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Abstract: (1) Background: The contribution of gene-specific variants for congenital heart disease,
one of the most common congenital disabilities, is still far from our complete understanding. Here,
we applied a disease model using human-induced pluripotent stem cells (hiPSCs) to evaluate the
function of DAND5 on human cardiomyocyte (CM) differentiation and proliferation. (2) Methods:
Taking advantage of our DAND5 patient-derived iPSC line, we used CRISPR-Cas9 gene-editing to
generate a set of isogenic hiPSCs (DAND5-corrected and DAND5 full-mutant). The hiPSCs were
differentiated into CMs, and RT-qPCR and immunofluorescence profiled the expression of cardiac
markers. Cardiomyocyte proliferation was analysed by flow cytometry. Furthermore, we used a multi-
electrode array (MEA) to study the functional electrophysiology of DAND5 hiPSC-CMs. (3) Results:
The results indicated that hiPSC-CM proliferation is affected by DAND5 levels. Cardiomyocytes
derived from a DAND5 full-mutant hiPSC line are more proliferative when compared with gene-
corrected hiPSC-CMs. Moreover, parallel cardiac differentiations showed a differential cardiac
gene expression profile, with upregulated cardiac progenitor markers in DAND5-KO hiPSC-CMs.
Microelectrode array (MEA) measurements demonstrated that DAND5-KO hiPSC-CMs showed
prolonged field potential duration and increased spontaneous beating rates. In addition, conduction
velocity is reduced in the monolayers of hiPSC-CMs with full-mutant genotype. (4) Conclusions: The
absence of DAND5 sustains the proliferation of hiPSC-CMs, which alters their electrophysiological
maturation properties. These results using DAND5 hiPSC-CMs consolidate the findings of the in vitro
and in vivo mouse models, now in a translational perspective. Altogether, the data will help elucidate
the molecular mechanism underlying this human heart disease and potentiates new therapies for
treating adult CHD.

Keywords: DAND5; cardiomyocyte proliferation; congenital heart disease; disease modelling

1. Introduction

Human-induced pluripotent stem cells (hiPSCs) from a patient basis are considered a
powerful resource for investigating human diseases [1]. Heart disease is a leading cause
of premature death or lifelong disabilities in our days [2]. Either adult heart dysfunction
caused by coronary vascular disease, arterial hypertension, or congenital heart disease
(CHD) contributes to this worldwide health threat [3,4].

Heart formation is a complex molecular developmental process, comprising a conflu-
ence of multiple pathways and thoroughly sensitive to alterations in key gene dosage [5–9].
Indeed, in the past decade, a multitude of next-generation sequencing studies have been ex-
ploring the relationship between genes, gene variants, the expression of these genes and the
potential causal link to clinical outcomes when deregulated [7,10–13]. Overall, the genetic
architecture of CHD is being disclosed [12]. But these include the key genes and pathways
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defined as crucial for the formation and function of the heart, like the TGF-β/Nodal and
the WNT/β-catenin signalling pathways [12,14]. However, the casualty of specific gene
variants of these pathways in heart disease is still beyond elucidation [15,16].

DAND5 is an extracellular protein that regulates TGF-β/Nodal signalling [17]. This
Cerberus/DAN antagonist prevents agonist-receptor interaction by direct binding to the lig-
and NODAL and/or to NODAL (co)receptors suppressing subsequent signalling activation.
Moreover, DAND5 is among the multivalent Cerberus/Dan family members that are also
able to bind and inhibit BMP and WNT ligands [17]. In mice, Dand5 loss-of-function leads
to an increased mitotic index of the cardiomyocytes at the compact myocardium, thicken-
ing the walls of ventricles causing cardiac dysfunction [18–20]. Moreover, DAND5 was
assigned as a molecule involved in cardiomyocyte proliferation/differentiation. Reduced
DAND5 levels lead to prolonged TGF-β/Nodal and Wnt/β-catenin signalling during
mouse embryonic stem cell cardiomyocyte differentiation, increasing cardiovascular pro-
genitors’ number and extending their progenitor state [21].

Regardless, in a genetic screening conducted to understand the role of DAND5 in
the aetiology of congenital heart disease, a DAND5 c.455G/A non-synonymous variant
was identified in patients displaying an array of CHD [22]. This non-synonymous variant
is localised in the functional domain of the protein (p.R152H), significantly reducing the
regular NODAL-inhibitory activity of DAND5 [22].

The differentiation of hiPSCs towards cardiac lineages has become a routine but ro-
bust procedure in many laboratories worldwide [23–25]. Combined with CRISPR-Cas9
gene-editing technology, it is possible to generate a panoply of isogenically matched sets
of either patient-derived or healthy and gene-edited cell lines for disease modelling [26].
Here, we made use of our available set of patient-derived hiPSCs lines, NMSUNLi001-A
(DAND5-Var) [27] and NMSUNLi00 3 (DAND5-C) [28], bearing the DAND5 c.455G/A
variant and the isogenic repaired control to study DAND5 activity during cardiomyocyte
differentiation, respectively. Our first results indicated that DAND5-Var hiPSC line had
limitations to efficiently study the impact of DAND5 on human cardiomyocyte prolifera-
tion, mainly at latter stages of differentiation. We then successfully generated a DAND5
full-mutant hiPSC line using CRISPR/Cas9 genome-editing technology. By testing the
proliferation, gene expression profile and functional electrophysiology, we demonstrate
that DAND5 inactivation promotes the generation of more proliferative but electrophysio-
logically competent iPSCs-derived cardiomyocytes. In conclusion, these findings may be
used to explore new therapeutic compounds for treating adult CHD.

