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Summary 

Successful heart development depends on the careful orchestration of a network of transcription 

factors and signaling pathways. In recent years, the in vitro cardiac differentiation using human 

pluripotent stem cells (hPSCs) has been used to uncover the intricate gene network regulation 

involved in the proper formation and function of the human heart. Here, we searched for 

uncharacterized cardiac developmental genes by combining a temporal evaluation of the human 

cardiac specification in vitro with the analysis of fetal and adult heart tissue gene expression. 

We discovered that CARDEL (CARdiac DEvelopment Long non-coding RNA; LINC00890; 

SERTM2) expression coincides with the commitment to the cardiac lineage. CARDEL knockout 

hPSCs differentiated poorly in cardiac cells, and hPSC-derived cardiomyocytes showed faster 

beating rates after CARDEL controlled overexpression during differentiation. Altogether, we 

demonstrate physiological and molecular evidence that CARDEL expression contributes to 

sculpting the cardiac program during cell-fate commitment. 
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Introduction 

  

The delivery of oxygen and nutrients to the many tissues throughout the body is possible 

due to the function of a complex muscular organ, the heart. The function of the heart depends 

on the interplay of different cell types, including cardiomyocytes, smooth muscle cells, 

endothelial cells and cardiac fibroblasts (Meilhac and Buckingham, 2018; Spater et al., 2014). 

Cardiomyocytes are the fundamental work unit of the heart, which ensure contraction of the 

chambers and efficient blood flow. To make a specialized cardiomyocyte is a complex process. 

During embryonic development, the commitment to the cardiac lineage includes several steps 

that are regulated by a network of transcription factors and signaling pathways, which control 

the specification and maturation of cardiac cells (Meilhac and Buckingham, 2018; Olson, 2006; 

van Vliet et al., 2012). 

The cardiac tissue is mostly derived from the mesoderm layer, which is one of the three 

distinct germ layers specified from the embryo inner cell mass. Lineage-tracing and molecular 

profiling experiments have provided evidence that cardiovascular progenitors are specified early 

in development, mostly at the stage of mesoderm induction (Protze et al., 2019). Animal models 

have made important contributions to our knowledge of cardiac developmental events, 

especially those underlying the early genetic pathways (Evans et al., 2010). However, genomic 

differences among species that directly impact development regulation has become much 

clearer. Moreover, species differences in heart physiology, such as heart rate, calcium and 

potassium currents, and also the myosin composition, make modeling human diseases in mice 

challenging (Feng and Jin, 2018; Sadayappan et al., 2009; Su et al., 2003). The limited 

suitability of animal models to address human-specific aspects of development, disease and 
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therapy emphasizes the importance of human specific studies. In addition to the restricted 

access to human fetal-derived biological material, the advantages of using human 

cardiomyocyte-based platforms for drug discovery, predictive toxicology and cell therapy 

promoted the rapid implementation of human pluripotent stem cells (hPSC) differentiation 

protocols (Devalla and Passier, 2018; Hofbauer et al., 2021; Leitolis et al., 2019).  

The careful orchestration of several signaling pathways and regulatory genes is crucial 

for successful heart development and, therefore, deserve special attention as defects in these 

early cell fate decisions might contribute to congenital heart diseases or, in severe cases, 

stillbirth (Buijtendijk et al., 2020; van Vliet et al., 2012). One key advantage of in vitro cardiac 

differentiation experiments is to recapitulate key developmental events that become readily 

accessible to study. Associated with a variety of “omics” assays, it represents a powerful 

approach to uncover new players in cardiac specification. In this report, we describe the 

strategy to find and functionally characterize the cardiac developmental gene CARDEL 

(CARdiac DEvelopment Long non-coding RNA). We combined a temporal evaluation of the 

human cardiac specification in vitro with an analysis of fetal and adult heart tissue gene 

expression to search for uncharacterized genes. CARDEL knockout and controlled 

overexpression in hPSCs were accomplished using two distinct and independent cell lines. 

These complimentary approaches show that CARDEL is required for a successful cardiac 

specification as well as final cardiomyocyte physiological function, establishing CARDEL as a 

critical cardiac gene. 

 

 

Results  
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CARDEL is expressed during the human cardiac lineage specification 

  

Taking advantage of our previously published RNA-seq dataset (Pereira et al., 2018), we 

narrowed our search for cardiac developmental genes looking at the differentially expressed 

genes between mesoderm and cardiac progenitor (CP) stages in the in vitro differentiation (IVD) 

of hPSC. Analysis of publicly available RNA-seq of human fetal and normal adult heart tissues 

was also performed as a second step to limit the genes to those mainly expressed during heart 

development (Figure 1A). Genes that showed upregulation in CP cells (1354 genes, Table S1-

A) and were found as enriched in fetal heart tissues (3503 genes, Table S1-B) were considered 

potential candidates (intersection = 151 genes, Table S1-C). Among those genes are well-

known fetal-enriched genes, such as TNNI1, which is the fetal isoform expressed in cardiac and 

skeletal muscle during early development (Bedada et al., 2014). As our primary goal was to find 

novel and uncharacterized genes, Gene Ontology analysis was used to filter out genes 

assigned to known biological processes (Table S2). Following these criteria (Figures 1B and 

S1), we chose CARDEL, which had no prior cardiac link, to investigate its possible functional 

relevance in cardiac commitment (Figure 1C). 

CARDEL (LINC00890; SERTM2) was named for (CAR)diac (DE)velopment (L)ong non-

coding RNA. It is a transcript 4,612 nucleotides long that contains 3 exons and a 

polyadenylation sequence (Figure 1D). CARDEL is annotated in the latest Gencode version 

(GRCh38.p13) as a protein-coding gene, however, the coding potential of its short ORF still 

needs to be proven. Coding potential predicting algorithms, such as PhyloCSF and CPAT, 

classified CARDEL’s transcript as non-coding (Volders et al., 2019). On the other hand, the high 

conservation within its predicted coding sequence (CDS) is in favor of its annotation as protein-

coding. 
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To further validate our observations with the RNA-seq data, we tested additional adult 

heart tissue samples for CARDEL expression by RT-qPCR and found undetectable expression 

in those samples (Figure S1). In corroboration with these results, we also interrogated a recently 

published database of over 900 RNA-seq samples (D’Antonio et al., 2022), which showed that 

CARDEL was enriched expressed in fetal-like cells when compared to adult heart tissue. 

We therefore validated CARDEL expression in hPSC-derived cardiac lineage cells. We 

examined CARDEL temporal expression during cardiogenesis of both hESC and hiPSC, using 

one line of each (Figure 1E), and found that CARDEL expression coincides with cardiac lineage 

commitment, increasing from the cardiac mesoderm (D5) to cardiomyocytes (D15) (Figure 1F). 

Additional analysis of public ChIP-seq datasets (Paige et al., 2012) revealed an increase in the 

active chromatin marker H3K4me3 on CARDEL promoter during the IVD of hESC (Figure 1G), 

in agreement with the observed increase in expression in our data. Together, these results 

suggest that CARDEL is specifically expressed in early cardiac lineage cells. We therefore 

investigated the functional role of CARDEL during human cardiac specification. 

