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Mammalian cardiomyocyte maturation entails phenotypic and functional optimization during the late fetal and postnatal phases of heart development, both processes driven and coordinated by complex gene regulatory networks. Cardiomyocytes derived from human induced pluripotent stem cells (iPSCs) are heterogenous and immature, barely resembling their adult in vivo counterparts. To characterize relevant developmental programs and maturation states during human iPSC-cardiomyocyte differentiation, we performed single-cell transcriptomic sequencing, which revealed six cardiomyocyte subpopulations, whose heterogeneity was defined by cell cycle and maturation states. Two of those subpopulations were characterized by a mature, non-proliferative transcriptional profile. To further investigate the proliferation-maturation transition in cardiomyocytes, we induced loss-of-function of LMNB2, which represses cell cycle progression in primary cardiomyocytes in vivo. This resulted in increased maturation in LMNB2-inactivated cardiomyocytes, characterized by transcriptional profiles related to myofibril structure and energy metabolism. Furthermore, we identified maturation signatures and maturational trajectories unique for control and LMNB2-inactivated cardiomyocytes. By comparing these datasets with single-cell transcriptomes of human fetal hearts, we were able to define spatiotemporal maturation states in human iPSC-cardiomyocytes. Our results provide an integrated approach for comparing in vitro-differentiated cardiomyocytes with their in vivo counterparts and suggest a strategy to promote cardiomyocyte maturation.
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INTRODUCTION
Heart development is governed by complex stage-specific transcriptional regulation that coordinates cardiac cell specification, tissue morphogenesis, and functional maturation. The ability to generate cardiomyocytes (CMs) derived from human induced pluripotent stem cells (iPSCs) has allowed us to gain a better understanding of heart development and related diseases (Murry and Keller, 2008). Presently, iPSC-CMs hold great promise for translational applications including heart regeneration, disease modeling, and drug screening (Laflamme and Murry, 2011; Han et al., 2014; Shi et al., 2017; Tzahor and Poss, 2017). However, although current differentiation methods can generate large quantities of purified cardiomyocytes, these cells do not resemble their adult in vivo counterparts in terms of morphology, function, and transcriptional profiles (Doss et al., 2012; Lundy et al., 2013; Chong et al., 2014; Scuderi and Butcher, 2017; Ronaldson-Bouchard et al., 2018). Hence, novel research into cardiac development and application of the subsequent findings to design strategies for promoting full maturation of human iPSC-CMs is needed to circumvent this barrier. Recent advances in single-cell technology have allowed us to define human iPSC-CMs at exceedingly high resolution. For example, single-cell RNA analyses of in vivo human and mouse heart tissue have revealed highly detailed transcriptional profiles and novel features of cellular heterogeneity during cardiomyocyte specification and maturation (DeLaughter et al., 2016; Li et al., 2016; Cui et al., 2019; de Soysa et al., 2019; Litvinukova et al., 2020; Wang et al., 2020). Study of transcriptional dynamics has also yielded novel knowledge regarding spatiotemporal relationships between human heart cells during cardiac development in vivo (Asp et al., 2019). Moreover, transcriptional regulators promoting specific aspects of cardiomyocyte maturation have been identified (Churko et al., 2018; Friedman et al., 2018). However, both cellular heterogeneity among human iPSC-CMs and the extent to which these cardiomyocytes recapitulate transcriptional profiles of their in vivo counterparts are poorly understood. In addition, although cardiomyocyte maturation is assumed to be inversely related to the process of proliferation, there are few lines of evidence to support direct links between proliferation and maturation, and the transcriptional profiles accompanying this transition remain unknown (Chattergoon et al., 2012; Hirose et al., 2019; D'Uva et al., 2015).
To investigate cellular heterogeneity during cardiomyocyte differentiation, we first characterized the single-cell transcriptome of human iPSC-CMs induced by modulating WNT signaling, and we report here our findings identifying cellular subpopulations and distinct developmental gene profiles that define cardiomyocyte maturity. Then, we focused on the exit from the cell cycle as a phenotypic hallmark of cardiomyocyte maturation (Mollova et al., 2013; Senyo et al., 2013), in which regard we have recently identified a key regulator, the nuclear lamina gene LMNB2 (encoding lamin B2 protein) (Han et al., 2020). In this study, disruption of the LMNB2 gene revealed an accelerated process of cardiomyocyte maturation. In addition, using unsupervised analysis we uncovered developmental programs involved in the different phases of cardiomyocyte maturation. By comparing our own results with the single-cell RNA profiles of human fetal heart tissue, we were able to define developmental similarities between human iPSC-CMs and their in vivo counterparts. Although human iPSC-CMs are relatively naïve, our data reveal that they were able to continually mature, thus enabling the development of strategies to promote maturation in vitro. The integrative platform to compare single-cell transcriptional profiles that we have established constitutes a valuable way of integrating public datasets from different consortia and will allow faster advances in understanding and controlling cardiomyocyte maturation.
MATERIALS AND METHODS
Human pluripotent stem cell cultures
CiPS001-13 iPSCs generously donated by Drs. Kevin Bersell and Dan Roden (Vanderbilt University) were maintained in mTESR one medium (StemTechnologies 85850) supplemented with 1% Antibiotic-Antimycotic (Life Technologies 15240062) on BD hESC-qualified Matrigel (Corning 354277). Cells were passaged every 5–6 days using ReLeSR dissociation reagent (Stem Cell Technologies 5872) according to the manufacturer’s protocol. Then, 10 mM of Rho-associated kinase inhibitor (ROCK) Y27632 (EMD 68000) was added to the medium for the first 24 h after passaging. Human iPSCs were incubated at 37°C in 5% CO2 and maintained in 2 ml of mTESR one medium with changes every 48 h until the day of passage.
CRISPR-Cas9 knockout of LMNB2 in iPSCs
The Cas9 plasmid was engineered with green fluorescent protein (GFP) fused into lentiCRISPRv2 (Addgene 52961), which was generously shared by Dr. Yi Sheng (University of Pittsburgh). The iPSC line CiPS001-013 was transfected with CRISPR plasmid-carrying guide RNA oligos (5′-CACCG AGA​CGG​CTC​GAG​AGC​GTG​CC-3’; 5′-AAA​CGG​CAC​GCT​CTC​GAG​CCG​TCT​C- 3′) targeting the chr19:2,444,459-2,444,479 plus strand, a region on exon2 of the human LMNB2 gene. Single cells transiently expressing GFP were isolated by flow cytometry. Indels were detected using SURVEYOR nuclease assays (Transgenomic 706025) (Ran et al., 2013). A SURVEYOR PCR primer pair was designed to amplify a 451 bp band containing the targeted region of exon 2. Using SURVEYOR nuclease digestion, heterozygous mutations were detected in two clones. DNA from the remaining clones was mixed with DNA from wild type iPSCs, denatured, annealed, and digested with SURVEYOR nuclease. Several clones were identified containing homozygous mutations. Results were confirmed by Sanger DNA sequencing, revealing one base pair thymidine insertion, causing frame-shift insertion in clones such as C35 and C103. The characterization results were reported in our previous publication (Han et al., 2020). To determine potential off-target activity of the gRNAs we followed instructions in the original paper (Ran et al., 2013). We used the recommended online CRISPR Design Tool (http://crispr.mit.edu) to predict genomic off-target sites and examined the potential off-target sites with scores >0. All predicted exonic homologous sites were verified by DNA Sanger sequencing. No off-target mutations were observed at any site.
Cardiomyocyte differentiation of human iPSCs
At all pluripotent and differentiative stages, cells were maintained at 37 °C in 5% CO2. CiPS001-13 human iPSCs were split using ReLeSR dissociation reagent and seeded onto 12-well plates coated with growth-factor-reduced (GFR) Matrigel (Corning 356230). Cells were expanded in mTESR one medium (StemTechnologies 85850) for 4 days, during which time the medium was replaced at 24 and 72 h and allowed to reach 80–90% confluency. On differentiation-day 0 (subsequently denoted d0), differentiation was induced by exchanging the medium for RPMI 1640 containing 2% B-27 without insulin (subsequently RPMI/B27-; Life Technologies 11875–093, A1895601) including 1% Antibiotic-Antimycotic (Life Technologies 15240062) and supplemented with 12 mM GSK3 inhibitor CHIR99021 (Selleck S2924) to induce differentiation. After precisely 24 h, medium was replaced with 2 ml fresh RPMI/B27- without CHIR and the cells were expanded for an additional 48 h. On d3, medium was replaced with 2 ml fresh RPMI/B27- containing 5 mM WNT inhibitor IWR-1 (Sigma I0161) and incubated for 48 h. On d5, medium was exchanged for 2 ml of the same medium without IWR-1, followed on d7 by changing to RPMI/B27 with insulin (ie RPMI/B27+, Life Technologies 17504044). On d9, contracting cells appeared. To enrich the cardiomyocyte population, on d12 medium was exchanged for RPMI/B27 + without glucose (Life Technology 11879-020) containing 5 mM sodium d-lactate.
Sub-culturing human iPSC-CMs
