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Disease modeling using human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) has both challenges and promise. While patient-derived iPSC-CMs provide a unique opportunity for disease modeling with isogenic cells, the challenge is that these cells still demonstrate distinct properties which make it functionally less akin to adult cardiomyocytes. In response to this challenge, numerous innovations in differentiation and modification of hiPSC-CMs and culture techniques have been developed. Here, we provide a focused commentary on hiPSC-CMs for use in disease modeling, the progress made in generating electrically and metabolically mature hiPSC-CMs and enabling investigative platforms. The solutions are bringing us closer to the promise of modeling heart disease using human cells in vitro.
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Introduction

Before the discovery of human pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) first isolated by Dr. James Thomson (UW–Madison) (1) and human-induced pluripotent stem cells (hiPSCs) created by both Dr. Shinya Yamanaka (Japan) and the Thomson group (2, 3), disease modeling had been limited to transgenic animal models and heterologous expression studies. These cells presented many advantages such as unlimited proliferation, the potential to differentiate to any cell types of the human body, and the generation of patient-specific isogenic cells for disease modeling. For the first time, we could generate human cardiac cells from healthy donors and patients following a skin biopsy or blood draw to reprogram the somatic cells to iPSCs which can be differentiated to cardiac cells (4). However, initial enthusiasm was tempered by the realization that the differentiated hPSC-cardiomyocytes (hPSC-CMs) did not quite resemble the adult cardiomyocytes physically, electrically, and functionally. To improve this powerful model system, extensive work has been done to promote hPSC-CMs maturation and differentiate to chamber-specific cardiomyocytes. In this focused commentary, we will discuss the benefits of this model and the challenges and creative technologies that have ushered in the next phases in utility for cardiac disease modeling.



Human pluripotent stem cell-derived cardiomyocytes

Using hiPSCs has enabled the investigation of patient-specific conditions in a lab environment (4). Methods and protocols to differentiate hPSC-CMs have been significantly advanced in the past two decades, particularly in the past 10 years. From the beginning of the inductive co-culture and the embryonic body (EB) method, which mimic the formation of the three germ layers of ectoderm, mesoderm (from which CMs are derived), and endoderm, and spontaneous differentiation in undefined conditions, to the monolayer-based directed differentiation driven by growth factors or small molecules using defined media, the differentiation efficiency has been dramatically improved. By the EB spontaneous differentiation in undefined condition, only 5% hPSC-CMs could be obtained, but now to the monolayer-based, small molecule-directed differentiation of 95% hPSC-CMs can be generated in a cost-effective way (5–7). Differentiation of hPSC-CMs is guided by mammalian heart development from the generation of mesoderm, cardiac mesoderm, and heart field progenitors to differentiation of embryonic-like cardiomyocytes. Although with the significantly improved differentiation efficiency, the differentiation protocols we have developed and by other laboratories could generate still immature cardiomyocytes like in the fetal heart, and a mixture of ventricular, atrial, and nodal cells (4, 6, 8–11). However, great effort has been made to promote the maturation of hPSC-CMs (12–16) in recent years, which we will discuss in the later sections.

Different forms of heart disease target different regions and CM subtypes in the heart; e.g., long QT syndrome (LQTS) primarily targets on the left ventricle (LV), while Brugada syndrome (BrS) and arrhythmogenic right ventricular cardiomyopathy (ARVC) mainly affect right ventricle (RV), and atrial fibrillation impacts on atria. Therefore, the generation of chamber-specific hPSC-CM subtypes is needed to model specific heart disease and to develop novel therapies and precision medicine. The hPSC-CM differentiation protocols that have been used in many labs primarily generated majority of ventricular CMs (6, 8, 9). However, it has shown variations from lab to lab and from line to line, which is the challenge we face. Pacemaker cells shown could be differentiated using the EB protocol developed in Keller's lab (17). Lee et al. have also shown that human ventricular and atrial cardiomyocytes were derived from different mesoderm populations based on CD235a and RALDH2 expression in the early stage of hPSC differentiation, which could be further directed to differentiate to ventricular and atrial hPSC-CMs (18). However, how these mesodermal progenitors were specified to first heart field (FHF) and second heart field (SHF), and how the CD235a mesoderm progenitors contribute to FHF-derived left ventricle (LV) or SHF-derived right ventricle (RV) CMs or both were not clear (18). In one of our recent studies to differentiate hPSCs to cardiac fibroblasts, we found that FHF and SHF progenitors were differentiated in the early stage of either the biphasic Wnt signaling (GiWi) or the FGF signaling (GiFGF) protocols (19). More recently, Zhang et al. and Pezhouman et al. both created a hiPSC TBX5Clover2/NKX2-5TagRFP and hES3-TBX5TdTomato/W/NKX2-5eGFP/W double reporter line, respectively, for isolation of FHF- and SHF-derived hPSC-CMs (20, 21). However, delineating FHF and SHF lineages based on only the two transcription factors of NKX2.5 and TBX5 is not sufficient. Furthermore, different regions of SHF, anterior SHF (aSHF) and posterior (pSHF), contribute to different CM subtypes, in which aSHF gives rise to RV and outflow track (OFT) and pSHF contributes to atria (22–25).

To realize the full potential of using hPSC-CMs for disease modeling, drug screening, precision medicine, and cardiac regeneration largely rely on our ability to differentiate them to the ideal, specific, and closely akin to adult CMs. Since significant advancement and great progress have been achieved in the past 10 years, we have hope to make it even closer to the goal in the next 10 years.



Modeling cardiac arrhythmia using HiPSC-CMs

Arguably, the most powerful modeling aspect of iPSCs is the capability of modeling human cardiac disease with human cardiac cells. This is a significant advance over animal models which have their unique physiology and cellular regulation. For example, resting heart rate in mice is 8–10 times faster than human, and ventricular repolarization is carried by potassium current (IKto and IKur) rather than delay rectifier channels Ikr or Iks as in human (26, 27). The Ca2+ handling kinetics and myofilament proteins are also differentially expressed between human and mice. These features limit the capability of animal models to mimic human disease particularly when these currents are directly involved in the disease process or arrhythmogenesis.

Inherited arrhythmic syndromes are a broad disease category that implicate that abnormalities in cardiac ion channel α1-subunits, and proteins that associate with ion channels, are involved in contraction or are components of structural makeup (28). These diseases primarily involve ion channels, occur in otherwise healthy children and younger adults with structurally normal hearts, and present with a range of symptoms from palpitations to syncope to sudden death (29). The most common is LQTS with an incidence of about 1 of 2,000. LQTS cellular mechanism is due to ion channel dysfunction directly by mutations of ion channel α1-subunit, or ion channel associated proteins that alter channel function, or indirectly by mutations in protein structure that disrupts normal protein membrane trafficking. Other inherited cardiac arrhythmia syndromes known to involve ion channels include Brugada syndrome (30), cardiac conduction disease (31), catecholaminergic polymorphic ventricular tachycardia (CPVT) (32), calcium release disorder syndrome (CRDS) (33), and short QT syndrome (SQTS) (34). CPVT is linked to mutations in the ryanodine receptors (RYR2) and calsequestrin (CASQ2) genes that encode intracellular proteins involved in intracellular Ca2+ regulation (32). Many genes are implicated in several phenotypes including SCN5a that encodes for the α1-subunit for the cardiac sodium channel (Brugada syndrome, cardiac conduction disease, and LQTS), RYR2 (CPVT and CRDS), and hERG1 (LQTS and SQTS), which highlights the need for functional characterization combined with deep clinical phenotype assessment. Other non-ion channel-inherited arrhythmogenic syndromes can involve genes encoding structural and contractile elements in the heart, including arrhythmogenic cardiomyopathy (ACM) (includes ARVC) and laminopathy, and can first present with arrhythmia prior to structural remodeling likely related to the interplay of ion channel regulation with these proteins (35).