  

Cardiomyocyte differentiation and homeostasis were impaired in CARDELKO cells 

  

The functional activity of a genomic locus can be investigated at several levels: 1) DNA, 

such as regulatory sequences (e.g., promoters and enhancers); 2) RNA, as in non-coding roles 

either in cis or trans; or 3) protein. Considering that the CARDEL locus is uncharacterized to 

date, we first aimed to assess if CARDEL transcribed sequence was necessary for cardiac 

specification. To this end, we established two CARDEL knock-out (CARDELKO) lines (H1 hESC 

and IPRN13.13 hiPSC) using CRISPR/Cas9 technology (Figure 2A). Cleavage in both gRNA 

target sequences could be detected by PCR using primers up and downstream to those 
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sequences (KO-F/R), as well as internal primers (WT-F/R) (Figure 2A-B). CARDELKO lines 

showed normal karyotypes, typical pluripotent colonies, and expression of pluripotent genes, 

indicating that the lack of CARDEL expression does not affect pluripotency or genome stability 

(Figures 2C and S2). In addition, depletion of CARDEL expression was confirmed by RT-qPCR 

when CARDELKO cells were submitted to the cardiac IVD (Figure S2). 

Strikingly, CARDELKO hiPSC-derived cells did not beat as expected and showed very 

low cTnT positive cells when compared to wild-type (WT) hiPSC-derived cells (Figure 2D). 

Additionally, CARDELKO hESC-derived cells showed a decreased beating rate, but very similar 

cTnT positive cells (Figure 2E). It is worth noting that the baseline beating rate and cTnT 

positive yield in each hiPSC or hESC WT lines are different (Figure 2D-E), and the lower 

capacity of deriving cardiac cells from our parental hiPSC WT could explain the more striking 

deleterious phenotypes in these engineered cells. The lack or decrease of beating areas in the 

KO differentiating cells indicates that the absence of CARDEL expression impaired the 

cardiomyogenic differentiation of hPSC and suggests that CARDEL is essential for the success 

of cardiogenic commitment. 

  

Overexpression of CARDEL improves hPSC cardiomyogenic differentiation and alters 

cardiomyocyte functional properties 

  

The hypothesis of CARDEL playing an essential role in cardiogenic specification led us 

to evaluate whether its controlled overexpression (OE) during differentiation would affect final 

cardiac lineage yield, especially in our parental hiPSC line that usually shows a poor cardiac 

yield. Thus, doxycycline-inducible pluripotent cell lines were established (iCARDELOE hESC and 

hiPSC) to express the CARDEL transcript containing its 3 exons (Figure 3A). The engineered 
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cells showed normal karyotypes and CARDEL expression was confirmed by RT-qPCR after 

doxycycline induction (Figure S3). We tested different windows of induction and measured cTnT 

positive cells as an output quantification. Interestingly, final cardiomyocyte yield was negatively 

affected in many tested conditions but one. One possible explanation could be that CARDEL 

expression has to be carefully controlled during cellular differentiation, and exogenous CARDEL 

placed at the wrong time negatively affects the cardiogenic commitment. iCARDELOE hiPSCs 

submitted to the cardiomyogenic IVD and induced expression from day 5 to day 10 (D5-10) 

showed increased number of cTnT positive cells and a larger fraction of beating area when 

compared to non-induced cells (Figure 3C). Curiously, endogenous CARDEL expression starts 

increasing at the cardiac mesoderm stage at day 5 (Figure 1F), and the induction from D5-10 

mimics its physiological timeline (Figure 3B). These results clearly indicate an improvement in 

the cardiac differentiation efficiency as an effect of CARDEL overexpression. On the other 

hand, iCARDELOE hESC-derived cardiomyocytes did not show significant differences in beating 

areas or cTnT positive cells when induced with doxycycline. This might have happened because 

is more difficult to see improvement over the high cardiomyocyte yield (up to 80%) that non-

induced hESCs usually have (Figure 3D). Moreover, both iCARDELOE hiPSC- and hESC-

derived cardiomyocytes showed faster beating rates when compared to the non-induced control 

(Figure 3E-F, Video S1-2). Together, these results strongly suggest that overexpression of 

CARDEL during cardiomyocyte specification can improve the final differentiation output and 

alter functional properties of those cells. 

  

CARDEL expression contributes to physiological and molecular changes during 

cardiomyocyte differentiation 
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Since we observed an impressive increase in the beating rate of iCARDELOE 

cardiomyocytes, we further explored their functional properties. Whole cell patch clamp assays 

in iCARDELOE hPSC-derived cardiomyocytes were performed. After induction with doxycycline 

from D5-10, both iCARDELOE hiPSC- and hESC-derived cardiomyocytes showed altered action 

potential (AP) profiles and overall longer action potential duration (APD) in induced cells. The 

APD at 90% of repolarization (APD90) of the ventricular type of cells was 476.6 ± 22.8 ms in -

DOX and 1169.0 ± 129.4 ms in +DOX for iCARDELOE hiPSC, and 571.0 ± 21.5 ms in -DOX and 

775.3 ± 36.9 ms in +DOX for iCARDELOE hESC (Figure 3G-H). Regarding each cardiomyocyte 

subtype, iCARDELOE hiPSC-derived atrial and nodal cells also showed increased APD90; and 

ventricular and nodal cells showed decreased maximum upstroke velocity (dV/dtmax), suggesting 

altered contractility properties. iCARDELOE hESC-derived ventricular and atrial cells showed 

alterations in the AP amplitude (Figure S3).  

To better understand the phenotypic alterations observed after induction of CARDEL 

during differentiation, we performed RNA-seq of polysome-bound RNAs from iCARDELOE 

cardiac progenitors at day 10 and cardiomyocytes at day 15 under control and induced 

conditions. Compared to non-induced control cells, 195 genes were upregulated and 516 

downregulated on day 10. On day 15, 393 genes were upregulated and 522 were 

downregulated (Figure 4A and Table S3). Accounted together, a larger number of differentially 

expressed genes were downregulated in induced (+DOX) conditions. However, Genome 

Ontology (GO) analysis of these sets of genes showed more general terms related to 

morphogenesis and development. Interestingly, upregulated genes in either day 10 and 15 were 

related to many cardiac specific GO terms, such as “regulation of heart contraction”, “cardiac 

conduction”, “cardiac muscle tissue development” and “heart development” (Figure 4B). Some 

genes assigned in these terms are depicted in heatmaps for comparison of expression level 

between the four conditions analyzed (Figure 4C-D). Cluster analysis shows that the expression 
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levels of many genes upregulated in day 15 +DOX are more similar to day 10 +DOX than to 

non-induced cells in day 15 (Figure 4C). This suggests that CARDEL overexpression modulates 

the cardiac molecular profile strongly enough to differ either early (day 10) and late (day 15) 

cardiomyocytes from those non-induced. Among the upregulated genes, critical cardiac 

development transcription factors, such as NXK2-5 and IRX3 can be found. Also, an extensive 

list of myosins and sarcomere structural proteins appeared as upregulated in +DOX 

cardiomyocytes, including MYH6, MYH7, MYL3, TNNT2 and TNNC1. Genes related to cardiac 

signaling and homeostasis were also upregulated in these cells, as the hormone atrial 

natriuretic peptide (NPPA) and the protease corin (CORIN), which converts the pro-atrial 

natriuretic peptide to its biologically active form (Figure 4D).  

