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Abstract

:

Most cardiomyocytes (CMs) in the adult mammalian heart are either binucleated or contain a single polyploid nucleus. Recent studies have shown that polyploidy in CMs plays an important role as an adaptive response to physiological demands and environmental stress and correlates with poor cardiac regenerative ability after injury. However, knowledge about the functional properties of polyploid CMs is limited. In this study, we generated tetraploid pluripotent stem cells (PSCs) by fusion of murine embryonic stem cells (ESCs) and somatic cells isolated from bone marrow or spleen and performed a comparative analysis of the electrophysiological properties of tetraploid fusion-derived PSCs and diploid ESC-derived CMs. Fusion-derived PSCs exhibited characteristics of genuine ESCs and contained a near-tetraploid genome. Ploidy features and marker expression were also retained during the differentiation of fusion-derived cells. Fusion-derived PSCs gave rise to CMs, which were similar to their diploid ESC counterparts in terms of their expression of typical cardiospecific markers, sarcomeric organization, action potential parameters, response to pharmacologic stimulation with various drugs, and expression of functional ion channels. These results suggest that the state of ploidy does not significantly affect the structural and electrophysiological properties of murine PSC-derived CMs. These results extend our knowledge of the functional properties of polyploid CMs and contribute to a better understanding of their biological role in the adult heart.
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1. Introduction


Although most cells in an adult organism carry a diploid set of chromosomes, some tissues also contain polyploid cells [1]. In bone marrow (BM), platelet-producing megakaryocytes are a well-known example of obligate polyploid cells with the DNA content reaching multiplicities of the normal diploid state (up to 128n) [2]. Similarly, polyploidization and binucleation are characteristic features of liver growth and physiology. In the liver of the adult rat, about 70% of hepatocytes are tetraploid and 20% octaploid, and they can contain one or two nuclei [3]; in humans, approximately 30% of human hepatocytes are polyploid [4]. These percentages can vary during homeostasis, regeneration, and in various disease states [5,6,7,8]. In the heart, most ventricular cardiomyocytes (CMs) stop dividing shortly after birth and a large fraction of cells becomes polyploid [9]. In mice, about 80% of CMs have two diploid nuclei, while an additional 10% contain a single tetraploid nucleus [10,11,12,13]. In the adult human heart, the majority (54%) of CMs contain a single nucleus with a tetraploid DNA content [14,15]. However, their proportion can increase after myocardial infarction (MI) or pressure-overload disease [16,17,18,19], and in heart failure, some CMs can even attain a ploidy of 8n or 16n [20].



The physiological role of polyploidy has been extensively studied in recent years. In the heart, it is believed that the polyploid state is indicative of terminal differentiation and maturation of CMs [21], which may serve as a protection against excessive cell proliferation and tumor formation or to increase the functional capacity of the cell as a response to environmental stress, tissue injury, and disease [22,23,24]. Several studies in mice and zebrafish have suggested that induction of proliferation of pre-existing mononuclear diploid CMs predominantly contributes to heart regeneration after injury [12,25,26,27,28,29], leading to the suggestion that non-proliferative polyploid CMs cannot regenerate in the adult heart [12,24,26,30]. Hence, the elucidation of the molecular mechanisms of polyploidization and the characterization of molecular and functional properties of polyploid cells have been the main focus of a number of studies in recent years in the hope that this knowledge could be used to improve cardiac regeneration (reviewed in [24]).



Although the vast majority of endogenous polyploid CMs are formed by endoreplication, some polyploid CMs can also arise by the fusion of CMs with other types of somatic cells, especially in the context of exogenous cell transplantation for the treatment of MI [31,32,33,34,35]. Using genetic and lineage fate mapping approaches, several groups have demonstrated that transplanted BM-derived hematopoietic cells or mesenchymal stem cells (MSCs) can fuse with skeletal muscle cells [36], gastrointestinal cells [37], hepatocytes [38,39], neurons [40,41], and CMs [31,33,35,42,43]. However, the occurrence of cell fusion under these circumstances appears to be rare, and its contribution to tissue regeneration in physiological and pathological settings is low. Interestingly, the Sussman group has recently shown that cardiac progenitor cells (CPCs) and MSCs, fused in vitro prior to transplantation, exhibited enhanced reparative potential in a mouse model of MI relative to individual stem cells or combined cell transplantation [44]. These results suggest that combining the beneficial properties of different cell types in vitro by fusion into a single tetraploid cell entity may represent a strategy for enhanced cardiac regeneration.



Cell fusion also represents a useful tool for investigating the mechanism of cellular plasticity and reprogramming [45,46,47]. In vitro fusions between embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) and various somatic cell types, such as splenocytes, thymocytes, fibroblasts, neural cells, or myeloid precursor cells, have been reported to promote the epigenetic reprogramming of the somatic cell genome to a pluripotent embryonic phenotype [48,49,50,51,52,53,54]. The resulting fusion hybrids, despite being tetraploid or near-tetraploid, were morphologically indistinguishable from normal ESCs. They exhibited a transcriptional and epigenetic profile similar to that of ESCs, with the potential to differentiate into multiple lineages in vitro, form teratomas in immunodeficient animals, and contribute to all three primary germ layers of chimeric embryos. Fusion hybrids of fibroblasts and murine ESCs were even shown to contribute to several tissues of liveborn adult chimeric mice, containing cells with near-tetraploid karyotype reminiscent of hybrid cells injected into the diploid blastocysts [55]. Studies examining the ploidy of ESC/somatic cell hybrids using fluorescent and microsatellite marker analysis and in situ hybridization have revealed that hybrid clones exhibit variable chromosome numbers ranging from 40 to 85 due to extensive loss or gain of individual chromosomes [48,55,56]. However, near-tetraploid genomes in fusion hybrids were stably retained, and complete segregation of parental somatic and ESC genomes did not occur even after prolonged cell passaging [56] or differentiation [57]. Collectively, these data suggest that fusion-derived cells can be propagated as stable pluripotent stem cell (PSC) lines capable of supporting in vitro differentiation, initial stages of embryonic development, and even tissue growth in an adult organism.



Although the biological role of polyploid CMs under physiological and pathological conditions is gradually being elucidated, the electrophysiological properties of diploid and polyploid CMs have only scarcely been characterized. In this study, we generated stable tetraploid PSC lines by in vitro fusion of murine diploid somatic cells and PSCs to obtain homogeneous populations of tetraploid CMs at sufficient quantities for studying their electrophysiology. Comparative analyses of functional properties of diploid ESC-derived and near-tetraploid fusion-hybrid (FH) PSC-derived CMs showed that the two types of CMs have similar characteristics, suggesting that the state of ploidy alone does not significantly affect the electrophysiological properties of murine PSC-derived CMs. Although immature tetraploid CMs arising from fusion-derived PSCs may differ in their properties from adult native polyploid CMs, the findings reported here offer valuable insights into the functional effects of polyploidy in CMs and may contribute to a better understanding of the physiological role of polyploidy in the adult heart.




2. Results


2.1. Generation of Hybrid Cells by Fusion of ESCs with Adult Somatic Cells


In order to facilitate the selection of somatic cells reprogrammed to a pluripotent state by fusion with ESCs, we chose the hypoxanthine–guanine phosphoribosyl transferase (HGPRT)-deficient ESC line HM-1, derived from the 129/Ola mouse strain carrying the major histocompatibility complex (MHC) class I haplotype H-2b, to serve as a PSC fusion partner with somatic cells from BM or spleen of wild type DBA/2J mice carrying the MHC class I H-2d haplotype (Figure 1A). While the hypoxanthine-aminopterin-thymidine (HAT) selection medium is toxic to HM-1 cells, hybrid PSCs generated as a result of the fusion between an ESC and a somatic cell can survive in this medium. Using this approach, we have established several stable HAT-resistant clones with BM cells and splenocytes. In control fusion reactions containing only ESCs or somatic cells, no ESC-like colonies could be retrieved after selection in the HAT-containing medium. All FH clones that were established in fusions between ESCs and somatic cells exhibited the colony morphology indistinguishable from that of the original HM-1 ESC line, and these clones could be propagated for at least 20 passages without losing their typical ESC-like appearance (Figure 1B). One BM-derived (FH-2.1) and one splenocyte-derived clone (FH-4.2) were randomly selected for further studies.




2.2. DNA Content and Cytogenetic Analysis


The determination of the DNA content by flow cytometric analysis of propidium iodide (PI)-stained cells revealed that the majority of cells in both FH clones carry tetraploid (4n, cells in G0/G1 phase of the cell cycle) and octaploid (8n, cells in the G2/M phase of the cell cycle) nuclei (Figure 1C). In contrast, parental HM-1 ESCs (Figure 1C) and somatic cells showed only the DNA staining pattern expected for diploid cells (2n and 4n nuclei). To further confirm the polyploid character of fusion-derived PSCs, we compared the chromosomal content of FH cells and the parental HM-1 ESCs by routine cytogenetic analysis of Hoechst-stained metaphases (Supplementary Figure S1). While the modal number of chromosomes within spreads of HM-1 cells was slightly aneuploid (mode = 42), the undifferentiated FH cells were more heterogeneous with chromosome numbers in the majority of cells ranging, for FH-2.1 and FH-4.2 clones, from 68 to 76 (mode = 73) and 67 to 71 (mode = 70), respectively (Figure 1D). Cytogenetic analyses performed with cells isolated from embryoid bodies (EBs) on day 10 of differentiation showed that differentiated HM-1 and FH cells had almost the same number of chromosomes as their undifferentiated counterparts (Figure 1D), indicating that the near-tetraploid state in FH cells was stably maintained in the course of differentiation.




2.3. Multicolour Fluorescence In Situ Hybridization (mFISH)


In order to more accurately assess the chromosomal composition of HM-1 and FH cells, both FH cell lines and HM-1 ESCs were analyzed by mFISH with painting probes specific for all 21 different mouse chromosomes. As expected, cell lines FH-2.1 and FH-4.2 turned out to be pseudotetraploid, and HM-1 cells were diploid. Detailed analyses of metaphases for rearrangements and changes in chromosome numbers revealed that ten metaphases analyzed for HM-1 ESCs revealed that this cell line is diploid without any structural aberrations. Three cells had a normal male karyotype (2n = 40, XY), one cell lost a chromosome 1, which might be a spreading artifact, four cells gained a chromosome 8 (2n = 41, XY, +8), and two cells had gained a chromosome 8 and a chromosome 11 (2n = 42, XY, +8, +11) (Supplementary Figure S2, upper panel). Trisomies of chromosomes 8 and 11 are known to be the most common aberrations in mouse ESC lines [58].



The FH-2.1 and FH-4.2 cells were pseudo-tetraploid, carrying 63, 69, 73, 73, 87, and 67, 70, 72, 72, 89 chromosomes, respectively, in the five metaphases that were karyotyped. In both cell lines, one of five metaphases had no Y chromosome, three cells had only one Y chromosome each, and one cell had two Y chromosomes. No structural aberrations were detected in the five FH-2.1 and four FH-4.2 metaphases analyzed (Supplementary Figure S2, middle panel). However, one FH-4.2 cell had two translocation chromosomes, one consisting of segments of chromosomes 10 and 15 (der10(10;15)), and the other translocation consisting of segments of chromosomes 4 and 14 (der4(4;15)). Additionally, there was an enlarged chromosome 4 (dup(4)) (Supplementary Figure S2, bottom panel). These data further confirm that fusion-derived PSC lines contain a tetraploid or near-tetraploid set of chromosomes.




2.4. SNP Genotyping of Fusion-Derived Cells


To enable the tracing of chromosomes from both types of fusing cells, we chose fusion partners from different mouse strains that can be distinguished by their single nucleotide polymorphisms (SNPs): HM-1 ESCs were from 129/Ola and somatic cells from DBA/2J mouse. The reference variant alleles of the SNPs arbitrarily selected for each chromosome are tabulated in Supplementary Table S1. In order to determine if both parental chromosome complements are present in FH cells, the genomic DNA isolated from somatic, ESC, and FH cells was amplified by PCR and sequenced using the primers for a DNA segment carrying one SNP variation on each of the 19 murine autosomes. Figure 2A illustrates the result of the sequencing of the SNP on chromosome 7, demonstrating the presence of only one polymorphic allele in HM-1 ESCs (nucleotide A) and somatic cells (nucleotide C), as expected at this position, for each genotype. In contrast, at this position, FH cells contained the variant alleles of both of their parental cell lines (nucleotides A and C). The same results were obtained for all other chromosomes tested (Supplementary Table S2) and confirmed in at least two independent experiments. The presence of both alleles in both FH cell populations demonstrated that the fusion clones retained both parental genomes and at least one of each pair of parental autosomes and that they were not lost in the course of cell expansion.