Several cardiac disease models have been developed to date using patient-specific iPSCs. These include LQTS (36), Brugada (37), CPVT (38), ARVC (39), dilated cardiomyopathy (40), hypertrophic cardiomyopathy (41), Andersen–Tawil syndrome (42), and Timothy syndrome (43) and have been recently reviewed (26). These initial studies were basic proof of principle exercises but have ushered in the capability of more complex disease investigation going forward. For example, genome editing technology with utilizing CRISPR/Cas9 system allows for the generation of isogenic lines (correction of the specific mutation site only) and allows for direct comparison excluding other genetic modifiers or epigenetic factors that may influence the cellular phenotype (44). Our group studied iPSC-CMs from a LQT2 patient with a hERG1 mutation H70R and compared it to both a control cell line and isogenic CRISPR- “corrected” iPSC-CMs (45). This methodology enabled us to identify a complex and unexpected cellular phenotype of hERG1a and hERG1B ratio imbalance in addition to mutant channel trafficking abnormality. These important physiologic nuances are not apparent in heterologous channel expression studies and highlight the strength of the iPSCs model.

Patient-specific genetic and transcriptional variation can manifest in iPSCs for more representative disease modeling, while non-human in vivo models (46–48) or other human cell models (i.e., HEK) unable to do so. Moreover, while most investigations of disease have been focused on studying iPSC-CMs, other cell types such as cardiac fibroblasts may also modulate disease features (19). Therefore, modeling the disease with patient-specific iPSC-CMs and iPSC-CFs that carry all the genetic variations and transcriptional regulation will provide us more comprehensive and in-depth understanding of human disease and the development of the model for drug screening and precision medicine.

Challenges of the iPSC-CMs investigation including the electrical, morphologic, and metabolic functionality are barriers to appropriate disease modeling. In the remainder of this commentary, we will summarize the progress made to overcome those challenges.



Electrical maturity of IPSC-CMs

The rationale behind the use of iPSC-CMs is that they are human cells, patient-specific and can function as cardiomyocytes. Although advances have been made in the differentiation of iPSC-CMs, several features of electrical immaturity can manifest and limit their use for modeling cellular arrhythmia mechanisms and inherited arrhythmias.

Experimentally, iPSC-CMs exhibit a depolarized resting membrane potential and spontaneous automaticity due to small IK1and unchecked pacemaker If (49, 50). Kir2.1 is the dominant molecular component of IK1 that completes phase 3 repolarization and maintains resting membrane potential. In addition to electrophysiological functions, Kir2.1 is important for fetal mouse cardiomyocyte maturation (51) and important for facial muscular/skeletal development and growth (52). We and others have increased IK1 (Kir2.1 enhancement or current injection) in iPSC-CMs which results in control of cellular pacing and AP restitution, in agreement with most mammalian models (53–55). Additionally, increasing IK1 density establishes a more negative membrane potential, which increases the availability of sodium and L-type calcium channels, reflected in dV/dt values in the range of adult myocytes (55), as shown in Figures 1A–C, from Vaidyanathan et al. Additionally, action potential duration (APD) was more ventricular-like and exhibited rate adaptation in response to increased pacing frequency, typical of adult cardiomyocytes (Figure 1D). This also caused larger calcium transients compared to controls without changes in basal calcium levels or rate of decay of the transient. IK1-enhanced cells were not only more electrically mature but also induced maturation of other properties. Interestingly, unlike injection of current, enhancement of IK1 by expression of Kir2.1 resulted in an increase in capacitance and an increase in DNA synthesis, suggesting a larger role for channel expression beyond creating membrane polarization. Further, expression of the LQT9-associated mutation, Cav3-F97C, resulted in prolonged APD, and upon bradycardic pacing, EADs were observed (Figures 1E–G).
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FIGURE 1
 IK1 enhancement of iPS-CMs results in improved action potential (AP) characteristics. (A) Representative AP from IK1-enhanced iPS-CMs, paced at 0.5-3Hz at physiological temperature. (B) Resting membrane potential from IK1-enhanced iPS-CMs at different pacing frequencies. (C) dV/dTmax of iPS-CMs at different pacing frequencies. (D) Action potential duration (APD) at 10% (APD10), 50% (APD50), 70% (APD70) and 90% (APD90) at pacing frequencies 0.5Hz (black), 1Hz (dark grey), 2Hz (light grey), and 3Hz (white). (E) APD at APD10, APD50, APD70 and APD90 at 0.5Hz pacing from IK1 -enhanced iPS-CMs infected with WT Cav3 or LQT9-associated Cav3 mutation, F97C. (F) APD from IK1 -enhanced iPS-CMs expressing WT-Cav3 or F97C-Cav3 at 1Hz pacing. (G) Bradycardic pacing induced EADs in IK1-enhanced iPS-CMs expressing F97C-Cav3. Modified from (55).


Several innovations have been developed to improve structural maturity and calcium handling (56). Prolonged culture time resulted in more mature phenotypes with respect to myofibril density, visible sarcomeres, calcium handling, and β-adrenergic response (57). Additionally, prolonged culture time allowed for upregulation of maturation-related genes. Increased gene expression of IK1 was reported; however, the increase is modest and remains several levels below what is observed in adult cardiac myocytes. Furthermore, the use of hormones, such as thyroid hormone and glucocorticoids, was reported to promote the development of t-tubules and larger calcium transients (12, 14). The combination of T3 and dexamethasone (a glucocorticoid analog) resulted in excitation–contraction coupling gain (12). Co-culture with human mesenchymal cells or treatment of iPSC-CMs with a collection of “paracrine factors” (including fibroblast growth factor, stromal cell-derived factor-1, and granulocyte–macrophage colony-stimulating factor) that in physiological conditions are secreted by neighboring cells shows some effects on markers of metabolism that resembles more mature cells (58, 59). Mechanical stress combined with pacing has been demonstrated to increase contractility, cell size, and RyR2 and SERCA2 expression (Ca2+ handling), pushing the cells to more mature excitation–contraction coupling (54, 55). Some exciting work has evolved in which the engineering of the culture substrate stiffness can yield more structurally mature iPSC-CMs (56, 57). The combination of both substrate stiffness and plating cell density functionally improves AP upstroke velocity, Kir2.1 expression, and markers of mature myofilaments (60). Harnessing the concept of neighboring cell cues growing in a syncytium has also been demonstrated to improve IK1 density (61). These important steps and technological advances continue to evolve and further iterations with a combination of methodologies are most likely needed to reach a truly electrical mature cell. Some of these will be discussed below in the section “Investigative Platforms.”