These results provide robust evidence that CARDEL overexpression during cardiac 

lineage commitment alters cardiomyogenic differentiation at both physiological and molecular 

levels, contributing to the distinct phenotype observed and suggesting a role for this gene in 

heart contraction homeostasis during development. 

 

 

Discussion 

  

In this report, we showed that CARDEL expression is tightly controlled in differentiating 

cells and plays a crucial role in the physiology of derived cardiomyocytes. 

In vitro cardiac differentiation of stem cells is an important tool for the study of heart 

developmental mechanisms (Hartman et al., 2016). Studies using hPSC have led the way to 

understanding how gene expression is controlled during human development as the access to 

fetal-derived biological material is very limited. Analysis of mammalian stem cell transcriptomes 
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during in vitro cardiomyocyte differentiation revealed thousands of differentially expressed 

genes, which are tightly and timely controlled (Fu et al., 2018; den Hartogh et al., 2016; Kurian 

et al., 2015; Li et al., 2015; Pereira et al., 2019; Tompkins et al., 2016; Xu et al., 2009). 

However, while a huge set of biological data has been generated by high throughput 

approaches, the lack of functional characterization hampers reliable identification of genes 

correlated with specific biological processes. Considering that functional annotation is critical to 

integrate and analyze complex biological data (Uchida et al., 2009), the characterization of 

critical developmental players contributes to countless fields, such as the comprehension of 

heart congenital diseases and the application of cellular and genetic therapies in regenerative 

approaches.  

Here, our main goal was to find and functionally characterize a cardiac developmental 

gene. Combining a temporal evaluation of the human cardiac specification and tissue 

expression, we develop a strategy to search for genes exclusively expressed during 

differentiation. Our stringent approach found CARDEL as one very interesting candidate based 

on its robust expression in independent and distinct in vitro differentiation protocols and cell 

lines (Figure 1). As an uncharacterized gene, we chose a wider genetic approach to begin with 

its functional characterization. The deletion of its entire locus, including all exons and introns but 

excluding its promoter region, showed that CARDEL is required for a good cardiac output after 

differentiation (Figure 2). The importance of noncoding DNA elements (e.g., enhancers and 

insulators) in a specific locus is not clearly discriminated from the importance of the RNA 

transcript itself or the act of transcription in a deletion-based knockout strategy (Kopp and 

Mendell, 2018; Nakagawa, 2016). For this reason, we performed an unbiased and independent 

analysis of the biological consequence of CARDEL transcript expression. Using a drug inducible 

system to temporally control CARDEL expression, we showed that the CARDEL transcript 
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comprising its 3 exons, when expressed from a completely independent locus, was able to 

promote cardiomyocyte differentiation and phenotype (Figures 3 and 4). 

CARDEL annotation shows high inter-species conservation in a predicted coding 

sequence (CDS), which classifies it as a protein-coding gene. However, its coding potential still 

needs to be proved. The stringent and arbitrary criteria traditionally used for prediction of 

protein-coding open reading frames (ORFs), e.g., 300 nucleotides or 100 amino acids as a size 

cutoff and AUG start codon, have led to misannotation of many RNAs that contain small ORFs 

and potentially encode micropeptides (Hartford and Lal, 2020; Yeasmin et al., 2018). Also, 

detection sensitivity and limited database for spectra search in mass spectrometry approaches 

have always represented challenges for the identification of small peptides. Recent and 

emerging advancements in bioinformatics, proteomics and transcriptomics have made the 

identification of new potential small ORFs possible, including in the heart (Abascal et al., 2020; 

van Heesch et al., 2019; Housman and Ulitsky, 2016; Mackowiak et al., 2015; Wang et al., 

2017). To date, no peptide derived from CARDEL locus has been identified and biologically 

characterized. Additionally, the presence of an ORF does not necessarily mean that the 

transcript is being translated. For instance, the LINC00261 was found as dynamically regulated 

during pancreatic differentiation of stem cells, being predominantly cytosolic and associated with 

ribosomes based on ribosome profiling data (Gaertner et al., 2020). However, disruption of each 

of LINC00261’s seven identified ORFs excluded the requirement of the derived peptides and 

suggested that it is the RNA that is involved in the differentiation. Myosin heavy chain 7b 

(MYH7b) is also an interesting example of a locus encoding several potential active molecules: 

the protein myosin, a miRNA and a lncRNA. However, in the heart, the locus does not produce 

a protein due to an exon-skipping mechanism. It was recently shown that it is the lncRNA that 

has a regulatory role affecting the transcriptional landscape of human cardiomyocytes, 

independent of the miRNA (Broadwell et al., 2021). 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 19, 2023. ; https://doi.org/10.1101/2023.02.19.529122doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529122
http://creativecommons.org/licenses/by-nd/4.0/


 13

Many studies have found lncRNAs as critical players during the cardiac development 

(Devaux et al., 2015; Kurian et al., 2015; Li et al., 2017; Lopez-Pajares, 2016; Pereira et al., 

2020). Braveheart, Fendrr and Carmn are examples of lncRNA already functionally described, 

which loss of expression was associated with a significant impairment of heart development 

(Grote et al., 2013; Klattenhoff et al., 2013; Ounzain et al., 2015). Therefore, CARDEL’s RNA 

could be acting in a non-coding mechanism. Nevertheless, CARDEL gene product is shown 

here as developmentally expressed and required for cardiac specification, which likely acts in 

trans. CARDEL overexpression in hiPSC showed a remarkable improvement in the final cardiac 

output (Fig 3). Additionally, the most consistent observed phenotype was the increase in the 

beating rate, which occurred in both cell lines studied. CARDEL overexpressing cells also 

showed increased APD90 and upregulation of many heart contraction genes, such as cardiac 

ion channels and sarcomere structural genes. The development of mature sarcomeres and 

sarcoplasmic reticulum allow faster and efficient contraction, leading to better electric coupling 

of cardiomyocytes (Buijtendijk et al., 2020). Therefore, these results suggest that, beyond 

improving differentiation, CARDEL is also acting in cardiomyocyte physiological and functional 

properties. 

Cardiac hypertrophy is a pathological process that is accompanied by molecular 

changes that resemble those observed during cardiac development (Dirkx et al., 2013). In 

addition, arrhythmia is usually associated with cardiac hypertrophy and other cardiac conditions. 

It is important to note that CARDEL was found enriched in fetal tissue and cardiac 

developmental staged cells (Figure 1), as well as its overexpression caused an increase in the 

cardiomyocyte beating rates (Figure 3). A systematic study using RNA-seq data from 28 

hypertrophic cardiomyopathy patients and 9 healthy donors identified CARDEL as upregulated 

in diseased tissues (Gao et al., 2020). On the other hand, other studies comparing human left 

ventricles of dilated or ischemic cardiomyopathy patients did not find CARDEL among the 
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differentially expressed genes. So, it is possible that CARDEL expression can be related to 

certain cardiac diseases, but this association remains inconclusive. 