On d15, cells were re-plated onto GFR Matrigel (Corning)-coated wells as follows. Cells were rinsed briefly with phosphate buffered saline (PBS), followed by addition of trypsin (TrypLE; Life Technology 12605010) and incubation for 10–12 min at 37°C. Cells were then suspended by gentle pipetting, followed by adding an equal volume of stop medium [50% DMEM (Life technology 11965092); 50% Heat Inactivated FBS (Life Technology 10437028); 10 mg/ml DNase (Roche 10104159001)] to inactivate TrypLE. Cells were gently resuspended, filtered through a 70-µm nylon cell strainer (Fisher 352350) and spun at 800 rpm for 5 min at room temperature. Cells were counted and replated at 100-150k/cm2 in RPMI/B27+ with lactate until the day of analysis designated in the Text and Figures.
Single-cell library preparation and sequencing
Single cardiomyocytes were prepared by dissociating the cells in ReLeSR (Stem Cell Technologies) according to the manufacturer’s protocol. The cell suspensions were filtered through a 70-µm Nylon cell strainer (Fisher), centrifuged, washed in PBS/0.04% BSA and diluted to 1,000 cells/µL. Single-cell libraries were prepared according to the 10X Chromium 3′ reagent kits v2 user guide and sequenced on the Illumina Hiseq 4000 platform. Each sample targeted 500 cells at a read depth of 100K reads per cell.
Single-cell transcriptomic analysis
Raw sequencing data were converted to FastQ format, aligned to human reference genome (version hg38 assembly from UCSC), and quantified using the Cell Ranger from 10x Genomics. Cells with fraction of mitochondrial RNAs higher than 50% and cells with low complexity expressing few unique genes (2 Mean absolute deviation (MAD) below the mean) were filtered. Genes that expressed in more than 5 cells were retained for further analysis. The Seurat R package was utilized to perform the downstream analysis. The data were normalized using the LogNormalize method and then analyzed to identify top 2,000 highly variable genes, which were used to perform principal component analysis (PCA). A K-nearest neighbor (KNN) graph was constructed based on PCA space using FindNeighbors function with top 20 PCs. FindClusters function was applied to cluster cells using Louvain algorithm with resolution set to 0.5. To visualize the data, non-linear dimensional reduction method Uniform Manifold Approximation and Projection (UMAP) were performed. For all differential expression, a Wilcoxon Rank Sum test was used to compare between two groups of cells. Enriched gene pathways and Gene Ontology analysis were identified using EnrichR package (Xie et al., 2021).
RNA velocity analysis
The mapping data from the scRNA-seq were processed using the velocyto package to obtain two count matrices of nascent (unspliced) and mature (spliced) mRNA abundance. The scVelo package was used to perform the RNA velocity analysis. The filtered and normalized data generated from Seurat were used to apply the dynamical model to solve the full transcriptional dynamics. The velocities were projected to the pre-computed UMAP embedding and annotated clusters. Driver genes were detected by high likelihoods in the dynamic model.
Pseudotime analysis
When performing the pseudotime analysis, the C1 cluster was removed to avoid the effect from the non-cardiomyocytes. Pseudotime analysis was done with Monocle2 on the UMI count data. Variable genes detected by Seurat were used to construct trajectories. To identify the genes associated with the pseudotime, additive models of gene expression were fitted as a function of pseudotime, and significant genes with false discovery rate (FDR) less than 10e-5 based on the likelihood ratio test were selected.
Immunocytochemistry
At day 21 of differentiation, human iPSC-derived cardiomyocytes on 13 mm tissue-culture treated coverslips were rinsed with PBS and treated with 100 nM Mitotracker Far Red (Invitrogen P36970) for 35 min at 37°C. Coverslips were fixed in 4% Paraformaldehyde (Electron Microscopy Sciences, 15710) at 4°C for 15 min, rinsed and stored in PBS. Cells were permeabilized with 0.5% Triton-X100 (Millipore 648466) for 10 min at room temperature, rinsed in PBS, blocked in 3% Bovine-Serum Albumin in PBS-Tween 20 0.1% for 90 min at room temperature, and rinsed in PBS. They were incubated overnight at 4 °C in 1:500 Mouse-anti-α-Actinin (Sigma A7811) and 1:300 Rabbit-anti-Pan-Cadherin (Applied Biosystems AB16505) in 3% BSA in PBS-Tween 0.1% at 4°C overnight. Coverslips were washed on a rocker at room temperature 3X for 5 min in PBS-Tween 0.1%, incubated for 1 hour at room temperature in secondary antibodies of 1:400 Donkey-anti-Mouse-488 (Invitrogen A21202) and 1:400 Donkey-anti-Rabbit-568 (Invitrogen A10042), and washed 3X for 5 min at RT on a rocker in PBS-Tween 0.1%. Cells were then stained in 1 μg/ml DAPI for 10 min at room temperature. Coverslips were mounted in Prolong Diamond (Invitrogen P36970) under a #1.5 coverslip. Imaging was done on a Nikon A1R with ×20 objectives.
Measurement of mitotracker signal
Images were analyzed using Nikon NIS-elements Advanced Research Imaging Software, version 4.30.01. Cell borders were traced guided by the Pan-Cadherin signal and saved as Regions-of-Interest (ROIs). Software-generated measurements of ROI size, equivalent to cell size, and of mean 640 nm signal intensity for each ROI, representing the Mitotracker signal, were exported for analysis.
Sarcomere classification
Sarcomeres were stained by α-Actinin immunocytochemistry on monolayer iPSC-CMs and analyzed with the following criteria: Class one contained unassembled or newly formed sarcomeres, being sparse, irregular, with gaps, and are not yet directionally organized; class two corresponded to sarcomeres showing higher density and more regular space, but which only just started to be directionally organized; class three contained linear and directionally organized sarcomeres in which Z-disk banding is not yet distinct or predominant, and; class four corresponded to developed sarcomeres with established directionality and running in parallel, with clear banding of Z-disks.
Quantification and statistical analyses
Results are presented as means ± standard error of the mean (SEM). Statistical testing was performed with Student’s t-test, two-way ANOVA with a minimum of three repeats of each experiment. Statistical significance was achieved with a two-sided p-value of 0.05. Statistical analyses were performed with GraphPad Prism 8.0.
Data and code availability
The BioProject accession number for the single-cell transcriptional profiling data reported in this paper is PRJNA817077 (SRA).
RESULTS
Single-cell transcriptomic analysis of human iPSCs and derived cardiomyocytes
As the neonatal mammalian heart develops to adulthood in vivo, cardiomyocyte maturation increases to culminate in functional optimization. By contrast, although in vitro cardiomyocyte differentiation from human iPSCs largely recapitulates cardiomyocyte specification, these cells do not attain maturity (Doss et al., 2012; Lundy et al., 2013; Chong et al., 2014; DeLaughter et al., 2016; Scuderi and Butcher, 2017; Ronaldson-Bouchard et al., 2018). To explore the cellular heterogeneity and to define molecular signatures related to maturation indices within human iPSC-CM populations, we generated single-cell transcriptional profiles of human iPSCs (d0) in comparison with iPSC-CMs collected at d21 (Figure 1A). A high level of purity of iPSC-CMs was achieved by modulating WNT signaling during differentiation days d0-d5, followed by lactate enrichment for cardiomyocytes beginning at d12 (Figure 1B) (Lian et al., 2012; Tohyama et al., 2013). At d21, up to 90% of the cells were cardiomyocytes (Figure 1C). Using a droplet-based 10× Chromium platform, we obtained single-cell transcriptional profiles at day 0 and 21 of differentiation. Unsupervised clustering of single cells at differentiation days 0 and 21 and dimensionality reduction using the Uniform Manifold Approximation and Projection (UMAP) algorithm revealed 7 cell clusters that were grouped into two distinct populations: pluripotent states (clusters 2,3,6) and cardiomyocyte-states (clusters 0,1,4,5) (Figure 1D) (Becht et al., 2018). Among clusters in the cardiomyocyte state, marker gene expression revealed three clusters (0,4,5) that expressed cardiomyocyte transcription factors (NKX2-5) and sarcomeres (TNNT2), and a single cluster (1) that containing a mixture of fibroblast-like cells, the majority of which expressed the extracellular matrix gene COL3A1, FN1 (Figure 1E).
[image: Figure 1]FIGURE 1 | Single-cell transcriptional profiling of human induced pluripotent stem cells (iPSCs) and derived cardiomyocytes. (A) Scheme of iPSC-CM generation and single-cell RNA sequencing (scRNAseq). Control human iPSCs (CiPS001-013) and isogenic LMNB2 KO iPSCs generated by CRISPR-Cas9-mediated genome editing were induced to differentiate into cardiomyocytes by modulation of WNT signaling, followed by scRNAseq at differentiation day 0 and 21. (B) Cardiomyocyte Differentiation Timeline: Cardiomyocytes were induced by applying Wnt activator (CHIR99021) and inhibitor (IWR-1) respectively during 0-24 (d0) and 72-120 (d3-d5) hours of the directed differentiation timeline, followed by application of lactate medium at d12 to enrich the cardiomyocyte population. (C) Immunofluorescent microscopic analysis of α-Actinin-positive cardiomyocytes at d21. (D) Unbiased clustering of scRNAseq results revealed subpopulations of iPSCs (sub-clusters 2,3,6) and cardiomyocytes (sub-clusters 0,1,4,5). (E) Dot plots of pluripotency and cardiomyocyte markers in sub-clusters 2,3,6 and 0,1,4,5 confirm identity of iPSCs and CMs populations, respectively.
The LMNB2 gene is not required to maintain pluripotency and proliferation of iPSCs
