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ABSTRACT 
Infantile mitochondrial cardiomyopathy causes death shortly after birth. We used human-induced 
pluripotent stem cells derived cardiomyocytes (hiPSC-CMs) from siblings carrying two compound 
mutations in the nuclear-encoded mitochondrial-Alanine-tRNA synthetase 2 gene (AARS2) to 
investigate the cardiac pathology. We analysed the structural, metabolic, and functional properties 
of patient hiPSC-CMs and compared them with familial and gene-corrected controls. The patient’s 
hiPSC-CMs displayed reduced energetic capacity in both oxidative phosphorylation and glycolysis, 
resulting in reduced ATP production. However, an increase in mitochondrial copy number was 
identified as a possible compensatory mechanism. Quantitative metabolomics and RNA-sequencing 
supported metabolic dysregulation, showing less intracellular NAD+ and failure to produce NAD+ 
from pyruvate. Additionally, we found alternative use of lipids and lipid precursors and a dependency 
on extracellular aspartate. Finally, AARS2 mutations caused dysregulation in calcium handling and 
cardiac ion channel balance, causing arrhythmia and contractile defects. Surprisingly, the patient 
hiPSC-CMs showed reduced sensitivity to pro-arrhythmic drugs. In conclusion, we captured the 
pathological features related to infantile mitochondrial cardiomyopathy showing a valuable resource 
for studying the disease pathology and ways to rescue the phenotype.

Keywords: hiPSC-derived cardiomyocytes/Infantile cardiomyopathy/metabolomics/mitochondrial 
cardiomyopathy/mitochondrial disease model
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INTRODUCTION
Mitochondrial diseases can lead to a variety of pathologies in different human organs (Gorman et 
al., 2016; Vafai & Mootha, 2012; Koopman et al., 2012). Since mitochondria crucially regulate cell 
metabolism, it is not surprising that the heart, which has a high energetic demand due to its contractile 
work, is among the most affected by mitochondrial dysfunction and disease. Mitochondrial diseases are 
often caused by genetic mutations in either the mitochondrial or nuclear DNA (mtDNA and nDNA, 
respectively), affecting proteins involved in mitochondrial function (Finsterer & Kothari, 2014). One 
particular mitochondrial disease is the rare, autosomal recessive combined oxidative phosphorylation 
deficiency 8 (COXPD8, OMIM: 614096), which leads to lethal infantile cardiomyopathy shortly 
after birth (Götz et al., 2011). The disease is caused by mutations in the nuclear gene alanyl-tRNA-
synthetase 2 (AARS2) that encodes the mitochondrial protein alanine-tRNA synthetase (mt-AlaRS). 
This enzyme plays a crucial role in the protein translation machinery of mitochondria, charging the 
naïve mitochondrial transfer-RNAAla with alanine to create alanyl-tRNA while also playing an essential 
role in verifying the correct charge on other aminoacyl-tRNAs (Euro et al., 2015; Aibara et al., 2020; 
Sokabe et al., 2009; Guo et al., 2009; Hilander et al., 2018). The role of mitochondrial translation 
is relatively small, with the mtDNA only encoding 22 tRNAs, 2 ribosomal-RNAs and 13 protein-
coding genes (Vafai & Mootha, 2012; Koopman et al., 2012; Anderson et al., 1981). However, these 
13 proteins form essential parts of the respiratory chain complexes I, III, IV and V, while complex II 
is composed solely of subunits encoded in the nDNA. The respiratory chain complexes I-IV are the 
central drivers of oxidative phosphorylation (OXPHOS), performing the reduction and oxidative 
(redox) reactions of Nicotinamide-adenine-dinucleotide (NADH) and Flavine-adenine-dinucleotide 
(FADH2). These reactions create and maintain the proton gradient essential in driving the F1F0-
ATPase complex V, the final OXPHOS step, and charge ADP with an additional phosphate group to 
ATP. Mutations in AARS2, therefore, contribute to translational defects in these 13 subunits, with the 
misincorporation of amino acids leading to decreased stability of the OXPHOS complexes I, III, IV 
and V and a lower abundance of fully assembled complexes (Watanabe, 2010; Hilander et al., 2018). 

Previous studies have shown that mutations in AARS2 can lead to either neurological pathologies, 
known as (ovario)leukodystrophy, or to early-onset lethal infantile cardiomyopathy, depending on the 
mutational burden (Dallabona et al., 2014; Euro et al., 2015; Taylor et al., 2014; Tang et al., 2019; 
Sommerville et al., 2019; Götz et al., 2011; Zhang et al., 2022). Similar to other mt-Aminoacyl-tRNA-
related pathologies (Watanabe, 2010; Yao & Fox, 2013; Nguyen et al., 2021) and mitochondrial 
defects in general, the tissue or organ affected depends on which gene is mutated or even the specific 
genetic mutation (Koopman et al., 2012; Nguyen et al., 2021; Yaplito-Lee et al., 2007; Nielsen et al., 
2020). In COXPD8, the AARS2 c.1774C>T mutation is recognised as a central mutation leading to 
infantile cardiomyopathy, either as a homozygous mutation or accompanied by an additional defective 
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allele with another compound mutations (Götz et al., 2011; Sommerville et al., 2019; Mazurova et al., 
2016). While the disease is very rare, the pathology observed in patients is well described. Pathological 
features common to all COXP8 patients include (hypertrophic) cardiomyopathy, cytochrome oxidase 
(COX) negative muscle fibres, reduced expression of the OXPHOS complexes I, III, IV and V in 
both heart and muscle fibres, and lactic acidosis, in addition to a varying degree of neurological 
pathology. However, few studies to date have examined the characteristics of the mutations in detail 
and compared this directly with functional features of affected cells such as cardiomyocytes. 

Human-induced pluripotent stem cells (hiPSCs) offer an opportunity to model mitochondrial 
cardiomyopathies, explore the underlying pathological molecular mechanisms and test therapeutic 
options (Pavez-Giani & Cyganek, 2022). Indeed, mitochondrial cardiomyopathies due to nDNA 
mutations, mainly with hypertrophic and dilated phenotypes, have previously been modelled using 
cardiomyocytes differentiated from hiPSCs (hiPSC-CMs). These studies include research into 
pathologies such as Leigh syndrome (Hallas et al., 2018), Friedreich’s ataxia (Hick et al., 2013; Wong 
et al., 2019; Lee et al., 2016; Li et al., 2019), Barth syndrome (Wang et al., 2014; Jin et al., 2016; 
Fatica et al., 2019; Dudek et al., 2016; Chowdhury et al., 2018), dilated cardiomyopathy with ataxia 
(Rohani et al., 2020), and very long-chain acyl-coenzyme A dehydrogenase deficiency (Knottnerus 
et al., 2020). These studies using hiPSC-CMs, either in 2-dimensional culture or engineered heart 
constructs, have revealed ultrastructural abnormalities of the mitochondria, reduced oxidative capacity, 
aberrant calcium handling and electrophysiological properties, and impaired force of contraction. 
However, so far, no hiPSC-based cardiac models have been reported for AARS2 mutations with 
prominent infantile cardiomyopathy phenotype, possibly due to the fatal and early onset (perinatal 
to early post-natal) disease phenotype leading to difficulties in obtaining primary material (Mazurova 
et al., 2016). 