2.5. MHC Class I Haplotyping of Fusion-Derived Cells


The parental cells used for fusion were chosen to differ in their MHC class I haplotypes (HM-1 ESCs have H-2b and somatic cells H-2d haplotype), enabling further confirmation and monitoring of the hybrid character of fusion-derived PSCs by flow cytometry and immunocytochemistry. We and others have previously shown that murine ESCs do not express detectable levels of MHC class I molecules on their surface in an undifferentiated state and that their expression cannot be induced by interferon-γ (IFNγ) [59,60] (see also Supplementary Figure S3). In contrast, ESC derivatives express MHC class I molecules at low but detectable levels, and IFNγ can increase this expression. Accordingly, undifferentiated FH cells also did not express notable amounts of MHC class I molecules and were not responsive to IFNγ (Figure 2B, upper panels). In order to determine if both parental MHC haplotypes can be detected on the surface of FH cells, they were differentiated into embryoid bodies (EBs) and analyzed on day 4 of differentiation with and without IFNγ-treatment. Untreated EB cells of FH-2.1 and FH-4.2 clones expressed low but detectable levels of both MHC class I haplotypes, and IFNγ increased their expression (Figure 2B, lower panels). These data provide additional evidence for a hybrid character of FH cells and show that all MHC class I alleles originating from the parental cells are active in FH cells and respond to exogenous stimuli.




2.6. Pluripotency of FH Cells


Next, we asked whether FH cells possess other properties of PSCs besides exhibiting ESC-like colony morphology. Both FH clones expressed the pluripotency marker Oct4 and SSEA-1, as demonstrated by immunocytochemistry and flow cytometry, respectively (Figure 3A,B), and exhibited robust demethylation of CpG dinucleotides within the promoter regions of pluripotency-associated genes Oct4 and Nanog (Supplementary Figure S4). In addition, these cells formed teratomas in immunodeficient mice; these tumors were comprised of derivatives of all three germ layers (Figure 3C and Figure S5). Furthermore, to elucidate if splenocyte-derived FH-4.2 cells lost markers of the somatic cell partner as a result of unidirectional reprogramming towards pluripotency, we assessed the expression of markers of the lymphoid and myeloid lineages that are expressed on splenocytes. Using splenocytes as positive control cells, we found that these cells express antigens specific for leukocytes (CD45, 97%), monocytes/macrophages (CD11b, 35%), B lymphocytes (CD19, 57%), and T lymphocytes (CD3a, 39%), respectively (Figure 3D, upper panels). However, undifferentiated HM-1 ESCs did not express any of these markers (Figure 3D, middle panels). Undifferentiated FH-4.2 cells also did not express significant levels of CD45, CD11b, and CD19 antigens, but low levels of T cell antigen CD3a were expressed in 2.4% of the cells (Figure 3D, lower panels). Comparable results were obtained for markers of bone marrow cells, which were neither expressed on HM-1 ESCs nor on the FH-2.1 PSCs (Supplementary Figure S6). These results demonstrate that the somatic genome in FH-PSCs is dominated by chromatin-modifying factors expressed in ESCs, leading to the silencing of somatic cell genes in FH cells and thereby establishing the pluripotent state.




2.7. Cardiac Differentiation of FH Cells


In the course of differentiation, cells of the clones FH-2.1 and FH-4.2 formed typical EBs, which were somewhat smaller than ESC-derived EBs. After plating on gelatine-coated dishes, EBs derived from fusion clones also revealed a lower surface adhesion capacity compared to their ESC-derived counterparts. All cell types displayed a high cardiac differentiation efficiency of 90–100%, assessed by the percentage of EBs with spontaneously contracting areas (Figure 4A). However, EBs from clones FH-2.1 and FH-4.2 reached the maximal percentage of beating EBs later (days 11–14) than ESC-derived EBs (days 8–9). During differentiation from day 8 to day 25, the beating frequency of spontaneous contraction was in the range of 55–75 min−1 in all cell types, and it did not significantly differ between ESC and FH cell-derived EBs nor change over time (Supplementary Figure S7).



To further prove the cardiac differentiation potential of FH cells, we analyzed the expression of the cardiac marker genes alpha-myosin heavy chain (αMHC), ventricular form of myosin light chain (MLC2v), and cardiac troponin T (cTnT) in undifferentiated cells and EBs at day 10 and day 16 of differentiation via RT-PCR. αMHC could not be detected in undifferentiated FH cells and day 10 EBs, but was strongly induced in EBs of both FH clones at day 16 of differentiation (Figure 4B). MLC2v and cTnT showed weak expression in undifferentiated FH cells but were strongly upregulated in FH-derived EBs at day 16 of differentiation. Interestingly, the MLC2v mRNA levels in day 10 EBs were significantly higher in the FH-2.1 than in the FH-4.2 clone, suggesting that some interline differences in CM differentiation may exist. Immunocytochemical staining of ESC-derived and FH-PSC-derived EBs revealed that the beating cells in all these structures expressed the cardiac proteins sarcomeric α-actinin and cTnT and exhibited the cross-striation pattern typical for CMs (Figure 4C). These analyses also revealed that FH-PSC-derived CMs express the MHC class I molecules of both parental fusion partners (H-2Kb from ESCs and H-2Kd from somatic cells), further indicating the retention of both parental genotypes in these differentiated FH cell-derivatives (Figure 4D; see also Supplementary Figure S8 for validation of antibodies used for staining of the H-2Kb and H-2Kd molecules).




2.8. Characteristics of Spontaneous Action Potentials (APs) in Fusion-Derived CMs


Using the whole-cell patch-clamp recording technique, we first determined the membrane capacitance. These analyses showed that the membrane capacitance of CMs derived from diploid HM1 ESCs and near-tetraploid FH-2.1 and FH-4.2 PSCs does not differ significantly (Supplementary Figure S9). To characterize different phenotypes of FH-PSC and ESC-derived CMs, we recorded and analyzed spontaneous APs on days 16–19 of differentiation. In CMs, irrespective of their fusion or ESC origin, the AP types representative of mostly atrial- and ventricular-like cells were found at this stage of differentiation, while some APs resembled pacemaker-like cells, while others could not be clearly classified (Figure 5). Among them, most cells were of ventricular (52% in ESC-derived CMs) or atrial-like type (46% of FH-2.1 CMs and 54% of FH-4.2 CMs) (Table 1). Except for the statistically significant difference in “Peak” and “Vdd” parameters between atrial-like FH-2.1 and FH-4.2-CMs, no other statistically significant differences were found in all other AP parameters (MDP, AP-height, AP-frequency, Vmax, APD90, and APD90/APD50) between diploid and near-tetraploid CMs within each CM-subtype (Table 1 and Supplementary Figure S10). However, statistically significant differences were found between different CM-subtypes for MDP (P-like vs. A-like), AP height (P-like vs. A-like and P-like vs. V-like), Vmax (P-like vs. A-like and P-like vs. V-like), APD90 (P-like vs. V-like and A-like vs. V-like), and APD90/APD50 ratio (A-like vs. V-like) (see Supplementary Figure S10).




2.9. Effects of Muscarinic and β-Adrenergic Receptor Agonists on AP Frequency


Carbachol (CCh), a synthetic acetylcholine analogon, was applied to investigate the muscarinic signaling in CMs. This parasympathomimetic drug reduced the AP frequency in HM-1 CMs by 59 ± 9% (n = 11), but this effect was not statistically significant (p > 0.05; Figure 6A,B). However, the reduction of AP frequency in FH-2.1 CMs (82 ± 5%, n = 9, p < 0.01) and FH-4.2 CMs (47 ± 8%, n = 14, p < 0.05) was statistically significant, and these negative chronotropic effects were reversible upon washout (Figure 6A,B). We also examined the response of CMs to β-adrenergic regulation with isoproterenol (Iso). When 1 μM Iso was administered to CMs, the beating frequency increased significantly only in FH-2.1 CMs (111 ± 47%, n = 7, p < 0.01), while the increase in HM-1 CMs (53 ± 18%, n = 12) and FH-4.2 CMs (41 ± 13%, n = 13) was not statistically significant (p > 0.05; Figure 6C,D). There were no significant differences between the effects on CMs derived from diploid ESC and near-tetraploid FH-PSC lines (Figure 6B,D). Positive chronotropic effects of Iso were partially reversible upon washout, but the values after washout did not reach statistical significance compared to drug treatment.




2.10. Effects of Ion Channel Blockers on Spontaneous APs


Spontaneous APs resulted from the opening and closing of voltage-gated ion channels in the sarcolemmal membrane. Therefore, we applied lidocaine as a Na+ channel blocker, nifedipine as an L-type Ca2+ channel blocker, and E4031 as a Kr (mERG) channel blocker to analyze their functional expression in fusion-PSC and ESC-derived CMs. The spontaneous beating rates were found to be in the range of 170 to 240 bpm and varied strongly in different groups from cell to cell (Figure 7). All blockers led to negative chronotropic effects in all groups of CMs. Lidocaine decreased the AP frequency or abolished the spontaneous beating in most CMs. As a result, mean AP frequency significantly decreased by 91 ± 20% in HM-1 CMs (n = 6, p < 0.05), 84 ± 10% in FH-2.1 CMs (n = 7, p < 0.05 after washout), and 71 ± 10% in FH-4.2 CMs (n = 8, p < 0.05) (Figure 7A,B). There was no statistically significant difference between beating frequency in CMs derived from FH-PSC and ESC lines. Nifedipine led to a complete abrogation of spontaneous APs in all ESC-CMs (n = 8), FH-2.1 CMs (n = 6), and FH-4.2 CMs (n = 7) (Figure 7C,D). Treatment of HM-1, FH-2.1, and FH-4.2 CMs with E4031 caused a reduction of the mean AP frequency by 44%, 54%, and 67%, respectively, and many CMs stopped beating under the application of this drug. This AP frequency decrease was significant in FH-4.2 CMs (n = 8, p < 0.05) but not in the other two CM groups (Figure 7E,F). The effects of lidocaine, nifedipine, and E4031 were all partially reversible upon washout (Figure 7B,D,F). The comparison of drug effects on CMs derived from diploid ESC and near-tetraploid FH-PSC lines revealed no significant differences between these cell types.




2.11. Expression of Cardiac-Specific Voltage-Gated Na+ and L-Type Ca2+ Channels


For further electrophysiological characterization, we performed whole-cell voltage-clamp on FH-PSC- and ESC-derived CMs. Typical currents through voltage-gated Na+ and L-type Ca2+ channels are presented in Figure 8. To estimate the expression of functional ion channels in the cell membrane, we calculated current densities by normalizing the maximal current amplitude to the cell size. These analyses showed that Na+ current density in FH-2.1 CMs (n = 24) and FH-4.2 CMs (n = 25) was similar to that in ESC-CMs (n = 45) (Figure 8A,B). Ca2+ channel density was significantly (p < 0.05) higher in FH-4.2 CMs (n = 10) as compared to HM-1-ESC-derived CMs (n = 18), but CMs derived from the FH-2.1 clone had a Ca2+ channel density similar to that in ESC-CMs (Figure 8C,D). Voltage-dependence of activation of Na+ and L-type Ca2+ currents were mostly similar in all FH-PSC- and ESC-derived CMs (Figure 8A,C; insets).