Testing of potential clinical pharmaceuticals for cardiac arrhythmogenesis is another use for iPSC-CMs. Drugs are routinely screened for their ability to produce Torsade de Pointes (TdP) in patients via preclinical and clinical trials and largely focus on blockade of hERG1 channel (62). Despite this screening, some drugs are excluded despite having no obvious ability to produce TdP and some are passed through but still can cause TdP. As a result, The Comprehensive in vitro Proarrhythmia Assay (CiPA) is being developed to allow an integrated, mechanistic risk assessment with strong evidence to inform regulatory decision-making and efficiency for drug discovery (62). Shortcomings of this approach abound, specifically since IK1 is largely absent from most iPSC-CM preparations and Kir2.1 is known to be blocked by numerous FDA-approved drugs (63–66). Further, TdP induction occurs with bradycardia/pause or with long–short cycles; thus, arrhythmia induction requires control of automaticity to provoke bradycardia or pace with long–short cycles (67). CiPA is an important step in the use of iPSC-CMs for drug safety; however, the lack of normal electrical physiology could overinflate some findings or miss key, potentially problematic effects on other ion channels. One workaround for this has been to inject IK1when assessing the AP characteristics (68). The utility of this approach is somewhat limited as the biological and regulatory aspects of Kir2.1 are missing from the model system. Another separate approach to this challenge is the emerging technology of human heart slices and recent developments that allow for mini-tissue-level drug toxicity studies. This multicellular approach poses some advantage for drug screening but is limited in scope by the availability of whole organs and limitations in culture and analytic outputs; for review, see Meki et al. (69).



Cardiac metabolism in culture

Understanding iPSC-CM metabolism is key to generating a more mature cell for the study of human disease. One such approach is long-term culture of iPSC-CMs. In a pivotal study, Ebert et al. demonstrated that long-term culture (>200 days) results in divergent control of mitochondrial metabolism, regulated by PKA and proteasome-dependent signaling events (70). Additionally, heat shock protein 90 (Hsp90) worked downstream to regulate mitochondrial respiratory chain proteins and their metabolic output. This process increased iPSC-CM metabolism, resulting in increased cell contractility (70). Indeed, transitional states during development have provided insights into the role of mitochondria and metabolic transitions in iPSC-CMs. Future work demonstrating how long-term culture influences signaling cascades that control metabolic output and cellular homeostasis will further advance this work.

Developed mitochondria are central to cardiac metabolism, as they progress from small, fragmented mitochondria to large organelles that can produce enough ATP to sustain the contractile function of the heart (71). Mitochondria in immature iPSC-CMs are small and found throughout the cytoplasm with concentration in the perinuclear space, whereas mature mitochondria are larger and found between myofibrils and in the subsarcolemmal space (72). As the heart develops early during embryonic development, it can utilize a variety of substrates to meet its energy requirements as the embryo continues to develop (71). A key switch that is made during the perinatal transition is switching from glycolysis to oxidative phosphorylation to meet metabolic demands (73). Thus, developed mitochondria with active oxidative phosphorylation and the main energy driver for the cardiomyocyte are both a feature of metabolically mature iPSC-CMs and a key factor in initiating maturation (16, 74, 75).

The switch from glycolysis to mitochondrial oxidation in iPSC-CMs is vastly different from undifferentiated iPSCs, progenitors, and iPSC-derived non-CMs (74). Exploiting this difference is a major pathway to purifying iPSC-CMs following differentiation. Depriving glucose from differentiating iPSCs and iPSC-derived non-CMs leads to cell death, as they rely on glucose and glutamine metabolism. Using lactate supplementation, iPSC-CMs can survive without glucose and glutamine, thus allowing for their purification (76–78). However, the use of lactate was recently found to generate iPSC-CMs that have a similar phenotype to what is known to occur in ischemic heart failure (79). Therefore, simply replacing glucose with lactate in the culture media may not generate healthy iPSC-CMs during differentiation. Further exploiting metabolism to influence cell properties, glucose-deprived and fatty acid-supplemented culture media can facilitate the maturation of iPSC-CMs (80, 81). With the use of fatty acids, there is a risk for lipotoxicity, which can be avoided using galactose supplementation (82). The inclusion of glucose in the culture medium upregulates HIF1α-lactate dehydrogenase A axis and led to active glycolysis. Therefore, inhibition of HIF1α or lactate dehydrogenase A resulted in structural, metabolic, and electrophysiological maturation (82). It has also been reported that high-glucose culture conditions inhibit the maturation of iPSC-CMs via the pentose phosphate pathway (83).

Mitochondria also regulate micro-RNA (miRNA) levels that are involved in cardiomyocyte differentiation and maturation (84, 85). Time-dependent changes in miR-1 regulate electrophysiological maturity as iPSC-CMs mature (86). Therefore, it is possible that mitochondrial dynamics regulates this transition in vivo. It has been demonstrated that fluctuations in the redox state of a cell due to metabolism can impact membrane current in iPSC-CMs (87, 88). Additionally, downregulation of Opa1 resulted in increased mitochondrial fission, lower metabolic demand, and smaller, globular mitochondria in neonatal rat ventricular myocytes reprogrammed into pacemaker cells with TBX18 (89). Further, deletion of hydratase subunit A (HADHA) resulted in immature iPSC-CMs with fragmented mitochondria, accumulation of long-chain fatty acids, and prolonged action potential duration with no change in resting membrane potential (90). It appears that mitochondria can affect the electrical maturation of cardiomyocytes, but electrical stimulation of neonatal rat cardiomyocytes was demonstrated to regulate mitochondrial function by upregulating nuclear respiratory factor 1 (NRF-1), cytochrome oxidase, and carnitine palmitoyltransferase I (CPT-1) (91).



Investigative platforms both 2D and 3D

Various techniques have been developed to culture iPSC-CMs in multidimensional constructs to achieve organizational and structure–function relationships that mimic native heart cells.

Utilizing advancements of the 2D platform is enticing as these are relatively cost-effective with reagents and techniques that are accessible. Such approaches can provide insight into cell function at molecular level, and 2D formats enable rapid perfusion with drugs for high-throughput screening and mechanical readouts or various imaging and optical mapping techniques. In traditional 2D formats, iPSC-CMs are grown as monolayers on glass or plastic substrates that have Young's modulus in the gigapascal (GPa) range. These conditions even with metabolic enhancements can result in less mature phenotypes in terms of structure, function, and gene expression response with limited ability to reflect in vivo dynamics of cardiac tissues (92). In contrast, iPSC-CMs cultured on physiologic soft substrate stiffness (93, 94) have improved contractile mechanics (95) with improved action potential and calcium-transient assessments (60). Using polydimethylsiloxane (PDMS) of the elasticity of normal adult myocardium can increase cell conduction velocity and contractile function.

Unique engineered substrates have also advanced 2D culture for iPSC-CMs. Micropatterns offer a mechanism to create a platform for cell connectivity and native sarcomere morphology (96). We and our collaborators have used micropatterning to create PDMS-stamped platforms for iPSC-CMs with highly aligned myofibrils (Figure 2A) (97). This powerful combination allowed for the formation of cellular syncytia with aligned myofibrils and demonstrated anisotropic conduction (Figures 2B,C) (97). Moreover, the recorded contractile strength was improved, and conduction velocities were 2x faster than in cells grown on PDMS as monolayers, likely due to the aligned cells and myofibrils in the patterned 2D monolayer. Disease models can also be created with patient-derived iPSC-CMs. In recent work, we show that the mechanical behavior of cardiomyocytes derived from a patient with CVPT and cultured on a micropatterned substrate is distinctly different from that of a familial control in both spontaneous rate of contraction and amplitude of contractile strain (98).