Here, we studied cardiomyocytes differentiated from hiPSCs generated from newborn-sibling 
patients carrying compound mutations in AARS2 and their apparently healthy mother who carried 
one heterozygous AARS2 mutation (van Helden et al., 2021). We also created genetically corrected 
hiPSC controls matching the unaffected father’s genotype. In the patient hiPSC-CMs, mitochondrial 
dynamics were disrupted, and metabolic homeostasis was altered, reducing ATP and altering 
the usage of amino acids and lipids. These changes led to dysregulation in calcium handling and 
electrophysiological properties, resulting in arrhythmic behaviour and altered contractility kinetics. 
The results in this study provide insights into AARS2 mutation effects on hiPSC-CM function and 
could ultimately help identify targets for therapy. 
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RESULTS
Generation of isogenic pairs of hiPSC lines from patients with COXPD8 
and their differentiation into cardiomyocytes
Three siblings, male twins and another brother, presented with circulatory and respiratory insufficiency 
shortly after birth (Kamps et al., 2018). Fig. 1A shows the family tree, where patient 1 (II-1) showed 
hypertrophic cardiomyopathy and additional signs of hypotonia and convulsions with persistent lactic 
acidosis. The patient died five days postpartum. Patient 2 (II-3) was diagnosed with hypertrophic 
cardiomyopathy shortly after birth, presented with lactic acidosis and died several days postpartum. 
Genetic testing by exome sequencing revealed two compound mutations in the AARS2 gene, 
c.1774C>T inherited via the father’s allele and c.2872C>T present on the mother’s allele (Fig. 1A, B) 
(Kamps et al., 2018). The c.1774C>T missense mutation is associated with the COXPD8 pathology 
when present homozygously or in conjunction with a pathological compound mutation on the other 
allele (Taylor et al., 2014; Sommerville et al., 2019). The c.2872C>T nonsense mutation, which has 
not been described in other patients before, is present in the gene’s last exon, resulting in protein 
truncation. For our study, hiPSCs from the two patients carrying the compound mutations, brothers 
both from different pregnancies (II-1 and II-3), and their mother, carrying the heterozygous truncation 
(I-2) were available (Fig. 1A, LUMCi024-A, LUMCi025-A and LUMCi026-A, respectively and as 
described previously (van Helden et al., 2021), hereafter refered to as Pt 1, Pt 2 and Ctrl). 

We designed a gRNA to correct the c.2872C>T mutation using CRISPR/Cas9 technology to create 
isogenic control hiPSC lines from Pt 1 and Pt 2 that matched the father’s genotype (Fig. S1A and 
table S1). By using ddPCR for screening, we simultaneously detected the wild-type- (WT), mutant- 
and corrected alleles (Fig S1A, B). Three clones from Pt 1 and two from Pt 2 were isolated (3/82 
and 2/89), with a correction efficiency of 2.8% (Fig. S1C). Further characterisation of the clones 
confirmed correction of the mutation and the introduction of the three silent mutations (Fig. 1C, Fig. 
S1F). All corrected clones showed normal karyotypes by G-banding and expressed the pluripotency 
markers OCT3/4, SSEA4, and NANOG (Fig. S1D, E), similar to the respective parental lines (van 
Helden et al., 2021). We selected one corrected clone per line, hereafter refered to as Iso 1 and Iso 
2 (LUMCi024-A-corrected and LUMCi025-A-corrected on hPSCreg) for further characterisation 
and used the following nomenclature throughout the manuscript: LUMCi024-A and LUMCi025-A 
are patient 1 (Pt 1) and patient 2 (Pt 2), respectively, LUMCi024-A-corrected and LUMCi025-A-
corrected are Iso 1 and Iso 2, respectively; LUMCi026-A is the control (Ctrl). 
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Figure 1: genealogy, genetic correction in hiPSCs, metabolic characterisation of hiPSCs and differentiation into 
cardiomyocytes. 
A) Genealogy showing unaffected (white) and affected individuals (black). Circle: female; square: male. The hiPSC 
lines were generated from the unaffected mother (I-2, LUMCi026-A or Ctrl), and two affected children (II-1 and 
II-3, LUMCi024-A or Pt 1, and LUMCi025-A or Pt 2, respectively). B) Graphical representation of the enzyme 
Mt-AlaRS with the different protein domains. The locations of the two pathological amino acid mutations, R592W 
and R958*, are shown in red, and the additional polymorphism V730M is indicated in a lighter shade. C) Sanger 
sequencing chromatogram of DNA isolated from Pt 1 and Iso 1 hiPSCs showing the corrected c.2872C>T mutation 
in Iso 1. D and E) Traces of extra-cellular flux assays in undifferentiated hiPSCs by Seahorse measuring Oxygen 
consumption rate (OCR) (D) and proton extrusion rate (PER) (E). Below is the quantification of the different 
processes (basal respiration, ATP respiration, respiratory capacity, proton leak, (E, bottom) and non-glycolytic 
acidification, basal glycolysis, glycolytic reserve, and glycolytic capacity (F, bottom)) is shown as a bar graph. N ≥ 
18, n = 3 biological repeats, data represented as mean and standard error. F) Cardiomyocyte differentiation protocol. 
Day 0 (D 0) was defined as the first induction of the mesoderm. BMP 4: Bone morphogenetic protein 4; CHIR = 
CHIR99021; XAV: XAV-939. Lactate treatment was used as metabolic selection for enriching the cardiomyocyte 
population. G) Representative FACS measurement (histograms) for cardiac troponin T (TNNT) (red) in Pt 1, Iso 
1, and Ctrl hiPSC-CMs after lactate selection. Cells stained with isotype-matched antibodies were used as a negative 
control in blue. H) Representative immunofluorescence images of cardiac sarcomeric proteins TNNT (green) and 
α-actinin 2 (ACTN2, red) in Pt 1, Iso 1, and Ctrl hiPSC-CMs. Nuclei are stained in blue with DAPI. Scale bar = 25 
μm. I) AARS2 allelic expression quantification from RNA-sequencing showing the copy number for WT (green), 
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mutated (blue), and corrected (red) alleles. Left panel: absolute count; right panel: allele frequency. N = 3 biological 
repeats. Error bar: standard error. Statistics are indicated as follows unless otherwise indicated. * P < 0.05, ** P < 0.01, 
*** P < 0.001 with student’s t-test.

An unregular cellular phenotype was observed during the culture of the patient and isogenic hiPSC 
lines. Massive cell death would occur when these lines were allowed to grow at confluencies higher 
than 80%. This behaviour, however, was not apparent in the Ctrl line. Higher basal rates of glycolysis 
and lower rates of OXPHOS could be depleting glucose more rapidly in the medium, resulting in this 
observed phenotype. We performed Seahorse extra-cellular flux measurements to uncover whether 
metabolic differences were already present in the undifferentiated hiPSCs. These measurements 
revealed that Pt 2 had lower basal respiration and ATP-coupled respiration compared to Iso 2 and the 
Ctrl (fig. 1E.), but the other lines did not show any differences in respiration. Measuring glycolysis, 
we observed that both the Pt and Iso lines had a lower non-glycolytic acidification rate compared to 
Ctrl, suggesting a lower total contribution to glycolysis (Fig. 1F), however, this did not result in a 
significantly lower basal glycolytic rate.  

We modified the differentiation protocol by shortening the mesoderm induction period from 3 to 2 
days and adjusted the concentration of the growth factors Activin A and BMP4 per line (Fig. 1G). 
This led to >85% hiPSC-CMs in differentiated populations after lactate selection as determined by 
flow cytometric analysis for cardiac troponin T (TNNT2) for all five lines (Fig. 1H, Fig. S1J). The 
hiPSC-CMs showed typical sarcomere organisation, independent of whether they were Pt, Iso, or Ctrl 
(Fig. 1I, Fig. S1K). Finally, whole-genome gene expression by RNA sequencing (RNA-seq) revealed 
similar AARS2 allele frequencies in all the lines, suggesting that the AARS2 mutations and correction 
of c.2872C>T did not affect either allele expression or mRNA stability (Fig. 1J).