3. Discussion


In this study, we describe the successful reprogramming of murine somatic cells from bone marrow and spleen by fusion with murine ESCs and perform an extensive comparison of the functional properties of near-tetraploid and diploid CMs derived from pluripotent FH cells and parental ESCs, respectively. Somatic and ESC fusion partners were chosen to originate from different strains of mice that could be distinguished based on their specific MHC class I haplotypes and single nucleotide polymorphisms. These features facilitated the subsequent confirmation of the fusion character of reprogrammed cells and their differentiated derivatives. The generated fusion-derived PSCs could be propagated in culture for over 20 passages and exhibited an ESC-like morphology, expressed pluripotency markers, epigenetically reprogrammed promoter regions of pluripotency-associated genes Oct4 and Nanog, downregulated somatic cell lineage markers, and MHC class I molecules and formed teratomas in immunodeficient animals. Thus, FH cells generated in this study possess similar pluripotent properties as those reported for hybrid PSCs in previous studies [48,49,53,54,55,56].



Using ploidy and karyotype analyses, as well as the SNP genotyping and MHC class I immunophenotyping, we show that the FH cells investigated in this study contain both parental genomes. However, the number of chromosomes in most cells was lower than expected for a complete tetraploid genome, indicating that a loss of chromosomes took place in FH-PSC clones. According to previous reports, chromosome loss most likely occurs in the early phase of establishing viable hybrids until the reprogramming of the somatic genome is completed [56]. This is in agreement with our observation that the near-tetraploid state of the FH cells was stably maintained in hybrid cells during prolonged in vitro cultivation. Moreover, FH cells at day 10 of differentiation had a similar modal chromosome number to undifferentiated FH cells, suggesting that the karyotype of FH cells was preserved in the process of differentiation. The detection of MHC class I molecules of both parental haplotypes on the surface of FH cell-derived CMs further confirms the cytogenetic stability of hybrid cells during differentiation. Other groups have also found that hybrid cells maintain their tetraploid or near-tetraploid chromosome complements during in vitro expansion [54,56] and differentiation [57]. The Serov group reported that near-tetraploid hybrid ESCs were even capable of contributing to the development of multiple organs and tissues in chimeric embryos and adult mice [55]. Moreover, using cytogenetic and microsatellite analyses, they showed that cells derived from chimeric embryos or adult chimeras still contained the initial near-tetraploid karyotype of original hybrid cells that were injected into diploid blastocysts. These remarkable findings indicate that hybrid cells efficiently retain their chromosomal stability even during in vivo development and that the developmental potential of hybrid cells is not significantly affected by their ploidy, which was also observed by others [52,61,62]. In general, increased ploidy is associated with an increase in cell size as well as mRNA and protein abundance [63]. However, in our experimental model, we do not observe clear effects of ploidy on membrane capacitance. One possibility is that a clear effect of ploidy on cell size may have been masked by the presence of different CM subtypes as well as CMs at different stages of maturation in these cultures, potentially contributing to the observed variability in membrane capacitance.



In agreement with the note that hybrid cells possess unperturbed developmental potency, FH cells generated in this study differentiated to CMs to a similar extent as parental ESCs, albeit with somewhat slower kinetics. Other groups have also reported that hybrid cells can give rise to spontaneously beating CMs [48,49], but detailed functional analyses of these cells have not yet been performed. Here, we demonstrate that CMs derived from FH cells are responsive to β-adrenergic and muscarinic regulation [63,64]. Additionally, using the specific blockers of ICaL (nifedipine) [65,66,67], INa (lidocaine) [68,69], and IKr (E4031) [70,71,72], we show that these important cardiac ion channels are expressed and are functional in FH cell-derived CMs. The L-type Ca2+ channel blocker nifedipine caused the halt of the AP in FH-PSC-derived CMs to a similar extent as in ESC-derived CMs, and this is in agreement with previous studies [73,74]. Lidocaine led to a decrease in AP frequency and Vmax, implying the important role of voltage-gated Na+ channels in forming the upstroke of AP in the brief phase of depolarization [75,76]. E4031 caused MDP depolarization, suggesting the IKr contribution to the MDP balance [71,77,78,79]. All these findings were similar to those obtained with ESC-CMs and indicated that the ploidy state does not exert a significant effect on the functional properties of CMs and their maturation state. However, the finding of a significantly higher density of L-type Ca2+ channels in FH-4.2 CMs compared to FH-2.1- and ESC-derived CMs suggests that these cells could differ in some properties and that these are probably not caused by polyploidy but by other factors, such as by differences in gene expression due to a variable effect of reprogramming on different somatic cells of origin.



Despite many similarities between the FH-PSC and ESC-derived CMs, there were some other minor differences between the clones. First, FH-2.1 CMs and FH-4.2 CMs displayed a slightly altered differentiation process compared to ESC-CMs, as they showed a later onset of spontaneous beating, a smaller EB size, and a lower surface adhesion capability. Delayed maturation has also been reported for CMs derived from some iPSC lines [63,80], suggesting similarity in the time course of differentiation between these different reprogramming approaches. However, these differences may simply be due to variability in the differentiation potential of different PSC lines and not necessarily, an FH or iPSC-specific phenomenon [81,82,83,84]. Secondly, our results imply that FH-2.1 and FH-4.2 CMs predominantly develop into CMs of atrial-like phenotype, whereas CMs derived from the HM-1 ESC line mostly revealed ventricular-like APs. This different cell fate might result from different reprogramming approaches or inherent variability between different PSC lines [84,85], and might reflect a different manifestation of somatic memory in fusion-PSC- and ESC-derived CMs [86,87]. Further studies have to show whether these minor differences are due to the polyploid nature of FH-PSC-derived CMs and whether human polyploid CMs derived from tetraploid PSCs also have properties similar to their diploid PSC counterparts. Our findings cannot be directly extrapolated to native CMs because the electrophysiological properties of native adult CMs and CMs derived from ESCs or iPSCs differ significantly due to different levels of their structural and functional maturity [88]. Therefore, the electrophysiological properties of diploid and polyploidy CMs isolated from the hearts of mice, as well as humans, should be performed in future studies.



Additional analyses, such as a subsequent single-cell gene expression analysis, could have provided some additional confirmation for our electrophysiological classification of the measured cells. However, it is unclear whether additional biochemical or genetic data would help identify different CM subtypes unequivocally. For example, Yechikov and coworkers have correlated the action potential profiles of individual pacemaker-, atrial-, and ventricular-like hiPSC-CMs with the expression of the proposed pacemaker-specific markers HCN4 and Isl1 at the protein level in the same cell [89]. They found that these two markers were expressed in all three hiPSC-CM subtypes. Therefore, these markers alone are not sufficient to identify hiPSC-derived pacemaker-like CMs. In another study using single-cell RNA-sequencing, the group of Timothy Nelson has shown that individual cellular expression patterns alone are not able to categorize the individual hiPSC-CMs into atrial, ventricular, or nodal subtypes, as determined by electrophysiology measurements [90]. Most recently, Schmid and coworkers used electrophysiological and single-cell RT-qPCR data from the same cell to determine if ion channel transcripts correlate with the electrophysiological parameters [88]. They showed that the majority of individual cells in three different commercially available hiPSC-CM preparations did not represent chamber-specific cell populations present in the adult human heart and exhibited unexpected combinations of ion channel transcripts and electrophysiological parameters on the single-cell level, combining characteristics of nodal, atrial, and ventricular CMs. Therefore, electrophysiological classification of CMs can be considered an acceptable method to confirm the presence of different CM subtypes in cultures.



Although the biological role of polyploidy in CM has been intensively studied in recent years, knowledge about the impact of increased ploidy on the functional properties of CM is limited [22]. The first study addressing this question was performed on mononucleated and binucleated CMs isolated from adult rabbits’ left atrium and pulmonary veins; it showed that they have different electrical activities and calcium dynamics [91]. This study reported that mononucleated native CMs had a more positive resting membrane potential, faster beating rates, larger calcium transients, as well as a lower inward-rectifier potassium channel Kir2.3 and higher ryanodine receptor 2 (RyR2) densities than binucleated CMs, suggesting that CM ploidy may contribute to this different electrophysiology in the left atrium and pulmonary vein CMs. The second study compared the functional properties of mononuclear diploid human ESC-derived ventricular CMs and their multinuclear counterparts generated by a polyethylene glycol-induced fusion of a 1:1 mixture of human ESC-derived CMs genetically engineered to express GFP or tdTomato under the control of a cardiac ventricular-specific MLC2v promoter [92]. These authors found that the beating frequency of mononuclear CMs was lower, and the AP duration was slightly longer in fusion-derived ESC-CMs compared to their mononuclear controls. However, no significant differences were observed in calcium handling, mitochondrial biogenesis, and viability between these CM populations.



Similar contradictory results have also been reported for transcriptional profiles of native diploid and polyploid CMs. Yekelchyk and coworkers showed that the transcriptional profile of adult murine mono- and multi-nucleated CMs was highly similar, as determined by single-cell RNA-sequencing [93]. Hesse et al. also showed that gene expression signatures in healthy CMs, as well as in CMs in the marginal zone of the lesion after MI, were independent of the number of nuclei or their ploidy [20]. In contrast, Windmueller et al. found that murine mono- and binucleated CMs analyzed at various times of development were transcriptionally distinct [94]. This inconsistency in the results published so far makes it clear that further studies are needed to conclusively answer the question of the molecular and functional properties of diploid and polyploid CMs.



In this study, we demonstrate that near-tetraploid PSCs derived by the fusion of ESCs with somatic cells give rise to functional CMs that have established hormonal regulation pathways and functionally expressed cardiac ion channels with characteristics very similar to those of diploid ESC-derived CMs. Further studies are required to determine the functional properties of human diploid and polyploidy CMs. Since the accessibility of native human CMs is limited due to ethical reasons, the cell fusion approach described here to generate polyploid PSCs could be applied to the human system to establish an unlimited source of polyploid human CMs for molecular and functional studies. It is also worth noting that tetraploid cells are capable of contributing to the growth of apparently healthy tissues in an adult organism, including the heart [55], and that hybrids produced by the fusion of CPCs and MSCs had a higher regenerative potential in a mouse model of MI than individual stem cells or combined cell transplantation [44]. Therefore, it is tempting to propose that CMs derived from tetraploid PSCs with or without additional genetic enhancement could also be considered and tested as an alternative source of cells for cardiac repair if they offer the desired safety, functionality, and efficacy after transplantation.




4. Materials and Methods


4.1. ES Cells


A hypoxanthine–guanine phosphoribosyl transferase (HGPRT)-deficient ESC line HM-1 [95], derived from 129/Ola male mice with normal diploid karyotype and major histocompatibility complex (MHC) class I haplotype H-2b, was chosen as a PSC fusion partner. The HM-1 cells were cultured in cell culture dishes coated with 0.1% gelatine (Sigma-Aldrich, St. Louis, MO, USA) in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 15% fetal bovine serum (FBS), 100 U/mL penicillin, 100 µg/mL streptomycin, 1% non-essential amino acids (NEAA), and 0.1 mM β-mercaptoethanol (βME, all from Invitrogen GmbH, Karlsruhe, Germany), and 1000 U/mL LIF (ESGRO, Millipore, Billerica, MA, USA) at 37 °C in 5% CO2 and high humidity. The cells were passaged every two or three days.




4.2. Somatic Cells


In order to facilitate validation of successful cell fusions, the somatic cells originated from inbred female mice of the DBA/2J strain (Jackson Laboratory, Bar Harbor, ME, USA), which have normal diploid karyotype and express MHC class I haplotype H-2d. Animals were sacrificed by cervical dislocation, the BM was flushed out of tibiae and femora using phosphate-buffered saline (PBS, pH 7.4), and the spleen was removed from the abdominal cavity and homogenized in PBS. Both resulting cell suspensions were filtered through a 100 µm cell strainer, washed with PBS, and counted.




