferrocyanide in 0.1 M cacodylate

buffer, washed and dehydrated in a graded ethanol series including a staining with 2% (w/v)

uranyl acetate in 70% ethanol for 40 min. After incubation in propylene oxide, EBs were trans-

ferred to Durcupan (Electron microscopy sciences, EMS, USA), infiltrated over night at room

temperature and embedded in molds filled with Durcupan. After polymerization at 60˚C for

48 h, resin blocks were trimmed and ultrathin sections (~ 70 nm) were prepared with an ultra-

microtome (EM UC6; Leica, Germany) and examined with a EM900 transmission electron
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microscope (Zeiss, Germany). Images were taken with a mounted wide-angle 2k-CCD-dual

speed camera (TRS, Germany) using the SPImage Viewer software (TRS/SysProg, Germany/

Belarus).

Analysis of mRNA expression

Total RNA was isolated from undifferentiated rPSCs and EBs from days 3–28 of differentiation

using TRIZOL Reagent. DNA was digested by DNAse I for 30 min at 37˚C. DNA-free RNA

(500 ng) was directly used for first strand cDNA synthesis using random hexamer primers

with the RevertAid™ First Strand cDNA Synthesis Kit (all reagents: Thermo Scientific). Sam-

ples without reverse transcriptase incubation (RT-) served as negative controls to detect con-

tamination by genomic DNA. For polymerase chain reaction, cDNA was amplified using

DreamTaq Green PCR Mastermix (Thermo Scientific) and 1 μM of each primer (MWG) in a

25 μL reaction using a PTC-200 Peltier Thermal Cycler (MJ Research). Primer pairs and indi-

vidual annealing temperatures can be found in S1 Table.

Whole-cell patch clamp analysis

For measurements of cardiac action potentials, contracting riPSC-derived EBs were dissoci-

ated on day 18 of differentiation and plated onto fibronectin coated glass coverslips. Three to

four days after plating, coverslips were mounted on the microscope stage (Axioskop, Zeiss),

equipped with a temperature-controlled (35˚C) recording chamber and perfused continuously

with extracellular solution. Patch pipettes were pulled from borosilicate glass (GC150T-10,

Clark Electromedical Instruments) to resistances of 3–5 MO and filled with (in mM): 50 KCl,

80 K-aspartate, 5 MgCl2, 5 EGTA, 10 HEPES, and 5 Na2 ATP, adjusted to pH 7.2 with KOH.

The extracellular bathing solution contained (in mM): 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1.0

MgCl2, 10.0 glucose, and 10.0 HEPES (pH 7.4, adjusted with NaOH). Single CMs were

approached under visual control by use of infrared videomicroscopy (S/W-camera CF8/1,

Kappa). Recordings were performed in whole-cell current-clamp mode using a patch-clamp

amplifier (EPC-9/2, Heka).

Epifluorescence imaging of intracellular calcium oscillations

Measurement of Ca2+-transients was performed after EBs of riPSCs were plated onto fibronec-

tin-coated glass bottom dishes (WPI) on day 20 of differentiation. CMs were loaded with

10 μM Fluo-4 AM including 20% (w/v) Pluronic (both Thermo Scientific) for 30 min at 37˚C.

After two washing steps using Tyrode solution (mM: 120 NaCl, 5.4 KCl, 1 MgCl2, 1.8 CaCl2, 5

HEPES, 10 D(+)-glucose, 0.3 L-ascorbic acid), pH 7.4. De-esterification was allowed for 20

min, before imaging (excitation wavelength: 488 nm, emission wavelength: 515 nm) was per-

formed in Tyrode using a Zeiss Axio Observer fluorescence microscope equipped with a Poly-

chrom V (Till), life cell imaging Box (Oko-Lab), EXi Aqua Camera (Q-Imaging) and multi

bandpass filter set No. 25 (Zeiss) under the control of Live Acquisition Software (Till). To

detect ß-adrenergic and muscarinergic stimulation of Ca2+-transients in riPSC-derived CMs,

isoprenaline (1 μM) was added to the medium followed by 1 μM carbachol. Analysis of cal-

cium transients was conducted offline using ImageJ.

Field potential analysis using microelectrode arrays

Extracellular field potentials of riPSC-derived CMs were analyzed using a microelectrode

array (MEA) data acquisition system (Multi Channel Systems). EBs on day 16 of differentia-

tion were plated onto fibrin-coated (25 μg/mL) planar-type MEAs of 64 electrodes (TiN,
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diameter: 30 μm, electrode spacing 200 μm, Multi Channel Systems) and were cultured for two

additional days in differentiation medium. Measurements were conducted at baseline and in

the presence of isoprenaline (1 μM), quinidine (30 μM) and lidocaine (1 mM). The McRack

software (Multi Channel Systems) was used to record and analyze field potentials.