Patient hiPSC-CMs have altered mitochondrial function
The AARS2 mutations lead to decreased mitochondrial OXPHOS complexes I, III, IV and V in 
cardiac biopsies from patients, as well as lactic acidosis in their blood plasma (Kamps et al., 2018). To 
assess the mitochondrial properties of our hiPSC-CMs, mitochondrial OXPHOS complexes and the 
protein mt-AlaRS were quantified by Western blot. We found reduced mt-AlaRS expression compared 
to both the corresponding Iso and Ctrl hiPSC-CMs, and reduced complex IV mitochondrially 
encoded cytochrome c oxidase I (MTCO1) in Pt 1 when compared to Iso 1 (Fig. 2A,B, Fig. S2A,B, 
Fig. S3A,B). Additionally, the mitochondrial household gene and loading control, Voltage-dependent 
anion-selective channel 1 (VDAC1), was unchanged (Fig. S2C, Fig. S3C) when normalised to the 
whole cell lysate, indicating no differences in mitochondrial biogenesis. Strikingly, we found that 
the copy number of mtDNA per cell was increased in the patient hiPSC-CMs versus the isogenic 
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controls, with the maternal control showing even lower numbers than the corrected control (Fig. 2C, 
Fig S3D). TEM was used to examine mitochondrial ultrastructure (Fig. 2D, Fig. S3E), which did not 
differ between hiPSC-CMs from all lines. Finally, mitochondrial membrane potential (MMP) and 
network organisation were assessed using TMRM (Fig. S2D). Both MMP, expressed here as mean  
mitochondrial intensity, and the mean mitochondrial volume was increased in the patients compared 
to their isogenic controls and Ctrl (Fig. 2E, Fig. S3F). 
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Figure 2: Altered mitochondrial protein expression, mitochondrial organisation and metabolic flux in Pt 1 
hiPSC-CMs. 
A) Western blot showing expression of mitochondrial proteins mt-AlaRS, MTCO1, NDUFB8, and VDAC1 in 
Pt 1, Iso 1 and Ctrl hiPSC-CMs. Each column represents an independent differentiation (biological replicate). 
B) Quantification of mitochondrial protein expression, normalised by VDAC1 expression as a marker for total 
mitochondrial biomass. C) mtDNA copy number per cell, quantified by ddPCR. The plot represents the Poisson 
minimum, mean, and maximum number of mtDNA per 2N nDNA copy number. Calculations based on Poisson 
distribution. N =22-26, n = 3-4 biological repeat, ** P < 0.01, *** P < 0.001, Poisson statistics.  D) Representative 
transmission electron microscopy (TEM) images from Pt 1, Iso 1, and Ctrl hiPSC-CMs. The red arrow indicates 
mitochondria, the red star indicates glycogen deposits and black Z the Z-disk. Scale bar = 1 μm. E) Quantification 
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of the intensity of the TMRM dye in mitochondria, normalised to the mean of the Ctrl and mean volume of each 
identified mitochondria. Each dot represents the mean value obtained per microscope field. N = 12, n = 1 biological 
repeat. F and G) Traces of extra-cellular flux assays in hiPSC-CMs by Seahorse measuring Oxygen consumption 
rate (OCR) (F) and proton extrusion rate (PER) (G). At the bottom of each panel, quantification of the different 
processes (basal respiration, ATP respiration, Respiratory capacity, proton leak, (F, bottom) and basal glycolysis, 
glycolytic reserve, and glycolytic capacity (G, bottom)) is shown as a bar graph. N ≥ 18, n = 3-4 biological repeats. 
H) Total ATP production (top) and contribution of OXPHOS and glycolysis to total ATP production (bottom), 
calculated based on extra-cellular flux measurements. Statistical differences are denoted in comparison to Pt 1. # 
marks statistical differences when comparing Glycolytic ATP production rate: ## P < 0.01, ### P < 0.001, and * 
for the OXPHOS ATP production rate ** P < 0.01. N ≥ 18, n = 3-4 biological repeats. All data shown are mean 
with standard error and are n = 3 biological repeats unless otherwise stated. Statistics are indicated as follows unless 
otherwise indicated. * P < 0.05, ** P < 0.01, *** P < 0.001 with student’s t-test.

In contrast to the increase in MMP and mtDNA copy number, mitochondrial respiration was reduced 
in the patient hiPSC-CMs compared to the Iso and Ctrl hiPSC-CMs, with lower OCR during basal 
ATP generation, and additionally, a lower spare respiratory capacity in Pt 2 compared to Iso 2 (Fig. 
2F, Fig. S3G). Glycolysis was also reduced in the patient hiPSC-CMs, with lower glycolytic capacity 
and glycolytic reserve, and an additional reduced basal glycolytic activity in Pt 1 compared to Iso 1 
(Fig. 2G, Fig. S3H). Together, this resulted in an overall reduction of 30% in oxidative and glycolytic 
ATP production rates in both the patient hiPSC-CMs compared with the controls, while the relative 
contribution of both pathways remained the same between Pt 1 and Iso 1 and had a higher reliance 
on glycolysis in Pt 2 compared to Iso 2 (Fig. 2H, Fig. S3I). 

Altogether, these results showed that patient hiPSC-CM mitochondria had altered structure and 
function compared with controls.

Altered central carbon and lipid metabolism, as well as gene expression in 
patient hiPSC-CMs
Quantitative metabolomics of hiPSC-CMs and the exchange of metabolites with the culture medium 
revealed reduced intracellular concentrations of several amino acids and energy-carrying substrates such 
as ATP, NAD+ and creatine phosphate in Pt 1 when compared to Iso 1 or Ctrl,  as well as reduced 
concentrations of key lipid precursors acetate, choline, glycerol, and sn-Glycero-3-phosphocholine and 
increased concentration of O-phosphocholine in Pt 1 compared to Iso 1 hiPSC-CMs, with the Ctrl 
showing the highest levels among the samples (Fig. 3A). Pt 2 showed a similar profile, with reduced 
energy-carrying substrates, notably ATP, GTP, NAD+ and lactate, with the exception of creatine. 
The lipid precursor profile was less clear, with decreased concentrations of acetate and sn-Glycero-3-
phosphocholine, but with increased cholone, o-phosphocholine and glycerol (fig. S4A). Quantitative 
lipidomics revealed higher lipid concentrations in Ctrl compared with both Iso 1 and Pt 1 hiPSC-CMs 
(Fig. 3B, Table S3). 
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Figure 3. Metabolomic and transcriptomic analysis shows altered metabolic pathways utilisation in Pt 1 hiPSC-
CMs.
A) Hierarchical clustering based on intracellular metabolites quantified by NMR (nuclear magnetic resonance); n 
= 2-3 biological repeats. The scale represents Z-score. B) Hierarchical clustering based on all detected lipids on 
the Lipidyzer platform; n = 3. The scale represents Z-score. C) Volcano plot showing the distribution of all genes 
detected by RNA-sequencing, in blue genes equal to or lower than the 5% false-discovery rate. The marked genes 
are subselections of genes related to hypertrophy and cardiac development. D) Combined pathway analysis of 
intracellular metabolites; upregulated genes (blue) and downregulated (red) genes in Pt 1 versus Iso 1 and Ctrl 
hiPSC-CMs are visualised (p.value < 0.15 and 20% altered fold-change). E) Metabolite exchange from the medium.