While further research is still needed to clarify the exact molecular mechanisms 

underlying our observations, this study adds a new piece to the intricate gene network regulated 

during the cardiac commitment. Ultimately, this effort enhances our knowledge about human 

development and helps to overcome the remaining challenges to understand and treat heart 

diseases.  

 

 

Experimental procedures 

 

Resource availability 

Corresponding author 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Dr. Isabela T. Pereira (isaabelaa@gmail.com). 

 

Materials availability 

Plasmids generated in this study are available upon request. 

 

Data and code availability 
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RNA-Seq data generated in this study have been deposited in the NCBI Sequence Read 

Archive under accession number PRJNA926378 and are publicly available as of the date of 

publication.  

This paper does not report original code. 

Any additional information required to reanalyze the data reported in this paper is available from 

the lead contact upon request. 

 

Method details 

Cell culture and cardiomyocyte differentiation 

H1 hESC line and IPRN13.13 iPSC line are male and present normal karyotypes. Cells were 

cultured on Matrigel-coated dishes using either mTeSR-1 or TeSR-E8 medium (Stem Cell 

Technologies). The medium was replaced daily until cells get 70-80% confluence. Cells were 

maintained in a 37°C, 5% CO2 incubator.  

Both cell lines were submitted to a protocol based on (Lian et al., 2012), with a few 

modifications. Briefly, 5 x 105 cells/well were seeded in Matrigel-coated 12-well plate in mTeSR-

1 + 10 uM Y27632; this time point corresponds to day − 3 of differentiation. The medium was 

replaced with 2 ml of mTeSR-1 per well on days -2 and -1. On day 0, 2 ml of RPMI/B-27 minus 

insulin medium supplemented with 12 µM CHIR99021 were added in each well. After 24 h (day 

1), the medium was replaced with 2 ml of RPMI/B-27 minus insulin. On day 3 of differentiation, 1 

ml of conditioned medium from the well was mixed with 1 ml of fresh RPMI/B-27 minus insulin 

medium and supplemented with 10 uM XAV939 to be replaced in the well. On day 5, the 

medium was replaced with 2 ml of fresh RPMI/B-27 minus insulin; and on day 7, day 10 and day 

13 the medium was replaced with 2 ml of RPMI/B-27. When maintained until day 30 of 

differentiation, the medium was replaced with RPMI/B-27 every 3-4 days. Beating areas were 
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expected around day 10. In the doxycycline-inducible lines, 1 ug/ml doxycycline was added on 

day 5 and day 7 to complete a day 5 to 10 induction. 

Beating areas were recorded using AxioVs40 V4.8.2.0 on an inverted microscope (Carl Zeiss 

MicroImaging), from two distinct areas within the same well, three wells per differentiation 

replicate, three (hiPSC) or two (hESC) differentiation replicates in total. Beating area and rate 

were quantified using Motion Tracking software (Huebsch et al., 2015).  

 

Doxycycline-inducible expressing and knock-out lines 

For the doxycycline-inducible expressing lines, CARDEL sequence (4.5 kb) was amplified from 

the DKFZp686D0853 clone (gift from Dr. S. Weimann, German Cancer Research Center, 

Germany) and cloned into the pDONOR221 vector, and then into the AAVS1-TRE-GW-rtTA 

vector through Gateway methodology. hPSCs were transfected using 600 ng of AAVS1-TRE-

GW-CARDEL-rtTA construct, 200 ng of ZFN(R) and ZFN(L), for the insertion of the doxycycline-

inducible system into the AAVS1 locus. Positive transfected cells were selected with 0.2 µg/ml 

puromycin for 7 days and single-colony cloned. Doxycycline-inducible expression was 

confirmed by RT-qPCR. 

For the knock-out lines, two guide RNAs were designed neighboring the CARDEL locus and 

were cloned into the pSpCas9(BB)-2A-RFP vector. hPSCs were transfected using 500 ng of 

each construct. Mutated colonies were screened by PCR after single-colony cloning. 

Genotyping was performed using genomic DNA and primers for the CARDEL internal sequence 

(WT-F: GCTGGGCAGGAACCTTACAA, WT-R: TGTTTGAGCCGAAGGAGCAT; detection of 

780 bp wild-type allele) and for the CARDEL neighboring sequences (KO-F: 

GGGCCTTTGACTACAAATGGAT, KO-R: GCAGAGGAATGTGGAAGGCT; detection of 514 bp 

deleted allele and 10.500 bp wild-type allele). 
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Karyotype 

The new derived cell lines were seeded in 6-well plates and incubated with 0.32 ug/ml 

colchicine for 90 min when reached 90% confluence. After washing with 1X PBS, cells were 

incubated with 1X PBS for 10 min at 37 ºC and then detached using a scraper. Then, cells were 

collected and centrifuged at 800 xg for 5 min. The cell pellet was resuspended in 57 mM KCl for 

10 min incubation at 37ºC. Cells were then fixed using a solution containing 75% methanol and 

25% acetic acid for 10 min at -20ºC, followed by two rounds of washes in a solution of 66,6% 

methanol and 33,3% acetic acid. Fixed cells were used to prepare slides and karyotype 

analysis. 

  

Flow cytometry 

hPSC-derived cardiomyocytes were dissociated using trypsin-EDTA (0.05%) and fixed using 

4% paraformaldehyde and 90% methanol. Fixed cells were incubated with 0.5% PBS/BSA, 

0.1% Triton-X and 1:100 primary antibodies for cTnT (cardiac isoform Ab-1 mouse, Thermo 

Scientific™, cat. #MS-295-P0). After washing, cells were incubated with 0.5% PBS/BSA, 0.1% 

Triton-X and 1:1000 secondary antibodies. Analyses were carried out using a FACSCanto II 

flow cytometer and FlowJo software. 

  

RNA isolation and RT-qPCR 

Total RNA of cells in distinct time-points of differentiation was isolated using TRIreagent (Sigma-

Aldrich) according to manufacturer’s instructions. cDNA synthesis was performed using 

ImProm-IITM Reverse Transcriptional System (A3800 - Promega) with 1 ug of RNA and RT-

qPCR reactions were performed using GoTaq® qPCR Master Mix (A6002 - Promega). Analyses 
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were carried out in the QuantStudioTM 5 Real-Time PCR System. GAPDH or POLR2A 

expression was used as an endogenous control. 

  

Whole cell patch clamp 

Action potentials from day 30 cardiomyocytes were measured using the whole-cell patch clamp 

technique in current clamp mode at room temperature. Pipettes (2-3 MΩ) were filled with a 

pipette solution containing (in mM): NaCl 5, KCl 150, CaCl2 2, HEPES 10, EGTA 5, MgATP 5 

(adjusted to pH 7.2 with KOH).  The bath solution will consist of (in mM): NaCl 150, KCl 5.4, 

CaCl2 1.8, MgCl2 1, HEPES 15, glucose 15 (adjusted to pH 7.4 with NaOH). All 

electrophysiological measurements were carried out with an Axopatch 200B amplifier and Axon 

Digitata 1320A A/D converter driven by a pCLAMP system (Digidata A/D and D/A boards and 

pCLAMP 9.2, Molecular Devices, Sunnyvale, CA).  Data were analyzed with Clampfit. All 

records were filtered with cutoff frequencies designed to avoid aliasing and were digitized at 

speeds at least five times the filter cutoff frequency, generally 2 kHz and 10 kHz, respectively. 