Statistical analysis

GraphPad Prism software (version 5.03 for Windows; GraphPad Software) was used for statis-

tical analysis. Reported values are means ± SEM. Unless stated otherwise, data were analyzed

using the Student’s t-test. Statistical significance was assigned as reported individually.

Results

Expansion and characterization of rPSCs in feeder-dependent and feeder-

free culture

From colleagues we obtained rESC and riPSC lines from Dark Agouti and Fischer344 rat

inbred strains, respectively [20,26]. To confirm rat strain identity, microsatellite genotyping

was performed (S1 Fig). Initially, undifferentiated cells were maintained on gamma-irradiated

murine embryonic fibroblasts in serum-free N2B27-2iLIF medium (MEF-2iLIF) as previously

described [13]. Expansion under these conditions resulted in floating or loosely attached colo-

nies, which were positive for pluripotency markers alkaline phosphatase (AP), stage specific

embryonic antigen 1 (SSEA1) and octamer-binding factor 4 (Oct4) (Fig 1A and 1B). Both cell

types had a diploid karyotype in 83% of rESC (Passage 14) and 73% of riPSC (Passage 27)

metaphases, respectively (Fig 1C). Analyses of later passages revealed a diploid karyotype in

86% of rESCs (Passage 23) and of 84% in riPSCs (Passage 42), indicating chromosomal stabil-

ity over several passages on feeder cells (S1 Fig). Analysis of population doubling times did not

show significant differences between rESC (25.3±0.8 h, n = 20) and riPSC (25.5±1.3 h, n = 21,

Fig 1D). With the aim of simplifying culture conditions for convenient up-scaling, in a second

step, we adapted undifferentiated rPSCs to feeder-free monolayer cultures on Geltrex-coated

culture dishes (Geltrex-2iLIF), as described previously [20]. Both rPSC types grew with a high

nucleus-to-cytoplasm ratio, characteristic for rPSC monolayer-cultures, and showed the same

expression of pluripotency markers as was observed in MEF-2iLIF conditions (Fig 1E). Effects

of long-term monolayer culture on the pluripotent state of cell populations as well as their

chromosomal integrity were determined. As evaluated by flow cytometry, expression of Oct4

was robust even in high monolayer passages in both, rESCs and riPSCs (15 and 18 passages,

respectively, Fig 1F). Interestingly, rESCs showed a relatively normal karyotype for up to 16

passages with 73% of diploid metaphases, whereas riPSCs had 62% diploid metaphases after 5

monolayer passages (Fig 1G), but were almost completely tetraploid after 18 monolayer pas-

sages (S1 Fig). Comparison of proliferative activity under feeder-free monolayer conditions

revealed a significantly shorter population doubling time of riPSCs compared to rESCs (24.7

±0.5 h vs. 27.7±0.7 h, Fig 1H). A direct correlation between increased passage number and

decreased population doubling time was not detected. Therefore, the cause of the observed dif-

ference in proliferative activity between the two rPSC types expanded in monolayer conditions

remained unclear.

Ascorbic acid-2-phosphate supplementation robustly enhances cardiac

differentiation of rESCs and riPSCs

First, we tested a directed differentiation protocol, based on EB formation in agarose micro-

wells and temporal modulation of canonical Wnt signaling, that we developed for human

Functional cardiomyocytes from rat embryonic and induced pluripotent stem cells
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Fig 1. Characterization of undifferentiated rESC and riPSC under feeder-dependent and feeder-free culture conditions. (A) Rat

PSCs form floating or loosely attached colonies on mitotically inactivated MEFs (MEF-2iLIF). Both cell types are positive for alkaline

phosphatase activity and show SSEA-1 and Oct4 expression. Scale bars: 200 μm. (B) Flow cytometry analyses of both rPSC types for

Oct4 expression. (C) Representative diploid karyograms of rPSCs originating from MEF-2iLIF conditions. P indicates the passage
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PSCs [30]. This led to the formation of stable EBs from rPSCs (S2 Fig), but did not result in

contracting CMs. Therefore, we chose classical spontaneous differentiation with hanging drop

culture and FCS-based differentiation medium (Fig 2A and 2B). EB formation was induced

from feeder-dependent expansion culture using 3x103 undifferentiated rPSCs per drop. We

observed that different batches of FCS in the differentiation medium critically influenced car-

diac differentiation efficiency (S2 Table and S2 Fig). Therefore, for all described experiments, a

pretested batch of FCS (i.e. FCS-3) was used.

Although the supportive effect of ascorbic acid on cardiac differentiation in murine and

human PSCs has been reported [31–34], the effects of this agent on rPSC differentiation has

not been assessed. Therefore, on day two of differentiation, EBs were cultivated in differentia-

tion medium with or without 100 μM ascorbic acid-2-phosphate (AA-2P). Incubation with

AA-2P resulted in improved cardiac differentiation efficiencies in both PSC types (Fig 2C and

2D), however, to a different degree. Notably, without AA-2P, rESCs showed higher cardiac dif-

ferentiation efficiencies than riPSCs (i.e. 10.3±2.6 vs. 2.8±1.6% on day 14), but displayed a

smaller improvement when exposed to AA-2P (33.0±5.2 vs. 49.3±4.0%). Consequently, cardiac

differentiation was increased 3.61±0.51-fold in rESC and 17.6±3.18-fold in riPSC by AA-2P

(Fig 2E).