[image: Figure 2]
FIGURE 2
 Micropattern culture of iPS-CMs results in anisotropic conduction and improved myofibril alignment, which is maintained in coculture with CFs. (A) Percent of myofibrils aligned within 10 degrees of the primary axis significantly different in monolayers vs micropatterned. (B,C) Optical mapping of (B) monolayer and (C) micropatterned iPS-CMs. Ansiotropic conduction in patterned determined by comparison of the longitudinal (CVL) and transverse (CVT) conduction velocities. (D) iPS-CMs cultured on micropattern alone. Scale bar 200μM. (E) Aligned myofibrils of iPS-CMs seeded on micropatterned substrate maintained in co-culture with CFs at 18 days. Inset shows myofibrils with 79% of sarcomeres within 10 degrees of the superior angle. Scale bar 200μM. (F) Quantification of the percent of myofibrils aligned within 10 degrees of the superior angle at 18 days for the three conditions: iPS-CMs cultured alone, iPS-CMs co-cultured with CFs from Day 0 seeding, iPS-CMs co-cultured with CFs from Day 4 of seeding. (A–C) modified from (97), (D,E) unpublished data, and (F) modified from (99).


In the native heart, cardiomyocytes make up only part of the heterocellular composition. With the recent capability to create iPSC-cardiac fibroblasts (4), we have also coupled the 2D micropatterned platform with co-culture of iPSC-CMs and iPSC-CFs (Figures 2D–F) (99). The co-culture results in remodeling of the extracellular matrix (ECM) and improves calcium dynamics and contractile strain compared to iPSC-CMs on pattered substrate alone.

Beyond 2D culturing and planting platform advances, innovative 3D constructs have distinct advantages of cellular and structural heterogeneity to more closely mimic native cardiac tissue. Some examples include engineered heart tissue (EHT) cardioids, 3D bioprinting, biometric scaffolds such as biowires, bioreactors, and organ-on-a-chip microphysiological system (100, 101). Highlighting the strength of 3D systems to mimic cardiac contraction, several genetic disorders have been modeled using EHT including hypertrophic cardiomyopathy (102), left ventricular hypertrophy (103), dilated cardiomyopathy (104), and muscle dystrophy (105). Cardioids are sphere-shaped mini-organs that demonstrate self-organization, renewal, and differentiation abilities and are suitable to study early human cardiogenesis, injury regeneration (106), and congenital cardiac malformation (107). Though 3D platforms can yield interesting. results (13), drawbacks include the large number of required cells with lengthy and technical setup time. One alternative is the use of microtissues which are formed by mixing various cell types: cardiac fibroblast (CFs), endothelial cells (ECs), and cardiomyocytes (108). These more simplified constructs require considerably less start-up costs but lack more complex structural relationships between cells.

Going forward, the development of live-cell imaging techniques of intercellular Ca2+, sarcomere lengths, and membrane potential will help the functionality of 3D platform (109). Furthermore, development of methods allowing exposure of all cell layers to therapeutics or toxins will be instrumental to increasing the functionality of 3D platforms.



Conclusion

Over the last two decades, substantial progress has been made in generation, culture, and application of iPSC-CMs. Using iPSC-CM model to recapitulate the complex genetic background of disease entities provides an indispensable platform to study protein–protein and structure–function relationships. Furthermore, the use of human cells and the development of techniques to model the physiological environment may even someday eliminate the need for animal models. As we push the boundaries of iPSC-CM technology, we come closer to a better understanding of human cardiac disease toward refined approaches to therapeutics.



Author contributions

LR contributed to manuscript writing, figure production, and editing. SM contributed to writing, figure production, and editing. JZ contributed to manuscript writing and editing. WC and LE contributed to project conceptualization, writing, figure production, and editing. All authors contributed to the article and approved the submitted version.



Funding

This project was funded in part by (1R01HL163987-01, 1R01HL139738-01A1, and 1R01HL128598-01 to LE), Karen Thompson Medhi Professorship to WC, Office of the Vice Chancellor for Research and Graduate Education to WC, and the Gary and Marie Weiner Professor in Cardiovascular Medicine Research to LE.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, et al. Embryonic stem cell lines derived from human blastocysts. Science. (1998) 282:1145–7. doi: 10.1126/science.282.5391.1145

 2. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell. (2007) 131:861–72. doi: 10.1016/j.cell.2007.11.019

 3. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, et al. Induced pluripotent stem cell lines derived from human somatic cells. Science. (2007) 318:1917–20. doi: 10.1126/science.1151526

 4. Zhang J, Wilson GF, Soerens AG, Koonce CH Yu J, Palecek SP, et al. Functional cardiomyocytes derived from human induced pluripotent stem cells. Circ Res. (2009) 104:e30–41. doi: 10.1161/CIRCRESAHA.108.192237

 5. Mummery CL, Zhang J, Ng ES, Elliott DA, Elefanty AG, Kamp TJ. Differentiation of human embryonic stem cells and induced pluripotent stem cells to cardiomyocytes. Circ Res. (2012) 111:344–58. doi: 10.1161/CIRCRESAHA.110.227512

 6. Lian X, Hsiao C, Wilson G, Zhu K, Hazeltine LB, Azarin SM, et al. Robust cardiomyocyte differentiation from human pluripotent stem cells via temporal modulation of canonical Wnt signaling. Proc National Acad Sci. (2012) 109:E1848–57. doi: 10.1073/pnas.1200250109

 7. Lian X, Zhang J, Azarin SM, Zhu K, Hazeltine LB, Bao X, et al. Directed cardiomyocyte differentiation from human pluripotent stem cells by modulating Wnt/β-catenin signaling under fully defined conditions. Nat Protoc. (2013) 8:162–75. doi: 10.1038/nprot.2012.150

 8. Kattman SJ, Witty AD, Gagliardi M, Dubois NC, Niapour M, Hotta A, et al. Stage-specific optimization of activin/nodal and BMP signaling promotes cardiac differentiation of mouse and human pluripotent stem cell lines. Cell Stem Cell. (2011) 8:228–40. doi: 10.1016/j.stem.2010.12.008

 9. Zhang J, Klos M, Wilson GF, Herman AM, Lian X, Raval KK, et al. Extracellular matrix promotes highly efficient cardiac differentiation of human pluripotent stem cells. Circ Res. (2012) 111:1125–36. doi: 10.1161/CIRCRESAHA.112.273144

 10. Burridge PW, Matsa E, Shukla P, Lin ZC, Churko JM, Ebert AD, et al. Chemically defined generation of human cardiomyocytes. Nat Methods. (2014) 11:855–60. doi: 10.1038/nmeth.2999

 11. Yang L, Soonpaa MH, Adler ED, Roepke TK, Kattman SJ, Kennedy M, et al. Human cardiovascular progenitor cells develop from a KDR+ embryonic-stem-cell-derived population. Nature. (2008) 453:524–8. doi: 10.1038/nature06894

 12. Parikh SS, Blackwell DJ, Gomez-Hurtado N, Frisk M, Wang L, Kim K, et al. Thyroid and glucocorticoid hormones promote functional T-tubule development in human-induced pluripotent stem cell–derived cardiomyocytes. Circ Res. (2017) 121:1323–30. doi: 10.1161/CIRCRESAHA.117.311920

 13. Ronaldson-Bouchard K, Ma SP, Yeager K, Chen T, Song L, Sirabella D, et al. Advanced maturation of human cardiac tissue grown from pluripotent stem cells. Nature. (2018) 556:239–43. doi: 10.1038/s41586-018-0016-3

 14. Yang X, Rodriguez M, Pabon L, Fischer KA, Reinecke H, Regnier M, et al. Tri-iodo-l-thyronine promotes the maturation of human cardiomyocytes-derived from induced pluripotent stem cells. J Mol Cell Cardiol. (2014) 72:296–304. doi: 10.1016/j.yjmcc.2014.04.005