In mammals, cardiomyocytes shift their growth models during development. While rapid proliferation and expansion in cell numbers is observed during fetal development, cardiomyocytes gradually exit the cell cycle after birth and switch to cell enlargement accompanied by structural, functional, and metabolic maturation (Chattergoon et al., 2012; Hirose et al., 2019; D'Uva et al., 2015; Soonpaa et al., 1996). During this transition, cell-cycle regulators become repressed as maturation ensues (Soonpaa et al., 1996). However, how proliferation and maturation are intrinsically connected at the molecular level remains unclear. We previously reported that the nuclear lamin gene LMNB2 is essential for cardiomyocyte division in vivo (Han et al., 2020) and in this study we evaluated the role of the LMNB2 gene in cardiomyocyte maturation when cell division is repressed (Figure 2A). We disrupted the LMNB2 gene using the guide RNA-directed “clustered regularly interspaced short palindromic repeats” (CRISPR) approach, which generated one-base pair nucleotide insertion in exon 2, thereby creating an isogenic human iPSC line termed LMNB2 KO iPSC (Supplementary Figure S1A). Knockout of LMNB2 was validated at the mRNA and protein expression levels (Supplementary Figure S1B, C) and further validation can be found in our previous publication (Han et al., 2020).
[image: Figure 2]FIGURE 2 | Single-cell transcriptomic analysis identifies subpopulations of human iPSC-CMs. (A) UMAP plot of control and LMNB2 KO iPSC-CMs pooled at d21, revealing six major subpopulations. (B) Representative gene expression profiles for the six subpopulations shown in A. (C) Heatmap showing the top 10 differentially expressed genes within each subpopulation. (D) Gene Ontology (GO) analysis of cellular processes associated with each subpopulation. (E) Subset analysis of the C0 subpopulation revealing multiple non-cardiomyocyte lineages. CM, cardiomyocytes; Crest, cardiac neural crest/ Schwann progenitor cells; EM, endothelium cells.
Because previous reports described heterogeneous cellular states within human iPSC lines (Nguyen et al., 2018), we performed unsupervised clustering and identified three iPSC subpopulations (C0-2) (Supplementary Figure S1D, E; Supplementary Table S1). Comparison of these three subpopulations in control and LMNB2 KO iPSCs revealed that LMNB2 KO iPSCs did not form distinct clusters from control iPSCs (Supplementary Figure S1F). Analysis of the LMNB2 KO iPSCs indicated that transcripts corresponding to genes encoding pluripotency factors and other nuclear lamins were unaffected (Supplementary Table S1), and we confirmed that both the pluripotency marker Nanog and nuclear lamins were also unchanged at the protein levels (Supplementary Figure S1G, H) (Han et al., 2020). Thus, consistently with a previously published study using a LMNB2 KO mouse model, our results indicate that the LMNB2 gene is not required to maintain pluripotency of human iPSCs (Kim et al., 2011). In addition, we performed cell cycle distribution analysis, and observed no significant differences in comparison with controls (Supplementary Figure S2A, B). Furthermore, immunocytochemistry studies with the mitotic marker phosphorylated Histone H3 (H3P+) indicated no differences between control and LMNB2 KO iPSCs (Supplementary Figure S2C). Altogether, our results are consistent with previous findings in mice (Kim et al., 2011) and indicate that the LMNB2 gene is not required to maintain human pluripotency states nor normal proliferation of iPSCs.
Cellular heterogeneity arises during cardiomyocyte differentiation
To address cellular heterogeneity, we focused on the transcriptional profiles within clusters corresponding to differentiating cardiomyocytes at d21 differentiation (0,1,4,5; Figure 1E). A total of 1,257 cells from control and LMNB2 KO groups were captured and profiled. After trimming and filtering, this revealed an average of ∼7,295 genes per cell. Unsupervised clustering yielded 6 cell populations (Figure 2A), among which five (C1-C5) expressed cardiomyocyte markers including NKX2-5 and TNNI3 (Figure 2B). Cardiomyocyte population C1 was distinctive in its exclusive content of cycling cardiomyocytes expressing S (TOP2A) or G2/M (CCNB1) cell-cycle phase genes (Figures 2B,C). Cardiomyocytes in C2 specifically expressed the canonical WNT signaling inhibitor DDIT3 and genes related to metabolism such as UNC5B (Figures 2B,C) (Horndasch et al., 2006). Subpopulation C3 contained cardiomyocytes that specifically expressed NPPA, NPPB and ANKRD1, which are associated with fetal cardiac muscle development and contraction (Figures 2B,C) (Piroddi et al., 2020) and cardiomyocytes in C4 highly expressed LDB3, NEBL, and MYH7B genes, which are involved in cytoskeleton assembly and sarcomere function (Purevjav et al., 2010; Pathak et al., 2021). C5 cardiomyocytes were similar to those in C4, but displayed higher expression of FBN2, SYMD1, and MYH7, suggesting differences in contractile apparatus assembly and energy metabolism (Figures 2B,C) (Warren et al., 2018; Cui et al., 2019).
We then addressed biological features of the cardiomyocyte populations via Gene Ontology (GO) enrichment among the marker genes (Supplementary Table S2). In agreement with the increased cell cycle activity observed in C1 cardiomyocytes, ontology of those cells indicated genes involved in telomere and mitotic spindle function (Figure 2D). Subpopulations C3, C4, and C5 shared similar cellular components but exhibited different functional commitments, e.g., C3 cardiomyocytes were linked to cell-substrate junction and cytoskeletal organization that facilitates muscle cell development, whereas C4 cardiomyocytes showed enrichment in metabolic processes and myofibril contraction (Figure 2D). C5 cardiomyocytes were similar to the C3 and C4 subpopulations, but uniquely enriched in intercalated disk components (Figure 2D). Taken together, these results suggest that cell cycle and maturation signatures, including cytoskeleton assembly, metabolic process, and myofibril organization, are significant determinants contributing to the cellular heterogeneity of human iPSC-CMs.
Although subpopulation C0 was marked by high expression of extracellular matrix genes such as COL3A1, only a small subset within the cluster expressed fibroblast marker genes like FBN1, suggesting that C0 contained a mixture of different cell types (Figures 2B,C). To further scrutinize C0, this population was compared with an in vivo scRNAseq profile described for human fetal heart tissue (Asp et al., 2019; Cui et al., 2019). This comparison revealed that C0 contained myocardial cells including smooth muscle/fibroblast-like cells (37%, expressing ACTA2, BGN, FBN1, COL1A1), epicardial and derived cells (14%, expressing TCF21, WT1, TBX18), as well as cardiomyocytes (13%, expressing NKX2-5). In addition, cardiac neural crest cells (16%, expressing STMN2), endothelium cells (9%), and 12% of the cells that did not match to one specific cell type were detected (Figure 2E).
LMNB2 is a key regulator of the proliferation-to-maturation transition in cardiomyocytes
LMNB2 encodes the nuclear lamina protein lamin B2, whose expression is highly abundant in embryogenesis and then undergoes a gradual decrease during postnatal development (Kim et al., 2011). Our previous work identified LMNB2 as a key regulator of mitotic progression in both mouse and human cardiomyocytes in vivo (Han et al., 2020). We therefore aimed to understand the transcriptional consequences and effects on cell cycle status driven by LMNB2 gene inactivation during cardiomyocyte differentiation. At the single cell level, the relative proportions of control and LMNB2 KO cardiomyocytes at d21 varied within specific clusters: while clusters C2 and C4 consisted primarily of LMNB2 KO cells, C0 and C3 had higher proportion of wild type cells (Figures 3A,B). In particular, the percentage of LMNB2 KO decreased in C0 (36% KO vs. 64% control) and C3 (23% KO vs 77% control) subpopulations and increased in C2 (70% KO vs 30% control) and C4 (81% KO vs 19% control) subpopulations (Figures 3A,B). In the mixed subpopulation C0, the percentage of LMNB2 KO also decreased (22% KO vs 78% control). Except in cluster C1, the majority of both control and KO cells were non-cycling and at the G1 stage of the cell cycle (Figure 3C). Using the cell cycle prediction analysis, we analyzed 97 cell cycle genes governing S (DNA replication) and G2/M phases and found two distinct subpopulations within C1 that represented S and G2/M respectively (Figure 3C). Overall, LMNB2 KO cardiomyocytes showed a 28% decrease in both the S phase and the G2/M subpopulations (Figure 3D), which was indicative of an essential function of the LMNB2 gene in cardiomyocyte proliferation. By contrast, LMNB2 gene inactivation did not alter the expression of genes that regulate proliferation in human iPSCs (Supplementary Figure S2A, B). We then performed the Gene Ontology (GO) analysis of Differentially Expressed Genes (DEGs) between control and KO in each subpopulation (Figure 3E; Supplementary Table S3) and found that the cellular processes related to mitochondrial function and muscle contractility were upregulated in LMNB2 KO cardiomyocytes, while cytoskeleton assembly and membrane secretion genes were upregulated in control cardiomyocytes (Figure 3E). A few representative genes encoding pan-cardiac transcription factors (NKX2-5, MEF2C), muscle development and contractility (TTN, PLN), and mitochondrial fatty acid oxidation (FABP3, PPARA), were also increased in LMNB2 KO cardiomyocytes (Figure 3F).