To further simplify cardiomyocyte production, we combined the monolayer expansion

with a scale-up of the ascorbic acid-supported differentiation process. For this, forced aggre-

gation of rPSCs employing agarose microwells (AMW) was tested to induce EB formation

(Fig 2F and S3 Fig). As we have previously shown for mouse and human PSCs, the AMW

approach simplifies the differentiation procedure by omitting the labor- and material-

intense hanging drop method [30]. Two different cell densities were assessed to generate

rPSC-derived EBs, i.e. 2 x 103 and 3 x 103 rPSCs (Fig 2G). After 48 h, AMW-derived aggre-

gates were transferred to dynamic suspension culture (orbital shaker, 60 rpm). In terms of

beating EBs on day 14, the higher number of rPSCs per EB was superior for both cell types,

with a significant difference for rESCs (Fig 2H). However, EBs produced with less starting

cells showed a trend toward a higher proportion of cTnTpos CMs, resulting in higher CM

purity for riPSCs (rESCs: 6.7±1.1% vs. 6.2±0.7%; riPSC: 11.7±2.5% vs. 8.7±1.9%). Using 2 x

103 cells per EB, a maximum purity of 9% (rESCs) and 20% (riPSCs) cTnTpos CMs was

achieved on day 14 of differentiation (Fig 2I). In contrast to riPSCs in the group with 3 x 103

cells per EB, we observed that individual rESC-EBs were significantly larger already on day 2

(projection area: 49.1±0.9 μm2x103 vs. 33.1±1.0 μm2x103, S3 Fig). On day 14 of differentia-

tion, this discrepancy was even more pronounced in rESC EBs being 5 times larger than that

of riPSC EBs, indicating a higher proliferative activity and a propensity to generate cystic

structures (S3 Fig and S1 Video).

number under MEF-2iLIF conditions. rESCs in passage 14 showed a normal female rat karyotype (42, XX). riPSCs in passage 27

presented with an aberrant male karyotype characterized by a translocation between one homolog of chromosome 3 and the X

chromosome (arrows) and two marker chromosomes (mar), presumably composed of material from chromosomes 17 and 20 which

are missing. (D) No significant difference in population doubling time was detected between rESC and riPSC. Mean ± SEM, n = 20–

21, unpaired t-test, P = 0.897. (E) Also in feeder-free monolayer culture (Geltrex-2iLIF), undifferentiated rPSCs express pluripotency

markers. Phase contrast images reveal the typical high nucleus-to-cytoplasm ratio of pluripotent stem cells. In addition, cells show

alkaline phosphatase activity, and are immuno-positive for SSEA-1 and Oct4. Scale bars: 200 μm. (F) Flow cytometry analysis

revealed Oct4pos expression levels comparable to feeder-based cultures for both rPSC types. (G) Representative karyograms of rPSCs

after several passages in Geltrex-2iLIF conditions. P indicates the passage number of cells originating from MEF-2iLIF conditions

plus additional passages in Geltrex-2iLIF. After 16 passages, rESC still show a normal rat karyotype in the majority of metaphase

plates. After 5 passages, riPSCs also showed no differences to the karyotype found under MEF-2iLIF conditions. However, after 18

passages in Geltrex-2IiLIF, the majority of cells showed a tetraploid karyotype (see S1 Fig). (H) Proliferation rates show a significant

difference of rESCs versus riPSCs in Geltrex-2iLIF culture. Mean ± SEM, n = 21, unpaired t-test, �P< 0.001.

https://doi.org/10.1371/journal.pone.0192652.g001
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Fig 2. Cardiac differentiation of rPSCs is enhanced by ascorbic acid-2-phosphate and is scalable using agarose microwells. (A) The differentiation protocol started

(D0, day 0) with preparation of hanging drops using 3x103 undifferentiated rPSCs (expanded in MEF-2iLIF conditions) per droplet in serum-based differentiation

medium (DM). After 2 days (D2), resulting EBs were transferred individually to agarose coated 96-well plates with or without addition of 100 μM AA-2P. Numbers of

beating EBs were quantified on day 8, 10, 12 and 14. (B) Cell culture plate with approximately 160 hanging drops. (C,D) Efficiency of cardiac differentiation of

rPSC-EBs determined by the emergence of beating EBs over time with and without AA-2P supplementation. Mean ± SEM, (n = 4–10 independent experiments with