 15. Gentillon C, Li D, Duan M, Yu W-M, Preininger MK, Jha R, et al. Targeting HIF-1α in combination with PPARα activation and postnatal factors promotes the metabolic maturation of human induced pluripotent stem cell-derived cardiomyocytes. J Mol Cell Cardiol. (2019) 132:120–35. doi: 10.1016/j.yjmcc.2019.05.003

 16. Funakoshi S, Fernandes I, Mastikhina O, Wilkinson D, Tran T, Dhahri W, et al. Generation of mature compact ventricular cardiomyocytes from human pluripotent stem cells. Nat Commun. (2021) 12:3155. doi: 10.1038/s41467-021-23329-z

 17. Protze SI, Liu J, Nussinovitch U, Ohana L, Backx PH, Gepstein L, et al. Sinoatrial node cardiomyocytes derived from human pluripotent cells function as a biological pacemaker. Nat Biotechnol. (2017) 35:56–68. doi: 10.1038/nbt.3745

 18. Lee JH, Protze SI, Laksman Z, Backx PH, Keller GM. Human pluripotent stem cell-derived atrial and ventricular cardiomyocytes develop from distinct mesoderm populations. Cell Stem Cell. (2017) 21:179–94.e4. doi: 10.1016/j.stem.2017.07.003

 19. Zhang J, Tao R, Campbell KF, Carvalho JL, Ruiz EC, Kim GC, et al. Functional cardiac fibroblasts derived from human pluripotent stem cells via second heart field progenitors. Nat Commun. (2019) 10:2238. doi: 10.1038/s41467-019-09831-5

 20. Zhang JZ, Termglinchan V, Shao N-Y, Itzhaki I, Liu C, Ma N, et al. A human iPSC double-reporter system enables purification of cardiac lineage subpopulations with distinct function and drug response profiles. Cell Stem Cell. (2019) 24:802–11.e5. doi: 10.1016/j.stem.2019.02.015

 21. Pezhouman A, Engel JL, Nguyen NB, Skelton RJP, Gilmore WB, Qiao R, et al. Isolation and characterization of human embryonic stem cell-derived heart field-specific cardiomyocytes unravels new insights into their transcriptional and electrophysiological profiles. Cardiovasc Res. (2021) 118:cvab102. doi: 10.1093/cvr/cvab102

 22. Kelly RG. The second heart field. Curr Top Dev Biol. (2012) 100:33–65. doi: 10.1016/B978-0-12-387786-4.00002-6

 23. Buckingham M, Meilhac S, Zaffran S. Building the mammalian heart from two sources of myocardial cells. Nat Rev Genet. (2005) 6:826–35. doi: 10.1038/nrg1710

 24. Lescroart F, Chabab S, Lin X, Rulands S, Paulissen C, Rodolosse A, et al. Early lineage restriction in temporally distinct populations of Mesp1 progenitors during mammalian heart development. Nat Cell Biol. (2014) 16:829–40. doi: 10.1038/ncb3024

 25. Lescroart F, Wang X, Lin X, Swedlund B, Gargouri S, Sànchez-Dànes A, et al. Defining the earliest step of cardiovascular lineage segregation by single-cell RNA-seq. Science. (2018) 359:1177–81. doi: 10.1126/science.aao4174

 26. Garg P, Garg V, Shrestha R, Sanguinetti MC, Kamp TJ, Wu JC. Human induced pluripotent stem cell–derived cardiomyocytes as models for cardiac channelopathies. Circ Res. (2018) 123:224–43. doi: 10.1161/CIRCRESAHA.118.311209

 27. Rajamohan D, Matsa E, Kalra S, Crutchley J, Patel A, George V, et al. Current status of drug screening and disease modelling in human pluripotent stem cells. Bioessays. (2013) 35:281–98. doi: 10.1002/bies.201200053

 28. Bezzina CR, Lahrouchi N, Priori SG. Genetics of sudden cardiac death. Circ Res. (2015) 116:1919–36. doi: 10.1161/CIRCRESAHA.116.304030

 29. Priori SG, Wilde AA, Horie M, Cho Y, Behr ER, Berul C, et al. Executive summary: HRS/EHRA/APHRS expert consensus statement on the diagnosis and management of patients with inherited primary arrhythmia syndromes. Ep Europace. (2013) 15:1389–406. doi: 10.1093/europace/eut272

 30. Brugada P, Brugada J. Right bundle branch block, persistent ST segment elevation and sudden cardiac death: a distinct clinical and electrocardiographic syndrome A multicenter report. J Am Coll Cardiol. (1992) 20:1391–6. doi: 10.1016/0735-1097(92)90253-J

 31. Michaëlsson M, Jonzon A, Riesenfeld T. Isolated congenital complete atrioventricular block in adult life: a prospective study. Circulation. (1995) 92:442–9. doi: 10.1161/01.CIR.92.3.442

 32. Priori SG, Napolitano C, Memmi M, Colombi B, Drago F, Gasparini M, et al. Clinical and molecular characterization of patients with catecholaminergic polymorphic ventricular tachycardia. Circulation. (2002) 106:69–74. doi: 10.1161/01.CIR.0000020013.73106.D8

 33. Sun B, Yao J, Ni M, Wei J, Zhong X, Guo W, et al. Cardiac ryanodine receptor calcium release deficiency syndrome. Sci Transl Med. (2021) 13:eaba7287. doi: 10.1126/scitranslmed.aba7287

 34. Priori SG. A novel form of short QT syndrome (SQT3) is caused by a mutation in the KCNJ2 gene. Circ Res. (2005) 96:800–7. doi: 10.1161/01.RES.0000162101.76263.8c

 35. Towbin JA, McKenna WJ, Abrams DJ, Ackerman MJ, Calkins H, Darrieux FCC, et al. 2019 HRS expert consensus statement on evaluation, risk stratification, and management of arrhythmogenic cardiomyopathy. Heart Rhythm. (2019) 16:e301–72. doi: 10.1016/j.hrthm.2019.05.007

 36. Moretti A, Bellin M, Welling A, Jung CB, Lam JT, Bott-Flügel L, et al. Patient-specific induced pluripotent stem-cell models for long-QT syndrome. New Engl J Medicine. (2010) 363:1397–409. doi: 10.1056/NEJMoa0908679

 37. Liang P, Sallam K, Wu H, Li Y, Itzhaki I, Garg P, et al. Patient-specific and genome-edited induced pluripotent stem cell–derived cardiomyocytes elucidate single-cell phenotype of brugada syndrome. J Am Coll Cardiol. (2016) 68:2086–96. doi: 10.1016/j.jacc.2016.07.779

 38. Zhang X-H, Haviland S, Wei H, Šarić T, Fatima A, Hescheler J, et al. Ca2+ signaling in human induced pluripotent stem cell-derived cardiomyocytes (iPS-CM) from normal and catecholaminergic polymorphic ventricular tachycardia (CPVT)-afflicted subjects. Cell Calcium. (2013) 54:57–70. doi: 10.1016/j.ceca.2013.04.004

 39. Caspi O, Huber I, Gepstein A, Arbel G, Maizels L, Boulos M, et al. Modeling of arrhythmogenic right ventricular cardiomyopathy with human induced pluripotent stem cells. Circulation Cardiovasc Genetics. (2013) 6:557–68. doi: 10.1161/CIRCGENETICS.113.000188

 40. Shah D, Virtanen L, Prajapati C, Kiamehr M, Gullmets J, West G, et al. Modeling of LMNA-related dilated cardiomyopathy using human induced pluripotent stem cells. Cells. (2019) 8:594. doi: 10.3390/cells8060594