[image: Figure 3]FIGURE 3 | LMNB2 KO cardiomyocytes exhibit gene profiles indicative of decreased proliferation and increased contractile and metabolic signaling. (A) Control and LMNB2 KO cardiomyocytes identified by UMAP, corresponding to the UMAP clusters in Figure 2A. (B) Distribution of control and LMNB2 KO cells in each subpopulation C0-C5 corresponding to Figure 2A. (C) Cell cycle analysis of iPSC-CMs. C1 is comprised of S and G2/M cardiomyocytes. (D) Percentages of control and LMNB2 KO cardiomyocytes in cell-cycle phases G1, S, and G2/M. (E) Gene Ontology (GO) analysis revealing top categories within control or LMNB2 KO in each subpopulation. (F) Representative DEGs in control and LMNB2 KO cardiomyocytes.
Transcriptional dynamics analysis reveals cardiomyocyte maturation paths
To further understand the role of LMNB2 in cell state progression during cardiomyocyte differentiation in vitro, we performed RNA velocity analysis to capture transcriptional dynamics (La Manno et al., 2018). Notably, we observed two shared but different paths in the direction of cardiomyocyte maturation, namely from C2 to either C3 or C4. These paths ultimately merged toward the boundary between C4 and C5, where a majority of cells were LMNB2 KO (Figure 2A; Figure 4A). We then performed latent time analysis, which confirmed the temporal transcriptional dynamics in maturing cardiomyocytes (Figure 4B). The expression of several genes, including NPPA, RYR2, PLN, MYBPC3, TTN, and ALPK2, which are known to be specifically related to different stages of cardiomyocyte maturation in vivo, demonstrated dynamics of maturation in vitro (Figure 4C) (Churko et al., 2018). Velocity analysis also revealed peak expressions of fetal program genes like NPPA in the C3 population. Moreover, sarcomeric genes (MYBPC3, TTN), calcium handling genes (RYR2, PLN) and WNT inhibitor ALPK2 peaked in both C4 and C5 (Figure 4C).
[image: Figure 4]FIGURE 4 | Temporal gene profiles characteristic of cardiomyocyte maturation. (A,B) Transcriptional dynamics in cardiomyocyte subpopulations are revealed by RNA velocity analysis. (C) RNA velocity of cardiomyocyte maturation-related genes validated the maturation dynamics. (D) Top 300 likelihood genes that predicted the dynamical model. The top bar annotates single cells from each cluster along pseudotime stages. (E) Representative genes depicting single-cell gene expression from each subpopulation. (F) Line plots depict the mean expression of representative transcription factors along the pseudotime trajectory. (G,H) Monocle pseudotime trajectory depicting cardiomyocyte maturation dynamics. The cell clusters (G) and source (H) along the trajectory are marked.
We used a dynamic model to identify gene candidates that are important drivers of cardiomyocyte maturation along the trajectory path (Bergen et al., 2020). This heatmap analysis revealed 300 genes that dominate this trajectory, displaying a continuous transition toward maturity (Figure 4D, Supplementary Table S4). For instance, TFAP2A, a transcription factor required for cardiac outflow tract morphogenesis, was identified at the beginning of the trajectory (Figures 4D,E) (Brewer et al., 2002); a set of genes related to muscle stretch (ANKRD1, NPPA) peaked during early stages, and peaks of gene expression encoding cAMP binding (POPDC3) and ion channels (SLC1A3, KCNH2) were observed later in the trajectory (Figures 4D,E) (Froese et al., 2012; Zhong et al., 2015). At the late stage, genes associated with cardiac muscle contraction (RYR2, DMD, MYH7) and membrane depolarization (SCN5A, CACNA1C) became highly expressed, suggesting increased functional maturation of cardiomyocytes (Figures 4D,E). It is worth noting that genes associated with cell-cycling (FOXM1) were expressed during the mid-stages of the trajectory, suggesting a not-fully differentiated state (Figures 4D,E). Furthermore, the expression trends of transcription factors were also consistent with a transition along the maturity path: PITX2, a situs-specific transcription factor, showed decreased expression during the trajectory (Figure 4F) (Ryan et al., 1998) but the ventricular transcription factor IRX4 displayed increased expression (Figure 4F) (Kim et al., 2012). Together with our findings regarding cellular heterogeneity in cardiomyocyte subpopulations, our transcriptional dynamics analysis indicates a pattern of continuous maturation during in vitro cardiomyocyte differentiation from iPSCs. These findings also suggest that LMNB2 gene perturbation promotes cardiomyocyte maturation, and that acceleration of specific gene programs related to energy metabolism and myofibril organization plays a role in the process.
To define the dynamics of temporal gene expression, we performed pseudotime trajectory analysis to reveal the developmental progression of maturation-related genetic programs in iPSC-CMs. We found that cardiomyocytes undergo a continual transition, starting at C0 and ending at C4 and C5 (Figure 4G). This result confirmed the latent time analysis (Figure 4B). Taken together, these findings indicate developmental maturation along the iPSC-CM differentiation in vitro. The majority of LMNB2 KO cardiomyocytes were observed during late stages of development, suggesting increased maturation (Figure 4H). Based on the pseudotime trajectory, we identified distinct patterns for three groups of genes (Suppl. Figure 3; Supplementary Table S5): Group one consisted of genes whose expression increased steadily along the trajectory, the second group included genes that showed a rapid decrease during the early stage of the trajectory and maintained their expression thereafter, and the third group was defined by genes whose expression was repressed at later stages of the trajectory (Supplementary Figure S3). These groups of genes represent potential developmental programs during human iPSC-CM maturation in vitro.
LMNB2 gene inactivation improves sarcomere organization and increases mitochondrial mass
To further assess the cellular maturation of control and LMNB2-inactivated iPSC-CMs, we performed structural and mitochondrial analysis. We examined the myofibril organization in immunofluorescent images. Sarcomere structure is classified into four categories based on α-Actinin-2 abundance, stripped and parallel structure, and clear banding of Z-disks (Figure 5A). Myofibrils of LMNB2-inactivated iPSC-CMs exhibited significantly increased abundance and improved alignment of sarcomeres in comparison with control (Figure 5B), suggesting enhanced structural maturity. As cardiomyocytes mature, mitochondrial size and number increased; assessment by Mitotracker labeling revealed increased mean fluorescent intensity in LMNB2-inactivated iPSC-CMs (Figures 5C,D), suggesting an expansion of mitochondria mass. The improved structural and mitochondrial features in LMNB2-inactivated iPSC-CMs are consistent with their transcriptional profiles (Figures 3E,F; Figure 4E–H), and support the upregulation of genes involved in fatty acid metabolism (i.e., FABP3, PPARA) (Figure 3F). Future experiments will examine how LMNB2 inactivation affects fatty acid utilization.
[image: Figure 5]FIGURE 5 | LMNB2 inactivated iPSC-CMs display increased sarcomere development and mitochondrial mass. (A,B) Photomicrographs and quantification of cardiomyocyte sarcomere classification show increased sarcomere development in LMNB2-inactivated iPSC-CMs. Control: n = 302 cells, KO: n = 312 cells. Four experiments. (C,D) Photomicrographs and quantification of mitochondria labeled by Mitotracker-far red show an increase of mitochondrial mass in LMNB2-inactivated iPSC-CMs. Control: n = 177 cells, KO: n = 210 cells. Three experiments. Scale bar, 25 µm (A), 10 µm (C). Statistical significance tested with two-way ANOVA (B) and unpaired t-test (D). Error bars represent mean ± SEM.
Developmental age of human iPSC-CMs correlates with specific stages of human fetal heart
We aimed to determine the developmental age of iPSC-CMs via correlation with in vivo gene expressions. For this purpose, we compared recently published in vivo scRNA-seq data from human fetal heart tissue collected during gestation weeks 5-25 with our scRNA-seq data from iPSC-CMs described in Figure 2. Results of this comparison are shown in Figure 6A (Cui et al., 2019). Both datasets showed high concordance, suggesting that human iPSC-CMs are similar to their in vivo counterparts. We found that the majority of human iPSC-CMs mapped to five to seven gestation week heart tissue (Figures 6B,C). Examination of individual subpopulations revealed that approximately 74% (212/287) of C2 and 90% (175/195) of C3 cardiomyocytes corresponded to those in 5-gestation week hearts (Figures 6C,D), while C1 cells corresponded to cycling cardiomyocytes, containing 31% (38/121) of cardiomyocytes that were similar to 7-gestation week heart tissue (Figure 6D). By contrast, subpopulations C4 and C5 displayed improved cardiomyocyte maturity (Figures 6C,D); specifically, 81% (238/293) and 47% (48/103) of cells, respectively in clusters C4 and C5, correlated with 7-gestation week cardiomyocytes (Figures 6C,D). Among the iPSC-CMs corresponding to 7-gestation week heart tissue, 81% were derived from LMNB2-KO iPSCs (Figure 6E). Together, our findings suggest that iPSC-derived cardiomyocytes correspond to an early developmental stage of human heart development, and that LMNB2 depletion increases their maturity.
[image: Figure 6]FIGURE 6 | Projection of the single-cell transcriptional profile of in vivo human heart tissue reveals increased maturity of LMNB2 KO cardiomyocytes. (A–C) Human iPSC-CMs from control and KO displayed similarity with in vivo human cardiomyocytes. UMAP plot of in vivo human cardiomyocytes (A and C in color) separating the developmental ages. Human iPSC-CMs (B and C in gray) projected to the UMAP coincided with early in vivo cardiomyocytes. The subpopulations (C1-5) in Figure 6B were described in Figure 2. (D) Most human iPSC-CMs were similar to fetal cardiomyocytes at 5-weeks’ gestation, while C4 and C5 displayed increased maturity. (E) Increased percentage of mature cardiomyocytes derived from LMNB2 KO iPSCs.