48 EBs per biological repetition). (E) Fold increase of beating EB number after of AA-2P supplementation analyzed on day 14. Mean ± SEM, (n = 5–10 independent

experiments). Unpaired t-test, �P< 0.05. (F) Protocol for rPSC differentiation expanded in Geltrex-2iLIF conditions using forced aggregation in agarose microwells

Functional cardiomyocytes from rat embryonic and induced pluripotent stem cells
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Expression analysis of pluripotency and cardiac markers in differentiating

rPSC-EBs

The differentiation process of rPSCs into functional CMs was analyzed by semi-quantitative

reverse transcriptase PCR on undifferentiated rPSC and on days, 3, 5, 7, 14, 21 and 28 of differ-

entiation (Fig 3). Both cell types showed down-regulation of pluripotency-associated tran-

scription factors Rex-1, Nanog and Oct4. In riPSCs, these factors disappeared faster with

almost undetectable levels of Rex-1 and Nanog on day 5 and Oct4 on day 28 of differentiation.

for two days. Subsequent differentiation was conducted in dynamic suspension culture. (G) rPSC aggregates with different starting cell numbers after 48 h on agarose

microwells. Scale bar: 200 μm. (H) Efficiency of cardiac differentiation determined by the quantification of beating EBs on day 14 (left Y-axis). Mean ± SEM, n = 9–26

independent experiments, �P< 0.02. Cardiac differentiation efficiency determined by flow cytometry analysis of cardiac troponin T (cTnT)-stained EB-derived cells

on day 14 (right Y-axis). n = 3–7. (I) Exemplary histograms of cTnT-flow cytometry analyses on differentiation day 14. Isotype controls are shown in gray.

https://doi.org/10.1371/journal.pone.0192652.g002

Fig 3. Expression pattern of rPSCs during differentiation. Semiquantitative RT-PCR analyses showing the expression of pluripotency (Rex-1, Nanog, Oct4),

mesoderm (T-Bra), CM-specific (GATA4, Nkx2.5, α-MHC, β-MHC, Mlc2v, Mlc2a, ANP) and gap junction (Cx40, Cx43, Cx45) genes in differentiating rESCs and

riPSCs derived from AMW-based EB-formation and AA-2P enhanced differentiation in dynamic suspension culture. Expression of Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) served as internal control; water and reverse transcriptase minus (RT-) indicate negative controls.

https://doi.org/10.1371/journal.pone.0192652.g003
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The expression of the mesendodermal marker T-Bra (Brachyury) was positive in undifferenti-

ated rESCs, consistent with the observation of Chen et al. [26], but undetectable in riPSCs.

T-Bra was up-regulated during the differentiation process and showed the strongest expression

on day 5 in both cell types, whereas less T-Bra expression was detectable at later time points. In

addition, we observed an unexpected expression of the cardiac mesodermal marker GATA4

at all time points of differentiating rESCs. In contrast, and as expected, expression of GATA4

was not found in undifferentiated riPSCs and showed a peak expression at day 7. The cardiac

mesoderm markers Nkx2.5 as well as α- and β-myosin heavy chain (αMHC and βMHC, resp.)

were expressed from day 7 on and reached highest levels of expression on day 7 and 14, respec-

tively. Starting from day 3 of differentiation, an increasing expression of the ventricular marker

Mlc2v was observed. Expression of Mlc2a (atrium) was clearly detectable in rESCs on day 5,

only. Interestingly, mRNA of gap junction proteins Connexin 43 and 45 (Cx43 and Cx45,

resp.) was expressed throughout the differentiation process. We confirmed this for Cx43 also

on the protein level by immunofluorescence staining of undifferentiated rPSCs (S4 Fig). As

was already described in detail for undifferentiated human iPSCs by Beckmann et al., Cx43

was distinctly localized at cell-cell borders of rPSCs [35].

rPSC-derived cardiomyocytes show distinct cross-striation and the

expression of gap junction proteins

To identify and localize CM-specific protein expression in rPSC-derived CMs, i.e. sarco-

meric and gap junction proteins, immunofluorescence stainings were performed. CMs of

both rPSC types showed well-organized sarcomeres in stainings against sarcomeric α-Acti-

nin, cTnT and Titin, both, in cross-sections of floating EBs on day 14 and in adherent cells

from dissociated EBs (Fig 4A and 4B and S5 Fig). Cx43 showed marked but weak circumfer-

ential expression in α-Actinin-positive cells of EB cryosections. Three days after dissociation

and reseeding, Cx43 was detectable within the perinuclear space of CMs, indicating an

immature phenotype. Transmission electron microscopy analysis confirmed the CM-specific

ultrastructure in cell derivatives of both rPSC types. These included myofibrils with sarco-

meres separated by distinct Z-bands, cisternae of sarcoplasmic reticulum in close proximity

to the Z-bands, abundant mitochondria, glycogen deposition in the cytoplasm and promi-

nent desmosomes between adjacent cells (Fig 4C and S5 Fig). A prominent circumferential

membrane-bound localization of Cx43 and a more pronounced sarcomeric structure was

observed at later stages of riPSC-differentiation (day 40), indicating a higher maturation

stage of these CMs (S6 Fig).