The APs were recorded under pulses of 3 ms in duration, 1.2-fold the threshold intensity at a 

stimulation rate of 0.5 Hz.  Analog and P/4 methods were used for leak and capacity transient 

cancellation.  Series resistance was partially compensated by feedback circuitry. 

 

RNA-seq and data analysis 

RNA-seq data of in vitro cardiac differentiation was previously generated by our group (Pereira 

et al., 2018) and is available at NCBI Sequence Read Archive, accession number SRP150416. 

RNA-seq data heart tissues were acquired from European Nucleotide Archive (ENA) 

(http://www.ebi.ac.uk/ena). Accession numbers for adult heart tissue data: ERR315356, 

ERR315430, ERR315367 and ERR315331. Project number for fetal heart tissue data: 
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PRJEB27811 (Pervolaraki et al., 2018). Quality control, read mapping, and quantification was 

performed using nf-core/rnaseq (v. 3.8.1) pipeline. Reads were mapped to hg38/GRCh38 and 

quantified with Salmon using the Gencode v38 annotation. Significantly differentially expressed 

genes were calculated using DESeq2 (v.1.24.0) (Love et al., 2014) with an adjusted p-value 

cutoff of 0.05 and log2FoldChange cutoff of 2. 

RNA-seq data of CARDEL overexpression was generated using iCARDELOE hiPSC cell line in 

control (-DOX) and induced (+DOX, 1 ug/ml doxycycline was added on day 5 and day 7 to 

complete a day 5 to 10 induction) conditions. Quality assessment and trimming of reads was 

done with FastQC and Trim Galore (v.0.4.0) (Krueger). Reads were mapped to hg38/GRCh38 

with HISAT2 (v.2.1.0) (Kim et al., 2015) and counted with HTSeq (v.0.11.1) (Anders et al., 

2015). Significantly differentially expressed genes were calculated with DESeq2 (v.1.24.0) (Love 

et al., 2014) with an adjusted p-value cutoff of 0.05 and log2FoldChange cutoff of 1.5. 

Normalization of reads by RPKM was performed with edgeR (v.3.40.0) (Robinson et al., 2010). 

ChIP-seq data is described in Paige et al., 2012 and is available at Gene Expression Omnibus 

under accession number GSE35583. BigWig files were retrieved from ENCODE (ENCODE4 

v1.5.1 GRCh38 processed data). 

Gene Ontology (GO) analysis was performed using gProfiler (Raudvere et al., 2019). 

 

Data and statistical analysis 

Graphed data are expressed as mean ± SD. Statistical analysis was performed with Prism 8.0 

software (GraphPad Software). For comparison between multiple groups, a one-way ANOVA 

followed by Dunnett’s multiple comparison test was performed as appropriate. Comparisons 

between two mean values were performed with a Student’s unpaired t-test. A p-value of less 

than 0.05 was considered statistically significant. For RNA-seq data, DESeq2 (v.1.24.0) (Love et 
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al., 2014) was used for statistical analysis with an adjusted p-value less than 0.05 considered 

significant. Patch clamp data recording was performed by a collaborator who was blinded to the 

experimental conditions.  

 

Acknowledgements 

We would like to thank Dr Paul J. Gadue from University of Pennsylvania, USA, for kindly 

sharing the ZFN expression vectors and AAVS1 targeting construct. We also would like to thank 

all the staff of the Carlos Chagas Institute (FIOCRUZ-PR) for the laboratory and administrative 

support. This work was supported by CNPq: National Center of Science and Technology for 

Regenerative Medicine/REGENERA grant 465656/2014-5, CNPq PROEP/ICC grant 

442353/2019-7, CAPES grant INCT-REGENERA 88887.136364/2017-00, and NIH grants 

1R56HL162208 and R01-HL134791. I.T.P., R.G. and A.H. received fellowships from CAPES 

and B.D. from CNPq. 

 

Author contributions 

I.T.P., S.S.K.S., M.K. and B.D. developed concept and designed experiments. I.T.P., R.G., M.L. 

and H.A.N.S. performed the experiments. I.T.P. and A.H. performed the bioinformatic analyses. 

S.C.D. coordinated patch-clamp experiments. M.K. and B.D. supervised all aspects of the 

project. I.T.P. wrote the manuscript. All authors read and approved the final manuscript. 

 

Declaration of interests 

The authors declare no competing interests 

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 19, 2023. ; https://doi.org/10.1101/2023.02.19.529122doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529122
http://creativecommons.org/licenses/by-nd/4.0/


 21

 

References 

 

Abascal, F., Acosta, R., Addleman, N.J., Adrian, J., Afzal, V., Aken, B., Akiyama, J.A., Jammal, 

O. al, Amrhein, H., Anderson, S.M., et al. (2020). Expanded encyclopaedias of DNA elements in 

the human and mouse genomes. Nature 583, 699–710. https://doi.org/10.1038/s41586-020-

2493-4. 

Anders, S., Pyl, P.T., and Huber, W. (2015). HTSeq-A Python framework to work with high-

throughput sequencing data. Bioinformatics 31, 166–169. 

https://doi.org/10.1093/bioinformatics/btu638. 

Bedada, F.B., Chan, S.S.K., Metzger, S.K., Zhang, L., Zhang, J., Garry, D.J., Kamp, T.J., Kyba, 

M., and Metzger, J.M. (2014). Acquisition of a quantitative, stoichiometrically conserved 

ratiometric marker of maturation status in stem cell-derived cardiac myocytes. Stem Cell 

Reports 3, 594–605. https://doi.org/10.1016/j.stemcr.2014.07.012. 

Broadwell, L.J., Smallegan, M.J., Rigby, K.M., Navarro-Arriola, J.S., Montgomery, R.L., Rinn, 

J.L., and Leinwand, L.A. (2021). Myosin 7b is a regulatory long noncoding RNA (lncMYH7b) in 

the human heart. Journal of Biological Chemistry 296. https://doi.org/10.1016/j.jbc.2021.100694. 

Buijtendijk, M.F.J., Barnett, P., and Hoff, M.J.B. (2020). Development of the human heart. Am J 

Med Genet C Semin Med Genet 184, 7–22. https://doi.org/10.1002/ajmg.c.31778. 

D’Antonio, M., Nguyen, J.P., Arthur, T.D., Matsui, H., Donovan, M.K.R., D’Antonio-Chronowska, 

A., and Frazer, K.A. (2022). In heart failure reactivation of RNA-binding proteins is associated 

with the expression of 1,523 fetal-specific isoforms. PLoS Comput Biol 18, e1009918. 

https://doi.org/10.1371/journal.pcbi.1009918. 

Devalla, H.D., and Passier, R. (2018). Cardiac differentiation of pluripotent stem cells and 

implications for modeling the heart in health and disease. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 19, 2023. ; https://doi.org/10.1101/2023.02.19.529122doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529122
http://creativecommons.org/licenses/by-nd/4.0/


 22

Devaux, Y., Zangrando, J., Schroen, B., Creemers, E.E., Pedrazzini, T., Chang, C.P., Dorn, 

G.W., Thum, T., and Heymans, S. (2015). Long noncoding RNAs in cardiac development and 

ageing. Nat Rev Cardiol 12, 415–425. https://doi.org/10.1038/nrcardio.2015.55. 