Mitochondrial heart disease in hiPSC-CMs

3

49   

Transcriptomic analysis indicated that 44% of the variance in the data could be explained by principal 
components 1 and 2, resulting in the separation of Pt 1 from Iso 1 and Ctrl but closer alignment 
between Pt 2 and Iso 2 (Fig. S4B, C). Analysis of differentially expressed genes (DEGs) identified a 
total of 689 DEGs across three sets of analyses, with 368 DEGs detected when comparing Pt 1 hiPSC-
CMs with Iso 1 hiPSC-CMs, 335 DEGs between Pt 1 and Ctrl, and 361 DEGs when comparing Pt 
1 with the “healthy” lines (Pt 1 vs Iso 1 and Ctrl, with correction of genetic background, Fig. S4D). 
Hierarchical clustering based on the 361 DEGs from Pt 1 vs healthy lines showed that the Pt 1 hiPSC-
CMs clustered separately from both the Iso 1 and Ctrl CMs, driven mainly by differences between 
Pt 1 and Iso 1 (Fig. S4E). Finally, hierarchical clustering on the 42 DEGs generated by comparing 
the patients to both isogenic lines showed different gene expression clusters between the patient lines 
versus isogenic and control lines (Fig. S4F), indicating the presence of the AARS2 mutations does 
influence general gene expression in hiPSC-CMs. 

Pathway analysis combining intracellular metabolite concentrations, their exchange with the growth 
medium and gene expression indicated key differences between Pt 1 and the Iso 1 and Ctrl hiPSC-CMs 
(Fig. 3D and 3E). In particular, and in agreement with the Seahorse assay, Pt 1 and Pt 2 cells produced 
less lactate. However, a more detailed analysis of the data pointed to differences in mitochondrial 
metabolism, redox balance, substrates for energy generation and links to lipogenesis/lipolysis. The 
data also highlighted the following: i) the upregulation of dihydrolipoamide S-acetyltransferase 
(DLAT) in Pt 1 combined with reduced lactate production suggests that most of the intracellular 
pyruvate is transferred into the mitochondria and converted to AcCoA and subsequently to citrate, 
ii) decreased 2-oxoglutarate in Pt 1 combined with the downregulation of Isocitrate dehydrogenase 
(IDH2), indicates the reduced oxidative conversion of citrate to 2-oxoglutarate. iii) lower NAD+ in 
Pt 1 and Pt 2 as a result of impaired respiration (mitochondrial NAD+) and reduced conversion 
of pyruvate to lactate (production of cytosolic NAD+), further verified by additional independent 
measurements of intracellular NAD+ in both patients (Fig. S4G). iv) higher intracellular aspartate 
in Pt 1 and Iso 1, and a significantly higher influx of extra-cellular aspartate in Pt 1 combined 
with upregulation of cytosolic glutamic-oxaloacetic transaminase 1 (GOT1) to facilitate aspartate 
de novo synthesis from oxalacetate. v) a higher influx of extra-cellular glutamate in Pt 1 combined 
with upregulated glutamate dehydrogenase 1 (GLULD1) and with downregulation of glutamate-
ammonia ligase (GLUL) and glutaminase (GLS), additionally identified as altered regulation in the 
mitochondrial pathway analysis in both Pt 1 and Pt 2. These data suggest that Pt 1 cells preferentially 
utilise extra-cellular glutamate rather than from glutaminolysis, which in turn can be converted to 
2-oxoglutarate in an NAD+-dependent step. vi) the upregulation of ATP citrate lyase (ACLY) in Pt 1, 
suggesting conversion of cytosolic citrate, which can be generated from either reductive carboxylation 
of glutamine and/or from pyruvate entering the TCA via AcCoA to cytosolic oxalacetate. vii) Pt 1 
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cells exhibited more oxidised and less reduced glutathione suggesting differences in ROS production. 
viii) Pt 1 and Pt 2 had lowered intra-cellular glycine, and Pt 1 also showed increased consumption of 
extra-cellular glycine. This altered glycine concentrations, combined with the upregulation of serine 
hydroxymethyltransferase 1 (SHMT1) and downregulation of dihydrofolate reductase 2 (DHFR), 
might also contribute to higher serine biosynthesis and utilisation in Pt 1 rather than contributing 
one-carbon units to the folate pathway. Interestingly, these pathways were also found to be altered 
in regulation according to the MitoCarta3 dataset (Fig. S4H). ix) While overall, Pt 1 exhibited 
lower pools of high energy phosphates (ATP, phosphocreatine), the upregulation of mitochondrial 
creatine kinase 2 (CKMT2) could indicate consumption of extra-cellular glycine by Pt 1 to produce 
phosphocreatine. x) Choline and ethanolamine pathways were also different in Pt 1, including the 
phosphorylation to phosphocholine (PCho) and phosphoethanolamine (PEtn), as well as the levels 
of formed sn-glycerophosphocholine (GPC). Interestingly, the expression of enzymes degrading PC 
into GPC, as well as those that convert PEtn to acetate and AcCoA, were all increased in Pt 1 (Fig. 
S4I). xi) In addition to the overall lower levels of all lipids classes in Pt 1 (Fig. 3B), we also observed 
lower intracellular free glycerol – a source of the three-carbon backbone of TAG and other lipids. This 
lower free glycerol combined with increased uptake of glycerol from the medium in Pt 1 and Iso 1, 
lower lipoprotein lipase (LPL) (degradation of lipids to free glycerol) and higher glycerol kinase (GK5) 
(conversion of glycerol to glycerol-3-phosphate to facilitate the production of pyruvate), matched 
by lower expression of glycerol-3-phosphate dehydrogenase 1 like enzyme (GPD1L) (conversion 
of dihydroxyacetone phosphate to glycerol-3-phosphate, away from glycolysis) in Pt 1 (Fig. S4I). 
Combining all glycerol-related and PE/PC-related data suggests different capacities of Pt 1 for lipid 
synthesis and utilisation of lipolysis products, albeit these links need further investigation.

Mitochondrial pathways were analysed using MitoCarta3 by performing four comparisons; Pt 1 vs 
Iso 1, Pt 2 vs Iso 2, both patients vs both isogenic, correcting for genetic background and finally, 
both patients vs the isogenic and the Ctrl line, again correcting for genetic background. This pathway 
analysis revealed some consensus (Fig. S4H). Specifically, genes related to mtRNA regulation and 
ribosome seemed to be affected in both Pt 1 and Pt 2. Furthermore, glutamate, glycine and 1-carbon 
metabolism were found to be altered in regulation, compounding the observations made with the 
metabolomics analysis. 

Further analysis of the RNA-seq using KEGG also revealed several altered pathways related to metabolic 
homeostasis, contractile apparatus or adhesion molecules, calcium handling, and translation and 
transcription (Fig. 4A). Additionally, GO-term analysis revealed altered transport and phosphorus 
metabolism pathways (Fig. 4B). 
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Calcium transients in patient hiPSC-CMs showed altered dynamics and 
arrhythmic behaviour
We were particularly interested in investigating whether the observed transcriptional differences in 
calcium handling and contraction pathways were paralleled by functional consequences, as calcium 
dynamics play an essential role in the excitation-contraction coupling of cardiomyocytes. Therefore, 
we measured the calcium transients and contraction profiles of the patient and control hiPSC-CMs. 
The cardiomyocytes from each of the hiPSC lines displayed a range of different calcium transient 
profiles, with some wells showing typical, rhythmic calcium traces and other wells presenting 
arrhythmic calcium transients (Fig. 4C, D). The arrhythmic behaviour was analysed by plotting 
the data in Poincaré plots. In Pt 1 hiPSC-CMs, the Poincaré profile showed a greater spread and 
quantification showed a larger standard deviation along the intersecting line, indicating a higher 
incidence of arrhythmic transients than the Iso 1 and Ctrl hiPSC-CMs (Fig. 4E, F). 