Electrophysiology and intracellular Ca2+-oscillation of riPSC-derived

cardiomyocytes reveal different subtypes and physiological responses to

cardio-active drugs

Cardiac action potentials (APs) were recorded using whole cell patch-clamp analysis on spon-

taneously beating riPSC-CMs on day 20 of differentiation. Based on the time course of APs

three different categories of cardiac action potentials were identified, confirming the complete

cardiac differentiation capability of riPSCs (Fig 5A). We found pacemaker-like APs with a rela-

tively depolarized membrane potential, slow diastolic depolarization, no plateau phase and rel-

atively low overshoot. Ventricle- and atrial-like APs with a more negative minimum diastolic

potential and a higher amplitude were identified by their specific waveforms. Ventricle-like

CMs displayed a characteristic rapid depolarization phase and a distinct plateau phase,

whereas atrial-like APs showed a fast upstroke with relatively short AP duration. Extracellular

field potential (FP) analysis of riPSC-CMs on microelectrode arrays revealed physiological

Functional cardiomyocytes from rat embryonic and induced pluripotent stem cells
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Fig 4. Detection of sarcomeric structures and gap junctions in rPSC-derived cardiomyocytes. (A) Immunofluorescence stainings of cryosections (thickness: 10 μm)

of 14 days old beating EBs derived from rESCs and riPSCs differentiated in scalable suspension culture. Sarcomeric α-Actinin and gap junction protein Cx43. Nuclei

are counterstained with DAPI. Scale bars: 100 μm. (B) Immunofluorescence staining of sarcomeric α-Actinin and Cx43 on cells after dissociation of EBs (day 14) and

re-seeding on fibronectin coated glass-bottom dishes. Scale bars: 100 μm. (C) Transmission electron microscopy images of ultra-thin sections (approx. 70 nm) of EBs

on day 14 of differentiation showing distinct Z-bands (z) of myofibrils, abundant mitochondria (m), and dark granules of glycogen (gly) depositions. Arrowheads

indicate cisternae of sarcoplasmic reticulum in close proximity to Z-bands. Scale bars: 500 nm.

https://doi.org/10.1371/journal.pone.0192652.g004
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responses to cardio-active drugs (Fig 5B–5D). CMs responded with an increase in beating

frequency to β-adrenergic stimulation (Fig 5B), whereas administration of 1 mM lidocaine

reduced the FP amplitude and 30 μM quinidine resulted in an increase of the plateau phase of

the FP (Fig 5C and 5D). Intracellular Ca2+-oscillation in riPSC-CMs was analyzed using epi-

fluorescence microscopy on differentiation day 20 after staining with the calcium-sensitive dye

Fluo-4 AM (Fig 5E). Rhythmic Ca2+ transients were observed with a marked increase in fre-

quency after β-adrenergic stimulation with 1 μM isoprenaline (Fig 5F). Immediately after co-

administration of the muscarinergic receptor agonist carbachol (1 μM), beating frequency

decreased, suggesting the physiological coupling of positive and negative inotropic effects

mediated by functional β-adrenergic and muscarinergic signaling systems.

Fig 5. Physiological properties of riPSCs-derived cardiomyocytes. (A) Patch-clamp analysis showing distinct action potential characteristics with pacemaker-,

atrial-, and ventricle-like time courses. Horizontal lines show zero potential. (B-D) Extracellular field potential (FP) analyses with microelectrode arrays. (B)

Administration of isoprenaline demonstrated physiological drug responsiveness. (C) Application of the sodium channel blocker lidocaine retarded the fast FP

component corresponding to the Na+-peak. (D) Exposure to the HERG channel inhibitor quinidine increased the amplitude of the plateau phase of FPs. (E)

Fluorescence images of riPSC-derived cardiomyocytes loaded with Fluo-4AM. Intracellular [Ca2+]i is color-coded, with green to light blue indicating low diastolic

[Ca2+]I, while violet to red represents high diastolic [Ca2+]i, respectively. (F) Representative pseudo-linescan showing spontaneous whole cell [Ca2+] transients at

baseline (i), isoprenaline-induced β-adrenergic-mediated increase in frequency (ii) and carbachol-induced reduction of beating frequency (iii).

https://doi.org/10.1371/journal.pone.0192652.g005
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Discussion

Although germline-competent riPSCs are available, there are still no detailed reports on their

cardiac differentiation potential. In this study, we assessed a simplified expansion technique

and a scalable cardiac differentiation approach in a side-by-side comparison between rESCs

and riPSCs. The major findings are: (I) rPSCs can be expanded in Geltrex-2iLIF conditions

without losing pluripotency, (II) ascorbic acid 2-phosphate significantly enhances the develop-

ment of functional CMs in both rPSC types, (III) stable cardiac differentiation is feasible

employing agarose microwells to induce EB formation with subsequent dynamic suspension

culture, (IV) differentiating rESCs and riPSCs show comparable cardiac gene expression pro-

files (V) riPSC-CMs display morphological features, physiological properties and pharmaco-

logical responses comparable to what is reported for primary rat fetal CMs and rESC-CMs

[17]. Therefore, the presented approach may be useful for future myocardial reconstruction

studies in vivo.