Dirkx, E., da Costa Martins, P.A., and de Windt, L.J. (2013). Regulation of fetal gene expression 

in heart failure. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 1832, 2414–

2424. https://doi.org/10.1016/j.bbadis.2013.07.023. 

Evans, S.M., Yelon, D., Conlon, F.L., and Kirby, M.L. (2010). Myocardial lineage development. 

Circ Res 107, 1428–1444. https://doi.org/10.1161/CIRCRESAHA.110.227405. 

Feng, H.Z., and Jin, J.P. (2018). A protocol to study ex vivo mouse working heart at human-like 

heart rate. J Mol Cell Cardiol 114, 175–184. https://doi.org/10.1016/j.yjmcc.2017.11.011. 

Fu, K., Nakano, H., Morselli, M., Chen, T., Pappoe, H., Nakano, A., and Pellegrini, M. (2018). A 

temporal transcriptome and methylome in human embryonic stem cell-derived cardiomyocytes 

identifies novel regulators of early cardiac development. Epigenetics 13, 1013–1026. 

https://doi.org/10.1080/15592294.2018.1526029. 

Gaertner, B., van Heesch, S., Schneider-Lunitz, V., Schulz, J.F., Witte, F., Blachut, S., Nguyen, 

S., Wong, R., Matta, I., Hübner, N., et al. (2020). A human ESC-based screen identifies a role 

for the translated lncRNA LINC00261 in pancreatic endocrine differentiation. Elife 9, 1–34. 

https://doi.org/10.7554/elife.58659. 

Gao, J., Collyer, J., Wang, M., Sun, F., and Xu, F. (2020). Genetic Dissection of Hypertrophic 

Cardiomyopathy with Myocardial RNA-Seq. Int J Mol Sci 21, 3040. 

https://doi.org/10.3390/ijms21093040. 

Grote, P., Wittler, L., Hendrix, D., Koch, F., Währisch, S., Beisaw, A., Macura, K., Bläss, G., 

Kellis, M., Werber, M., et al. (2013). The Tissue-Specific lncRNA Fendrr Is an Essential 

Regulator of Heart and Body Wall Development in the Mouse. Dev Cell 24, 206–214. 

https://doi.org/10.1016/j.devcel.2012.12.012. 

Hartford, C.C.R., and Lal, A. (2020). When Long Noncoding Becomes Protein Coding. Mol Cell 

Biol 40, 1–11. https://doi.org/10.1128/mcb.00528-19. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 19, 2023. ; https://doi.org/10.1101/2023.02.19.529122doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529122
http://creativecommons.org/licenses/by-nd/4.0/


 23

Hartman, M.E., Dai, D.F., and Laflamme, M.A. (2016). Human pluripotent stem cells: Prospects 

and challenges as a source of cardiomyocytes for in vitro modeling and cell-based cardiac 

repair. Adv Drug Deliv Rev 96, 3–17. https://doi.org/10.1016/j.addr.2015.05.004. 

den Hartogh, S.C., Wolstencroft, K., Mummery, C.L., and Passier, R. (2016). A comprehensive 

gene expression analysis at sequential stages of in vitro cardiac differentiation from isolated 

MESP1-expressing-mesoderm progenitors. Sci Rep 6. https://doi.org/10.1038/srep19386. 

van Heesch, S., Witte, F., Schneider-Lunitz, V., Schulz, J.F., Adami, E., Faber, A.B., Kirchner, 

M., Maatz, H., Blachut, S., Sandmann, C.L., et al. (2019). The Translational Landscape of the 

Human Heart. Cell 178, 242-260.e29. https://doi.org/10.1016/j.cell.2019.05.010. 

Hofbauer, P., Jahnel, S.M., and Mendjan, S. (2021). In vitro models of the human heart. 

Development (Cambridge) 148. https://doi.org/10.1242/dev.199672. 

Housman, G., and Ulitsky, I. (2016). Methods for distinguishing between protein-coding and 

long noncoding RNAs and the elusive biological purpose of translation of long noncoding RNAs. 

Biochim Biophys Acta Gene Regul Mech 1859, 31–40. 

https://doi.org/10.1016/j.bbagrm.2015.07.017. 

Huebsch, N., Loskill, P., Mandegar, M.A., Marks, N.C., Sheehan, A.S., Ma, Z., Mathur, A., 

Nguyen, T.N., Yoo, J.C., Judge, L.M., et al. (2015). Automated video-based analysis of 

contractility and calcium flux in human-induced pluripotent stem cell-derived cardiomyocytes 

cultured over different spatial scales. Tissue Eng Part C Methods 21, 467–479. 

https://doi.org/10.1089/ten.tec.2014.0283. 

Kim, D., Langmead, B., and Salzberg, S.L. (2015). HISAT: A fast spliced aligner with low 

memory requirements. Nat Methods 12, 357–360. https://doi.org/10.1038/nmeth.3317. 

Klattenhoff, C.A., Scheuermann, J.C., Surface, L.E., Bradley, R.K., Fields, P.A., Steinhauser, 

M.L., Ding, H., Butty, V.L., Torrey, L., Haas, S., et al. (2013). Braveheart, a long noncoding RNA 

required for cardiovascular lineage commitment. Cell 152, 570–583. 

https://doi.org/10.1016/j.cell.2013.01.003. 

Kopp, F., and Mendell, J.T. (2018). Functional Classification and Experimental Dissection of 

Long Noncoding RNAs. Cell 172, 393–407. https://doi.org/10.1016/j.cell.2018.01.011. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 19, 2023. ; https://doi.org/10.1101/2023.02.19.529122doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529122
http://creativecommons.org/licenses/by-nd/4.0/


 24

Krueger, F. TrimGalore. 

Kurian, L., Aguirre, A., Sancho-Martinez, I., Benner, C., Hishida, T., Nguyen, T.B., Reddy, P., 

Nivet, E., Krause, M.N., Nelles, D.A., et al. (2015). Identification of novel long noncoding RNAs 

underlying vertebrate cardiovascular development. Circulation 131, 1278–1290. 

https://doi.org/10.1161/CIRCULATIONAHA.114.013303. 

Leitolis, A., Robert, A.W., Pereira, I.T., Correa, A., Stimamiglio, M.A., Carr, C., and Robert, A.W. 

(2019). Cardiomyogenesis Modeling Using Pluripotent Stem Cells: The Role of 

Microenvironmental Signaling. Front Cell Dev Biol 7, 1–20. 

https://doi.org/10.3389/fcell.2019.00164. 

Li, Y., Lin, B., and Yang, L. (2015). Comparative Transcriptomic Analysis of Multiple 

Cardiovascular Fates from Embryonic Stem Cells Predicts Novel Regulators in Human 

Cardiogenesis. Sci Rep 5. https://doi.org/10.1038/srep09758. 

Li, Y., Zhang, J., Huo, C., Ding, N., Li, J., Xiao, J., Lin, X., Cai, B., Zhang, Y., and Xu, J. (2017). 