2. Materials and Methods
2.1. Human Induced Pluripotent Stem Cell (hiPSC) Maintenance and Gene-Editing

The hiPSC lines were cultured as described previously [29]. Briefly, cells were grown
on six-well plates coated with hESC-Qualified Geltrex (Thermo Fisher Scientific, Waltham,
MA, USA) in Essential 8 Medium (Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C
in a humidified atmosphere (95% air, 5% CO2). The medium was daily renewed, and
cells were passaged using TrypLE Select (Thermo Fisher Scientific, Waltham, MA, USA)
upon reaching 85% confluence. Three isogenic hiPSC lines were used in the experiments:
The NMSUNLi001-A (DAND5-Var) which carries a DAND5 heterozygous c.455G>A non-
synonymous variant in the functional domain of DAND5 protein (p.R152H) [27]; the
NMSUNLi00 3 (DAND5-C) which is an isogenic hiPSC line with homozygous correction of
the c.455G>A alteration in the DAND5 gene [28]; and the DAND5-full knockout (DAND5-
KO) hiPSC line (generated here). Using CRISPR/Cas9, a stop codon triad into DAND5
signal peptide region was introduced by homology-directed repair (HDR) as carried out
previously for the generation of the isogenic-corrected NMSUNLi003 cell line [28]. Thus,
using CRISPR design web tool in crispr.mit.edu, a specific sgRNA was designed and
cloned into pCAG-SpCas9-GFP-U6-gRNA plasmid (Addgene #79144). Then, a total of
1.0 × 106 cells were co-nucleofected with 2 µg of the resulting plasmid, and 1 µL of 100 µM
ssODN using Neon transfection system (Thermo Fisher Scientific, Waltham, MA, USA),
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following the manufacturer’s instructions, and cultured in StemFlex Medium (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with RevitaCell Supplement at a 1X
final concentration (Thermo Fisher Scientific, Waltham, MA, USA), at 37 ◦C in a humidified
atmosphere (95% air, 5% CO2). After additional 2 days, the cells were sorted by FACS and
plated at single-cell density into 96-well plates. Clones were screened by sequencing of
amplicons spanning the target site of DAND5 gene exon 1. The positive iPSC clones were
expanded and fully characterised as described in [27–29]. Karyotype analysis was performed
using GTG high-resolution chromosome banding technique at 400–500 band resolution, and
30 metaphases were analysed (service performed by GenoMed, Diagnósticos de Medicina
Molecular, SA, Lisboa, Portugal).

2.2. Differentiation of hiPSCs into Human Cardiomyocytes

hiPSC-CMs were generated using a robust 2D monolayer differentiation protocol
described elsewhere [30], with the adjustments described in [31]. Briefly, ~2 × 105 undiffer-
entiated cells were dissociated and re-plated into 12-well plates coated with hESC-Qualified
Geltrex (Thermo Fisher Scientific, Waltham, MA, USA). Cells were cultured in Essential 8
Medium (Thermo Fisher Scientific, Waltham, MA, USA) to 80% cell confluence, and then
treated for 24 h with 12 µM CHIR99021, 100 ng/mL Activin A and 270 µM of Ascorbic
Acid in RPMI supplemented with B27 serum without Insulin (Thermo Fisher Scientific,
Waltham, MA, USA), to induce CM differentiation. On day 1, cells were placed in RPMI +
B27 serum without insulin, supplemented with 270 µM of ascorbic acid and 5 µM IWP4.
On day 3, the medium was replaced by RPMI + B27 serum without insulin supplemented
with 5 µM IWP4. On day 6, cells were removed from treatment and placed on RPMI + B27
without insulin. Finally, from day 7 of differentiation onward, cells were placed in RPMI +
B27 serum with insulin, renewed every two-three days until further analysis. Spontaneous
beating could be observed from day 8 to 10, consistent with cardiac cell differentiation.

2.3. Flow Cytometry

To analyse cardiomyocyte proliferation, newly synthesised DNA was labelled by
incubating differentiated cells with EdU for 17 h. EdU detection was performed using
Click-iT EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions and then incubated with antibodies for cTNT2
at 4 ◦C for 30 min. Relative fluorescence intensity of cells was detected by Becton Dickinson
FACSCanto II (BD Biosciences, Franklin Lakes, NJ, USA), and a minimum of 30,000 events
were acquired for each condition. Analysis of the data was performed using FlowJo v10
software (BD Biosciences, Franklin Lakes, NJ, USA).