4.3. Cell Fusion


Splenocytes and mononuclear BM cells were fused with HM-1 cells according to the previously published protocol [96]. Briefly, 1.6 × 106 mononuclear BM cells were mixed in a 50 mL Falcon with 4 × 105 HM-1 ESCs and 5 × 106 splenocytes with 4 × 105 HM-1 ESCs. Both suspensions were treated as follows: cells were pelleted, pellets dissociated by adding, dropwise, 1 mL of prewarmed 50% polyethylene glycol 1500 over the time period of 1 min, then further diluted with 2, 3, 5, and 10 mL of DMEM without supplements (each for 1 min) with constant stirring at 37 °C and 300 rpm in a Thermomixer (Eppendorf, Hamburg, Germany) equipped with a 50 mL tube adapter. Cells were then pelleted by centrifugation at 130× g for 10 min at RT in a swing-out rotor, resuspended in 200 µL complete ESC medium containing 1000 U/mL LIF, and incubated at 37 °C for 20 min. Thereafter, cells were seeded onto murine embryonic fibroblasts (MEFs) inactivated by irradiation and cultured with medium changes after 24 h and then every other day. To eliminate unfused ESCs, HAT supplement (50×, Invitrogen) was added 48 h later into the medium to a final concentration of 2% (0.1 mM hypoxanthine, 0.4 μM aminopterin, and 0.016 mM thymidine). Clones were picked after 6 days and subcloned by culturing in the presence of 2% HAT in ESC medium. Five clones of BM-derived and three clones of splenocyte-derived clones could be established, and fusion-derived hybrid (FH) clones termed FH-2.1 (derived from BM) and FH-4.2 (derived from splenocytes) were chosen for further validation.




4.4. Cardiac Differentiation


Cardiac differentiation of FH clones and HM-1 ESCs was performed using the hanging drop method [74]. Differentiation medium consisted of Iscove’s modified Dulbecco’s medium (IMDM), supplemented with 20% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, 1% NEAA, and 0.1 mM βME, then, 20 µL drops containing 400 cells each were placed on the lids of cell culture dishes filled with PBS. After 2 days of cultivation in hanging drops, the embryoid bodies (EBs) were transferred into a differentiation medium and cultivated for a further 5 days in suspension. On day 7, EBs were plated onto 0.1% gelatine-coated cell culture dishes for further differentiation. On day 8 or 9, beating areas were observed in some EBs. Beating frequencies were determined starting from day 8, and CMs were isolated on days 10–19 of differentiation for further analyses. For patch-clamp experiments, beating areas were cut out, dissociated by 0.25% Trypsin/EDTA treatment, and then plated on fibronectin-coated (2.5 μg/mL) 20 × 20 mm glass cover slips in 3.5 cm dishes. Cells were incubated for 36–72 h prior to measurements.




4.5. Karyotype Analysis


Cells were arrested in metaphase for 2 h by the addition of 0.1 µg/mL Demecolcin (Sigma-Aldrich) into the culture medium. Then, cells were trypsinized, washed in PBS, and pelleted by centrifugation. Pellets were gently resuspended by shaking and the dropwise addition of 1 mL of 75 mM potassium chloride solution (KCl). Cells were further diluted with 4 mL 75 mM KCl and incubated for 15 min at room temperature. Thereafter, 1 mL of chilled (−20 °C) fixative (methanol:acetic acid 3:1) was added and cells were pelleted by centrifugation at 130× g for 5 min. The pellet was gently resuspended in 1 mL fixative and incubated for 30 min at room temperature. Cells were washed twice and resuspended in 1 mL fixative. Finally, the cell suspension was dropped onto chilled glass slides and air-dried. DNA was stained using Hoechst 33342 (2 µg/mL, Sigma-Aldrich). Images of metaphase chromosomes were acquired on an Axiovert 200M fluorescence microscope equipped with an AxioCam MRm and analyzed with Axiovision 4.5 software (Carl Zeiss Microimaging, Oberkochen, Germany). Multicolor fluorescence in situ hybridization (mFISH) analysis was carried out as a service by CHROMBIOS (Nussdorf, Germany).




4.6. Flow Cytometry


To determine the expression levels of somatic cell markers on FH cells, cells were dissociated by trypsinization and incubated for 30 min at 4 °C with phycoerythrin (PE)- or fluorescein isothiocyanate (FITC)-conjugated antibodies against murine CD45, CD11b, CD19 (Caltag Laboratories, Hamburg, Germany), and CD3a (BD Pharmingen, Heidelberg, Germany). The expression of cell surface MHC class I molecules was assessed by using FITC-conjugated anti-mouse H-2Kb and PE-conjugated anti-mouse H-2Kd antibodies (BD Pharmingen). FITC or PE-conjugated mouse IgG2a antibodies served as isotype controls. Detection of PE and FITC labeled cells was accomplished on a FACScan flow cytometer equipped with a 488-nm argon laser (Becton Dickinson, Heidelberg, Germany) using BD CellQuest software (v3.5). WinMDI 2.8 software was used to create histograms.



To measure the content of DNA in FH cells and determine their ploidy 1 × 106 of dissociated cells were fixed overnight in 70% ethanol at −20 °C. The next day, cells were centrifuged at 300× g at RT, resuspended in 1 mL PBS and treated with RNAse A (Invitrogen) at the final concentration of 100 μg/mL for 15–20 min at 37 °C. The suspension was then equally distributed into two 1.5 mL microcentrifuge tubes. One tube received propidium iodide (PI) at a final concentration of 50 μg/mL, and the other was maintained as a control without PI. The samples were incubated on ice for 15 min. The DNA content of cells was analyzed using FACScan in the FL3-A channel. Dead cells and aggregates were gated out based on forward scatter, FL3-A, and FL3-W parameters. Tetraploid FH cells, diploid parental HM-1 ESCs, and splenocytes were included in the analysis.




4.7. Immunocytochemistry


For detection of cardiac structural proteins, beating areas in EBs of HM-1 ESCs and FH cells were microdissected with a scalpel at day 14 and replated on 0.1% gelatine-coated coverslips. They were fixed at day 21 with 100% ice-cold methanol and rehydrated with PBS. For analysis of MHC class I expression, microdissected beating areas were dissociated with 0.25% trypsin/0.53 mM EDTA for 10 min at 37 °C and single cells were plated on a 0.1% gelatine-coated µ-Slide 8-well chambered coverslip (ibidi). After two more days in culture, cells were treated with 100 ng/mL interferon γ (IFNγ) for 48 h to increase the levels of MHC class I molecules on the cell surface. IFNγ-treated cells were fixed with 4% paraformaldehyde. Immortalized C57/SV and Balbc/SV fibroblasts were used as a positive control for stainings with H-2Kb and H-2Kd antibodies, respectively. Blocking was carried out with 5% bovine serum albumin (BSA, VWR International, Langenfeld, Germany) in PBS for 1 h. Incubations with anti-sarcomeric-α-actinin (Sigma-Aldrich, clone EA53, 1:400), anti-cardiac troponin T (Labvision, Fremont, CA, USA; rabbit polyclonal, 1:100), anti-H-2Kb (BD Pharmingen, clone AF6-88.5, 1:50) or H-2Kd (BD Pharmingen, clone SF1-1.1, 1:50) were undertaken overnight at 4 °C in 1% BSA in PBS. Samples were incubated with secondary antibodies anti-mouse-IgG2a-AlexaFluor647 (BD Pharmingen, 1:1000) or anti-mouse-IgG1-AlexaFluor488 (Invitrogen, 1:1000) for 90 min at room temperature. Nuclei were stained using Hoechst 33342 (2 µg/mL, Sigma-Aldrich). After washing, samples were kept until analysis in DABCO or embedded in ProlongGold Antifade Reagent (Invitrogen). Images were acquired on a Zeiss Axiovert 200M fluorescence microscope (Zeiss) and analyzed with Zeiss Axiovision 4.5 software.




4.8. Teratoma Assay


For induction of teratomas, FH cell colonies were enzymatically dissociated with 0.05% trypsin/0.53 mM EDTA (Invitrogen) and reconstituted in PBS to a final concentration of 2 × 106 cells/mL. Until injection, cells were stored on ice. The cell suspension was injected into the hind limbs of narcotized (Isoflurane) immunodeficient SCID/beige mice. 1 × 106 cells were injected into the left and 2 × 105 cells into the right hind limb. Mice were regularly monitored for tumor occurrence. After 4 weeks, mice were sacrificed, and the tumors were excised and fixed with 4% PFA overnight. Fixed tumors were embedded in paraffin, sliced, and analyzed by H&E staining, Alcian blue staining to identify goblet cells and cartilage, and by staining with antibodies specific for cell lineages derived from each of the three primary germ layers: endoderm (cytokeratin 8 in secretory epithelial cells), mesoderm (α-actinin in CMs) and ectoderm (βIII-tubulin in neurons).




4.9. SNP Genotyping


We used sequencing of single nucleotide polymorphisms (SNP) to confirm the presence of variant alleles in clones of FH cells, each originating from a genome of a different mouse strain—129/Ola (source of ESCs) and DBA/2J (source of somatic cells), as described by us previously [97]. The SNPs were identified by a genome-wide screen of the SNP variation between these two strains of mice to identify single nucleotide variations on each of the chromosomes. The database for Mouse Genome Informatics was used: http://www.informatics.jax.org/javawi2/servlet/WIFetch?page=snpQF (accessed on 18 July 2014). SNP sites located in the coding regions of each chromosome were randomly selected, and primers were designed in order that 200 bases spanning the 3′ and 5′ ends of the variant nucleotide could be amplified. In this way, 21 primer pairs were designed to recognize a single sequence with one allelic variation for each of the 21 chromosomes of the mouse genome (19 autosomes and each of two gonosomes). Genomic DNA was isolated from HM-1 ESCs, splenocytes, and FH cells, using the DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany), and PCR was performed with 100 ng of DNA to amplify the sequence encompassing the specific SNP using primers listed in Supplementary Table S1 at a final concentration of 0.15 μM. PCR products pooled from 4–5 PCR reactions were purified using the QIAquick PCR Purification kit (Qiagen) and then sequenced in the central facility of the Centre for Molecular Medicine Cologne (CMMC). Sequences were analyzed for the presence of heterozygous nucleotides at the expected SNP in FH cells using Chromas Pro1.5 software.




4.10. RT-PCR Analysis


For reverse transcriptase-polymerase chain reactions (RT-PCR), PSCs or embryoid bodies (EBs) were lysed in Trizol Reagent (Invitrogen) to isolate total RNA. RNA was DNAse treated (DNAse I, amplification grade, Invitrogen), and 1 µg total RNA was transcribed into cDNA using random hexamers and Superscript II Reverse transcriptase (Invitrogen) according to the manufacturer’s protocol. PCR was performed using the Jump Start Red Taq polymerase kit (Sigma-Aldrich). Primers used for the amplification of target sequences are listed in Supplementary Table S3. After initial denaturation at 94 °C for 2 min, all amplifications were carried out using denaturation at 94 °C for 35 s, annealing at 56–60 °C for 45 s, and elongation at 72 °C for 75 s. For each reaction, 2% of the cDNA initially generated was used as a template. After 32–35 cycles, the final elongation was carried out at 72 °C for 5 min. PCR fragments were separated on 2% agarose gels (UltraPure Agarose, Invitrogen) containing ethidium bromide.




4.11. Patch-Clamp


We used the standard whole-cell patch-clamp recording technique for the electrophysiological characterization of ES and FH cell-derived CMs [98]. To compare the maturation process among the lines, differentiating CM were functionally characterized on days 16–19 after initiation of differentiation. For patch-clamp experiments, individual CMs were selected according to their typical morphology and spontaneous beating activity. The APs were classified based on their typical shape and duration, as characterized in earlier work of our group for mouse pluripotent cell-derived CMs [74,81]. The ventricular-like subtype is also characterized by the presence of a plateau phase, and the atrial-like subtype by its triangular shape. The quantitative aspects are reflected in the APD90 and the APD90/APD50 values, which yield clear differences between ventricular-like CMs to the other two CM subtypes. All recordings were performed using an EPC9 amplifier and operated through the PULSE acquisition software (HEKA, Reutlingen, Germany). The glass coverslips containing the cells were placed into a temperature-controlled (37 °C) recording chamber and perfused continuously with extracellular solution. Cell membrane capacitance was determined online using the PULSE program.



In the current-clamp experiments, we recorded typical action potentials (AP) of different types of CMs. The extracellular solution contained (in mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1, glucose 10, 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) 10, pH adjusted to 7.40 at 37 °C with NaOH. The intracellular solution contained (in mM): KCl 50, K-Aspartate 80, MgCl2 1, MgATP 3, glycol-bis (2-aminoethylether)-N, N, N, N-tetraacetic acid (EGTA) 10, and HEPES 10, pH adjusted to 7.40 with KOH. We additionally tested the CM for functional muscarinic and β-adrenergic regulation by applying 1 µM carbachol (Cch) or 1 µM isoproterenol (Iso), respectively. We also examined the effects of Na+ (30 µM lidocaine), L-type Ca2+ (1 µM nifedipine), and mERG (250 nM E4031) channel blockers.