 41. Lan F, Lee AS, Liang P, Sanchez-Freire V, Nguyen PK, Wang L, et al. Abnormal calcium handling properties underlie familial hypertrophic cardiomyopathy pathology in patient-specific induced pluripotent stem cells. Cell Stem Cell. (2013) 12:101–13. doi: 10.1016/j.stem.2012.10.010

 42. Kuroda Y, Yuasa S, Watanabe Y, Ito S, Egashira T, Seki T, et al. Flecainide ameliorates arrhythmogenicity through NCX flux in Andersen-Tawil syndrome-iPS cell-derived cardiomyocytes. Biochem Biophysics Reports. (2017) 9:245–56. doi: 10.1016/j.bbrep.2017.01.002

 43. Yazawa M, Hsueh B, Jia X, Pasca AM, Bernstein JA, Hallmayer J, et al. Using induced pluripotent stem cells to investigate cardiac phenotypes in timothy syndrome. Nature. (2011) 471:230–4. doi: 10.1038/nature09855

 44. Hockemeyer D, Jaenisch R. induced pluripotent stem cells meet genome editing. Cell Stem Cell. (2016) 18:573–86. doi: 10.1016/j.stem.2016.04.013

 45. Feng L, Zhang J, Lee C, Kim G, Liu F, Petersen AJ, et al. Long QT syndrome KCNH2 variant induces hERG1a/1b subunit imbalance in patient-specific induced pluripotent stem cell–derived cardiomyocytes. Circ Arrhythm Electrophysiol. (2021) 14:e009343. doi: 10.1161/CIRCEP.120.009343

 46. Matsa E, Burridge PW, Wu JC. Human stem cells for modeling heart disease and for drug discovery. Sci Transl Med. (2014) 6:239ps6. doi: 10.1126/scitranslmed.3008921

 47. Mordwinkin NM, Lee AS, Wu JC. Patient-specific stem cells and cardiovascular drug discovery. JAMA. (2013) 310:2039–40. doi: 10.1001/jama.2013.282409

 48. Zeevi-Levin N, Itskovitz-Eldor J, Binah O. Cardiomyocytes derived from human pluripotent stem cells for drug screening. Pharmacol Therapeut. (2012) 134:180–8. doi: 10.1016/j.pharmthera.2012.01.005

 49. Ma J, Guo L, Fiene SJ, Anson BD, Thomson JA, Kamp TJ, et al. High purity human-induced pluripotent stem cell-derived cardiomyocytes: electrophysiological properties of action potentials and ionic currents. Am J Physiol-heart C. (2011) 301:H2006–17. doi: 10.1152/ajpheart.00694.2011

 50. Doss MX, Diego JMD, Goodrow RJ, Wu Y, Cordeiro JM, Nesterenko VV, et al. Maximum diastolic potential of human induced pluripotent stem cell-derived cardiomyocytes depends critically on IKr. PLoS ONE. (2012) 7:e40288. doi: 10.1371/journal.pone.0040288

 51. Harrell MD, Harbi S, Hoffman JF, Zavadil J, Coetzee WA. Large-scale analysis of ion channel gene expression in the mouse heart during perinatal development. Physiol Genomics. (2007) 28:273–83. doi: 10.1152/physiolgenomics.00163.2006

 52. Zaritsky JJ, Eckman DM, Wellman GC, Nelson MT, Schwarz TL. Targeted disruption of Kir2. 1 and Kir22 genes reveals the essential role of the inwardly rectifying K+ current in K+-mediated vasodilation. Circ Res. (2000) 87:160–6. doi: 10.1161/01.RES.87.2.160

 53. Lathrop DA, Varró A, Nánási PP, Bódi I, Takyi E, Pankucsi C. Differences in the effects of d- and dl-sotalol on isolated human ventricular muscle: electromechanical activity after beta-adrenoceptor stimulation. J Cardiovasc Pharm T. (1996) 1:65–73. doi: 10.1177/107424849600100110

 54. Ruzsnavszky F, Hegyi B, Kistamás K, Váczi K, Horváth B, Szentandrássy N, et al. Asynchronous activation of calcium and potassium currents by isoproterenol in canine ventricular myocytes. Naunyn-schmiedeberg's Archives Pharmacol. (2014) 387:457–67. doi: 10.1007/s00210-014-0964-6

 55. Vaidyanathan R, Markandeya YS, Kamp TJ, Makielski JC, January CT, Eckhardt LL. IK1-enhanced human-induced pluripotent stem cell-derived cardiomyocytes: an improved cardiomyocyte model to investigate inherited arrhythmia syndromes. Am J Physiol-heart C. (2016) 310:H1611–21. doi: 10.1152/ajpheart.00481.2015

 56. Ahmed RE, Anzai T, Chanthra N, Uosaki H. A brief review of current maturation methods for human induced pluripotent stem cells-derived cardiomyocytes. Front. Cell Dev Biology. (2020) 8:178. doi: 10.3389/fcell.2020.00178

 57. Lewandowski J, Rozwadowska N, Kolanowski TJ, Malcher A, Zimna A, Rugowska A, et al. The impact of in vitro cell culture duration on the maturation of human cardiomyocytes derived from induced pluripotent stem cells of myogenic origin. Cell Transplant. (2018) 27:1047–67. doi: 10.1177/0963689718779346

 58. Abecasis B, Gomes-Alves P, Rosa S, Gouveia PJ, Ferreira L, Serra M, et al. Unveiling the molecular crosstalk in a human induced pluripotent stem cell-derived cardiac model. Biotechnol Bioeng. (2019) 116:1245–52. doi: 10.1002/bit.26929

 59. Yoshida S, Miyagawa S, Fukushima S, Kawamura T, Kashiyama N, Ohashi F, et al. Maturation of cardiomyocytes derived from human induced pluripotent stem cells by soluble factors secreted from human mesenchymal stem cells. Mol Ther. (2018) 26:2681–95. doi: 10.1016/j.ymthe.2018.08.012

 60. Herron TJ, Rocha AMD, Campbell KF, Ponce-Balbuena D, Willis BC, Guerrero-Serna G, et al. Extracellular matrix–mediated maturation of human pluripotent stem cell–derived cardiac monolayer structure and electrophysiological function. Circulation Arrhythmia Electrophysiol. (2016) 9:e003638. doi: 10.1161/CIRCEP.113.003638

 61. Li W, Han JL, Entcheva E. Syncytium cell growth increases Kir2.1 contribution in human iPSC-cardiomyocytes. Am J Physiol-Heart C. (2020) 319:H1112–H1122. doi: 10.1152/ajpheart.00418.2020

 62. Colatsky T, Fermini B, Gintant G, Pierson JB, Sager P, Sekino Y, et al. The comprehensive in vitro proarrhythmia assay (CiPA) initiative — update on progress. J Pharmacol Toxicol. (2016) 81:15–20. doi: 10.1016/j.vascn.2016.06.002

 63. Rodríguez-Menchaca AA, Navarro-Polanco RA, Ferrer-Villada T, Rupp J, Sachse FB, Tristani-Firouzi M, et al. The molecular basis of chloroquine block of the inward rectifier Kir2 .1 channel. Proc National Acad Sci. (2008) 105:1364–8. doi: 10.1073/pnas.0708153105

 64. Xynogalos P, Seyler C, Scherer D, Koepple C, Scholz EP, Thomas D, et al. Class III antiarrhythmic drug dronedarone inhibits cardiac inwardly rectifying Kir2. 1 channels through binding at residue E224. Naunyn-Schmiedeberg's Arch Pharmacol. (2014) 387:1153–61. doi: 10.1007/s00210-014-1045-6