Dynamic Organization of lncRNA and Circular RNA Regulators Collectively Controlled Cardiac 

Differentiation in Humans. EBioMedicine 24, 137–146. 

https://doi.org/10.1016/j.ebiom.2017.09.015. 

Lian, X., Zhang, J., Azarin, S.M., Zhu, K., Hazeltine, L.B., Bao, X., Hsiao, C., Kamp, T.J., and 

Palecek, S.P. (2012). Directed cardiomyocyte differentiation from human pluripotent stem cells 

by modulating Wnt/β-catenin signaling under fully defined conditions. Nat Protoc 8, 162–175. 

https://doi.org/10.1038/nprot.2012.150. 

Lopez-Pajares, V. (2016). Long non-coding RNA regulation of gene expression during 

differentiation. Pflugers Arch 468, 971–981. https://doi.org/10.1007/s00424-016-1809-6. 

Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and 

dispersion for RNA-seq data with DESeq2. Genome Biol 15. https://doi.org/10.1186/s13059-

014-0550-8. 

Mackowiak, S.D., Zauber, H., Bielow, C., Thiel, D., Kutz, K., Calviello, L., Mastrobuoni, G., 

Rajewsky, N., Kempa, S., Selbach, M., et al. (2015). Extensive identification and analysis of 

conserved small ORFs in animals. Genome Biol 16, 1–21. https://doi.org/10.1186/s13059-015-

0742-x. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 19, 2023. ; https://doi.org/10.1101/2023.02.19.529122doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529122
http://creativecommons.org/licenses/by-nd/4.0/


 25

Meilhac, S.M., and Buckingham, M.E. (2018). The deployment of cell lineages that form the 

mammalian heart. Nat Rev Cardiol 15, 705–724. https://doi.org/10.1038/s41569-018-0086-9. 

Nakagawa, S. (2016). Lessons from reverse-genetic studies of lncRNAs. Biochim Biophys Acta 

Gene Regul Mech 1859, 177–183. https://doi.org/10.1016/j.bbagrm.2015.06.011. 

Olson, E.N. (2006). Gene Regulatory Networks in the Evolution and Development of the Heart. 

Science (1979) 313, 1922–1927. https://doi.org/10.1126/science.1132292. 

Ounzain, S., Micheletti, R., Beckmann, T., Schroen, B., Alexanian, M., Pezzuto, I., Crippa, S., 

Nemir, M., Sarre, A., Johnson, R., et al. (2015). Genome-wide profiling of the cardiac 

transcriptome after myocardial infarction identifies novel heart-specific long non-coding RNAs. 

Eur Heart J 36, 353–368. https://doi.org/10.1093/eurheartj/ehu180. 

Paige, S.L., Thomas, S., Stoick-Cooper, C.L., Wang, H., Maves, L., Sandstrom, R., Pabon, L., 

Reinecke, H., Pratt, G., Keller, G., et al. (2012). A temporal chromatin signature in human 

embryonic stem cells identifies regulators of cardiac development. Cell 151, 221–232. 

https://doi.org/10.1016/j.cell.2012.08.027. 

Pereira, I.T., Spangenberg, L., Robert, A.W., Amorín, R., Stimamiglio, M.A., Naya, H., and 

Dallagiovanna, B. (2018). Polysome profiling followed by RNA-seq of cardiac differentiation 

stages in hESCs. Sci Data 5, 1–11. https://doi.org/10.1038/sdata.2018.287. 

Pereira, I.T., Spangenberg, L., Robert, A.W., Amorín, R., Stimamiglio, M.A., Naya, H., and 

Dallagiovanna, B. (2019). Cardiomyogenic differentiation is fine-tuned by differential mRNA 

association with polysomes. BMC Genomics 20, 1–16. https://doi.org/10.1186/s12864-019-

5550-3. 

Pereira, I.T., Spangenberg, L., Cabrera, G., and Dallagiovanna, B. (2020). Polysome-associated 

lncRNAs during cardiomyogenesis of hESCs. Mol Cell Biochem 468, 35–45. 

https://doi.org/10.1007/s11010-020-03709-7. 

Pervolaraki, E., Dachtler, J., Anderson, R.A., and Holden, A. v. (2018). The developmental 

transcriptome of the human heart. Sci Rep 8, 15362. https://doi.org/10.1038/s41598-018-33837-

6. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 19, 2023. ; https://doi.org/10.1101/2023.02.19.529122doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529122
http://creativecommons.org/licenses/by-nd/4.0/


 26

Protze, S.I., Lee, J.H., and Keller, G.M. (2019). Human Pluripotent Stem Cell-Derived 

Cardiovascular Cells: From Developmental Biology to Therapeutic Applications. Cell Stem Cell 

25, 311–327. https://doi.org/10.1016/j.stem.2019.07.010. 

Raudvere, U., Kolberg, L., Kuzmin, I., Arak, T., Adler, P., Peterson, H., and Vilo, J. (2019). 

G:Profiler: A web server for functional enrichment analysis and conversions of gene lists (2019 

update). Nucleic Acids Res 47, W191–W198. https://doi.org/10.1093/nar/gkz369. 

Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: A Bioconductor package for 

differential expression analysis of digital gene expression data. Bioinformatics 26, 139–140. 

https://doi.org/10.1093/bioinformatics/btp616. 

Sadayappan, S., Gulick, J., Klevitsky, R., Lorenz, J.N., Sargent, M., Molkentin, J.D., and 

Robbins, J. (2009). Cardiac Myosin Binding Protein-C Phosphorylation in a β-Myosin Heavy 

Chain Background. Circulation 119, 1253–1262. 

https://doi.org/10.1161/CIRCULATIONAHA.108.798983. 

Spater, D., Hansson, E.M., Zangi, L., and Chien, K.R. (2014). How to make a cardiomyocyte. 

Development 141, 4418–4431. https://doi.org/10.1242/dev.091538. 

Su, Z., Li, F., Spitzer, K.W., Yao, A., Ritter, M., and Barry, W.H. (2003). Comparison of 

sarcoplasmic reticulum Ca2+-ATPase function in human, dog, rabbit, and mouse ventricular 

myocytes. J Mol Cell Cardiol 35, 761–767. https://doi.org/10.1016/S0022-2828(03)00119-6. 

Tompkins, J.D., Jung, M., Chen, C. yi, Lin, Z., Ye, J., Godatha, S., Lizhar, E., Wu, X., Hsu, D., 

Couture, L.A., et al. (2016). Mapping Human Pluripotent-to-Cardiomyocyte Differentiation: 

Methylomes, Transcriptomes, and Exon DNA Methylation “Memories.” EBioMedicine 4, 74–85. 

https://doi.org/10.1016/j.ebiom.2016.01.021. 

Uchida, S., Schneider, A., Wiesnet, M., Jungblut, B., Zarjitskaya, P., Jenniches, K., Kreymborg, 

K. grosse, Seeger, W., and Braun, T. (2009). An integrated approach for the systematic 

identification and characterization of heart-enriched genes with unknown functions. BMC 

Genomics 10, 100. https://doi.org/10.1186/1471-2164-10-100. 

van Vliet, P., Wu, S.M., Zaffran, S., and Pucéat, M. (2012). Early cardiac development: A view 

from stem cells to embryos. Cardiovasc Res 96, 352–362. https://doi.org/10.1093/cvr/cvs270. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 19, 2023. ; https://doi.org/10.1101/2023.02.19.529122doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.19.529122
http://creativecommons.org/licenses/by-nd/4.0/


 27

Volders, P.J., Anckaert, J., Verheggen, K., Nuytens, J., Martens, L., Mestdagh, P., and 

Vandesompele, J. (2019). Lncipedia 5: Towards a reference set of human long non-coding rnas. 