Spatial transcriptional analysis reveals subtypes of iPSC-CMs
Human iPSC-CMs are comprised of ventricular-like, atrial-like, and nodal-like cardiomyocytes (van den Berg et al., 2015). We used recently developed spatial sequencing technology to integrate our single-cell RNA profiles of iPSC-CMs (Figures 2A–C) with CM profiles of the embryonic human heart (Asp et al., 2019), and thus to define the subtype heterogeneity of human iPSC-CMs. The majority of human iPSC-CMs corresponded to counterparts within in vivo ventricular or atrial anatomical domains (Figures 7A–C) (Asp et al., 2019). A very small fraction was similar to Myoz2-enriched cardiomyocytes, newly defined types of atrial and ventricular cardiomyocytes observed in embryogenesis and adulthood (Figure 7D) (Gladka et al., 2018). The cardiomyocytes in subpopulations C2-5 are mixtures of atrial and ventricular cells, while the cycling cardiomyocytes in C1 are more akin to ventricular cells (Figure 7D). Finally, integrative analysis indicated that the non-cardiomyocyte C0 population was comprised of epicardial and fibroblast/smooth muscle-like cells (Figures 7A–D). Thus, comparison of in vitro human iPSC-CMs with in vivo cardiomyocyte subtypes revealed characteristics of atrial and ventricular cells consistent with their anatomical localization. LMNB2-KO iPSCs generated a higher percentage of CMs with atrial attributes, but similar percentage of ventricular cardiomyocytes in comparison with control (Figure 7D). Notably, when we mapped atrial- and ventricular-like cardiomyocytes to the pseudotime trajectory, we observed continuous maturation of both subtypes (Figure 7D).
[image: Figure 7]FIGURE 7 | Projection to the single-cell transcriptional profile of in vivo human heart tissue revealed different subtypes of iPSC-CMs. (A–C) Human iPSC-CMs displayed gene profiles of both atrial and ventricular cardiomyocytes that were similar to in vivo human tissue. The six subpopulations in Figure 7B were described in Figure 2. Epicardial cells mapped to the C0 non-cardiomyocyte subpopulation. (A) UMAP plot of in vivo human heart cells including cardiomyocytes and epicardial cells. (B) Human iPSC-CMs projected to the UMAP, and (C) overlaid with in vivo cardiomyocytes. (D) Percentage of epicardial cells, Myoz2-cardiomyocytes, atrial and ventricular cardiomyocytes in each Seurat cluster (C0-C5) (left columns), and in control vs LMNB2 KO iPSC-CMs (middle columns). Right Column: corresponding developmental ages based on pseudotime analysis.
DISCUSSION
Human iPSCs hold great promise for future translational applications, including tissue regeneration and drug screening, as well as to design studies aimed at elucidating the mechanistic bases of disease. However, many lineage-specific cells generated by current differentiation methods are not fully functional (Murry and Keller, 2008). Cardiomyocytes derived from human iPSCs have shown heterogeneous, yet immature phenotypes; therefore, our study sought to identify the transcriptional profiles that define the heterogeneity among human iPSC-CMs, and to further understand the molecular features that define the proliferation-maturation transition, a hallmark in the neonatal phase of heart development. In this study, we described single-cell transcriptomic profiles of human iPSC-CMs. We used the most commonly employed small molecule based WNT signaling modulation method, in combination with lactate treatment, to enrich cardiomyocytes at day 21 of differentiation but chose to increase the sequencing reads of individual cells (average of 248,470 per cell), with an outcome of 7,295 genes on average detected, which allowed us to characterize heterogeneity of these cells with greater detail. Using a mRNA splicing analysis and pseudotime trajectory, we built a developmental path between dynamically transcribed molecules and cardiomyocyte subpopulations. We also identified the maturity state of human iPSC-CMs by comparing our data to a reference map derived from in vivo fetal heart tissue.
By leveraging an unsupervised analysis, we were able to identify transcriptional heterogeneity that defined subpopulations of iPSC-CMs. Remarkably, in addition to cell type differences, the heterogeneity among cardiomyocyte subpopulations revealed two important features, namely, cell-cycle and maturity. Consistent with previous reports (DeLaughter et al., 2016; Cui et al., 2019; Li et al., 2019), cycling cardiomyocytes were clustered into a distinct population characterized by the expression of cardiomyocyte marker genes (including NKX2-5 and TNNT2) and cell-cycle marker genes. According to in vivo studies, early-stage cardiomyocytes, before E14.5 in mouse and 5-week’ gestation in human, are highly proliferative (DeLaughter et al., 2016; Cui et al., 2019). As genes that activate the cell cycle become inhibited during postnatal stages of heart development, cardiomyocytes become increasingly specialized to optimize contractile function by transcribing genes encoding myofibrillar and energy generating proteins.
We, along with others, have reported that, during in vivo heart development, cell-cycle exit proceeds in a stepwise fashion, accompanied by gradual increases in cardiomyocyte polyploidization and maturation until the adult stage is reached (Soonpaa et al., 1996; Murry and Keller, 2008; Bergmann et al., 2009; Mollova et al., 2013; Senyo et al., 2013; Han et al., 2020). To mimic this process in iPSC-CMs, we employed LMNB2 gene inactivation. Consistent with our previous in vivo findings, inactivation of the LMNB2 gene significantly decreased cell cycle (Figure 3D) and increased polyploidy in cardiomyocytes. The non-cycling cardiomyocytes were grouped into four closely related subpopulations that exhibited distinct transcriptional profiles representing continuous maturity. In those non-cycling cardiomyocyte populations, LMNB2 inactivation increases expression of genes associated with functional maturation from mitochondrial metabolism to myofibril organization (Figure 3), which are also supported by our experimental results (Figure 5). In addition, two independent trajectory analysis also indicate a higher level of maturity in LMNB2 KO cardiomyocytes (Figure 4). However, the molecular mechanisms that drive mitochondrial and myofibril maturity via LMNB2 gene inactivation required further investigation. Moreover, whether polyploidy contributes to the functional maturation needs further characterization. Interestingly, a recent work discovered that lamin B2 levels control nuclear pore numbers during cardiomyocyte maturation and subsequently alter nuclear import of signal proteins (Han et al., 2022). It provides a new perspective to further investigate whether the nuclear pore dynamics influence the gene transcription related to proliferation and cellular maturation of cardiomyocytes.
Integration of our dataset with scRNA-seq data from human fetal heart tissue revealed that iPSC-CMs mapped to fetal in vivo counterparts at high levels of similarity, a result that was anticipated because CMs in both sources are immature. However, although 81% of control iPSC-CMs corresponded to human fetal cells at week five of gestation, 60% of LMNB2 KO cardiomyocytes correlated with cells at later stages of fetal maturation in vivo. These results are suggestive of two opposing processes for which a balance must be achieved during advancement to adult stages, namely proliferation versus maturation. Previous studies using single-cell RNA-seq reported increased maturation of iPSC-CMs via strategies including prolonged in vitro differentiation, multilineage organoid culture, activation of hypertrophic signaling, and increased fatty acid metabolism (DeLaughter et al., 2016; Churko et al., 2018; Friedman et al., 2018; Biendarra-Tiegs et al., 2019; Funakoshi et al., 2021; Grancharova et al., 2021; Silva et al., 2021; Wickramasinghe et al., 2022). It is well established that iPSC-CMs are highly proliferative compared to their in vivo counterparts. Leveraging our recent mechanistic discovery that LMNB2 disruption inhibits cardiomyocyte mitotic progression, the findings reported here identified a direct link between cardiomyocyte proliferation and maturation via LMNB2. This work points to a possible new strategy for inducing cardiomyocyte maturation.
It is worthwhile to reiterate the specific function of B-type lamins in differentiation and tissue organization. Using single-cell RNAseq, we have confirmed that LMNB2 is not required to maintain pluripotency and iPSC proliferation. Interestingly, LMNB2 has been shown to play an essential role in mitosis and differentiation in neurons and cardiomyocytes (Coffinier et al., 2011; Kim et al., 2011; Gigante et al., 2017; Han et al., 2020). However, one discrepancy worth noting is the effect of inactivating the LMNB2 gene on the cell cycle in iPSC-CMs versus CMs in the in vivo mouse heart. Using cardiomyocyte-specific Cre recombinase (Myh6-cre or Tnnt2-cre) to inactivate LMNB2 in the mouse heart, we observed reduced numbers of cardiomyocytes expressing G2/M phase (mitosis) markers, leading to nuclear polyploidization (Han et al., 2020). By contrast, when the LMNB2 gene was depleted in iPSC-CMs (Figure 3D), G2/M phase as well as S phase cardiomyocytes were reduced. We speculate that the S phase reduction in iPSC-CMs results from the M-phase block that prevents subsequent cycling. Nonetheless, gene inactivation strategies and species differences may be factors contributing to this phenomenon. From a different perspective, this also implies that human iPSC-CMs are still immature and possess potential to undergo multiple cell cycles. This interpretation is consistent with evidence indicating that, in addition to its role organizing the nuclear envelope/lamina, a major function of LMNB2 is to regulate the mitotic machinery (Tsai et al., 2006).