Quantifying the calcium transient characteristics during non-arrhythmic transients revealed prolonged 
peak-to-peak-intervals (PtP-intervals) under spontaneous beating, with subsequent increases in the 
calcium-transient duration at 90% decay and calcium amplitude in Pt 1 compared to Iso 1 and Ctrl 
(Fig. S5A). Additionally, both the rising- and decay-slope were decreased, in line with an increase 
in rising and decay time in Pt 1 compared to Iso 1 and Ctrl CMs (Fig. S5A). We used caffeine, 
a Ryanodine Receptor 2 (RYR2) channel agonist, to induce calcium release from the sarcoplasmic 
reticulum (SR) and measure total cytosolic calcium. The addition of caffeine prolonged peak duration 
and increased amplitude in the Ctrl compared to both Pt 1 and Iso 1 hiPSC-CMs, while the peak area 
did not differ between the lines (Fig. S5B, C). These results suggest that the observed calcium changes 
between Pt 1 and Iso 1 were not due to differences in total cytosolic calcium. 
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Figure 4. Altered calcium homeostasis and arrhythmic behaviour Pt 1 in hiPSC-CMs. 
A) KEGG pathways were found altered in their expression. (FDR adjusted p-value < 0.05). B) Gene-ontology 
(GO) biological processes analysis of enriched pathways (Kruskal-Wallis p-value < 0.05). C) Representative calcium 
transient traces showing rhythmic calcium profiles (top) and arrhythmic calcium profiles (bottom) in spontaneously 
contracting hiPSC-CMs. D) Graphs showing the method for calculating the poincaré plots from rhythmic (top) 
and arrhythmic (bottom) calcium traces; each peak-to-peak (PtP) time as compared to the previous peak. E) 
Poincaré plots showing arrhythmia, marked as a red ellipse drawn based on calculating standard deviation along and 
perpendicular to the dissecting line (N = 60, n = 4 biological repeats). F) Quantification of the ellipse statistics. G) 
Ability of hiPSC-CMs to follow increasing pacing frequencies. The x-axis shows paced frequency. The y-axis shows 
the observed beating rate of the hiPSC-CMs. All data points underneath the intersecting line reflect hiPSC-CMs 
not contracting at the paced frequency.  (N = 8-9, n = 3 biological repeats). H) Representative traces show different 
contractile characteristics during ramped pacing. Pt 1 hiPSC-CMs (top) show arrhythmic contractile properties 
at higher frequencies, while Iso 1 hiPSC-CMs (bottom) retain regular beating intervals. I) Quantification of the 
percentage of samples able to follow the paced frequency up to 4 Hz. 
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We then measured the contraction characteristics of the hiPSC-CMs. In agreement with the calcium 
transient analysis, Pt 1 hiPSC-CMs showed a higher spontaneous Beat-to-Beat (BtB) rate, higher 
contraction duration and increased relaxation time compared to Iso 1 and Ctrl, while time-to-
peak was unchanged (Fig. S5D). To mimic physiologically relevant beat-rates and the cellular stress 
induced by high beat rates, we paced the hiPSC-CMs at increasing frequencies, starting from 0.2 
Hz and ramping up to 4 Hz (Fig. 4G). From 0.8 Hz onwards, both the patient hiPSC-CMs showed 
diminished capability to follow the increased pacing frequencies compared to their corresponding 
isogenic CMs (Fig. 4G, H). Additionally, when the patient hiPSC-CMs failed to follow the paced 
frequency, both lines showed an arrhythmic behaviour (Fig. 4I). Conversely and, different to the 
isogenic CMs that were able to respond to all the pacing frequencies, the Ctrl hiPSC-CMs could not 
be paced above 2 Hz. Instead, they reliably contracted at half of the pacing frequency, resulting in 
beat rates of 1, 1.5 and 2 Hz while paced at 2, 3 and 4 Hz, respectively. Although Pt 2-hiPSC-CMs 
did not differ from Iso 2 in calcium handling (Fig. S6A-E), the contraction duration and time-to-
peak were both increased in Pt 2 (Fig. S6F). Additionally, Pt 2 showed the same high prevalence of 
arrhythmias as Iso 2 (Fig. S6G-H). These results indicated that the patient-derived CMs, harbouring 
the compound AARS2 mutations, CMs were more prone to arrhythmic events than their respective 
isogenic controls and the independent control.

Lower calcium and NaV1.5 ion-channel sensitivity revealed by flecainide 
treatment in MEA
To further exacerbate the phenotype in Pt 1, we performed a small drug screen in hiPSC-CMs of 
Pt 1, Iso 1 and Ctrl, pacing at 1 Hz. In the presence of both 5 μM Thapsigargin, an inhibitor of 
the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) pump, and 15 μM flecainide, a 
potent anti-arrhythmic drug blocking the Ryanodine receptor 2 (RYR2), the cardiac sodium channel 
NaV1.5, and the human Ether-à-go-go-Related Gene (hERG), none of the hiPSC-CMs be paced at 1 
Hz. The calcium transients changed to show a typical “shoulder” during the downslope of the calcium 
transient that is thought to be a precursor for early afterdepolarisations (EAD) (Blinova et al., 2017). 
This was more apparent in the Ctrl and Iso 1 lines, and subsequently led to actual EAD-induced 
sustained triggered activity in the Ctrl line (Fig. 5A). Quantification confirmed that Pt 1 hiPSC-CMs  
had a weaker drug response compared to both Iso 1 and Ctrl, with the changes in beat rate, decay 
slope, transient area, PWD50 and PWD90 all being less pronounced (Fig. 5B). 
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Figure 5: Calcium, contraction and electrophysiological properties of hiPSC-CMs. 
A) Representative calcium transients from cardiomyocytes paced at 1 Hz (top) at baseline without drug intervention 
and at 1 Hz (bottom), including 15 μM Flecainide and 5 μM thapsigargin. B) Quantification of calcium transients 
parameters after the addition of flecainide and thapsigargin. DMSO treatment was used as a reference control. N = 
8 and n = 2 biological repeats. Statistics indicated as follows, * P < 0.05, ** P < 0.01, *** P < 0.001 with Wilcoxon 
signed-rank test. C) Field potential duration (FPD) as assessed by multi-electrode array measurements. N ≥ 18, n = 2 
biological repeats. Statistics indicated as follows, * P < 0.05, ** P < 0.01, *** P < 0.001 with student’s t-test. D-E) FPD 
change (D) sodium spike amplitude change (E) upon Flecainide treatment. N ≥ 6 and n = 2 biological repeats. For 
amplitude decrease, the EC50 = 36.8, 2.52 and 5.59 μM for Pt 1, Iso 1 and Ctrl, respectively. All data shown are mean 
with standard error.