2.4. Quantitative Real-Time PCR (RT-qPCR)

Total RNA isolation from undifferentiated hiPSCs and hiPSC-CMs, at several days
of differentiation, was done using TRI Reagent® (Sigma, St. Louis, MI, USA) and the
Direct-zolTM RNA MiniPrep Kit (Zymo Research, Irvine, CA, USA) according to the
manufacturer’s instructions. The quantity and quality of RNA samples were assessed using
a spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific, Waltham, MA, USA). Only
samples with 260/280 nm and 260/230 nm ratios equal or superior to 2.0 were considered.
cDNA strands were synthesised through reverse transcription reaction using RevertAid
Reverse Transcriptase, Oligo (dT) primers, RiboLock RNase Inhibitor and dNTP (Thermo
Fisher Scientific, Waltham, MA, USA). Amplification and fluorescent quantification were
obtained on an ABI QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA), using a SensiFAST SYBR Lo-ROX mix (BIOLINE, London, UK),
and primers listed in Table S1. RT-qPCR reactions were performed in triplicate. Relative
quantification of expression was performed using the ddCt method [32], normalised to
GAPDH and β-ACTIN.
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2.5. Fluorescent Immunocytochemistry

Undifferentiated or differentiated hiPSCs were fixed in 4% paraformaldehyde, incu-
bated with primary antibodies (diluted in 1x PBS, 1% BSA, 0.05% sodium azide solution)
overnight at 4 ◦C, listed in Table S2, followed by appropriated secondary antibody in-
cubation, overnight at 4 ◦C. Nuclei were stained with DAPI at room temperature and
mounted on glass slides with VECTASHIELD® Antifade Mounting Medium. Cell images
were acquired with Zeiss Axio Imager Z2 microscope or Zeiss LSM710 confocal microscope
(Zeiss, Oberkochen, Germany). Images were taken in sequential mode and posteriorly
adjusted in ImageJ.

2.6. Electron Microscopy

All reagents and materials were purchased from electron microscopy sciences unless
otherwise stated. Glass coverslips containing cardiomyocyte monolayers were fixed in 2%
paraformaldehyde, 2% glutaraldehyde in 0.1 M phosphate buffer (PB) at pH 7.4 overnight
at 4 ◦C. After washing with PB, specimens were post-fixed for 1 h on ice using 1% osmium
tetroxide and 1.5% potassium ferrocyanide in distilled water, and then incubated with 1%
tannic acid in distilled water for 20 min at room temperature. Specimens were subsequently
dehydrated with a series of increasing ethanol concentrations (35%, 45%, 50%, 70%, 90%,
2× 100%) before infiltrating and embedding upon Epon resin stubs (EMbed 812). After
polymerising at 65 ◦C overnight, glass was removed by immersion in liquid nitrogen, and
cell monolayers were sectioned on face at 75 nm thickness using a UC7 ultramicrotome
(Leica, Wetzlar, Germany) and a diamond knife (Diatome, Nidau, Switzerland), and sections
collected on formvar-coated copper mesh grids. Sections on grids were then sequentially
post-stained with 2% uranyl acetate in 70% methanol followed by Reynold’s lead citrate
and imaged using a Hitachi H-7650 TEM equipped with an AMT XR41M digital camera.

2.7. Microelectrode Array Measurements

The in vitro electrophysiological recordings were performed on a prime high-density
microelectrode array (Prime HD-MEA) from 3Brain AG, Pfaffikon, Switzerland. This
Prime HD-MEA chip integrates 4096 recording electrodes on a small and compact area of
2.67 mm × 2.67 mm, centred on a flat area of ~3 mm × 3 mm. The hiPSC-CMs were plated
on coated MEA chips, with laminin (0.1 mg/mL), poly-d-lysine (0.1 mg/mL) and Geltrex
(15 mg/mL). The MEAs were placed in an incubator with a temperature of 37 ◦C and 5%
CO2 and were given six days to ensure that the hiPSC-CMs were well attached to the MEA.
Recordings were performed on days 21 and 51 of the cardiac differentiation and acquired
at 10 Hz for 2 min. During recordings, the temperature was kept at 37 ◦C, and data were
recorded and analysed using BrainWave 4 Software (Version 4.0).

2.8. Electrophysiological Parameter Analysis

To analyse the electrophysiological parameter, the analysis tools Spike Detection, Spike
Sorting and Local Field Potential (LFP) in the BrainWave 4 Software (Version 4.0) were used.
For the spike detection, a hard threshold of −300 µVolt and a minimum refractory period
of 1 ms was used; for spike sorting, pre- and post-event of 3 ms was used; and finally, for
the LFP detection, a lower threshold of −300 µVolt and a max event duration of 600 ms
were set. Additionally, the cardiac extractor and the mean waveform were used for python
analyses. With these analyses, we were able to extract several parameters, which were
the case of field potential duration, spontaneous beating rate, mean waveforms of field
potential and conduction velocity. Conduction velocities were calculated by dividing the
distance between the two electrodes by propagation time. All data sets are represented as
median ± SD compiling more than 3000 chosen electrodes from four independent biological
experiments.
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2.9. Statistical Analysis

The statistical analyses were performed using GraphPad Prism version 8.0 for Mac
(GraphPad Software). Statistical significance was determined by unpaired Students t-test to
compare two groups. Differences were considered statistically significant when * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001. All statistical parameters are reported in the
respective figures and figure legends.

3. Results
3.1. Disease Model System for DAND5 Studies

Based on distinct mouse model studies, it becomes evident that DAND5 is associated
with gene networks controlling differentiation and cell cycle of cardiomyocytes at early
developmental stages [18,21]. The inactivation of Dand5 in cardiac populations increases
the proliferative capacity of cardiomyocytes during mouse cardiac development [18] and
mouse ES-CM differentiation [21].