Nucleic Acids Res 47, D135–D139. https://doi.org/10.1093/nar/gky1031. 

Wang, J., Samuels, D.C., Zhao, S., Xiang, Y., Zhao, Y.Y., and Guo, Y. (2017). Current research 

on non-coding ribonucleic acid (RNA). Genes (Basel) 8. https://doi.org/10.3390/genes8120366. 

Xu, X.Q., Soo, S.Y., Sun, W., and Zweigerdt, R. (2009). Global Expression Profile of Highly 

Enriched Cardiomyocytes Derived from Human Embryonic Stem Cells. Stem Cells 27, 2163–

2174. https://doi.org/10.1002/stem.166. 

Yeasmin, F., Yada, T., and Akimitsu, N. (2018). Micropeptides encoded in transcripts previously 

identified as long noncoding RNAs: A new chapter in transcriptomics and proteomics. Front 

Genet 9, 1–10. https://doi.org/10.3389/fgene.2018.00144. 

  

 

 

 

Figure titles and legends 

 

Figure 1. CARDEL is specifically expressed during the human cardiac specification. (A) RNA-

seq analysis of mesoderm versus cardiac progenitor (CP) cells during cardiac IVD, and fetal 

versus adult heart tissues. Volcano plots show differentially expressed genes for each 

comparison: downregulated in blue, upregulated in red (padj < 0.05, -2 ≥ log2FC ≥ 2). (B) 

Schematic representation of the criteria used to find cardiac developmental genes candidates. 

(C) CARDEL expression in mesoderm and cardiac progenitor cells during cardiac IVD (left), and 

in fetal and adult heart tissues (right). TPM: transcripts per million.  (D) Schematic 

representation of CARDEL’s gene locus at chromosome X showing its 3 exons and predicted 

coding sequence (CDS) position. Scale bar 2 kb. (E) Cardiac IVD protocol used to differentiate 
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cardiomyocytes from hiPSC or hESC. The time of collection of differentiating cells for analysis is 

indicated in days. (F) CARDEL expression measured by RT-qPCR in differentiating cells from 

hiPSC or hESC. Mean with SD; One-way ANOVA followed by Dunnett’s multiple comparisons 

test. Each column compared with D0, *p < 0.05, ***p < 0.001. (G) ChIP-seq analysis of the 

active chromatin marker H3K4me3 (Paige et al., 2012) on CARDEL gene locus during cardiac 

IVD. 

 

Figure 2. Cardiomyocyte differentiation and homeostasis were impaired in CARDELKO cells. (A) 

Schematic representation of the strategy used to knock-out CARDEL from hiPSC and hESC 

using CRISPR-Cas9. Positions of the gRNAs for Cas9 directed cleavage and of the oligos for 

confirmation PCR are indicated, as well as the expected fragment size. (B) PCR of genomic 

DNA confirming the knock-out on CARDEL locus in hiPSC and hESC. (C) Colony morphology 

of CARDELKO cells depicting pluripotency maintenance (top), and normal karyotype (bottom). 

(D, E) CARDELKO hiPSC- (D) and hESC-derived (E) cardiomyocytes beating rate (left) and 

quantification of cTnT positive cells by flow cytometry. Bpm: beats per minute. Mean with SD; 

Student’s unpaired t test analysis: ***p < 0.001, ****p < 0.0001. 

 

Figure 3. CARDEL overexpression improves hPSC cardiomyogenic differentiation and alters 

cardiomyocyte functional properties. (A) Schematic representation of dox-inducible system 

knock-in on AAVS1 locus. (B) Cardiac IVD protocol used to differentiate cardiomyocytes from 

dox-inducible iCARDELOE cells. The time is indicated in days. (C, D) iCARDELOE hiPSC- (C) 

and hESC-derived (D) cardiomyocytes differentiated in control (-DOX) or induced (+DOX) 

conditions. Representative images of the intensity of beating areas according to the heatmap 

scale in the bottom (left). Quantification of beating areas (center). Quantification of cTnT positive 

cells by flow cytometry (right). (E, F) Representative plots of beating frequency (left) and 
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quantification of beating rate in iCARDELOE hiPSC- (E) and hESC-derived (F) cardiomyocytes 

differentiated in control (-DOX) or induced (+DOX) conditions. (G, H) Action potential profiles in 

iCARDELOE (G) hiPSC- and (H) hESC-derived ventricular cardiomyocytes in control (-DOX) or 

induced (+DOX) conditions. Mean with SD; Student’s unpaired t test analysis: * p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001. 

 

Figure 4. CARDEL contributes to molecular changes during cardiomyocyte differentiation. (A) 

RNA-seq analysis of iCARDELOE hiPSC-derived cardiomyocytes differentiated in control (-DOX) 

or induced (+DOX) conditions. Volcano plots show differentially expressed genes for -DOX 

versus +DOX: upregulated in red, downregulated in blue (padj < 0.05, -1.5 ≥ log2FC ≥ 1.5). (B) 

Genome Ontology (GO) analysis of upregulated (red) and downregulated (blue) sets of genes. 

Five most representative GO terms are shown. (C) Heatmap and cluster of upregulated genes 

in D15. (D) Heatmap of upregulated genes in D15 related to specific GO terms as indicated. 

Values are plotted as log2 of normalized counts by DESeq2. 

 

Data S1. Differential expression analysis of (A) mesoderm versus cardiac progenitor cells in the 

IVD of hPSCs, and (B) fetal versus adult heart tissues. Results from DESeq2 analysis of RNA-

seq data. Each comparison table contains gene_id, gene_name, log2FoldChange between 

sample groups and adjusted p values. (C) List of candidate genes. The table contains gene_id 

and gene_name of genes in the intersection between enriched in cardiac progenitors and 

enriched in fetal heart tissues. Related to Figure 1. 

 

Data S2. (A) Gene Ontology analysis of list of candidates from Data S1-C. The table contains 

the output from gProfiler GO analysis with “term_name” for GO category and “intersections” for 
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genes present in the dataset. (B) Filtered candidate genes list. The table contains gene_id and 

gene_name of genes from Data S1-C not assigned to GO categories. Related to Figure 1. 

 

Data S3. Differential expression analysis of iCARDELOE hiPSC-derived cardiomyocytes 

differentiated in control (-DOX) versus induced (+DOX) conditions at (A) D10 and (B) D15. 

Results from DESeq2 analysis of RNA-seq data. The table contains gene_id, gene_name, 

log2FoldChange between sample groups, adjusted p values and normalized counts. Related to 

Figure 4. 

 

Video S1. iCARDELOE hiPSC-derived cardiomyocytes differentiated in control (-DOX) conditions 

at D15. 

 

Video S2. iCARDELOE hiPSC-derived cardiomyocytes differentiated in induced (+DOX) 

conditions at D15. 
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