In conclusion, these findings illustrate the value of using strategies to integrate with and utilize public single-cell and spatial transcriptomic datasets; here, we were able to map subtypes of human iPSC-CMs to developmental ages of human fetal heart tissue, enabling their assignment to defined anatomical positions and correlation with in-vivo cell types. Moreover, this study provides a detailed, multifaceted understanding of the cellular heterogeneity within human iPSC-CM populations, as well as the important finding that disruption of the gene encoding LMNB2 results in dynamic transcriptional alterations indicative of increased iPSC-CM maturity. Continuing efforts to understand developmental biology at the single-cell level will provide a tremendous knowledge base that will facilitate the generation homogeneous populations of mature, tissue-specific cells in the future.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/; PRJNA817077”.
AUTHOR CONTRIBUTIONS
LH designed the experiments. WM and AS performed the experiments. JW and WM analyzed the data. LH, JW, and TL directed the research and prepared and edited the manuscript. JL edited the manuscript.
FUNDING
This project was supported by American Heart Association (AHA) Career Development Awards 18CDA34110053, Advancing a Healthier Wisconsin Endowment (AHW)5520519, Michael Keelan Jr, MD, Research Foundation Fund, and HHI Innovation Funds awarded to LH; NIH 5R01HL131788 to JL.
ACKNOWLEDGMENTS
We thank Dan Roden for generously sharing a human iPS cell line CiPS001-013 (Vanderbilt University). We thank Yi Sheng for generously sharing the CRISPR plasmid (University of Pittsburgh). We thank Tracy Nelson for technical assistance (Medical College of Wisconsin Cardiovascular Center).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.895162/full#supplementary-material
REFERENCES
 Asp, M., Giacomello, S., Larsson, L., Wu, C., Furth, D., Qian, X., et al. (2019). A spatiotemporal organ-wide gene expression and cell atlas of the developing human heart. Cell 179 (7), 1647–1660. PubMed PMID: 31835037. doi:10.1016/j.cell.2019.11.025
 Becht, E., McInnes, L., Healy, J., Dutertre, C. A., Kwok, I. W. H., Ng, L. G., et al. (2018). Dimensionality reduction for visualizing single-cell data using UMAP. Nat. Biotechnol. 37, 38–44. Epub 20181203PubMed PMID: 30531897. doi:10.1038/nbt.4314
 Bergen, V., Lange, M., Peidli, S., Wolf, F. A., and Theis, F. J. (2020). Generalizing RNA velocity to transient cell states through dynamical modeling. Nat. Biotechnol. 38 (12), 1408–1414. Epub 20200803PubMed PMID: 32747759. doi:10.1038/s41587-020-0591-3
 Bergmann, O., Bhardwaj, R. D., Bernard, S., Zdunek, S., Barnabe-Heider, F., Walsh, S., et al. (2009). Evidence for cardiomyocyte renewal in humans. Science 324 (5923), 98–102. PubMed PMID: 19342590; PubMed Central PMCID: PMCPMC2991140. doi:10.1126/science.1164680
 Biendarra-Tiegs, S. M., Li, X., Ye, D., Brandt, E. B., Ackerman, M. J., and Nelson, T. J. (2019). 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. 28 (10), 659–673. Epub 20190417PubMed PMID: 30892143; PubMed Central PMCID: PMCPMC6534093. doi:10.1089/scd.2019.0030
 Brewer, S., Jiang, X., Donaldson, S., Williams, T., and Sucov, H. M. (2002). Requirement for AP-2alpha in cardiac outflow tract morphogenesis. Mech. Dev. 110 (1-2), 139–149. PubMed PMID: 11744375. doi:10.1016/s0925-4773(01)00579-2
 Chattergoon, N. N., Giraud, G. D., Louey, S., Stork, P., Fowden, A. L., and Thornburg, K. L. (2012). Thyroid hormone drives fetal cardiomyocyte maturation. FASEB J. 26 (1), 397–408. Epub 20111005PubMed PMID: 21974928; PubMed Central PMCID: PMCPMC3250248. doi:10.1096/fj.10-179895
 Chong, J. J., Yang, X., Don, C. W., Minami, E., Liu, Y. W., Weyers, J. J., et al. (2014). Human embryonic-stem-cell-derived cardiomyocytes regenerate non-human primate hearts. Nature 510 (7504), 273–277. Epub 20140430PubMed PMID: 24776797; PubMed Central PMCID: PMCPMC4154594. doi:10.1038/nature13233
 Churko, J. M., Garg, P., Treutlein, B., Venkatasubramanian, M., Wu, H., Lee, J., et al. (2018). Defining human cardiac transcription factor hierarchies using integrated single-cell heterogeneity analysis. Nat. Commun. 9 (1), 4906. Epub 20181121PubMed PMID: 30464173; PubMed Central PMCID: PMCPMC6249224. doi:10.1038/s41467-018-07333-4
 Coffinier, C., Jung, H. J., Nobumori, C., Chang, S., Tu, Y., Barnes, R. H., et al. (2011). Deficiencies in lamin B1 and lamin B2 cause neurodevelopmental defects and distinct nuclear shape abnormalities in neurons. Mol. Biol. Cell 22 (23), 4683–4693. Epub 20111005PubMed PMID: 21976703; PubMed Central PMCID: PMCPMC3226484. doi:10.1091/mbc.E11-06-0504
 Cui, Y., Zheng, Y., Liu, X., Yan, L., Fan, X., Yong, J., et al. (2019). Single-cell transcriptome analysis maps the developmental track of the human heart. Cell Rep. 26 (7), 1934–1950. e5PubMed PMID: 30759401. doi:10.1016/j.celrep.2019.01.079
 D'Uva, G., Aharonov, A., Lauriola, M., Kain, D., Yahalom-Ronen, Y., Carvalho, S., et al. (2015). ERBB2 triggers mammalian heart regeneration by promoting cardiomyocyte dedifferentiation and proliferation. Nat. Cell Biol. 17 (5), 627–638. Epub 20150406PubMed PMID: 25848746. doi:10.1038/ncb3149
 de Soysa, T. Y., Ranade, S. S., Okawa, S., Ravichandran, S., Huang, Y., Salunga, H. T., et al. (2019). Single-cell analysis of cardiogenesis reveals basis for organ-level developmental defects. Nature 572 (7767), 120–124. Epub 20190724PubMed PMID: 31341279; PubMed Central PMCID: PMCPMC6719697. doi:10.1038/s41586-019-1414-x
 DeLaughter, D. M., Bick, A. G., Wakimoto, H., McKean, D., Gorham, J. M., Kathiriya, I. S., et al. (2016). Single-cell resolution of temporal gene expression during heart development. Dev. Cell 39 (4), 480–490. Epub 20161110PubMed PMID: 27840107; PubMed Central PMCID: PMCPMC5198784. doi:10.1016/j.devcel.2016.10.001
 Doss, M. X., Di Diego, J. M., Goodrow, R. J., Wu, Y., Cordeiro, J. M., Nesterenko, V. V., et al. (2012). Maximum diastolic potential of human induced pluripotent stem cell-derived cardiomyocytes depends critically on I(Kr). PLoS One 7 (7), e40288. Epub 20120705PubMed PMID: 22815737; PubMed Central PMCID: PMCPMC3396384. doi:10.1371/journal.pone.0040288
 Friedman, C. E., Nguyen, Q., Lukowski, S. W., Helfer, A., Chiu, H. S., Miklas, J., et al. (2018). Single-cell transcriptomic analysis of cardiac differentiation from human PSCs reveals HOPX-dependent cardiomyocyte maturation. Cell Stem Cell 23 (4), 586–598. PubMed PMID: 30290179; PubMed Central PMCID: PMCPMC6220122. doi:10.1016/j.stem.2018.09.009
 Froese, A., Breher, S. S., Waldeyer, C., Schindler, R. F., Nikolaev, V. O., Rinne, S., et al. (2012). Popeye domain containing proteins are essential for stress-mediated modulation of cardiac pacemaking in mice. J. Clin. Invest. 122 (3), 1119–1130. Epub 20120222PubMed PMID: 22354168; PubMed Central PMCID: PMCPMC3287222. doi:10.1172/JCI59410
 Funakoshi, S., Fernandes, I., Mastikhina, O., Wilkinson, D., Tran, T., Dhahri, W., et al. (2021). Generation of mature compact ventricular cardiomyocytes from human pluripotent stem cells. Nat. Commun. 12 (1), 3155. Epub 20210526PubMed PMID: 34039977; PubMed Central PMCID: PMCPMC8155185. doi:10.1038/s41467-021-23329-z
 Gigante, C. M., Dibattista, M., Dong, F. N., Zheng, X., Yue, S., Young, S. G., et al. (2017). Lamin B1 is required for mature neuron-specific gene expression during olfactory sensory neuron differentiation. Nat. Commun. 8, 15098. Epub 20170420PubMed PMID: 28425486; PubMed Central PMCID: PMCPMC5411488. doi:10.1038/ncomms15098
 Gladka, M. M., Molenaar, B., de Ruiter, H., van der Elst, S., Tsui, H., Versteeg, D., et al. (2018). Single-cell sequencing of the healthy and diseased heart reveals cytoskeleton-associated protein 4 as a new modulator of fibroblasts activation. Circulation 138 (2), 166–180. Epub 20180131PubMed PMID: 29386203. doi:10.1161/CIRCULATIONAHA.117.030742
 Grancharova, T., Gerbin, K. A., Rosenberg, A. B., Roco, C. M., Arakaki, J. E., DeLizo, C. M., et al. (2021). A comprehensive analysis of gene expression changes in a high replicate and open-source dataset of differentiating hiPSC-derived cardiomyocytes. Sci. Rep. 11 (1), 15845. Epub 20210804PubMed PMID: 34349150; PubMed Central PMCID: PMCPMC8338992. doi:10.1038/s41598-021-94732-1
 Han, L., Choudhury, S., Mich-Basso, J. D., Ammanamanchi, N., Ganapathy, B., Suresh, S., et al. (2020). Lamin B2 levels regulate polyploidization of cardiomyocyte nuclei and myocardial regeneration. Dev. Cell 53 (1), 42–59. Epub 20200227PubMed PMID: 32109383; PubMed Central PMCID: PMCPMC7346764. doi:10.1016/j.devcel.2020.01.030
 Han, L., Li, Y., Tchao, J., Kaplan, A. D., Lin, B., Li, Y., et al. (2014). Study familial hypertrophic cardiomyopathy using patient-specific induced pluripotent stem cells. Cardiovasc. Res. 104 (2), 258–269. Epub 20140910PubMed PMID: 25209314; PubMed Central PMCID: PMCPMC4217687. doi:10.1093/cvr/cvu205
 Han, L., Mich-Basso, J. D., Li, Y., Ammanamanchi, N., Xu, J., Bargaje, A. P., et al. (2022). Changes in nuclear pore numbers control nuclear import and stress response of mouse hearts. Dev. Cell 57 (20), 2397–2411.e9. PubMed PMID: 36283391. doi:10.1016/j.devcel.2022.09.017
 Hirose, K., Payumo, A. Y., Cutie, S., Hoang, A., Zhang, H., Guyot, R., et al. (2019). Evidence for hormonal control of heart regenerative capacity during endothermy acquisition. Science 364 (6436), 184–188. Epub 20190307PubMed PMID: 30846611; PubMed Central PMCID: PMCPMC6541389. doi:10.1126/science.aar2038