To address whether DAND5 could undergo a cell cycle change in hiPSC-CMs, we
started by studying the proliferation rate of cardiomyocytes derived from our two cell lines
NMSUNLi001-A and NMSUNLi003, a DAND5 patient-derived and its isogenic-corrected
cell lines, respectively (Figure 1A). The NMSUNLi001-A cell line (DAND5-Var) carries
a DAND5 heterozygous c.455G>A non-synonymous variant in the functional domain of
DAND5 protein (p.R152H) [27]; the NMSUNLi003 is an isogenic hiPSC line, DAND5-
Corrected (DAND5-C) with homozygous correction of the c.455G>A alteration in the
DAND5 gene, using CRISPR/Cas9 technology [28]. It is known that the proliferation rate
decreases during cardiomyocyte differentiation but with a continuous increase of TNNT2+

cells during the first weeks of differentiation [33,34]. Here, our cell proliferation assay
showed that there is a significant increase in the proliferation of the DAND5-Var CMs at day
10 of differentiation (Figure 1B). However, at day 20 of differentiation, this difference lessens
(Figure 1B). One most likely interpretation for this result is the functional efficiency level of
DAND5 protein in the DAND5-Var cell line when compared with the isogenic-corrected
cell line DAND5-C. DAND5-Var cell line carries a DAND5 heterozygous c.455G>A non-
synonymous variant in the functional domain of DAND5 protein (p.R152H), which reduces
the normal inhibitory activity of this antagonist [22]. As such, the reduction in proliferation
at initial differentiation stages seems not to strike a significant difference between these cell
lines at later stages of differentiation. As the resulting DAND5-Var protein is just affected
in its efficiency to inhibit NODAL activity, maybe this is not enough to fully uncover
experimentally the required function of DAND5 in human cardiomyocyte proliferation,
mainly at latter stages when proliferation is already normally lower (Figure 1B).

In order to better address this question, it becomes essential to generate an isogenic
DAND5-full knockout (DAND5-KO) hiPSC line. Using CRISPR/Cas9-mediated genome
editing, we were able to introduce a stop codon triad into DAND5 signal peptide re-
gion by homology-directed repair (HDR) and confirmed by DNA Sanger sequencing
analysis (Figure 1C). This technology has been used previously for the generation of the
isogenic-corrected NMSUNLi003 cell line [28]. The DAND5-KO hiPSCs showed typical
human embryonic stem cell morphology with a high nucleus/cytoplasm ratio, karyotypi-
cally normal and expressed the undifferentiated cell markers NANOG, OCT4 and SSEA4
(Figure 1D). In vitro embryoid body-based differentiation was used to assign differentiation
capacity into the three germ layers. Immunofluorescence analysis revealed a positive signal
for the endodermal marker α-fetoprotein (AFP), the mesodermal marker smooth muscle
actin (SMA) and the ectodermal marker βIII-tubulin (TUBB3), indicating that DAND5-KO
hiPSCs spontaneously differentiate to the endoderm, mesoderm and ectoderm lineages,
respectively (Figure 1D). These results indicate that DAND5-KO hiPSC line has been suc-
cessfully generated and represents a new tool to study in vitro the role of DAND5 in human
cardiomyogenesis.
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Figure 1. DAND5 disease modelling setting. (A) Schematic representation of the differentiation pro-
cess, depicting the small molecules added and EdU incubation. (B) Analysis of TNNT2-positive cell
proliferation in DAND5-Var (yellow) vs. DAND5-C (blue) iPSC-CM by labelling newly synthesised
DNA using EdU incubation for 17 h. The relative fluorescence intensity of cells was analysed by flow
cytometry at day 10 (D10) and 20 (D20) of differentiation. (C) Strategy used for the generation of the
different hiPSCs using CRISPR/Cas9 technology. (D) Characterisation of DAND5-KO cell line: Left
panel—(top) bright-field image of the DAND5-KO cell colonies morphology; (bottom) representative
metaphase showing normal 46 chromosomes (XY) karyotype. Middle panels—immunodetection
of undifferentiated markers OCT4, NANOG and SSEA4 of DAND5-KO hiPSCs (scale bar: 40 µm).
Right panels—immunofluorescence for endodermal marker α-fetoprotein (AFP), ectodermal marker
βIII-tubulin (TUBB3) and mesodermal marker α-smooth muscle actin (SMA) showing DAND5-KO
hiPSCs trilineage differentiation potentiality (scale bar: 20 µm). Nuclei were stained with DAPI. All
the results represent the mean ± SD of three independent biological experiments. Unpaired Student’s
t-test was applied to compare the differences between DAND5-C and DAND5-Var groups on each
day of differentiation. Statistically significant results were considered when * p < 0.05.
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3.2. Proliferation of hiPSC-CMs Is Influenced by DAND5

To test how DAND5 affects the differentiation and cell cycle of human cardiomyocytes,
we differentiate DAND5-C and DAND5-KO hiPSC lines into cardiomyocytes using the
monolayer differentiation protocol used before (Figure 1A) [31]. Spontaneously contracting
foci were observed around 8 to 10 days of cardiac differentiation, and the CMs generated
from both iPSC cell lines exhibited positive staining of structural cardiac-specific markers
α-ACTININ, MLC2v and TNNT2 (Figure 2A). We thus further assessed the influence of
DAND5 on human cardiomyocyte proliferation using the Click-iT EdU assay. A signif-
icant difference in the TNNT2+EdU+ population was observed between the DAND5-C
and DAND5-KO hiPSC lines (Figure 2B). Moreover, this difference in proliferation rate is
sustained at day 20 of differentiation (Figure 2B), in contrast to what was observed between
DAND5-Var and DAND5-C lines (Figure 1B). Additionally, DAND5-KO hiPSC line showed
evidence of a higher percentage of TNNT2+ cells over time (Figure 2C). Figure 2D shows
the expression of relevant cardiac marker genes during the first 10 days of differentiation
obtained by RT-qPCR. Most of the genes tested, MESP1, a well-known cardiogenic meso-
derm marker, the cardiac-specific progenitors GATA4, NKX2.5 and ISL1, and two structural
sarcomeric-related genes, TNNT2 and TNNI3, showed a significantly increased expression
in DAND5-KO hiPSC-CMs. Altogether, the results revealed that DAND5 ablation promotes
the generation of more proliferative iPSCs-derived cardiomyocytes.