 65. Zaks-Makhina E, Li H, Grishin A, Salvador-Recatala V, Levitan ES. Specific and slow inhibition of the Kir2. 1 K+ channel by gambogic acid*. J Biol Chem. (2009) 284:15432–8. doi: 10.1074/jbc.M901586200

 66. Ponce-Balbuena D, López-Izquierdo A, Ferrer T, Rodríguez-Menchaca AA, Aréchiga-Figueroa IA, et al. Tamoxifen inhibits inward rectifier K+ 2. x family of inward rectifier channels by interfering with phosphatidylinositol 4,5-bisphosphate-channel interactions. J Pharmacol Exp Ther. (2009) 331:563–73. doi: 10.1124/jpet.109.156075

 67. Viskin S, Alla SR, Barron HV, Heller K, Saxon L, Kitzis I, et al. Mode of onset of torsade de pointes in congenital long QT syndrome. J Am Coll Cardiol. (1996) 28:1262–8. doi: 10.1016/S0735-1097(96)00311-7

 68. Goversen B, Becker N, Stoelzle-Feix S, Obergrussberger A, Vos MA, Veen TAB, et al. A hybrid model for safety pharmacology on an automated patch clamp platform: using dynamic clamp to join iPSC-derived cardiomyocytes and simulations of Ik1 ion channels in real-time. Front Physiol. (2018) 8:1094. doi: 10.3389/fphys.2017.01094

 69. Meki MH, Miller JM, Mohamed TMA. Heart slices to model cardiac physiology. Front Pharmacol. (2021) 12:617922. doi: 10.3389/fphar.2021.617922

 70. Ebert A, Joshi AU, Andorf S, Dai Y, Sampathkumar S, Chen H, et al. Proteasome-dependent regulation of distinct metabolic states during long-term culture of human iPSC-derived cardiomyocytes. Circ Res. (2019) 125:90–103. doi: 10.1161/CIRCRESAHA.118.313973

 71. Garbern JC, Lee RT. Mitochondria and metabolic transitions in cardiomyocytes: lessons from development for stem cell-derived cardiomyocytes. Stem Cell Res Ther. (2021) 12:177. doi: 10.1186/s13287-021-02252-6

 72. Karbassi E, Fenix A, Marchiano S, Muraoka N, Nakamura K, Yang X, et al. Cardiomyocyte maturation: advances in knowledge and implications for regenerative medicine. Nat Rev Cardiol. (2020) 17:341–59. doi: 10.1038/s41569-019-0331-x

 73. Darmaun D. Role of nutrients in the regulation of in vivo protein metabolism in humans. Acta Paediatr. (1999) 88:92–4. doi: 10.1111/j.1651-2227.1999.tb14412.x

 74. Chung S, Dzeja PP, Faustino RS, Perez-Terzic C, Behfar A, Terzic A. Mitochondrial oxidative metabolism is required for the cardiac differentiation of stem cells. Nat Clin Pract Card. (2007) 4:S60–7. doi: 10.1038/ncpcardio0766

 75. Malandraki-Miller S, Lopez CA, Al-Siddiqi H, Carr CA. Changing metabolism in differentiating cardiac progenitor cells—can stem cells become metabolically flexible cardiomyocytes? Front Cardiovasc Med. (2018) 5:119. doi: 10.3389/fcvm.2018.00119

 76. Tohyama S, Hattori F, Sano M, Hishiki T, Nagahata Y, Matsuura T, et al. Distinct metabolic flow enables large-scale purification of mouse and human pluripotent stem cell-derived cardiomyocytes. Cell Stem Cell. (2013) 12:127–37. doi: 10.1016/j.stem.2012.09.013

 77. Tohyama S, Fujita J, Hishiki T, Matsuura T, Hattori F, Ohno R, et al. Glutamine oxidation is indispensable for survival of human pluripotent stem cells. Cell Metab. (2016) 23:663–74. doi: 10.1016/j.cmet.2016.03.001

 78. Tohyama S, Fujita J, Fujita C, Yamaguchi M, Kanaami S, Ohno R, et al. Efficient large-scale 2D culture system for human induced pluripotent stem cells and differentiated cardiomyocytes. Stem Cell Rep. (2017) 9:1406–14. doi: 10.1016/j.stemcr.2017.08.025

 79. Davis J, Chouman A, Creech J, Rocha AM da, Ponce-Balbuena D, Vazquez ENJ, et al. In vitro model of ischemic heart failure using human induced pluripotent stem cell–derived cardiomyocytes. JCI Insight. (2021) 6:e134368. doi: 10.1172/jci.insight.134368

 80. Yang X, Rodriguez ML, Leonard A, Sun L, Fischer KA, Wang Y, et al. Fatty acids enhance the maturation of cardiomyocytes derived from human pluripotent stem cells. Stem Cell Rep. (2019) 13:657–68. doi: 10.1016/j.stemcr.2019.08.013

 81. Ramachandra CJA, Mehta A, Wong P, Ja KPMM, Fritsche-Danielson R, Bhat RV, et al. Fatty acid metabolism driven mitochondrial bioenergetics promotes advanced developmental phenotypes in human induced pluripotent stem cell derived cardiomyocytes. Int J Cardiol. (2018) 272:288–97. doi: 10.1016/j.ijcard.2018.08.069

 82. Correia C, Koshkin A, Duarte P, Hu D, Teixeira A, Domian I, et al. Distinct carbon sources affect structural and functional maturation of cardiomyocytes derived from human pluripotent stem cells. Sci Rep. (2017) 7:8590. doi: 10.1038/s41598-017-08713-4

 83. Nakano H, Minami I, Braas D, Pappoe H, Wu X, Sagadevan A, et al. Glucose inhibits cardiac muscle maturation through nucleotide biosynthesis. Elife. (2017) 6:e29330. doi: 10.7554/eLife.29330

 84. Lock MC, Tellam RL, Botting KJ, Wang KCW, Selvanayagam JB, Brooks DA, et al. The role of miRNA regulation in fetal cardiomyocytes, cardiac maturation and the risk of heart disease in adults. J Physiology. (2018) 596:5625–40. doi: 10.1113/JP276072

 85. Kumar N, Dougherty JA, Manring HR, Elmadbouh I, Mergaye M, Czirok A, et al. Assessment of temporal functional changes and miRNA profiling of human iPSC-derived cardiomyocytes. Sci Rep. (2019) 9:13188. doi: 10.1038/s41598-019-49653-5

 86. Samal E, Evangelista M, Galang G, Srivastava D, Zhao Y, Vedantham V. Premature microRNA-1 expression causes hypoplasia of the cardiac ventricular conduction system. Front Physiol. (2019) 10:235. doi: 10.3389/fphys.2019.00235

 87. O'Rourke B, Ramza BM, Marban E. Oscillations of membrane current and excitability driven by metabolic oscillations in heart cells. Science. (1994) 265:962–6. doi: 10.1126/science.8052856

 88. Romashko DN, Marban E, O'Rourke B. Subcellular metabolic transients and mitochondrial redox waves in heart cells. Proc National Acad Sci. (1998) 95:1618–23. doi: 10.1073/pnas.95.4.1618

 89. Gu J, Grijalva SI, Fernandez N, Kim E, Foster DB, Cho HC. Induced cardiac pacemaker cells survive metabolic stress owing to their low metabolic demand. Exp Mol Medicine. (2019) 51:1–12. doi: 10.1038/s12276-019-0303-6