PSC-derived CMs are a promising source for organ-specific in vitro disease modeling [36–

38], pharmaceutical compound and safety testing [39–41] and reconstructive cell therapies

[8,42–45]. Especially the latter has gained tremendous attention, due to promising small and

large animal studies that showed substantial restoration after transplantation into ischemic

myocardium. Some of these studies were based on xenogeneic models [43,44], whereas other

recent reports described allogeneic [46] or even HLA-matched allogeneic [29] situations,

respectively. However, immunological, technical and safety related aspects have to be

addressed in more detail, before clinical translation of PSC-based myocardial reconstruction

can be envisioned. A bottleneck in these transplantation studies is the provision of sufficient

numbers of PSC-derived CMs and the costs and feasibility of animal surgery and subsequent

monitoring. The demand of transplantable cells increases proportional to the size of the

selected animal model, ranging from 3 x 104 in small animal models, such as mice [47] to 1 x

109 PSC-CMs for the left ventricle of small non-human primates [43]. For murine and human

ESCs and iPSCs, determinants of cardiac differentiation have been examined for years [48–50]

and recent studies report significant improvement in the generation of CMs through modula-

tion of relevant pathways using growth factors and small molecules in staged protocols [51,52].

Furthermore, genetic and metabolic selection procedures resulted in almost pure PSC-CM

populations [33,53,54]. Although the rat is of high interest as a pre-clinical model, especially

for cardiosurgical reconstructive interventions, until now only one study reports about in vitro
differentiation of rESCs into functional CMs [17]. However, the application of these CMs to

regenerate ischemic myocardium in vivo has not been described to date. This might be due to

the inability to produce large quantities of transplantable cardiac cells. Hence, we aimed at

simplification of culture conditions and optimization of cardiac differentiation efficiency of

both available pluripotent stem cell types, i.e. rESCs and riPSCs.

We succeeded in simplifying the expansion culture of rPSCs by adapting undifferentiated

cells to feeder-free monolayer culture. This allowed us to significantly reduce workload and to

optimize the following steps of the differentiation procedure, which represents a prerequisite

for larger scale rPSC-CM production. Both rPSC types showed stable population doubling

times and remained Oct4-positive for up to 18 monolayer passages in culture.

Interestingly, the karyotype of the investigated rESC line remained stable under feeder-

free conditions, whereas a high frequency of aneuploidies and polyploidies was observed

in high passages of feeder-free riPSC cultures. Genomic instability of in vitro cultured PSCs

has been an issue for a long time and is subject of worldwide ongoing research efforts. In

2011, two studies were published that analyzed a large number of human ESC and iPSC

lines [55,56]. Here, 13% to 34% showed an abnormal karyotype with no differences in
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susceptibility between human ESCs and iPSCs. However, the reasons for structural or

numerical abnormalities are still a matter of debate. Some studies report a clear correlation

between enzymatic passaging or feeder-free culture and abnormal karyotypes in human

PSCs [56,57], whereas others find no link between culture conditions and the occurrence

of abnormal events in human PSCs [55,58]. Recently, an underlying molecular mechanism

of frequent chromosomal alterations in human PSCs has been elucidated, connecting a

decreased expression of serum response factor with the induction of replicative stress result-

ing in chromosomal condensation defects [59]. Whether this or another mechanism was

responsible for observed chromosomal aberrations of riPSCs in the presented study remains

speculative, and is a limitation that has to be investigated in more detail. However, we

assume that the feeder-free culture supported the proliferative selection of a population

within the original riPSC line that already had a complex karyotype. To further elucidate the

reasons for genetic instabilities, future studies will have to analyze more independent and

genetically stable riPSC lines, as is the case for human PSCs. Although it is still not clear if or

to what extent detected genomic abnormalities of PSCs are linked to malignancy, thorough

assessment is needed prior to clinical application [60]. In this regard, ESCs and iPSCs of the

rat could be a valuable system to study effects of specific aberrations in a preclinical model,

next to the tissue-specific regenerative capacity of PSC derivatives.