3.3. Structural and Molecular Analysis of DAND5-KO hiPSC-CMs

As previously mentioned, a former study performed on mouse embryonic stem cells,
has demonstrated that the suppression of DAND5 leads to an increase in proliferation of
cardiomyocytes and drives to a distinct transcriptional profiling sequencing during the
first stages of life [21]. In line with this study, we performed an extended structural and
molecular analysis of DAND5-KO hiPSC-CMs.

First to study whether the extended proliferation window of DAND5-KO hiPSC-CMs
influenced or not the cardiomyocyte structure, we analysed the organisation of the sarcom-
eres during the differentiation process by antibody labelling for sarcomeric α-ACTININ.
We observed that DAND5-C hiPSC-CMs presented more organised and aligned sarcom-
eres compared to DAND5-KO hiPSC-CMs (Figure 3A). By measuring sarcomere length in
confocal microscopy images, we noticed that DAND5-C hiPSC-CMs displayed the longest
average sarcomere length, while DAND5-KO hiPSC-CMs presented shorter sarcomeres
and the greatest proportion of disorganised sarcomeres (Figure 3A–C). Moreover, ultra-
structural imaging showed that DAND5-C hiPSC-CMs contain well-organised and thicker
myofibrils, while the DAND5-KO hiPSC-CM’s myofibrils were thinner and lesser arranged
(Figure 3D). These indicate that the DAND5-C hiPSC-CMs have a higher level of structural
maturation, which facilitates force generation [35]. Next, we examined the expression of
TNNI1, TNNI3, MYH6, MYH7, SCN1B and RYR2 at the transcriptional level using RT-qPCR
(Figure 3E). Throughout the process of hiPSC-CMs maturation, it occurs an isoform transi-
tion of sarcomeric genes, such as in the case of the cardiac myosin heavy chains, that switch
from the alpha (MYH6) expression to the beta isoform (MYH7) expression, and the troponin
I, that switches from the slow skeletal (encoded by TNNI1) to the cardiac isoform (encoded
by TNNI3) [36–40]. First, we observed that in both hiPSC-CMs lines MYH7, MYH6, TNNI1
and TNNI3 expression levels augment over the time course (Figure 3D). Nevertheless, there
is a clear switch in the troponin I isoforms, trending towards a TNNI3/TNNI1 ratio increase
in the DAND5-C hiPSC-CMs (Early/Late CMs: 0.95/ 2.33) when compared with DAND5-
KO hiPSC-CMs (Early/Late CMs: 0.54/ 0.88). The RT-qPCR analyses were also used for
investigating the mRNA expression levels of a sodium voltage-gated channel, SCN1B and a
calcium receptor, the Ryanodine receptor 2, RYR2 [41,42]. Regarding SCN1B, we observed
a clear increase in DAND5-C hiPSC-CMs and a slighter increase in DAND5-KO, over the
differentiation (Figure 3E). Concerning RYR2 expression levels, we observed that, over
the time course, the DAND5-KO exhibits a slightly increased expression of RYR2 when
compared with DAND5-C hiPSC-CMs (Figure 3E).
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Figure 2. DAND5 depletion leads to higher rates of cardiomyocyte proliferation. (A) Representative
immunofluorescence images of hiPSC-CM from DAND5-C and DAND5-KO cell lines at day 15 for
the CM-specific markers: sarcomeric α-ACTININ, MLC2v, TNNT2 (red). Nuclei were counterstained
with DAPI (blue). (B) Analysis of TNNT2-positive cell proliferation by labelling newly synthesised
DNA using EdU incubation for 17 h using flow cytometry. (C) Percentage of TNNT2-positive cells
analysed by flow cytometry at day 10 (D10) and 20 (D20) of differentiation. (D) Relative mRNA
expression of MESP1, GATA4, NKX2.5, ISL1, TNNT2, TNNI3 genes in DAND5-C and DAND5-
KO differentiated cells. All the results represent the mean ± SD of, at least, three independent
biological experiments. Unpaired Student’s t-test was applied to compare the differences between
the DAND5-C and DAND5-KO groups on each day of differentiation. Statistically significant results
were considered when * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
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α-ACTININ (red). Scale bar: 10 µm. Nuclei were counterstained with DAPI (blue). (B) The sarcom-
ere was measured by tracing a line (yellow) across sarcomeres using Fiji software and extracting
fluorescence intensity. (C) Distribution of sarcomeres sizes, at early (day 21) and late (day 51) stages.
n = 20 cells for each cell line. (D) Representative transmission electron microscopy (TEM) images
showing arrangement of sarcomeres in both hiPSC-CMs lines, scale bar: 500 nm, MF—Myofibrils;
ZB—Z-bodies. (E) Relative mRNA expression of, MYH6, MYH7, TNNI1, TNNI3, SCN1B and RYR2
genes in DAND5-C and DAND5-KO differentiated cells, at early (day 21) and late (day 51) stages,
from at least three independent biological experiments. Only MYH6 and MYH7 were normalised for
hiPSC, the remaining genes were normalised to the respective DAND5-C of each biological replicate.
(F) Immunofluorescence of CX43 (green), α-ACTININ (red) and nuclei are stained with DAPI (blue)
in DAND5-C and DAND5-KO differentiated cells at early (day 21) and late (40 days) stages. Insets
are magnifications of the areas depicted by the white arrows to highlight CX43 distribution. Scale bar:
10 µm. Unpaired Student’s t-test was applied to compare the differences between DAND5-C and
DAND5-KO groups. Statistically significant results were considered when * p < 0.05, ** p < 0.01 and
*** p < 0.001.