 90. Miklas JW, Clark E, Levy S, Detraux D, Leonard A, Beussman K, et al. TFPa/HADHA is required for fatty acid beta-oxidation and cardiolipin re-modeling in human cardiomyocytes. Nat Commun. (2019) 10:4671. doi: 10.1038/s41467-019-12482-1

 91. Xia Y, Buja LM, Scarpulla RC, McMillin JB. Electrical stimulation of neonatal cardiomyocytes results in the sequential activation of nuclear genes governing mitochondrial proliferation and differentiation. Proc National Acad Sci. (1997) 94:11399–404. doi: 10.1073/pnas.94.21.11399

 92. Yang X, Pabon L, Murry CE. Engineering Adolescence. Circ Res. (2014) 114:511–23. doi: 10.1161/CIRCRESAHA.114.300558

 93. Ribeiro AJS, Ang Y-S, Fu J-D, Rivas RN, Mohamed TMA, Higgs GC, et al. Contractility of single cardiomyocytes differentiated from pluripotent stem cells depends on physiological shape and substrate stiffness. Proc National Acad Sci. (2015) 112:12705–10. doi: 10.1073/pnas.1508073112

 94. Hazeltine LB, Simmons CS, Salick MR, Lian X, Badur MG, Han W, et al. Effects of substrate mechanics on contractility of cardiomyocytes generated from human pluripotent stem cells. Int J Cell Biology. (2012) 2012:508294. doi: 10.1155/2012/508294

 95. Boothe SD, Myers JD, Pok S, Sun J, Xi Y, Nieto RM, et al. The effect of substrate stiffness on cardiomyocyte action potentials. Cell Biochem Biophys. (2016) 74:527–35. doi: 10.1007/s12013-016-0758-1

 96. Salick MR, Napiwocki BN, Sha J, Knight GT, Chindhy SA, Kamp TJ, et al. Micropattern width dependent sarcomere development in human ESC-derived cardiomyocytes. Biomaterials. (2014) 35:4454–64. doi: 10.1016/j.biomaterials.2014.02.001

 97. Napiwocki BN, Lang D, Stempien A, Zhang J, Vaidyanathan R, Makielski JC, et al. Aligned human cardiac syncytium for in vitro analysis of electrical, structural, and mechanical readouts. Biotechnol Bioeng. (2021) 118:442–52. doi: 10.1002/bit.27582

 98. Stempien A, Josvai M, Lange WJ de, Hernandez JJ, Notbohm J, Kamp TJ, et al. Identifying features of cardiac disease phenotypes based on mechanical function in a catecholaminergic polymorphic ventricular tachycardia model. Front Bioeng Biotechnol. (2022) 10:873531. doi: 10.3389/fbioe.2022.873531

 99. Napiwocki BN, Stempien A, Lang D, Kruepke RA, Kim G, Zhang J, et al. Micropattern platform promotes extracellular matrix remodeling by human PSC-derived cardiac fibroblasts and enhances contractility of co-cultured cardiomyocytes. Physiol Rep. (2021) 9:e15045. doi: 10.14814/phy2.15045

 100. Nunes SS, Miklas JW, Liu J, Aschar-Sobbi R, Xiao Y, Zhang B, et al. Biowire: a platform for maturation of human pluripotent stem cell–derived cardiomyocytes. Nat Methods. (2013) 10:781–7. doi: 10.1038/nmeth.2524

 101. Zhao Y, Rafatian N, Feric NT, Cox BJ, Aschar-Sobbi R, Wang EY, et al. A Platform for generation of chamber-specific cardiac tissues and disease modeling. Cell. (2019) 176:913–27.e18. doi: 10.1016/j.cell.2018.11.042

 102. Wu H, Yang H, Rhee J-W, Zhang JZ, Lam CK, Sallam K, et al. Modelling diastolic dysfunction in induced pluripotent stem cell-derived cardiomyocytes from hypertrophic cardiomyopathy patients. Eur Heart J. (2019) 40:3685–95. doi: 10.1093/eurheartj/ehz326

 103. Hinson JT, Chopra A, Lowe A, Sheng CC, Gupta RM, Kuppusamy R, et al. Integrative analysis of PRKAG2 cardiomyopathy iPS and microtissue models identifies AMPK as a regulator of metabolism, survival, and fibrosis. Cell Rep. (2016) 17:3292–304. doi: 10.1016/j.celrep.2016.11.066

 104. Sun N, Yazawa M, Liu J, Han L, Sanchez-Freire V, Abilez OJ, et al. Patient-specific induced pluripotent stem cells as a model for familial dilated cardiomyopathy. Sci Transl Med. (2012) 4:130ra47. doi: 10.1126/scitranslmed.3003552

 105. Long C, Li H, Tiburcy M, Rodriguez-Caycedo C, Kyrychenko V, Zhou H, et al. Correction of diverse muscular dystrophy mutations in human engineered heart muscle by single-site genome editing. Sci Adv. (2018) 4:eaap9004. doi: 10.1126/sciadv.aap9004

 106. Hofbauer P, Jahnel SM, Papai N, Giesshammer M, Deyett A, Schmidt C, et al. Cardioids reveal self-organizing principles of human cardiogenesis. Cell. (2021) 184:3299–317.e22. doi: 10.1016/j.cell.2021.04.034

 107. Drakhlis L, Biswanath S, Farr C-M, Lupanow V, Teske J, Ritzenhoff K, et al. Human heart-forming organoids recapitulate early heart and foregut development. Nat Biotechnol. (2021) 39:737–46. doi: 10.1038/s41587-021-00815-9

 108. Giacomelli E, Meraviglia V, Campostrini G, Cochrane A, Cao X, Helden RWJ van, et al. Human-iPSC-derived cardiac stromal cells enhance maturation in 3D cardiac microtissues and reveal non-cardiomyocyte contributions to heart disease. Cell Stem Cell. (2020) 26:862–79.e11. doi: 10.1016/j.stem.2020.05.004

 109. Toepfer CN, Sharma A, Cicconet M, Garfinkel AC, Mücke M, Neyazi M, et al. SarcTrack. Circ Res. (2019) 124:1172–83. doi: 10.1161/CIRCRESAHA.118.314505



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Challenges and innovation: Disease modeling using human-induced pluripotent stem cell-derived cardiomyocytes



		Introduction



		Human pluripotent stem cell-derived cardiomyocytes



		Modeling cardiac arrhythmia using HiPSC-CMs



		Electrical maturity of IPSC-CMs



		Cardiac metabolism in culture



		Investigative platforms both 2D and 3D



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Challenges and innovation:
Disease modeling using
human-induced pluripotent
stem cell-derived
cardiomyocytes





OPS/images/fcvm-09-966094-g001.gif
A O R R Hz

199\ Resing membrane potentel ©

g

I 05 416, 200, (5531 iz 6, r00]
TP Lo A0y

Vollage (V)
2

I -
Bolb b g
% w0 = 200
;m
TR e BN

1200, [ CoVSWIT+ K2 1

[Govs WT + K21 (N26.7:30)
[0 CavarorC + Kz 1 v

| CaVIFSTC + K2 (423, n-15)

-
H
o
£
o
O APy APDg APD, APt o
10 Aoy Ao A0y KDy APy APy AP
astepacog o Paciog
033 Hz pacing

-\,
UL

2s0c






OPS/images/fcvm-09-966094-g002.gif
anow oo omacr

—
o58EE5E388E









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
¥ frontiers | Frontiers in Cardiovascular Medicine