Because EADs are an arrhythmic response of cardiomyocytes to hERG-channel blockers, we 
investigated whether the arrhythmic behaviour we observed was due to hERG inhibition. Treatment 
with either thapsigargin or flecainide alone showed that the effect was solely due to flecainide (Fig. 
S7A), which is known to block hERG with an EC50 of 1.5 μM (Melgari et al., 2014). Indeed, 
the transcriptomic analysis revealed that key genes related to excitation-contraction coupling had an 
altered expression profile in Pt 1, possibly impacting action-potential generation (Fig. S7B); however, 
well-known NaV1.5 modulator SIRT1 and was not altered (Fig. S7C). 
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To verify whether the arrhythmic behaviour was caused by hERG blocking, we measured the hiPSC-
CM field potential duration (FPD) using MEAs. Interestingly, FPDs of Pt 1 hiPSC-CMs were shorter 
than Iso 1 or Ctrl hiPSC-CMs (Fig. 5D). When treating the hiPSC-CMs with flecainide, the change 
in FPD between the lines was similar, suggesting that the hERG-blockage effect of flecainide did 
not drive the mechanism of action behind the observed differences in the calcium transients. (Fig. 
5E). Instead, EADs observed in the calcium measurements were likely driven due to sodium-channel 
blockage by flecainide, where Pt 1 showed a lower sensitivity to the drug with a smaller reduction in 
spike amplitude (Fig. 5F). 

Altogether, these results indicated a difference in ion-channel and calcium handling in Pt 1 hiPSC-
CMs, resulting in altered drug response and decreased FPD in vitro.

DISCUSSION
Infantile cardiomyopathy is a devastating and fatal disorder that presents shortly after birth and 
is often caused by mitochondrial defects. Currently, no effective treatment exists for these young 
patients, and it is unclear how mitochondrial defects lead to the development of cardiomyopathies. 

In this study, we used previously described patient hiPSC lines (van Helden et al., 2021). We generated 
isogenic control lines by repairing the maternally inherited mutation to investigate how the AARS2 

mutations impacted essential pathways for cardiomyocyte function. 

The undifferentiated hiPSCs from the patients were not able to grow at higher confluencies, resulting 
in massive cell death and complete colony collapse within 24 hours. While this behaviour is not 
evident in the Ctrl line or any other of our regular in-house lines, it was not fixed by correcting 
the maternal allele. Further metabolic characterisation of the hiPSC-lines could also not explain 
the observed phenotype, with an increase in non-glycolytic acidification in the Ctrl-line, but these 
differences were not sufficient to show a lower glycolytic activity, 

It is therefor tempting to speculate that the AARS2 c.1774C>T mutation, even in heterozygosity, 
might result in impaired mitochondrial respiratory function since all the hiPSC lines, patients’ 
(AARS2c.1774C>T/c.2872C>T) and isogenic controls (AARS2c.1774C>T/WT), showed similar behaviour. However, 
a mutation-cause effect could not be ruled out due to potential line-to-line and sex differences. In 
addition, the undifferentiated patient and isogenic hiPSC lines showed differences in the acidification 
rates compared to the control, possibly resulting in more rapid acidification of the medium during 
normal culture conditions. Only Pt 2 showed decreased OXPHOS potential compared to Iso 2 and 
Ctrl, while Pt 1 remained unchanged compared to Iso 1 and Ctrl. It is possible that the AARS2 

c.1774C>T mutation on the paternal allele can impair cellular function in hiPSCs. However, based 
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on our data, we cannot exclude the possibility of other factors playing a role, such as sex and epigenetic 
status of the primary samples from which the hiPSCs were derived.

The patients in this study and others diagnosed with COXPD8 showed a substantial reduction in 
mitochondrial complexes I, III and IV and consequent loss of COX activity in the heart (Kamps 
et al., 2018). Here, we found reduced respiratory capacity and reduced abundance of complex IV 
in Pt 1 hiPSC-CMs, suggesting that our in vitro COXPD8 infantile cardiomyopathy hiPSC model 
recapitulates these important aspects of the disease. However, we did not observe complete ablation 
of the OXPHOS complexes I, III and IV. In an earlier study in patients diagnosed with the same 
pathology, a greatly reduced abundance of these OXPHOS protein complexes was described in both 
heart and skeletal muscle biopsies (Sommerville et al., 2019). However, skin fibroblasts from these 
same patients remained capable of assembling these complexes, while mt-AlaRS abundance was still 
markedly reduced, similar to the patient hiPSC-CMs presented in this study. This illustrates the tissue 
specificity of mitochondrial diseases, where cells or tissues from different organs can be differently 
affected. The immature state of hiPSC-CMs, could explain the presence of complex I and III in our 
patient. Our hiPSC-CMs are more resemblant of fetal-like cardiomyocytes, while it is known that 
the mitochondria develop rapidly in the first weeks post-natal (Piquereau & Ventura-Clapier, 2018; 
Tylková, 2009; Anmann et al., 2014). Indeed, most patients make it to birth, often without pre-natal 
signs of cardiac impairment (Euro et al., 2015; Mazurova et al., 2016). The metabolic switch towards 
predominant fatty-acid utilisation in the neo-natal heart is a major factor that drives cardiomyocyte 
maturation, including mitochondrial development (Ulmer & Eschenhagen, 2020; Lopaschuk & 
Jaswal, 2010; Piquereau & Ventura-Clapier, 2018). We speculate that these metabolic changes, along 
with increased mechanical load upon birth, are a deadly trigger in the heart of these young patients. 
Our study, based on relatively immature hiPSC-CMs that have not undergone the metabolic switch 
towards fatty-acid metabolism, may not reveal the entire phenotype. Nevertheless, we did find early 
signs of pathology, leading us to hypothesise that the patient’s heart must already be predisposed to 
developing the disease, but that the cells have enough compensatory mechanisms in place to buffer 
for the loss in function. 

In addition to changes in mitochondrial protein expression, the patients also showed abnormal 
mitochondrial morphology in the heart (Kamps et al., 2018). Mitochondria are highly malleable 
organelles changing shape and size by fusion and fission, as well as changing their cristae ultrastructure 
and mitochondrial membrane potential depending on their cellular context (Vafai & Mootha, 
2012). Our study found that these mitochondrial dynamics were also affected in the AARS2 

patient hiPSC-CMs. We observed an increase in both the mtDNA copy number, MMP and mean 
mitochondrial volume but no differences in the mitochondrial cristae ultrastructure. During fetal 
heart development, the absolute mtDNA copy number increases, although it remains the same 
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in relation to the absolute mass of the heart (Pohjoismäki et al., 2013). Increases in mtDNA copy 
number are frequently observed during mitochondrial dysfunction and metabolic diseases, and it has 
been hypothesised that this is a cellular compensatory mechanism to increase mitochondrial biomass 
and energetic capacity (McManus et al., 2019; Li et al., 2018). In this regard, the increase in MMP in 
Pt 1 and Pt 2 was striking, as mitochondrial dysfunction is often associated with a decreased MMP. 
However, several other published studies have shown similar increases in the MMP in relation to 
mitochondrial dysfunction (McManus et al., 2019; Otten et al., 2018). A possible explanation is a 
reduction in the availability of NAD+ in the patient hiPSCs-CMs. NAD+ regeneration can be achieved 
in the mitochondria through the ETC-mediated NADH oxidation produced in the TCA cycle. 
Alternatively, in cells with ETC dysfunction, NAD+ regeneration may also occur from pyruvate in the 
cytosol, through the reduction step to lactate, by lactate dehydrogenase (LDH). While intracellular 
pyruvate levels between all hiPSCs-CMs do not differ, we found less lactate production in the patient 
cells. Thus, in both the mitochondria and the cytosol, NAD+ regeneration is limited in the patient 
hiPSCs-CMs. The role of NAD+ concentration and NAD+/NADH ratio has been well described 
in the literature in the context of cardiovascular disease, and recent investigation has solidified the 
relationship between reduced NAD+ and metabolic, cardiac diseases, including bradycardia, to altered 
regulation of the NaV1.5 channel (Yoon et al., 2022). Here the NADH-dependent acetylation activity 
of SIRT1 is the key modulator of NaV1.5, altering the excitability of the hiPSC-CMs. In our study, 
we observed arrhythmic behaviour, reduced NaV1.5 expression and blockage sensitivity (induced by 
flecainide) in our patient hiPSC-CMs, and reduced intracellular NAD+ concentrations. The RNA-seq 
data indicated only slightly increased NAD-dependent deacetylase sirtuin 2 (SIRT2) expression, and 
SIRT1 expression remained unchanged (Kane & Sinclair, 2018). We have not been able to uncover 
the exact nature of what causes the increased incidence of arrhythmia in the patient hiPSC-CMs, 
warranting further investigation. However, it seems likely that the combination of reduced NAD+ 
availability and reduced expression of NaV1.5 lie at the origin.  