In the voltage-clamp experiments, voltage-gated Na+ and L-type Ca2+ channel currents were recorded. The extracellular solution contained (in mM): NaCl 120, KCl 5, CaCl2 3.6, MgCl2 1, tetraethyl ammonium (TEA) chloride 20, and HEPES 10, pH adjusted to 7.40 at 37 °C with TEA-OH. The intracellular solution contained (in mM): CsCl 120, MgCl2 3, MgATP 5, EGTA 10, and HEPES 5, pH adjusted to 7.40 with CsOH. All substances were from Sigma-Aldrich.



The data on L-type Ca2+ currents and Na+ currents were collected simultaneously. There was no contamination of L-type Ca2+ currents with Na+ currents, as the latter was fully inactivated with a long conditioning pre-pulse to –40 mV before the L-type Ca2+ currents were elicited by a test pulse. In addition, L-type currents were always checked for the presence of fast activation component, which would suggest contamination with Na+ current; there was no such component visible. L-type Ca2+ channels were not affected by the pre-pulse, as they activate in a more positive voltage range. We also estimated the Ca2+ current contamination in Na+ currents. As L-type currents were always co-measured in the cells where Na+ channel currents were recorded, we compared the amplitudes. If the maximal amplitudes at corresponding potentials are compared, the mean contamination of L-type currents is less than 1%; in the most important voltage range (from –50 to –10 mV), it is less than 0.5%. However, the activation of L-type Ca2+ channels is 5–10 times slower than the Na+ channel activation, reducing the L-type current contribution to <0.1%. Therefore, the Ca2+ current contamination in Na+ currents could be neglected.



In all whole-cell recordings, leak subtraction was applied. PULSE software, Excel (Microsoft, Redmond, WA, USA), Sigma Plot (Systat Software GmbH, Erkrath, Germany), CorelDraw (Corel GmbH, Munich, Germany), and Origin (OriginLab Corporation, Northampton, MA, USA) programs were used to display and analyze recordings.




4.12. Statistical Analysis


Statistical analysis of drug effects was performed by one-way ANOVA followed by the post hoc Bonferroni’s test to correct for multiple comparisons. Comparison of AP parameters between cell lines (HM-1 vs. FH2.1 vs. FH4.2) and between CM-subtypes (P-like vs. A-like vs. V-like) was performed by two-way ANOVA followed by the post hoc Tukey’s test to correct for multiple comparisons. A p-value lower than 0.05 was considered to be statistically significant.
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	BM
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	αMHC
	alpha myosin heavy chain



	βME
	β-mercaptoethanol



	CCh
	carbachol
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	cardiomyocytes



	cTnT
	cardiac troponin T



	DMEM
	Dulbecco’s modified Eagle’s medium



	EBs
	embryoid bodies



	ESCs
	embryonic stem cells



	FBS
	fetal bovine serum



	FH cells
	fusion-derived hybrid (cells)
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	glyceraldehyde-3-phosphate dehydrogenase



	HAT
	hypoxanthine-aminopterin-thymidine



	HGPRT
	hypoxanthine-guanine phosphoribosyl transferase



	IFNγ
	interferon γ



	iPSCs
	induced pluripotent stem cells



	Iso
	isoproterenol



	MEFs
	murine embryonic fibroblasts



	MI
	myocardial infarction



	MLC2v
	myosin light chain 2 ventricular



	MHC
	major histocompatibility complex



	NEAA
	non-essential amino acids



	PBS
	phosphate-buffered saline



	SEM
	standard error of the mean



	SNP
	single nucleotide polymorphism







References


	



Orr-Weaver, T.L. When bigger is better: The role of polyploidy in organogenesis. Trends Genet. 2015, 31, 307–315. [Google Scholar] [CrossRef]

	



Machlus, K.R.; Italiano, J.E., Jr. The incredible journey: From megakaryocyte development to platelet formation. J. Cell Biol. 2013, 201, 785–796. [Google Scholar] [CrossRef] [PubMed]

	



Guidotti, J.-E.; Brégerie, O.; Robert, A.; Debey, P.; Brechot, C.; Desdouets, C. Liver Cell Polyploidization: A Pivotal Role for Binuclear Hepatocytes. J. Biol. Chem. 2003, 278, 19095–19101. [Google Scholar] [CrossRef] [PubMed]

	



Kudryavtsev, B.; Kudryavtseva, M.V.; Sakuta, G.A.; Stein, G. Human hepatocyte polyploidization kinetics in the course of life cycle. Virchows Arch. B Cell Pathol. Incl. Mol. Pathol. 1993, 64, 387–393. [Google Scholar] [CrossRef] [PubMed]

	



Donne, R.; Saroul-Aïnama, M.; Cordier, P.; Celton-Morizur, S.; Desdouets, C. Polyploidy in liver development, homeostasis and disease. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 391–405. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, T.; Wakefield, L.; Tarlow, B.D.; Grompe, M. In Vivo Lineage Tracing of Polyploid Hepatocytes Reveals Extensive Proliferation during Liver Regeneration. Cell Stem Cell 2020, 26, 34–47.e3. [Google Scholar] [CrossRef]

	



Toyoda, H.; Bregerie, O.; Vallet, A.; Nalpas, B.; Pivert, G.; Brechot, C.; Desdouets, C. Changes to hepatocyte ploidy and binuclearity profiles during human chronic viral hepatitis. Gut 2005, 54, 297–302. [Google Scholar] [CrossRef]

	



Gentric, G.; Maillet, V.; Paradis, V.; Couton, D.; L’Hermitte, A.; Panasyuk, G.; Fromenty, B.; Celton-Morizur, S.; Desdouets, C. Oxidative stress promotes pathologic polyploidization in nonalcoholic fatty liver disease. J. Clin. Investig. 2015, 125, 981–992. [Google Scholar] [CrossRef]

	



Soonpaa, M.H.; Kim, K.K.; Pajak, L.; Franklin, M.; Field, L.J. Cardiomyocyte DNA synthesis and binucleation during murine development. Am. J. Physiol. Circ. Physiol. 1996, 271, H2183–H2189. [Google Scholar] [CrossRef]

	



Engel, F.B.; Schebesta, M.; Keating, M.T. Anillin localization defect in cardiomyocyte binucleation. J. Mol. Cell. Cardiol. 2006, 41, 601–612. [Google Scholar] [CrossRef]

	



Alkass, K.; Panula, J.; Westman, M.; Wu, T.-D.; Guerquin-Kern, J.-L.; Bergmann, O. No Evidence for Cardiomyocyte Number Expansion in Preadolescent Mice. Cell 2015, 163, 1026–1036. [Google Scholar] [CrossRef] [PubMed]

	



Patterson, M.; Barske, L.; Van Handel, B.; Rau, C.D.; Gan, P.; Sharma, A.; Parikh, S.; Denholtz, M.; Huang, Y.; Yamaguchi, Y.; et al. Frequency of mononuclear diploid cardiomyocytes underlies natural variation in heart regeneration. Nat. Genet. 2017, 49, 1346–1353. [Google Scholar] [CrossRef] [PubMed]

	



Bishop, S.P.; Zhou, Y.; Nakada, Y.; Zhang, J. Changes in Cardiomyocyte Cell Cycle and Hypertrophic Growth During Fetal to Adult in Mammals. J. Am. Heart Assoc. 2021, 10, e017839. [Google Scholar] [CrossRef] [PubMed]

	



Mollova, M.; Bersell, K.; Walsh, S.; Savla, J.; Das, L.T.; Park, S.-Y.; Silberstein, L.E.; Dos Remedios, C.G.; Graham, D.; Colan, S.; et al. Cardiomyocyte proliferation contributes to heart growth in young humans. Proc. Natl. Acad. Sci. USA 2013, 110, 1446–1451. [Google Scholar] [CrossRef] [PubMed]

	



Bergmann, O.; Zdunek, S.; Felker, A.; Salehpour, M.; Alkass, K.; Bernard, S.; Sjostrom, S.L.; Szewczykowska, M.; Jackowska, T.; dos Remedios, C.; et al. Dynamics of Cell Generation and Turnover in the Human Heart. Cell 2015, 161, 1566–1575. [Google Scholar] [CrossRef]

	



Bischof, C.; Mirtschink, P.; Yuan, T.; Wu, M.; Zhu, C.; Kaur, J.; Pham, M.D.; Gonzalez-Gonoggia, S.; Hammer, M.; Rogg, E.-M.; et al. Mitochondrial–cell cycle cross-talk drives endoreplication in heart disease. Sci. Transl. Med. 2021, 13, eabi7964. [Google Scholar] [CrossRef]

	



Meckert, P.C.; Rivello, H.G.; Vigliano, C.; González, P.; Favaloro, R.; Laguens, R. Endomitosis and polyploidization of myocardial cells in the periphery of human acute myocardial infarction. Cardiovasc. Res. 2005, 67, 116–123. [Google Scholar] [CrossRef]

	



Herget, G.W.; Neuburger, M.; Plagwitz, R.; Adler, C.P. DNA content, ploidy level and number of nuclei in the human heart after myocardial infarction. Cardiovasc. Res. 1997, 36, 45–51. [Google Scholar] [CrossRef]

	



Sukhacheva, T.V.; Serov, R.A.; Nizyaeva, N.V.; Burov, A.A.; Pavlovich, S.V.; Podurovskaya, Y.L.; Samsonova, M.V.; Chernyaev, A.L.; Shchegolev, A.I.; Kim, A.I.; et al. Accelerated Growth, Differentiation, and Ploidy with Reduced Proliferation of Right Ventricular Cardiomyocytes in Children with Congenital Heart Defect Tetralogy of Fallot. Cells 2022, 11, 175. [Google Scholar] [CrossRef]

	



Hesse, M.; Bednarz, R.; Carls, E.; Becker, C.; Bondareva, O.; Lother, A.; Geisen, C.; Dreßen, M.; Krane, M.; Roell, W.; et al. Proximity to injury, but neither number of nuclei nor ploidy define pathological adaptation and plasticity in cardiomyocytes. J. Mol. Cell. Cardiol. 2021, 152, 95–104. [Google Scholar] [CrossRef]

	



Paradis, A.N.; Gay, M.S.; Zhang, L. Binucleation of cardiomyocytes: The transition from a proliferative to a terminally differentiated state. Drug Discov. Today 2014, 19, 602–609. [Google Scholar] [CrossRef] [PubMed]

	



Kirillova, A.; Han, L.; Liu, H.; Kühn, B. Polyploid cardiomyocytes: Implications for heart regeneration. Development 2021, 148, dev199401. [Google Scholar] [CrossRef] [PubMed]

	



Gan, P.; Patterson, M.; Sucov, H.M. Cardiomyocyte Polyploidy and Implications for Heart Regeneration. Annu. Rev. Physiol. 2020, 82, 45–61. [Google Scholar] [CrossRef] [PubMed]

	



Derks, W.; Bergmann, O. Polyploidy in Cardiomyocytes: Roadblock to Heart Regeneration? Circ. Res. 2020, 126, 552–565. [Google Scholar] [CrossRef]

	



Senyo, S.E.; Steinhauser, M.L.; Pizzimenti, C.L.; Yang, V.K.; Cai, L.; Wang, M.; Wu, T.-D.; Guerquin-Kern, J.-L.; Lechene, C.P.; Lee, R.T. Mammalian heart renewal by pre-existing cardiomyocytes. Nature 2013, 493, 433–436. [Google Scholar] [CrossRef]

	



González-Rosa, J.M.; Sharpe, M.; Field, D.; Soonpaa, M.H.; Field, L.J.; Burns, C.E.; Burns, C.G. Myocardial Polyploidization Creates a Barrier to Heart Regeneration in Zebrafish. Dev. Cell 2018, 44, 433–446.e437. [Google Scholar] [CrossRef]

	