We then addressed the cardiac differentiation potential of rESCs and riPSCs. To date, pro-

tocols for mouse PSCs using stage-specific Activin/Nodal and BMP4 signaling achieve CM

purities ranging from 40 to 60% [21,22,51], whereas state-of-the art protocols using temporal

modulation of canonical Wnt signaling robustly give rise to>80% CMs for human PSCs, as

we and others have shown [24,30,52]. However, since the latter protocol was not successful for

rPSCs, we focused on the classic way to induce differentiation by employing the robust hang-

ing drop method together with a switch to FCS-based differentiation medium and withdrawal

of LIF and small molecules. Undifferentiated rESCs or riPSCs, which were expanded as colo-

nies on feeders in serum-free LIF/2i medium, were used at a density of 3 x 103 cells per EB.

This cell number was determined as optimal for rESC differentiation by Cao et al. [17]. Nota-

bly, and consistent with other reports, we observed difficulties in aggregating rPSCs to EBs

[12,19]. In this respect, we tested several lots of FCS and encountered a high serum-dependent

variability in EB formation, which affected cardiac differentiation accordingly. This led us to

use a preselected FCS lot for further analyses.

We tested a common enhancer of cardiac differentiation in mice and humans, i.e. ascorbic

acid [31,33,34,61]. Since to date its effects on the cardiac differentiation of rPSCs has not been

evaluated, we chose to assess it comparatively between rESCs and riPSCs. Although the exact

mechanism was not further deciphered in the present study, the literature suggests that colla-

gen synthesis or the proliferation of cardiac progenitor cells contribute to the beneficial effects

of ascorbic acid in cardiac differentiation [32,62]. Together with optimized EB starting cell

numbers the administration of 100 μM ascorbic acid-2 phosphate (AA-2P) significantly

increased the number of spontaneously beating EBs derived from both PSC types. Interest-

ingly, the riPSC line used in this study showed a more pronounced effect compared to that

observed in the investigated rESC line. This was due to two independent issues: a better cardiac

differentiation efficiency of rESCs already without AA-2P and a more pronounced increase of

beating riPSC-EBs in response to AA-2P exposure. These results suggest that although rPSCs

require different conditions for stable undifferentiated expansion than mouse and human

PSCs, ascorbic acid seems to be a universal enhancer of cardiomyocyte differentiation across

species. Encouraged by these results, the development of species-tailored modulation of rele-

vant pathways, e.g. Wnt signaling [52,62], and further process optimization might improve

cardiac differentiation efficiency of rPSCs and is currently underway.
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The previously described agarose microwell method to induce EB formation in murine and

human PSCs was successfully applied to optimize the scalable process [30]. After EB formation

of 300 EBs within one step, cultivation was continued in dynamic suspension culture (orbital

shaker at 60 rpm). We assume that the slightly reduced cardiac differentiation efficiency com-

pared to the hanging drop method was due to the increased mechanical stress of EBs in sus-

pension culture. However, this drawback was compensated by a considerable reduction of cell

culture consumables and effort and will be further improved in future studies. Moreover, the

EB formation in agarose microwells can be scaled up to achieve a higher number of EBs and,

hence, CMs for subsequent studies.

Characterization of EBs derived from both rPSC types revealed organized expression of

CM markers, the presence of distinct sarcomeric structures and organized myofibrils, func-

tional proteins and cellular CM-specific compartments, such as cisternae of the sarcoplasmic

reticulum. We observed that early stage rPSC-derived CMs show an immature pattern of Cx43

localization, i.e. a perinuclear, combined with a weak circumferential expression. Consistent

with findings in hESC-derived CMs, on day 40 of rPSC differentiation, we observed a more

mature phenotype with distinct circumferential gap junctions at the intercellular borders of

adjacent CMs [63]. Stimulation approaches mimicking environmental properties found in the

native heart, like three-dimensional tissue engineering, which we described for human and

murine PSC-derived CMs could further support the maturation of rPSC-CMs [33]. Respective

experiments are subject of investigation in our labs. To further determine functionality,

riPSC-CMs were also subjected to functional analyses, showing physiological responses to ß-

adrenergic and muscarinergic stimulation and to HERG channel inhibition as determined by

extracellular field potential analysis and intracellular Ca2+ imaging, respectively. In addition,

we confirmed that our differentiation protocol generates CM-characteristic AP kinetics (pace-

maker-like, atrial-like, ventricle-like), demonstrating the full cardiomyogenic potential of

riPSCs. This is comparable to observations in rESCs [17], as well as in mouse and human PSC-

derived CMs [33,64]. Further improvement of cardiac differentiation towards distinct CM

subtypes will elucidate the feasibility of regenerating specialized myocardial tissue like the ven-

tricle [64] or the sinus node [65].

Interestingly, we detected Cx43 and Cx45 mRNA transcripts not only in differentiating

EBs, but also in undifferentiated rESCs and riPSCs. For Cx43 protein, we could also confirm

the expression and localization, i.e. on the cellular surface of rPSCs by means of immunofluo-

rescence stainings. Expression of both Connexins, which seem to be involved in intercellular

communication during differentiation and cellular reprogramming, was already reported in

the context of undifferentiated human and mouse PSCs [35,66,67].