Our metabolomics analysis also showed further evidence of altered NAD+-dependent processes. 
Aspartate was the only amino acid increased in patient and isogenic hiPSCs-CMs, while Pt 1 also 
consumed significantly more aspartate from the culture medium. Aspartate de novo synthesis usually 
takes place in the mitochondria via malate dehydrogenase 2 (MDH2) and Glutamic-Oxalacetic 
Transaminase 2 (GOT2) and is then transported to the cytosol, where the cytosolic aspartate 
aminotransferase GOT1 consumes aspartate to transfer electrons into the mitochondria. However, 
aspartate synthesis via the NAD+-dependent MDH2 is limited in cells with ETC dysfunction. This 
induces a shift in bidirectional GOT1 to generate aspartate in the cytosol instead of consuming it by 
utilising oxalacetate (Birsoy et al., 2015). In agreement with this, we found an upregulation of GOT1 
in Pt 1. The necessary source of oxalacetate for GOT1 is further supported by i) the upregulation of 
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DLAT in Pt1, which catalysis the conversion of pyruvate to AcCoA in the mitochondria, which in 
turn can enter the TCA cycle to form citrate, ii), the upregulation of ACLY in Pt 1 which converts 
glutamine-derived citrate in the cytosol to oxalacetate and iii), the increased uptake of glutamate by 
the patient hiPSCs-CMs which can further contribute to the synthesis of oxaloacetate. The fact that 
glutamine- or glutamate- derived reductive synthesis of aspartate also requires NAD+ (Sullivan et al., 
2015), which is limited in Pt 1 cells, might also explain the significantly higher uptake of aspartate 
from the culture medium by the patient hiPSCs-CMs. It is well known that increased aspartate 
biosynthesis or its exogenous addition rescues cell proliferation in cells with impaired ETC, regardless 
of which ETC-complex shows dysfunction (Birsoy et al., 2015; Sullivan et al., 2015). In the same 
studies, it was also shown that adding aspartate does not restore NAD+/NADH ratio in cells with 
reduced respiration but rather supported proliferation via the biosynthesis of nucleotides. 

Many previous studies have shown the essential role that mitochondria play in excitation-contraction 
coupling and calcium handling. It is, therefore, not surprising that calcium handling abnormalities 
have been previously identified in hiPSC-CM models for mitochondrial cardiomyopathy (Knottnerus 
et al., 2020; Liu et al., 2021; Li et al., 2018; Lee et al., 2016; Hallas et al., 2018). Here we show that 
moderate changes in mitochondrial function and ATP availability are linked with disrupted calcium 
handling and contraction in hiPSC-CMs and, in addition, electrophysiological changes. The evident 
arrhythmia observed in the calcium transient measurements in our hiPSC-CMs, their inability to 
follow higher pacing frequencies and their altered sensitivity to flecainide illustrate the interplay 
between mitochondria and the calcium handling in the heart. 

Patients with AARS2 mutations frequently present with an HCM phenotype, including reduced 
cardiac contractile capacity and arrhythmic events. It is interesting to note that mitochondrial and 
calcium dysfunction underlies the decrease in heart function in HCM, like acquired HCM (caused 
by increased strain on the heart) or familial HCM (mainly due to mutations in sarcomeric proteins) 
(Lan et al., 2013; Mosqueira et al., 2018, 2019; Smith et al., 2018; Zhou et al., 2019). Mutations in 
myosin-binding proteins have also been shown to disrupt mitochondrial, and calcium handling in 
both humans and mice, and the mitochondrial disruptions are thought to be caused by an increased 
ATP demand by the sarcomeres, leading to increased oxidative stress (Wijnker et al., 2019, 2016; 
McNamara et al., 2017; Parbhudayal et al., 2020; Güçlü et al., 2017). While we do find transcriptomic 
evidence of HCM in our patient hiPSC-CMs, 2D hiPSC-CM models are not ideally suited to model 
the more severe outcomes of HCM, such as the increase in cell-size and the reduction in contractile 
strength. Regardless, the underlying mechanisms leading to the progressive nature of HCM are 
evident in our data, the early incidences of arrhythmia triggered by decreased mitochondrial function 
and abbarant calcium dynamics. 
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How increased mitochondrial stress leads to further developing calcium and contractile defects 
is currently not fully understood. These changes were observed in our model, which represents a 
fetal-like stage of cardiomyocyte development, thereby revealing early phenotype development not 
described before in patients with COXPD8. Our model could be used in future studies to understand 
how early mitochondrial dysfunction interacts with excitation-contraction coupling, uncover the 
cascade of events that lead to COXPD8 cardiac failure, and possibly test potential pharmacological or 
metabolic interventions. 

In summary, we have shown that compound mutations in AARS2 lead to insufficiencies in OXPHOS 
and glycolysis and can disrupt excitation-contraction coupling resulting in defective calcium 
homeostasis and arrhythmic behaviour in the patient hiPSC-CMs and revealing dysfunction in the 
entire cascade central to cardiomyocyte function. It is possible that by carefully controlling the energy 
source supplied to the neonate at birth, the development of life-threatening cardiomyopathy could be 
slowed down or even prevented. 

MATERIAL AND METHODS
hiPSC culture and differentiation into cardiomyocytes
LUMC0024i-A, LUMC0025i-A and LUMC0026i-A hiPSC lines, previously generated as described 
(van Helden et al., 2021) and their isogenic corrected hiPSCs were maintained on recombinant 
human vitronectin in E8 medium (both Thermo Fisher Scientific). The hiPSCs were passaged as 
small clumps twice a week using 0.5 mM Ethylenediaminetetraacetic acid (EDTA, Thermo Fisher 
Scientific) in phosphate-buffered saline without Ca2+/Mg2+  (PBS-, Thermo Fisher Scientific), and 
plated in E8 medium with addition of Revitacell (1:200, Thermo Fisher Scientific). 

The hiPSCs were differentiated into cardiomyocytes as described previously (Campostrini et al., 
2021), with the following modifications: on day -1, 1.5-3.5*104 cells per cm2 cells were plated on 
growth factor-reduced Matrigel-coated plates (150 μg/ml) and cardiac mesoderm was induced on 
day 0 using LI-BPEL medium with the concentrations of the following cytokines differing per line: 
Activin A (15, 30, 30 ng/ml, Pt 1/Iso 1, Pt 2/Iso 2, and Ctrl, respectively, Miltenyi Biotec), BMP4 
(20, 10, 15 ng/ml, Pt 1/Iso 1, Pt 2/Iso 2, and Ctrl, respectively,  R&D Systems) and CHIR99021 (1.5 
μM, Axon Medchem). After 48 h, the medium was replaced with LI-BPEL containing XAV939 (5 
μM, Tocris), then refreshed every 2-3 days thereafter. Enrichment for the cardiomyocyte population 
was performed by metabolic treatment from day 12-16 in DMEM without glucose (Thermo Fisher 
Scientific) with 5mM sodium L-lactate (Sigma-Aldrich). All the differentiations resulted in 85-95% of 
TNNT2+ cells as measured by flow cytometry (Fig. 1E, Fig. S1G). The hiPSC-CMs were dissociated 
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using the Multi-tissue dissociation kit 3 (Milntenyi Biotec) for 10 min at 37°C and cryopreserved in 
KnockOut Serum Replacement (KOSR, Thermo Fisher Scientific) with 10% DMSO (van den Brink 
et al., 2020). 