Bageghni, S.A.; Frentzou, G.A.; Drinkhill, M.J.; Mansfield, W.; Coverley, D.; Ainscough, J.F.X. Cardiomyocyte specific expression of the nuclear matrix protein, CIZ1, stimulates production of mononucleated cells with an extended window of proliferation in the postnatal mouse heart. Biol. Open 2017, 6, 92–99. [Google Scholar] [CrossRef]

	



Shen, H.; Gan, P.; Wang, K.; Darehzereshki, A.; Wang, K.; Kumar, S.R.; Lien, C.-L.; Patterson, M.; Tao, G.; Sucov, H.M.; et al. Mononuclear diploid cardiomyocytes support neonatal mouse heart regeneration in response to paracrine IGF2 signaling. Elife 2020, 9, e53071. [Google Scholar] [CrossRef]

	



Becker, C.; Hesse, M. Role of Mononuclear Cardiomyocytes in Cardiac Turnover and Regeneration. Curr. Cardiol. Rep. 2020, 22, 39. [Google Scholar] [CrossRef]

	



Han, L.; Choudhury, S.; Mich-Basso, J.D.; Ammanamanchi, N.; Ganapathy, B.; Suresh, S.; Khaladkar, M.; Singh, J.; Maehr, R.; Zuppo, D.A.; et al. Lamin B2 Levels Regulate Polyploidization of Cardiomyocyte Nuclei and Myocardial Regeneration. Dev. Cell 2020, 53, 42–59.e11. [Google Scholar] [CrossRef]

	



Alvarez-Dolado, M.; Pardal, R.; García-Verdugo, J.M.; Fike, J.R.; Lee, H.O.; Pfeffer, K.; Lois, C.; Morrison, S.; Alvarez-Buylla, A. Fusion of bone-marrow-derived cells with Purkinje neurons, cardiomyocytes and hepatocytes. Nat. Cell Biol. 2003, 425, 968–973. [Google Scholar] [CrossRef] [PubMed]

	



Matsuura, K.; Wada, H.; Nagai, T.; Iijima, Y.; Minamino, T.; Sano, M.; Akazawa, H.; Molkentin, J.; Kasanuki, H.; Komuro, I. Cardiomyocytes fuse with surrounding noncardiomyocytes and reenter the cell cycle. J. Cell Biol. 2004, 167, 351–363. [Google Scholar] [CrossRef] [PubMed]

	



Nygren, J.M.; Jovinge, S.; Breitbach, M.; Sawen, P.; Roll, W.; Hescheler, J.; Taneera, J.; Fleischmann, B.K.; Jacobsen, S.E. Bone marrow-derived hematopoietic cells generate cardiomyocytes at a low frequency through cell fusion, but not transdifferentia-tion. Nat. Med. 2004, 10, 494–501. [Google Scholar] [CrossRef] [PubMed]

	



Yellamilli, A.; Ren, Y.; McElmurry, R.T.; Lambert, J.P.; Gross, P.; Mohsin, S.; Houser, S.R.; Elrod, J.W.; Tolar, J.; Garry, D.J.; et al. Abcg2 -expressing side population cells contribute to cardiomyocyte renewal through fusion. FASEB J. 2020, 34, 5642–5657. [Google Scholar] [CrossRef] [PubMed]

	



Freeman, B.T.; Ogle, B.M. Viral-mediated fusion of mesenchymal stem cells with cells of the infarcted heart hinders healing via decreased vascularization and immune modulation. Sci. Rep. 2016, 6, 20283. [Google Scholar] [CrossRef] [PubMed]

	



Ferrari, G.; Cusella, G.; Angelis, D.; Coletta, M.; Paolucci, E.; Stornaiuolo, A.; Cossu, G.; Mavilio, F. Muscle Regeneration by Bone Marrow-Derived Myogenic Progenitors. Science 1998, 279, 1528–1530. [Google Scholar] [CrossRef] [PubMed]

	



Ferrand, J.; Noël, D.; Lehours, P.; Prochazkova-Carlotti, M.; Chambonnier, L.; Ménard, A.; Mégraud, F.; Varon, C. Human Bone Marrow-Derived Stem Cells Acquire Epithelial Characteristics through Fusion with Gastrointestinal Epithelial Cells. PLoS ONE 2011, 6, e19569. [Google Scholar] [CrossRef]

	



Vassilopoulos, G.; Wang, P.-R.; Russell, D.W. Transplanted bone marrow regenerates liver by cell fusion. Nat. Cell Biol. 2003, 422, 901–904. [Google Scholar] [CrossRef]

	



Grompe, M. The Role of Bone Marrow Stem Cells in Liver Regeneration. Semin. Liver Dis. 2003, 23, 363–372. [Google Scholar] [CrossRef]

	



Weimann, J.M.; Charlton, C.A.; Brazelton, T.R.; Hackman, R.C.; Blau, H.M. Contribution of transplanted bone marrow cells to Purkinje neurons in human adult brains. Proc. Natl. Acad. Sci. USA 2003, 100, 2088–2093. [Google Scholar] [CrossRef]

	



Hokari, M.; Kuroda, S.; Shichinohe, H.; Yano, S.; Hida, K.; Iwasaki, Y. Bone marrow stromal cells protect and repair damaged neurons through multiple mechanisms. J. Neurosci. Res. 2008, 86, 1024–1035. [Google Scholar] [CrossRef]

	



Nygren, J.; Liuba, K.; Breitbach, M.; Stott, S.; Thorén, L.; Roell, W.; Geisen, C.; Sasse, P.; Kirik, D.; Björklund, A.; et al. Myeloid and lymphoid contribution to non-haematopoietic lineages through irradiation-induced heterotypic cell fusion. Nature 2008, 10, 584–592. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, S.; Nygren, J.; Ponten, A.; Jovinge, S. Myogenic Reprogramming of Bone Marrow Derived Cells in a WDmd Deficient Mouse Model. PLoS ONE 2011, 6, e27500. [Google Scholar] [CrossRef]

	



Quijada, P.; Salunga, H.T.; Hariharan, N.; Cubillo, J.D.; El-Sayed, F.G.; Moshref, M.; Bala, K.M.; Emathinger, J.M.; De La Torre, A.; Ormachea, L.; et al. Cardiac Stem Cell Hybrids Enhance Myocardial Repair. Circ. Res. 2015, 117, 695–706. [Google Scholar] [CrossRef] [PubMed]

	



Wong, C.C.; Gaspar-Maia, A.; Ramalho-Santos, M.; Pera, R.A.R. High-Efficiency Stem Cell Fusion-Mediated Assay Reveals Sall4 as an Enhancer of Reprogramming. PLoS ONE 2008, 3, e1955. [Google Scholar] [CrossRef] [PubMed]

	



Ma, D.K.; Chiang, C.-H.J.; Ponnusamy, K.; Ming, G.-L.; Song, H. G9a and Jhdm2a Regulate Embryonic Stem Cell Fusion-Induced Reprogramming of Adult Neural Stem Cells. Stem Cells 2008, 26, 2131–2141. [Google Scholar] [CrossRef]

	



Lluis, F.; Pedone, E.; Pepe, S.; Cosma, M.P. Periodic activation of Wnt/beta-catenin signaling enhances somatic cell repro-gramming mediated by cell fusion. Cell Stem Cell 2008, 3, 493–507. [Google Scholar] [CrossRef]

	



Matveeva, N.M.; Shilov, A.G.; Kaftanovskaya, E.M.; Maximovsky, L.P.; Zhelezova, A.I.; Golubitsa, A.N.; Bayborodin, S.I.; Fokina, M.M.; Serov, O.L. In vitro and in vivo study of pluripotency in intraspecific hybrid cells obtained by fusion of murine embryonic stem cells with splenocytes. Mol. Reprod. Dev. 1998, 50, 128–138. [Google Scholar] [CrossRef]

	



Yu, J.; Vodyanik, M.A.; He, P.; Slukvin, I.I.; Thomson, J.A. Human Embryonic Stem Cells Reprogram Myeloid Precursors Following Cell–Cell Fusion. Stem Cells 2006, 24, 168–176. [Google Scholar] [CrossRef]

	



Sumer, H.; Jones, K.L.; Liu, J.; Heffernan, C.; Tat, P.A.; Upton, K.R.; Verma, P.J. Reprogramming of Somatic Cells After Fusion With Induced Pluripotent Stem Cells and Nuclear Transfer Embryonic Stem Cells. Stem Cells Dev. 2010, 19, 239–246. [Google Scholar] [CrossRef]

	



Ying, Q.-L.; Nichols, J.; Evans, E.P.; Smith, A.G. Changing potency by spontaneous fusion. Nature 2002, 416, 545–548. [Google Scholar] [CrossRef] [PubMed]

	



Tada, M.; Takahama, Y.; Abe, K.; Nakatsuji, N.; Tada, T. Nuclear reprogramming of somatic cells by in vitro hybridization with ES cells. Curr. Biol. 2001, 11, 1553–1558. [Google Scholar] [CrossRef] [PubMed]

	



Ambrosi, D.J.; Tanasijevic, B.; Kaur, A.; Obergfell, C.; O’Neill, R.J.; Krueger, W.; Rasmussen, T.P. Genome-Wide Reprogramming in Hybrids of Somatic Cells and Embryonic Stem Cells. Stem Cells 2007, 25, 1104–1113. [Google Scholar] [CrossRef] [PubMed]

	



Cowan, C.A.; Atienza, J.; Melton, D.A.; Eggan, K. Nuclear Reprogramming of Somatic Cells After Fusion with Human Embryonic Stem Cells. Science 2005, 309, 1369–1373. [Google Scholar] [CrossRef]

	



Kruglova, A.A.; Kizilova, E.A.; Zhelezova, A.I.; Gridina, M.M.; Golubitsa, A.N.; Serov, O.L. Embryonic stem cell/fibroblast hybrid cells with near-tetraploid karyotype provide high yield of chimeras. Cell Tissue Res. 2008, 334, 371–380. [Google Scholar] [CrossRef]

	



Matveeva, N.M.; Pristyazhnyuk, I.E.; Temirova, S.A.; Menzorov, A.G.; Vasilkova, A.; Shilov, A.G.; Smith, A.; Serov, O.L. Un-equal segregation of parental chromosomes in embryonic stem cell hybrids. Mol. Reprod. Dev. 2005, 71, 305–314. [Google Scholar] [CrossRef]

	



Mittmann, J.; Kerkis, I.; Kawashima, C.; Sukoyan, M.; Santos, E.; Kerkis, A. Differentiation of mouse embryonic stem cells and their hybrids during embryoid body formation. Genet. Mol. Biol. 2002, 25, 103–111. [Google Scholar] [CrossRef]

	



Gaztelumendi, N.; Nogués, C. Chromosome Instability in mouse Embryonic Stem Cells. Sci. Rep. 2014, 4, 5324. [Google Scholar] [CrossRef]

	



Frenzel, L.P.; Abdullah, Z.; Kriegeskorte, A.K.; Dieterich, R.; Lange, N.; Busch, D.H.; Krönke, M.; Utermöhlen, O.; Hescheler, J.; Šarić, T. Role of Natural-Killer Group 2 Member D Ligands and Intercellular Adhesion Molecule 1 in Natural Killer Cell-Mediated Lysis of Murine Embryonic Stem Cells and Embryonic Stem Cell-Derived Cardiomyocytes. Stem Cells 2009, 27, 307–316. [Google Scholar] [CrossRef]

	



Abdullah, Z.; Saric, T.; Kashkar, H.; Baschuk, N.; Yazdanpanah, B.; Fleischmann, B.K.; Hescheler, J.; Krönke, M.; Utermöhlen, O. Serpin-6 Expression Protects Embryonic Stem Cells from Lysis by Antigen-Specific CTL. J. Immunol. 2007, 178, 3390–3399. [Google Scholar] [CrossRef]

	



Vasilkova, A.A.; Kizilova, H.A.; Puzakov, M.V.; Shilov, A.G.; Zhelezova, A.I.; Golubitsa, A.N.; Battulin, N.R.; Vedernikov, V.E.; Menzorov, A.G.; Matveeva, N.M.; et al. Dominant manifestation of pluripotency in embryonic stem cell hybrids with various numbers of somatic chromosomes. Mol. Reprod. Dev. 2007, 74, 941–951. [Google Scholar] [CrossRef]