 Horndasch, M., Lienkamp, S., Springer, E., Schmitt, A., Pavenstadt, H., Walz, G., et al. (2006). The C/EBP homologous protein CHOP (GADD153) is an inhibitor of Wnt/TCF signals. Oncogene 25 (24), 3397–3407. Epub 20060123PubMed PMID: 16434966. doi:10.1038/sj.onc.1209380
 Kim, K. H., Rosen, A., Bruneau, B. G., Hui, C. C., and Backx, P. H. (2012). Iroquois homeodomain transcription factors in heart development and function. Circ. Res. 110 (11), 1513–1524. PubMed PMID: 22628575. doi:10.1161/CIRCRESAHA.112.265041
 Kim, Y., Sharov, A. A., McDole, K., Cheng, M., Hao, H., Fan, C. M., et al. (2011). Mouse B-type lamins are required for proper organogenesis but not by embryonic stem cells. Science 334 (6063), 1706–1710. Epub 2011/11/26PubMed PMID: 22116031; PubMed Central PMCID: PMCPMC3306219. doi:10.1126/science.1211222
 La Manno, G., Soldatov, R., Zeisel, A., Braun, E., Hochgerner, H., Petukhov, V., et al. (2018). RNA velocity of single cells. Nature 560 (7719), 494–498. Epub 20180808PubMed PMID: 30089906; PubMed Central PMCID: PMCPMC6130801. doi:10.1038/s41586-018-0414-6
 Laflamme, M. A., and Murry, C. E. (2011). Heart regeneration. Nature 473 (7347), 326–335. PubMed PMID: 21593865; PubMed Central PMCID: PMCPMC4091722. doi:10.1038/nature10147
 Li, G., Tian, L., Goodyer, W., Kort, E. J., Buikema, J. W., Xu, A., et al. (2019). Single cell expression analysis reveals anatomical and cell cycle-dependent transcriptional shifts during heart development. Development 146 (12), dev173476. Epub 20190614PubMed PMID: 31142541; PubMed Central PMCID: PMCPMC6602356. doi:10.1242/dev.173476
 Li, G., Xu, A., Sim, S., Priest, J. R., Tian, X., Khan, T., et al. (2016). Transcriptomic profiling maps anatomically patterned subpopulations among single embryonic cardiac cells. Dev. Cell 39 (4), 491–507. Epub 20161110PubMed PMID: 27840109; PubMed Central PMCID: PMCPMC5130110. doi:10.1016/j.devcel.2016.10.014
 Lian, X., Hsiao, C., Wilson, G., Zhu, K., Hazeltine, L. B., Azarin, S. M., et al. (2012). Robust cardiomyocyte differentiation from human pluripotent stem cells via temporal modulation of canonical Wnt signaling. Proc. Natl. Acad. Sci. U. S. A. 109 (27), E1848–E1857. Epub 20120529PubMed PMID: 22645348; PubMed Central PMCID: PMCPMC3390875. doi:10.1073/pnas.1200250109
 Litvinukova, M., Talavera-Lopez, C., Maatz, H., Reichart, D., Worth, C. L., Lindberg, E. L., et al. (2020). Cells of the adult human heart. Nature 588 (7838), 466–472. Epub 20200924PubMed PMID: 32971526; PubMed Central PMCID: PMCPMC7681775. doi:10.1038/s41586-020-2797-4
 Lundy, S. D., Zhu, W. Z., Regnier, M., and Laflamme, M. A. (2013). Structural and functional maturation of cardiomyocytes derived from human pluripotent stem cells. Stem Cells Dev. 22 (14), 1991–2002. Epub 20130405PubMed PMID: 23461462; PubMed Central PMCID: PMCPMC3699903. doi:10.1089/scd.2012.0490
 Mollova, M., Bersell, K., Walsh, S., Savla, J., Das, L. T., Park, S. Y., et al. (2013). Cardiomyocyte proliferation contributes to heart growth in young humans. Proc. Natl. Acad. Sci. U. S. A. 110 (4), 1446–1451. Epub 20130109PubMed PMID: 23302686; PubMed Central PMCID: PMCPMC3557060. doi:10.1073/pnas.1214608110
 Murry, C. E., and Keller, G. (2008). Differentiation of embryonic stem cells to clinically relevant populations: Lessons from embryonic development. Cell 132 (4), 661–680. PubMed PMID: 18295582. doi:10.1016/j.cell.2008.02.008
 Nguyen, Q. H., Lukowski, S. W., Chiu, H. S., Senabouth, A., Bruxner, T. J. C., Christ, A. N., et al. (2018). Single-cell RNA-seq of human induced pluripotent stem cells reveals cellular heterogeneity and cell state transitions between subpopulations. Genome Res. 28 (7), 1053–1066. Epub 20180511PubMed PMID: 29752298; PubMed Central PMCID: PMCPMC6028138. doi:10.1101/gr.223925.117
 Pathak, P., Blech-Hermoni, Y., Subedi, K., Mpamugo, J., Obeng-Nyarko, C., Ohman, R., et al. (2021). Myopathy associated LDB3 mutation causes Z-disc disassembly and protein aggregation through PKCα and TSC2-mTOR downregulation. Commun. Biol 4 (1), 355. Epub 20210319PubMed PMID: 33742095; PubMed Central PMCID: PMCPMC7979776. doi:10.1038/s42003-021-01864-1
 Piroddi, N., Pesce, P., Scellini, B., Manzini, S., Ganzetti, G. S., Badi, I., et al. (2020). Myocardial overexpression of ANKRD1 causes sinus venosus defects and progressive diastolic dysfunction. Cardiovasc. Res. 116 (8), 1458–1472. PubMed PMID: 31688894. doi:10.1093/cvr/cvz291
 Purevjav, E., Varela, J., Morgado, M., Kearney, D. L., Li, H., Taylor, M. D., et al. (2010). Nebulette mutations are associated with dilated cardiomyopathy and endocardial fibroelastosis. J. Am. Coll. Cardiol. 56 (18), 1493–1502. PubMed PMID: 20951326; PubMed Central PMCID: PMCPMC2957670. doi:10.1016/j.jacc.2010.05.045
 Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., and Zhang, F. (2013). Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8 (11), 2281–2308. Epub 20131024PubMed PMID: 24157548; PubMed Central PMCID: PMCPMC3969860. doi:10.1038/nprot.2013.143
 Ronaldson-Bouchard, K., Ma, S. P., Yeager, K., Chen, T., Song, L., Sirabella, D., et al. (2018). Advanced maturation of human cardiac tissue grown from pluripotent stem cells. Nature 556 (7700), 239–243. Epub 20180404PubMed PMID: 29618819; PubMed Central PMCID: PMCPMC5895513. doi:10.1038/s41586-018-0016-3
 Ryan, A. K., Blumberg, B., Rodriguez-Esteban, C., Yonei-Tamura, S., Tamura, K., Tsukui, T., et al. (1998). Pitx2 determines left-right asymmetry of internal organs in vertebrates. Nature 394 (6693), 545–551. PubMed PMID: 9707115. doi:10.1038/29004
 Scuderi, G. J., and Butcher, J. (2017). Naturally engineered maturation of cardiomyocytes. Front. Cell Dev. Biol. 5, 50. Epub 20170505PubMed PMID: 28529939; PubMed Central PMCID: PMCPMC5418234. doi:10.3389/fcell.2017.00050
 Senyo, S. E., Steinhauser, M. L., Pizzimenti, C. L., Yang, V. K., Cai, L., Wang, M., et al. (2013). Mammalian heart renewal by pre-existing cardiomyocytes. Nature 493 (7432), 433–436. Epub 20121205PubMed PMID: 23222518; PubMed Central PMCID: PMCPMC3548046. doi:10.1038/nature11682
 Shi, Y., Inoue, H., Wu, J. C., and Yamanaka, S. (2017). Induced pluripotent stem cell technology: A decade of progress. Nat. Rev. Drug Discov. 16 (2), 115–130. Epub 20161216PubMed PMID: 27980341; PubMed Central PMCID: PMCPMC6416143. doi:10.1038/nrd.2016.245
 Silva, A. C., Matthys, O. B., Joy, D. A., Kauss, M. A., Natarajan, V., Lai, M. H., et al. (2021). Co-emergence of cardiac and gut tissues promotes cardiomyocyte maturation within human iPSC-derived organoids. Cell Stem Cell 28 (12), 2137–2152.e6. PubMed PMID: 34861147. doi:10.1016/j.stem.2021.11.007
 Soonpaa, M. H., Kim, K. K., Pajak, L., Franklin, M., and Field, L. J. (1996). Cardiomyocyte DNA synthesis and binucleation during murine development. Am. J. Physiol. 271 (2), H2183–H2189. PubMed PMID: 8945939. doi:10.1152/ajpheart.1996.271.5.H2183
 Tohyama, S., Hattori, F., Sano, M., Hishiki, T., Nagahata, Y., Matsuura, T., et al. (2013). Distinct metabolic flow enables large-scale purification of mouse and human pluripotent stem cell-derived cardiomyocytes. Cell Stem Cell 12 (1), 127–137. Epub 20121115PubMed PMID: 23168164. doi:10.1016/j.stem.2012.09.013
 Tsai, M. Y., Wang, S., Heidinger, J. M., Shumaker, D. K., Adam, S. A., Goldman, R. D., et al. (2006). A mitotic lamin B matrix induced by RanGTP required for spindle assembly. Science 311 (5769), 1887–1893. Epub 20060316PubMed PMID: 16543417. doi:10.1126/science.1122771
 Tzahor, E., and Poss, K. D. (2017). Cardiac regeneration strategies: Staying young at heart. Science 356 (6342), 1035–1039. Epub 20170608PubMed PMID: 28596337; PubMed Central PMCID: PMCPMC5614484. doi:10.1126/science.aam5894
 van den Berg, C. W., Okawa, S., Chuva de Sousa Lopes, S. M., van Iperen, L., Passier, R., Braam, S. R., et al. (2015). Transcriptome of human foetal heart compared with cardiomyocytes from pluripotent stem cells. Development 142 (18), 3231–3238. Epub 20150724PubMed PMID: 26209647. doi:10.1242/dev.123810
 Wang, L., Yu, P., Zhou, B., Song, J., Li, Z., Zhang, M., et al. (2020). Single-cell reconstruction of the adult human heart during heart failure and recovery reveals the cellular landscape underlying cardiac function. Nat. Cell Biol. 22 (1), 108–119. Epub 20200108PubMed PMID: 31915373. doi:10.1038/s41556-019-0446-7
 Warren, J. S., Tracy, C. M., Miller, M. R., Makaju, A., Szulik, M. W., Oka, S. I., et al. (2018). Histone methyltransferase Smyd1 regulates mitochondrial energetics in the heart. Proc. Natl. Acad. Sci. U. S. A. 115 (33), E7871-E7880. Epub 20180730PubMed PMID: 30061404; PubMed Central PMCID: PMCPMC6099878. doi:10.1073/pnas.1800680115
 Wickramasinghe, N. M., Sachs, D., Shewale, B., Gonzalez, D. M., Dhanan-Krishnan, P., Torre, D., et al. (2022). PPARdelta activation induces metabolic and contractile maturation of human pluripotent stem cell-derived cardiomyocytes. Cell Stem Cell 29 (4), 559–576.e7. Epub 20220323PubMed PMID: 35325615. doi:10.1016/j.stem.2022.02.011
 Xie, Z., Bailey, A., Kuleshov, M. V., Clarke, D. J. B., Evangelista, J. E., Jenkins, S. L., et al. (2021). Gene set knowledge discovery with enrichr. Curr. Protoc. 1 (3), e90. PubMed PMID: 33780170; PubMed Central PMCID: PMCPMC8152575. doi:10.1002/cpz1.90
 Zhong, L., Chiusa, M., Cadar, A. G., Lin, A., Samaras, S., Davidson, J. M., et al. (2015). Targeted inhibition of ANKRD1 disrupts sarcomeric ERK-GATA4 signal transduction and abrogates phenylephrine-induced cardiomyocyte hypertrophy. Cardiovasc. Res. 106 (2), 261–271. Epub 20150313PubMed PMID: 25770146; PubMed Central PMCID: PMCPMC4481572. doi:10.1093/cvr/cvv108
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.
Copyright © 2022 Wang, Morgan, Saini, Liu, Lough and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-895162-g005.gif