In addition, recent studies have demonstrated the importance of a cardiac gap junction,
the connexin 43 (Cx43) responsible for a proper electrical propagation between cells [43].
By performing an immunofluorescence analysis using antibodies against this connexin, we
observed that both hiPSC-CMs lines expressed Cx43 (Figure 3F). However, no apparent
difference in Cx43 accumulation or localisation were noticed between hiPSC-CM lines
(Figure 3F).

These results suggest that upon genetic inactivation of DAND5, the produced hiPSC-
CMs demonstrated minor sarcomeric maturity, presenting less organised and significantly
smaller sarcomeres. When considering gene expression, the results are not so much
distinctive, but there is a clear increase in SCN1B expression levels in DAND5-C and
TNNI3/TNNI1 ratio relative to DAND5-KO phenotype. Consequently, it is not surprising
that the DAND5-C hiPSC-CMs and DAND5-KO hiPSC-CMs could display differential
electrophysiological properties.

3.4. DAND5 Level Affects the Electrophysiological Maturation Process of hiPSC-CMs

We further evaluated the electrophysiological properties of DAND5 hiPSC-CMs using
the high-density microelectrode array (HD-MEA) to record extracellular field potential
(FP), whose waveforms reliably correlate with the cardiac action potential and closely
resemble electrocardiogram recordings [44]. Figure 4A shows that the hiPSC-CMs from both
lines demonstrated spontaneous FP signal that propagated throughout the cell monolayer
suggesting the formation of a functional syncytium. Representative FP from DAND5-
C and DAND5-KO hiPSC-CMs are shown in Figure 4B, visibly associated with mean
waveforms of ventricular-like CMs [45]. Statistical analysis showed that late DAND5-KO
hiPSC-CMs presented significantly prolonged field potential duration (FPD), the time
from the depolarisation to repolarisation, when compared with DAND5-C hiPSC-CMs
(Figure 4C), which is indicative of a more foetal-like phenotype [46]. Moreover, we noticed
that the spontaneous beating rate displayed by hiPSC-CMs from the DAND5-C decreased
throughout differentiation (Figure 4D). Unexpectedly, DAND5-KO hiPSC-CMs showed
an increasing trend in the spontaneous beating frequency throughout the time course
(Figure 4D). In addition, we assessed the conduction velocity of the beating hiPSC-CM
syncytium (Figure 4E), which indicates how the electrical signal propagates in the cardiac
tissue. The measurements demonstrated that the electrical impulse propagated with
faster conduction velocities in DAND5-C hiPSC-CM monolayers throughout differentiation
(Figure 4E). Interestingly, this faster conduction velocity in DAND5-C is compatible with the
high expression levels of SCN1B in this cell line compared with the DAND5-KO (Figure 3E).
Taken together, the electrophysiological parameters showed that the inactivation of DAND5
delayed the progression of cardiac maturity, which follows all previous results.
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Figure 4. Electrophysiological analysis of DAND5 hiPSC-CMs using MEA. (A) Snapshots of MEA
recordings show spontaneous FP, which propagates across a monolayer of DAND5-C (top panel)
and DAND5-KO (bottom panel) cells. The white arrow denotes the direction of FP propagation.
FPs were recorded with a high-pass filter of 50 Hz for 2 min. (B) Mean waveform of FP of the
DAND5-C (pink) and DAND5-KO (blue) lines. The mean waveform was obtained by selecting active
electrodes displaying a variation higher than 330 µVolts using BrainWave 4 Software and in house
Python script. (C) Field potential duration. (D) Spontaneous beating rate. (E) Conduction velocity.
Data represented the scatter plot of all individual values of four independent biological experiments.
Unpaired Student’s t-test was applied to compare the differences between the DAND5-C and DAND5-
KO groups on each day of differentiation. Statistically significant results were considered when
* p < 0.05, ** p < 0.01, and **** p < 0.0001.