In conclusion, we demonstrate the generation of functional CMs from rESCs and riPSCs.

The scalability of the established approach may be used to produce sufficient numbers of

rPSC-derived CMs for regenerative approaches after myocardial infarction in a syngeneic or

allogeneic rat model. The application might be by means of single cell injection or transplanta-

tion of preformed tissue engineered myocardial constructs. We strongly assume that the pre-

sented rPSC system will support the establishment of a small animal model for hypothesis

testing of a variety of cell-based regenerative approaches. Therefore, this study represents a

major step towards pluripotent stem cell-based myocardial repair in an established small ani-

mal model without any drawbacks of graft rejection based on interspecies incompatibilities.
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S1 Fig. Characterization of undifferentiated rPSCs. (A) Genotyping of rPSCs based on

microsatellite markers by PCR. Both rPSC-lines showed the expected rat strain-specific
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amplification patterns. (B) rESCs of late passage (P23) under MEF-2iLIF conditions still

retained a normal female rat Karyotype (42, XX). (C) Normal male karyogram of rat adipose

tissue-derived mesenchymal stem cells (rADMSC) in passage 4, which served as founder cells

for reprogramming of riPSCs. (D) Representative diploid karyogram of riPSCs in a late pas-

sage (P42) under MEF-2iLIF conditions. The aberrations, which were already present in pas-

sage 27 (see Fig 1C), were also found here. Chromosomes involved in the translocation t(X;3)

are indicated by arrows, mar indicates structurally abnormal marker chromosomes. (E) Repre-

sentative karyogram of riPSCs after 27 passages under MEF-2iLIF and additional 18 passages

under feeder-free Geltrex-2iLIF conditions. In this stage, the majority of cells showed a tetra-

ploid karyotype derived from the aberrant condition found at passage 27. (F) Summarizing

table of cytogenetic data. Split passage numbers represent the amount of passages on feeders

plus additional passages in feeder-free Geltrex-2iLIF conditions.

(PDF)

S2 Fig. Pretesting experiments for cardiac differentiation of rPSCs. (A) A directed cardiac

differentiation protocol for human PSCs resulted in stable EBs of rPSCs but did not lead to

the development of beating cardiomyocytes. Scale bars: 500 μm. (B) Different lots of fetal

calf serum (FCS) critically influence cardiac differentiation efficiency of riPSC-EBs. In direct

comparison, FCS-3 showed the best cardiac differentiation potential and was used for all fur-

ther experiments. Mean ± SEM, n = 3 independent experiments with approx. 48 EBs per rep-

etition.

(PDF)

S3 Fig. Embryoid body formation of rESC and riPSC-EBs on agarose microwells and

morphological analyses over time. (A) Reusable silicone master (left) and resulting agarose

microwell in a 12 well cell culture plate (right). (B) Vertical scatter plot of EB size distribution

48 h after seeding 2x103 or 3x103 rPSCs per agarose microwell. Values are given as cross-

sectional projection area from n = 60–180 EBs of two to three independent experiments.

Results are reported as mean ± SEM, �P < 0.0001. (C) Phase contrast image of representative

EBs on day 14 of differentiation showing significant morphological differences with larger

rESC-EBs and partially pronounced cystic structures. Scale bars: 500 μm. (D) Size distribu-

tion analysis of day 14 EBs; n = 35–115 EBs of two to three independent experiments,

mean ± SEM, �P < 0.0001.

(PDF)

S4 Fig. Expression of Connexin 43 in undifferentiated Oct4-positive rPSCs. Expression of

Connexin 43 protein (Cx43) was detected by immunofluorescence staining in both Oct4pos

rPSC types. Scale bars: 100 μm.

(PDF)

S5 Fig. Expression of sarcomeric structures and ultrastructural analysis in rPSC-derived

cardiomyocytes. (A,B) Immunofluorescence stainings of EBs-cryosections of day 14 and

plated cells for cardiac Troponin T and Titin. Nuclei are stained with DAPI. Scale bars:

100 μm. (C) Transmission electron microscopy images of EB sections. Z-bands (z), (m) mito-

chondria, (gly) glycogen, (N) nucleus, (J) intercellular junction. Scale bars: 500 nm.

(PDF)

S6 Fig. On day 40 of differentiation, riPSC-derived cardiomyocytes show distinct expres-

sion of gap junction protein Connexin 43 and sarcomeric proteins α-Actinin, cardiac Tro-

ponin T and Titin. Scale bars: 100 μm.

(PDF)
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S1 Table. Primers and conditions for microsatellite genotyping and semiquantitative

RT-PCR.

(PDF)

S2 Table. Test lots of fetal calf serum.

(PDF)

S3 Table. Antibodies used for immunofluorescence stainings and flow cytometry.

(PDF)

S1 Video. Spontaneously contracting embryoid bodies of rESCs and riPSCs on day 14 of

differentiation.

(MOV)
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