OPS/images/fcell-10-895162-g006.gif





OPS/images/fcell-10-895162-g003.gif





OPS/images/fcell-10-895162-g004.gif





OPS/images/fcell-10-895162-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Single-cell transcriptomic profiling reveals specific maturation signatures in human cardiomyocytes derived from LMNB2-inactivated induced pluripotent stem cells		Introduction

		Materials and methods		Human pluripotent stem cell cultures

		CRISPR-Cas9 knockout of LMNB2 in iPSCs

		Cardiomyocyte differentiation of human iPSCs

		Sub-culturing human iPSC-CMs

		Single-cell library preparation and sequencing

		Single-cell transcriptomic analysis

		RNA velocity analysis

		Pseudotime analysis

		Immunocytochemistry

		Measurement of mitotracker signal

		Sarcomere classification

		Quantification and statistical analyses

		Data and code availability





		Results		Single-cell transcriptomic analysis of human iPSCs and derived cardiomyocytes

		The LMNB2 gene is not required to maintain pluripotency and proliferation of iPSCs

		Cellular heterogeneity arises during cardiomyocyte differentiation

		LMNB2 is a key regulator of the proliferation-to-maturation transition in cardiomyocytes

		Transcriptional dynamics analysis reveals cardiomyocyte maturation paths

		LMNB2 gene inactivation improves sarcomere organization and increases mitochondrial mass

		Developmental age of human iPSC-CMs correlates with specific stages of human fetal heart

		Spatial transcriptional analysis reveals subtypes of iPSC-CMs





		Discussion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Cell and Developmental Biology

Single-cell transcriptomic
profiling reveals specific
maturation signatures in human
cardiomyocytes derived from
LMNBZ2-inactivated induced
pluripotent stem cells





OPS/images/fcell-10-895162-g001.gif
A

(Geneediting  Cardiomyocyle  scRNAweq  Bioinformatic.
) rereinion iy
e
Aumeziowses W umezcocus ™"
8 c
[ a— ow






OPS/images/fcell-10-895162-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