4. Discussion

In this work, we provided a hiPSCs model to evaluate the activity of DAND5 dur-
ing human-based cardiogenesis, contributing to the understanding of congenital heart
disease mechanisms. DAND5, which is expressed in the developing heart, is a well-
known antagonist of TGF-β/Nodal signalling but is also implicated in BMP and WNT
signalling [17,18,47], three signalling pathways that actively participate in heart develop-
ment [48–51]. Mutations in DAND5, such as the heterozygous c.455G>A missense mutation,
which decreases DAND5 activity, and the homozygous truncating c.396_397dupCT variant
predicted to produce a frameshift protein, have been strongly associated with clinically
diagnosed heart malformations [14,22]. In mouse models, it was noticed that, among other
cardiac defects, Dand5 loss-of-function promotes the proliferation of cardiomyocytes [18,21].
The hearts of Dand5 knockout mice display ventricular hypertrophy with increased ventric-
ular wall thickness, which causes severe cardiac dysfunction [18]. Moreover, using mouse
embryonic stem cells (mESCs), it was shown that Dand5 loss-of-function dramatically in-
creased the number of FLK-1+/PDGFR-α+ cardiac progenitor cells during mESCs cardiac
differentiation [21]. In addition, the knockout of Dand5 seems to activate the transcription of
several cell-cycle regulators, prompting cardiomyocyte proliferation [18,21]. Here, our cell
proliferation assays demonstrate for the first time in a human model that reduced DAND5
levels significantly enhanced cardiomyocyte proliferation. Cardiomyocyte differentiation
is a complex dynamic mechanism that depends on the tight control of gene expression
patterns during the process of cardiac mesoderm formation, cardiac progenitor phase, and
successfully, functional cardiomyocyte establishment [52–56]. In fact, our hiPSC model
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indicates a correlation between DAND5 activity and cardiomyocyte proliferation. The
percentage of TNNT2+/EdU+ cells is, and remains, higher in the differentiation of the
DAND5-KO cell line when compared with the DAND5-Var cell line, in which DAND5
activity is reduced but not absent [22]. In addition, the cumulative increase in the number
of CMs every day during the 20 days of differentiation will result in a substantial increase
in the total number of iPSC-CMs derived from the DAND5-KO line, when compared with
those generated from the DAND5-C line. Moreover, gene expression profiling of DAND5
hiPSC lines exhibits a differential cardiac gene expression profile of key markers. We found
that MESP1, ISL1, NKX2.5 and GATA4 were upregulated during the differentiation of the
DAND5-KO cell line compared to the control line, DAND5-C. A recent study showed that
MESP1+ human embryonic stem-derived cells highly express heart development genes
promoting robust cardiomyocyte production [57]. ISl1 identifies a proliferating cardiac
population that contributes most cells to the heart [58,59]. Still, it is also involved in car-
diomyocyte proliferation together with the Brg1-Baf60c-based SWI/SNF complex [60].
NKX genes are a well-known family of genes that regulate ventricular and atrial cell num-
bers during heart development [61]. More recently, it has been reported that NKX2.5 is
required for myocardial regeneration by controlling cardiomyocyte dedifferentiation and
proliferation upon cardiac injury [62]. GATA4 is a mutual cofactor of NKX2.5 and has
been shown to regulate myocardial proliferation by activating cyclin D2 and CDK4 [63–65].
Altogether, the altered molecular profiles in DAND5 loss-of-function illustrate a more pro-
liferative state of the DAND5-KO hiPSC-CMs, which is clearly concomitant with the higher
number of TNNT2+ cells obtained in the full-mutant cell line. Moreover, our previous
work assigned that DAND5 levels lead to prolonged TGF-β/Nodal and WNT/β-catenin
signalling during mouse heart development and mESC-CMs derivation, which not only in-
creases cardiovascular progenitors’ levels but also extends their progenitor state [18,19,21].
Interestingly, it has been shown that the dual knockdown of two other NODAL signalling
antagonists, CER1 (CERBERUS-1) and LEFTY1 (left-right determination factor 1) in hPSCs,
resulted also in an increase in NKX2.5-GFP+ cells [66].