	



Goto, Y.; Matsui, J.; Takagi, N. Developmental potential of mouse tetraploid cells in diploid <--> tetraploid chimeric embryos. Int. J. Dev. Biol. 2002, 46, 741–745. [Google Scholar] [PubMed]

	



Pandit, S.K.; Westendorp, B.; de Bruin, A. Physiological significance of polyploidization in mammalian cells. Trends Cell Biol. 2013, 23, 556–566. [Google Scholar] [CrossRef] [PubMed]

	



Mauritz, C.; Schwanke, K.; Reppel, M.; Neef, S.; Katsirntaki, K.; Maier, L.S.; Nguemo, F.; Menke, S.; Haustein, M.; Hescheler, J.; et al. Generation of Functional Murine Cardiac Myocytes From Induced Pluripotent Stem Cells. Circulation 2008, 118, 507–517. [Google Scholar] [CrossRef]

	



Pfannkuche, K.; Liang, H.; Hannes, T.; Xi, J.; Fatima, A.; Nguemo, F.; Matzkies, M.; Wernig, M.; Jaenisch, R.; Pillekamp, F.; et al. Cardiac Myocytes Derived from Murine Reprogrammed Fibroblasts: Intact Hormonal Regulation, Cardiac Ion Channel Expression and Development of Contractility. Cell. Physiol. Biochem. 2009, 24, 73–86. [Google Scholar] [CrossRef]

	



Insel, P.A.; Motulsky, H.J. Calcium-channel-blocking agents. N. Engl. J. Med. 1983, 308, 1361–1362. [Google Scholar]

	



Nayler, W.G. Calcium antagonists. Med. J. Aust. 1983, 2, 506–512. [Google Scholar] [CrossRef]

	



Spedding, M.; Kenny, B. Voltage-dependent calcium channels: Structures and drug-binding sites. Biochem. Soc. Trans. 1992, 20, 147–153. [Google Scholar] [CrossRef]

	



Grant, A.O.; Dietz, M.A.; Gilliam, F.R., 3rd; Starmer, C.F. Blockade of cardiac sodium channels by lidocaine. Single-channel analysis. Circ. Res. 1989, 65, 1247–1262. [Google Scholar] [CrossRef] [PubMed]

	



McDonald, T.V.; Courtney, K.R.; Clusin, W.T. Use-dependent block of single sodium channels by lidocaine in guinea pig ven-tricular myocytes. Biophys. J. 1989, 55, 1261–1266. [Google Scholar] [CrossRef]

	



Sanguinetti, M.C.; Jurkiewicz, N.K. Two components of cardiac delayed rectifier K+ current. Differential sensitivity to block by class III antiarrhythmic agents. J. Gen. Physiol. 1990, 96, 195–215. [Google Scholar] [CrossRef] [PubMed]

	



Ono, K.; Ito, H. Role of rapidly activating delayed rectifier K+ current in sinoatrial node pacemaker activity. Am. J. Physiol. Content 1995, 269, H453–H462. [Google Scholar] [CrossRef] [PubMed]

	



Verheijck, E.E.; van Ginneken, A.C.; Bourier, J.; Bouman, L.N. Effects of Delayed Rectifier Current Blockade by E-4031 on Impulse Generation in Single Sinoatrial Nodal Myocytes of the Rabbit. Circ. Res. 1995, 76, 607–615. [Google Scholar] [CrossRef]

	



Maltsev, V.A.; Rohwedel, J.; Hescheler, J.; Wobus, A.M. Embryonic stem cells differentiate in vitro into cardiomyocytes repre-senting sinusnodal, atrial and ventricular cell types. Mech. Dev. 1993, 44, 41–50. [Google Scholar] [CrossRef] [PubMed]

	



Maltsev, V.A.; Wobus, A.M.; Rohwedel, J.; Bader, M.; Hescheler, J. Cardiomyocytes differentiated in vitro from embryonic stem cells developmentally express cardiac-specific genes and ionic currents. Circ. Res. 1994, 75, 233–244. [Google Scholar] [CrossRef]

	



Ehrlich, J.R.; Cha, T.J.; Zhang, L.; Chartier, D.; Melnyk, P.; Hohnloser, S.H.; Nattel, S. Cellular electrophysiology of canine pulmonary vein cardiomyocytes: Action potential and ionic current properties. J. Physiol. 2003, 551, 801–813. [Google Scholar] [CrossRef]

	



Lei, M.; Jones, S.A.; Liu, J.; Lancaster, M.K.; Fung, S.S.; Dobrzynski, H.; Camelliti, P.; Maier, S.K.; Noble, D.; Boyett, M.R. Re-quirement of neuronal- and cardiac-type sodium channels for murine sinoatrial node pacemaking. J. Physiol. 2004, 559, 835–848. [Google Scholar] [CrossRef] [PubMed]

	



Lei, M.; Brown, H. Two components of the delayed rectifier potassium current, IK, in rabbit sino-atrial node cells. Exp. Physiol. 1996, 81, 725–741. [Google Scholar] [CrossRef]

	



Kodama, I.; Boyett, M.R.; Nikmaram, M.R.; Yamamoto, M.; Honjo, H.; Niwa, R. Regional differences in effects of E-4031 within the sinoatrial node. Am. J. Physiol. Circ. Physiol. 1999, 276, H793–H802. [Google Scholar] [CrossRef]

	



Pond, A.L.; Scheve, B.K.; Benedict, A.T.; Petrecca, K.; Van Wagoner, D.R.; Shrier, A.; Nerbonne, J.M. Expression of Distinct ERG Proteins in Rat, Mouse, and Human Heart. J. Biol. Chem. 2000, 275, 5997–6006. [Google Scholar] [CrossRef]

	



Kuzmenkin, A.; Liang, H.; Xu, G.; Pfannkuche, K.; Eichhorn, H.; Fatima, A.; Luo, H.; Saric, T.; Wernig, M.; Jaenisch, R.; et al. Functional characterization of cardiomyocytes derived from murine induced pluripotent stem cells in vitro. FASEB J. 2009, 23, 4168–4180. [Google Scholar] [CrossRef] [PubMed]

	



Carcamo-Orive, I.; Hoffman, G.E.; Cundiff, P.; Beckmann, N.D.; D’Souza, S.L.; Knowles, J.W.; Patel, A.; Hendry, C.; Papatsenko, D.; Abbasi, F.; et al. Analysis of Transcriptional Variability in a Large Human iPSC Library Reveals Genetic and Non-genetic Determinants of Heterogeneity. Cell Stem Cell 2017, 20, 518–532.e519. [Google Scholar] [CrossRef] [PubMed]

	



Osafune, K.; Caron, L.; Borowiak, M.; Martinez, R.J.; Fitz-Gerald, C.S.; Sato, Y.; Cowan, C.A.; Chien, K.R.; Melton, D.A. Marked differences in differentiation propensity among human embryonic stem cell lines. Nat. Biotechnol. 2008, 26, 313–315. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, R.; Millrod, M.A.; Zambidis, E.T.; Tung, L. Variability of Action Potentials Within and Among Cardiac Cell Clusters Derived from Human Embryonic Stem Cells. Sci. Rep. 2016, 6, 18544. [Google Scholar] [CrossRef]

	



Hannes, T.; Wolff, M.; Jesudoss, M.X.D.; Pfannkuche, K.P.; Haustein, M.; Müller-Ehmsen, J.; Sachinidis, A.; Hescheler, J.; Khalil, M.; Halbach, M. Electrophysiological Characteristics of Embryonic Stem Cell-Derived Cardiomyocytes are Cell Line-Dependent. Cell. Physiol. Biochem. 2015, 35, 305–314. [Google Scholar] [CrossRef]

	



Sanchez-Freire, V.; Lee, A.S.; Hu, S.; Abilez, O.J.; Liang, P.; Lan, F.; Huber, B.C.; Ong, S.-G.; Hong, W.X.; Huang, M.; et al. Effect of Human Donor Cell Source on Differentiation and Function of Cardiac Induced Pluripotent Stem Cells. J. Am. Coll. Cardiol. 2014, 64, 436–448. [Google Scholar] [CrossRef]

	



Ortmann, D.; Brown, S.; Czechanski, A.; Aydin, S.; Muraro, D.; Huang, Y.; Tomaz, R.A.; Osnato, A.; Canu, G.; Wesley, B.T.; et al. Naive Pluripotent Stem Cells Exhibit Phenotypic Variability that Is Driven by Genetic Variation. Cell Stem Cell 2020, 27, 470–481.e476. [Google Scholar] [CrossRef]

	



Schmid, C.; Abi-Gerges, N.; Leitner, M.G.; Zellner, D.; Rast, G. Ion Channel Expression and Electrophysiology of Singular Human (Primary and Induced Pluripotent Stem Cell-Derived) Cardiomyocytes. Cells 2021, 10, 3370. [Google Scholar] [CrossRef]

	



Yechikov, S.; Copaciu, R.; Gluck, J.M.; Deng, W.; Chiamvimonvat, N.; Chan, J.W.; Lieu, D.K. Same-Single-Cell Analysis of Pacemaker-Specific Markers in Human Induced Pluripotent Stem Cell-Derived Cardiomyocyte Subtypes Classified by Electrophysiology. Stem Cells 2016, 34, 2670–2680. [Google Scholar] [CrossRef]

	



Biendarra-Tiegs, S.M.; Li, X.; Ye, D.; Brandt, E.B.; Ackerman, M.J.; Nelson, T.J. Single-Cell RNA-Sequencing and Optical Electrophysiology of Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes Reveal Discordance Between Cardiac Subtype-Associated Gene Expression Patterns and Electrophysiological Phenotypes. Stem Cells Dev. 2019, 28, 659–673. [Google Scholar] [CrossRef]

	



Huang, C.-F.; Chen, Y.-C.; Yeh, H.-I.; Chen, S.-A. Mononucleated and binucleated cardiomyocytes in left atrium and pulmonary vein have different electrical activity and calcium dynamics. Prog. Biophys. Mol. Biol. 2012, 108, 64–73. [Google Scholar] [CrossRef] [PubMed]

	



Kong, C.-W.; Chen, S.; Geng, L.; Shum, A.M.-Y.; Sun, D.; Li, R.A. Increasing the physical size and nucleation status of human pluripotent stem cell-derived ventricular cardiomyocytes by cell fusion. Stem Cell Res. 2017, 19, 76–81. [Google Scholar] [CrossRef]

	



Yekelchyk, M.; Guenther, S.; Preussner, J.; Braun, T. Mono- and multi-nucleated ventricular cardiomyocytes constitute a transcriptionally homogenous cell population. Basic Res. Cardiol. 2019, 114, 36. [Google Scholar] [CrossRef] [PubMed]

	



Windmueller, R.; Leach, J.P.; Babu, A.; Zhou, S.; Morley, M.P.; Wakabayashi, A.; Petrenko, N.B.; Viatour, P.; Morrisey, E.E. Direct Comparison of Mononucleated and Binucleated Cardiomyocytes Reveals Molecular Mechanisms Underlying Distinct Proliferative Competencies. Cell Rep. 2020, 30, 3105–3116.e3104. [Google Scholar] [CrossRef]

	



Selfridge, J.; Pow, A.M.; McWhir, J.; Magin, T.M.; Melton, D.W. Gene targeting using a mouse HPRT minigene/HPRT-deficient embryonic stem cell system: Inactivation of the mouseERCC-1 gene. Somat. Cell Mol. Genet. 1992, 18, 325–336. [Google Scholar] [CrossRef] [PubMed]

	



Do, J.T.; Schöler, H.R. Nuclei of Embryonic Stem Cells Reprogram Somatic Cells. Stem Cells 2004, 22, 941–949. [Google Scholar] [CrossRef] [PubMed]

	



Fatima, A.; Hescheler, J.; Šaric, T. Chromosome Tracking in Fused Cells by Single Nucleotide Polymorphisms. Methods Mol. Biol. 2015, 1313, 95–106. [Google Scholar] [CrossRef]

	