Electrode electrophysiology has been used in several studies to dissect currents and
ions in iPSC-CMs [67–72]. Summed up, it is accepted that several electrophysiological
parameters, such as action potential duration or drug interactions, can be tested in hiPSC-
CMs since they present an electrical activity similar to human cardiac myocytes. However,
it is important to note that in assessing disease phenotype using iPSC-CMs from genetic
backgrounds, caution is advised when drawing assumptions. A recent study, modelling
short QT Syndrome highlighted the importance of using isogenic control hiPSC in electro-
physiology studies [69]. Here, we used MEA to extract the FP waveform of the isogenic
DAND5 hiPSCs lines at different phases of cardiac differentiation. The distinction between
ventricular-like, atrial-like, or pacemaker-like cells could be extrapolated from FP wave-
form shape [73]. Moreover, the FP waveform shape reflects the electrical function of the
expressed ion channels, and even slight alterations in their well-regulated ion conductance
can significantly influence FP morphology [74]. Per the mean waveforms obtained in this
work, most of the hiPSC-CMs detected exhibited the electrical physiology of ventricular-
like CMs [45]. Furthermore, we observed statistically significant longer FPD in the late
DAND5-KO hiPSC-CMs compared to that in DAND5-C hiPSC-CMs. Nevertheless, both
lines decreased their FPD with prolonged culture. Curiously, patch-clamp studies previ-
ously reported that the action potential duration (APD) of human foetal CMs is 20–80%
longer than for adult CMs [46]. Nevertheless, the numbers obtained here are in the lower
dimension of this difference. Correlating these data, the longer FPD values displayed
by DAND5-KO hiPSC-CMs suggest more foetal-like behaviour of these cardiomyocytes.
Regarding the spontaneous beating rate data, we noticed that the DAND5-C hiPSC-CMs
beating frequency decreased throughout differentiation. In contrast, the DAND5-KO line
presented an increased beating frequency when compared with the DAND5-C hiPSC at
latter cardiac differentiation phases. As expected, the decrease observed in spontaneous
beating rate for the DAND5-C line is consistent with the increased expression of the slower
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β-isoform (MYH7) of myosin heavy chain in DAND5-C hiPSC-CMs. In the foetal stages of
the heart, MYH6 is highly expressed and is characterised by its fast ATPase activity and
rapid actin-binding features that support the faster beating in the early stages, and then,
with development, expression gradually shifts to express the MYH7 isoform [75–77]. More-
over, the troponin I isoform switching from slow skeletal troponin I (TNNI1) to the cardiac
troponin I (TNNI3), which is less sensitive to Ca2+, also affects contractility decreasing
spontaneous beating rate [78]. On the other hand, ryanodine receptors (RYR) play a critical
role in intracellular Ca2+ modulation [79]. Augmented contractility rate is preceded by
RYR2 gain of function [80], which might account also for the increased beating frequency
seen in DAND5-KO hiPSC-CMs. Moreover, we noticed that in the DAND5-C hiPSC-CM
monolayers, the electrical impulse propagated with faster conduction velocities than in
the DAND5-KO hiPSC-CM syncytium, which is a sign of less maturity of the full-mutant
CMs. Indeed, it has been shown that the conduction velocity hiPSC-CMs is rather slower
(1.5–20 cm/s) compared to human adult ventricular CMs (60 cm/s) [81–83], which display
a fast and coordinated propagation of electrical activity in healthy hearts [84]. For that, the
cardiomyocytes laid in cardiac tissue are tightly connected with each other through gap
junctions [85]. Connexin 43 (Cx43) gap junctions are the most abundant gap junction chan-
nels in ventricular CMs. Upon biogenesis, Cx43 molecules traverse along actin filaments
and microtubules extending from the trans-Golgi network throughout the cell surface in
immature CMs, or become polarised to cell termini during in vivo maturation, forming
intercalated discs [86]. Therefore, besides the characteristic pattern of punctuated distribu-
tion of Cx43 at gap junctions along the cell–cell adjacent membranes, the signal distribution
of this connexin is also observed in the cytoplasm near the nucleus in both DAND5-C
and DAND5-KO hiPSC-CMs (Figure 3F). Those Cx43 patterns, resemble what has been
observed in other hiPSC-derived CMs [76,87,88]. However, although the Cx43 subcellular
localisation detected on both lines denoted the foetal-like properties of these hiPSC-derived
CMs, the two DAND5 hiPSC-CM lines evidenced discrete cell–cell electrical coupling,
displaying conduction velocities ranging from DAND5-KO ~2.0 cm/s to DAND5-C ~5.0
cm/s [89,90]. Curiously, it has been shown in cardiac microtissues that the localisation of
Cx43 gap junctions is important for sarcomere organisation [89]. Concomitantly, the TEM
images obtained from both DAND5 hiPSC-CMs suggested that the contractile machinery of
these CMs is composed of low-density myofibrils and Z-bodies associated with immature
CMs rather than more-mature sarcomeric structures with clear Z-disks such as those found
in adult CMs [76,91]. Nevertheless, myofibrils in the DAND5-C hiPSC-CM appear to be
more uniform and thicker than those displayed by the DAND5-KO hiPSC-CM, evidencing
the different phenotype displayed by these DAND5 hiPSC-CM lines. However, on-face
myofibril’s ultrastructure with clearly aligned Z-discs is technically easier to image on
well-organised cardiac tissues than that on hiPSC-CMs cultured on monolayers, which
could represent a limitation in our study [90,92]. In contrast, the faster conduction velocity
recorded in DAND5-C hiPSC-CMs is compatible with the high expression levels of SCN1B
displayed by this cell line, compared with the DAND5-KO hiPSC-CMs. SCN1B is a subunit
of Nav-β channels cluster that localises at cell–cell junction sites contributing to the action
potential conduction across cardiac tissue [93].

Overall, these electrophysiology analyses suggest that both cell lines have different
behaviours regarding FPD and spontaneous beating rate, indicating that DAND5-C hiPSC-
CMs seem to have characteristics of more mature CMs, and DAND5-KO hiPSC-CMs
characteristics of more proliferative CMs. This is in line with previous studies in mouse
models, in which it was demonstrated that suppression of DAND5 leads to an augment in
the proliferative state of mESCs-derived CMs and also of CMs in the compact myocardium
of embryonic and neonatal mouse hearts [18,21]. Curiously, the different trends at cardiac
gene expression level described here, between DAND5-C and DAND5-KO hiPSC-CMs, are
quite similar to those resulting from previous global transcriptome analysis between Dand5
KO and WT mESCs [21]. Nevertheless, surviving mutant animals reached adulthood and
are fertile [94]. This evidence suggests that although more proliferative, DAND5-KO CMs
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must undergo an exquisite maturation process as they are suitable for extrauterine life
workload demanding. Moreover, the underlying molecular mechanism might be of greater
interest to future regenerative medicine applications.

5. Conclusions

Here, we demonstrated for the first time the effect of DAND5 during the cardiac
differentiation of human-induced pluripotent stem cells. Together, the results showed that
DAND5 loss-of-function promotes the generation of more proliferative hiPSCs-derived
cardiomyocytes although electrophysiologically competent. Moreover, we demonstrated
that the hiPSCs-based disease model developed here is a high-throughput strategy to study
genotype (patient-variants)–phenotype relationship, in complex and polygenic disorders
such as CHD. In conclusion, the findings evidenced in this work will be used to investigate
new therapeutic compounds for treating adult CHD.
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