Hamill, O.P.; Marty, A.; Neher, E.; Sakmann, B.; Sigworth, F.J. Improved patch-clamp techniques for high-resolution current recording from cells and cell-free membrane patches. Pflügers Arch. 1981, 391, 85–100. [Google Scholar] [CrossRef]








[image: Ijms 24 06546 g001 550] 





Figure 1. Characterization of fusion-derived hybrid (FH) cells. (A) Scheme summarizing the process of fusion-based reprogramming of bone marrow cells and splenocytes using PEG and subsequent selection with HAT to remove unfused embryonic stem cells (ESCs). Fusion partners were selected from two different mouse strains to be distinguishable by their MHC class I haplotypes and SNPs. (B) Colonies of the original HM-1 ESC line, bone marrow cell-derived (FH-2.1), and splenocyte-derived (FH-4.2) fusion clones. Scale bars: 100 μM. (C) DNA content analysis of undifferentiated ESCs and fusion-hybrid-derived pluripotent stem cells (FH-PSCs) as determined by flow cytometry of propidium iodide stained cells. (D) Karyotype analysis of undifferentiated ESCs and FH-PSCs and their respective differentiating cells isolated from embryoid bodies (EBs) at day 10 of differentiation (see also Figure S1 for a representative spread of metaphase chromosomes). 
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Figure 2. Identification of both parental genomes in fusion-hybrid-derived PSCs. (A) Representative example of identification of both parental genomes in FH-PSCs using single nucleotide polymorphism (SNP) genotyping. The DNA locus encompassing the selected SNP on chromosome 7 was amplified by PCR and sequenced. Only one polymorphic allele could be detected in HM-1 ESCs (adenine, A) and somatic cells (cytosine, C). In contrast, FH-PSC lines contained both variant alleles (C/A) at this SNP position, suggesting the existence of both parental genomes in these cells. Complimentary analyses were performed for all autosomes and are summarized in Table S2. (B) Expression of major histocompatibility (MHC) class I molecules on the surface of fusion-derived PSCs FH-2.1 and FH-4.2. The levels of MHC class I molecules of parental ESCs (H-2Kb) and somatic cells (H-2Kd) were determined on intact (−IFNγ) or interferon-gamma-treated (+IFNγ) (100 ng/mL, 2 days) FH-PSCs at undifferentiated (upper panels) and differentiating state (day 4 EBs, lower panels) by flow cytometry. 
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Figure 3. Successful reprogramming of FH cells to a pluripotent state. (A) ESC-like colonies of fusion-derived hybrid cells FH-2.1 and FH-4.2 express the pluripotency marker Oct-4. (B) Flow cytometric analysis of SSEA-1 expression on HM-1 ESCs, FH-PSC lines FH-2.1, and FH-4.2, as well as on splenocytes, were used as a negative control. (C) FH-derived PSCs form teratoma in vivo after subcutaneous injection into SCID/beige mouse hind legs. Cells of all three germ layers could be demonstrated by staining with antibodies specific for endoderm (cytokeratin-8, green), ectoderm (βIII-tubulin, white), and mesoderm (α-actinin, red) (see also Figure S5 for histological analysis of teratoma derived from the FH-4.2 cell line). The nuclei were counter-stained with DAPI (blue). Scale bars: 50 μm. (D) Expression of somatic cell markers of lymphoid lineage (CD45, CD11b, CD19, and CD3a) on splenocytes, HM-1 ESC, and splenocyte-derived FH-4.2 PSCs, as determined by flow cytometry. 
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Figure 4. Cardiac differentiation of fusion hybrid PSCs. (A) The percentage of spontaneously beating EBs was calculated at the indicated time points during differentiation. (B) Semiquantitative RT-PCR analysis of expression of cardiac-specific genes αMHC, MLC2v, and cTnT in EBs derived from FH-2.1 and FH-4.2 cells collected at day 10 (d10) and day 16 (d16) of differentiation. Undifferentiated FH cells (uFH) were included as controls, and GAPDH was used as a housekeeping gene. (C) Immunocytochemical detection of α-actinin (upper panels) and cardiac troponin T (cTnT, lower panels) in beating areas derived from HM-1 ESCs, and FH-2.1 and FH-4.2 PSCs. Cardiac markers are shown in red. Scale bars: 20 μM. (D) Immunocytochemical detection of α-actinin (green) and MHC class I molecules H-2Kb and H-2Kd (red) on FH-4.2 cells at day 16 of differentiation. Prior to staining, beating areas were trypsinized, single cells were plated on fibronectin-coated cover slides and treated for 2 days with IFNγ (100 ng/mL) to facilitate the detection of MHC class I molecules. These results demonstrate that all FH-PSC-derived cells, including CMs (green), express MHC class I molecules (red) of both fusion partners. Nuclei in all images were counter-stained with DAPI (blue). Scale bars = 50 μM. The results of the validation of the specificity of antibodies used for the detection of H-2Kb and H-2Kd molecules are shown in Figure S8. 
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Figure 5. Action potential (AP) analysis. Typical APs of different CM subtypes were recorded from CMs derived from HM-1 ESCs and FH cells (clones FH-2.1 and FH-4.2) at days 16–19 of differentiation. Detailed analysis of different AP parameters in these cells is given in Table 1 and Supplementary Figure S10. 
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Figure 6. Effect of carbachol (CCh) and isoproterenol (Iso) on HM-1-ESC- and FH-PSC-derived CMs. Negative chronotropic effect of 1 μM CCh (A,B) and 1 μM Iso (C,D) on HM-1 CMs, FH-2.1 CMs, and FH-4.2 CMs isolated at days 16–19 of differentiation. APs were recorded before the application of drugs (Control), in the presence of a drug (CCh or Iso), and after washout of the applied drug (Washout). Representative traces are shown in panels A (for Cch) and C (for Iso). Quantitative analysis of the effect of drugs on AP frequency in HM-1 ESC- and FH-PSC-derived CMs is shown in panels B (for Cch) and D (for Iso). Data are presented as the mean ± SEM of N cells analyzed. Statistical analysis was performed by one-way ANOVA followed by the post hoc Bonferroni’s test to correct for multiple comparisons. p-values are only given for group comparisons with statistically significant differences. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 7. Effect of lidocaine, nifedipine, and E4031 on ESC- and FH-PSC-derived CMs. (A,C,E) APs were recorded before the application of drugs (Control), in the presence of 30 μM lidocaine, 1 μM nifedipine, or 0.25 μM E4031, and after washout of drugs (washout). Representative traces are shown. (B,D,F) Statistical evaluation of the drug effect on beating frequency in HM-1 ESC-CMs, FH-2.1 CMs, and FH-4.2 CMs. Data are presented as the mean ± SEM. N indicates the number of cells analyzed. Statistical analysis was performed by one-way ANOVA followed by the post hoc Bonferroni’s test. p-values are only given for group comparisons with statistically significant differences. * p < 0.05, ** p < 0.01, *** p < 0.001. 






Figure 7. Effect of lidocaine, nifedipine, and E4031 on ESC- and FH-PSC-derived CMs. (A,C,E) APs were recorded before the application of drugs (Control), in the presence of 30 μM lidocaine, 1 μM nifedipine, or 0.25 μM E4031, and after washout of drugs (washout). Representative traces are shown. (B,D,F) Statistical evaluation of the drug effect on beating frequency in HM-1 ESC-CMs, FH-2.1 CMs, and FH-4.2 CMs. Data are presented as the mean ± SEM. N indicates the number of cells analyzed. Statistical analysis was performed by one-way ANOVA followed by the post hoc Bonferroni’s test. p-values are only given for group comparisons with statistically significant differences. * p < 0.05, ** p < 0.01, *** p < 0.001.



[image: Ijms 24 06546 g007]







[image: Ijms 24 06546 g008 550] 





Figure 8. Functional expression of voltage-gated Na+ and Ca2+ ion channels in ESC- and FH-PSC-derived CMs. (A) Na+ channel currents were elicited by a family of 100 ms depolarizations from a −90 mV holding potential (HP) to voltages ranging from −60 to −55 mV in 5 mV steps. (C) Ca2+ channel currents were measured with a double-pulse protocol. First, a 100 ms depolarization from an HP of −90 mV to −40 mV was applied to inactivate Na+ and T-type Ca2+ channels, and then L-type Ca2+ channels were elicited by a family of 67 ms depolarizations to voltages ranging from −60 to −50 mV in 10 mV steps. In Na+ channel (A) and Ca2+ channel (C) experiments, leak subtraction P/4 protocol was applied from HP of −90 mV. Insets in (A,C) show the current–voltage (I–V) relationships of INa and ICaL, respectively. Peak Na+ (B) and L-type Ca2+ current densities (D) in HM-1 ESC-CMs, FH-2.1 CMs, and FH-4.2 CMs were determined at −40 mV and 0 mV, respectively. Data are presented as the mean ± SEM. N indicates the number of cells analyzed. Statistical analysis was performed by one-way ANOVA followed by the post hoc Bonferroni’s test. p-values are only given for group comparisons for which the differences were statistically significant. * p < 0.05. 
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Table 1. Action potential (AP) parameters for different subtypes of CMs derived from diploid murine HM-1 ESCs and near-tetraploid fusion-derived hybrid PSCs (clone FH-2.1 and FH-4.2) 1.
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CM Origin

	
AP

Type

	
Peak

(mV)

	
MDP

(mV)

	
Height

(mV)

	
Vdd

(mV/s)

	
Frequency (1/min)

	
Vmax (V/s)

	
APD90 (ms)

	
APD90/

APD50

	
Cells

(N)

	
Cells

(%)






	
HM-1

	
UD

	
23 ± 9

	
−49 ± 5

	
72 ± 8

	
0.06 ± 0.01

	
136 ± 27

	
13 ± 4

	
83 ± 14

	
2.7 ± 0.8

	
7

	
26




	
A

	
29 ± 4

	
−53 ± 5

	
82 ± 7

	
0.06 ± 0.02

	
168 ± 39

	
21 ± 4

	
86 ± 15

	
2.5 ± 0.3

	
6

	
22




	
V

	
36 ± 2

	
−56 ± 2

	
90 ± 3

	
0.07 ± 0.01

	
163 ± 24

	
23 ± 2

	
136 ± 13

	
1.6 ± 0.1

	
14

	
52




	
FH-2.1

	
UD

	
22 ± 3

	
−41 ± 4

	
63 ± 6

	
0.06 ± 0.01

	
125 ± 14

	
6 ± 1

	
100 ± 23

	
2.4 ± 0.2

	
8

	
33




	
A

	
38 ± 6

	
−52 ± 2

	
90 ± 5

	
0.03 ± 0.01

	
167 ± 36

	
21 ± 2

	
86 ± 14

	
3.7 ± 0.8

	
11

	
46




	
V

	
36 ± 1

	
−54 ± 4

	
93 ± 3

	
0.03 ± 0.02

	
118 ± 45

	
21 ± 4

	
122 ± 14

	
1.5 ± 0.1

	
5

	
21




	
FH-4.2

	
UD

	
25 ± 2

	
−49 ± 2

	
74 ± 2

	
0.11 ± 0.02

	
190 ± 42

	
8 ± 2

	
79 ± 10

	
3.8 ± 1.3

	
8

	
33




	
A

	
25 ± 4

	
−57 ± 2

	
83 ± 4

	
0.07 ± 0.01

	
182 ± 16

	
21 ± 2

	
77 ± 8

	
3.4 ± 0.6

	
13

	
54




	
V

	
29 ± 4

	
−48 ± 14

	
78 ± 18

	
0.07 ± 0.01

	
119 ± 18

	
12 ± 3

	
194 ± 74

	
1.5 ± 0.1

	
3

	
13








1 We estimated the maximal diastolic potential (MDP), AP frequency, maximum velocity of depolarization (Vmax), velocity of diastolic depolarization (Vdd), AP duration at 90% repolarization (APD90), and ratio of APD90/APD50, where APD50 represents AP duration at 50% repolarization. Cardiomyocytes were categorized according to their AP types as undefined (UD, some of which might represent pacemaker-like cells), ventricular-like (V), and atrial-like (A). Data are shown as mean ± standard error of the mean (SEM) of N cells analyzed. A detailed statistical analysis of these results is presented in Supplementary Figure S10.
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