Correction of AARS2 c.2872C>T using CRISPR/Cas9
Genetic correction of the AARS2 c.2872C>T mutation was performed by transfecting the hiPSCs 
with a gRNA recognising the mutated allele, high-fidelity Cas9 Ribonucleoprotein (RNP, IDT), 
and a single-stranded oligonucleotide (ssODN) comprising the corrected sequence and several silent 
mutations to avoid re-cutting of the Cas9 after homologous recombination. Briefly, the hiPSCs were 
dissociated into single cells using Accutase (Accutase) and a total of 1*105 cells were electroporated 
using the NEON electroporation kit and the NEON Transfection system (Thermo Fisher Scientific) 
with 240 ng gRNA, 1 μg Cas9 RNP and 13.3 μM ssODN according to the manufacturer’s 
recommendation. The cells were plated into a 48-well plate pre-coated with Synthemax-II substrate 
(6μg/ml, Corning) and containing CloneR E8 (Stemcell Technologies). After 24 h, the cells were 
refreshed with TesR E8 (Stemcell Technologies) and cultured until near confluence. These bulk 
transfected cells were dissociated with Accutase and plated at clonal density (1500 cells) in CloneR 
E8 on a 10 cm dish pre-coated with Synthemax-II. The remainder of the cells were used for DNA 
isolation, followed by ddPCR screening for identifying successful correction. The cells plated at 
clonal density were picked, expanded, and frozen, and DNA was isolated for a final ddPCR screen to 
determine which clones had successfully undergone homologous recombination. Sequences for the 
gRNA and ssODN can be found in Table S1. 

ddPCR for CRISPR/Cas9 correction screening and for estimating 
mitochondrial copy number
Genomic DNA was isolated using the high pure PCR template preparation kit (Roche) as described 
by the manufacturer. The ddPCR screen for identifying corrected clones was based on a double probe 
approach (Miyaoka et al., 2014) that allowed simultaneous detection of WT, mutant and corrected 
alleles. The FAM probe targeting the WT allele was designed to allow binding of the mutant allele as 
well, while the HEX probe was designed only to bind the corrected allele (Table S1). For each sample, 
no more than 60 ng gDNA was mixed with both probes, ddPCR supermix for probes (Biorad) and 50 
units of restriction enzymes CviQI and HindIII-HF (both from NEB), and each sample was placed in 
a 96-well twin-tech semi skirted PCR plate (Eppendorf ). Droplet generation, PCR-amplification and 
droplet reading were performed using an AutoDG droplet generator, T100 Thermocycler and QX200 
Droplet Digital PCR System (all from Biorad). Analysis was performed using Quantasoft™ Analysis 
Pro V.1.0.596 (Biorad). 
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Mitochondrial copy number was determined using a HEX probe targeting the nuclear RPP30 gene 
and a FAM probe targeting the mitochondrially encoded ND4 gene (BioRad). DNA was isolated 
from hiPSC-CMs using a chloride-based DNA lysis buffer consisting of 10 mM Tris-HCl (Merck) 
pH 8.0, 1 mM EDTA pH 8.0, 50 mM KCl and 2 mM MgCl2 (Sigma-Aldrich) with the addition 
of Proteinase K (Thermo Fisher Scientific) (200 μg/ml). The cells were lysed overnight at 60°C. The 
ddPCR procedure was adjusted to use 4 units of HaeIII per reaction and 2.5 ng of DNA. Due to the 
greater abundance of mtDNA compared to nDNA, less DNA was loaded to ensure empty droplets 
allowing proper quantification of DNA copies. Mitochondrial copy number estimation was calculated 
in R (v. 4.0.3) based on the mathematical model described previously (Dube et al., 2008). Sequences 
of the ddPCR probes and primers can be found in Table S1. 

Mutation screening
Genomic DNA was amplified by polymerase chain reaction using primers surrounding the three 
AARS2 mutations using the Platinum Taq HiFi (Invitrogen). The PCR products were purified 
(QIAquick PCR Purification Kit, Qiagen) and sent for Sanger sequencing. The sequences for the 
genotyping primers are listed in Table S1. 

Flow cytometry
Cardiac differentiation efficiency was assessed by flow cytometry analysis between days 17-21 of 
differentiation using cardiac troponin T (TNNT2) staining on fixed cells. Cardiomyocytes were 
dissociated as described above and subsequently fixed and permeabilised with Fix and Perm reagent A 
and B (Thermo Fisher Scientific). Cells were then stained in permeabilisation reagent B with Cardiac 
Troponin T-VioBlue (1:10 or 1:50, Miltenyi Biotec) for 15 min at RT and subsequently analysed 
in FACS buffer (PBS-, with 2% FCS and 2mM EDTA) using a MACSQuant VYB flow cytometer 
(Miltenyi Biotec). Data were analysed using FlowJo (Tree star). 

Pluripotency of the isogenic corrected hiPSC lines was assessed using the same method, using the 
following antibodies: OCT3/4-BV421, NANOG-PE (BD Biosciences) and SSEA-4-FITC (Miltenyi 
Biotec). Catalogue numbers and used dilutions for the antibodies are listed in Table S2.

Immunocytochemistry analysis
The hiPSC-CMs were fixed in 4% paraformaldehyde, permeabilised with 0.1% Triton-X (Sigma-
Aldrich) in PBS with Ca2+/Mg2+ (PBS+) and blocked with 10% fetal bovine serum (Thermo Fisher 
Scientific). Samples were stained overnight in blocking buffer at 4°C degrees with primary antibodies 
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against TNNT2 (rabbit polyclonal 1:1000, Abcam) and ACTN2 (mouse monoclonal 1:800, Sigma-
Aldrich). Primary antibodies were counter stained using Alexa-Fluor 488 (Goat-α-rabbit, 1:200, 
Thermo Fisher Scientific) and Alexa-Fluor 594 (Donkey-α-mouse 1:200, Thermo Fisher Scientific), 
and nuclei were stained with DAPI (Thermo Fisher Scientific). Images were acquired on a Leica SP8 
WLL confocal laser-scanning microscope. Catalogue numbers and used dilutions for the antibodies 
are listed in Table S2.

Western blot
The hiPSC-CMs were lysed on ice in a RIPA lysis and protein extraction buffer (Thermo Fisher 
Scientific) with an additional 2 µl/ml protease inhibitor mix (Sigma Aldrich). Protein content was 
quantified using a BCA protein kit (Thermo Fisher Scientific). 30 μg proteins per sample were used 
for Western blot experiments. Proteins were resolved by SDS-PAGE gel (4-15% Criterion Precast 
Gel, Bio-Rad) and subsequently transferred to a Polyvinylidene fluoride (PVDF) membrane (Bio-
rad). Total protein was assessed by Ponceau staining before being blocked by incubation with TBS  
with 0.1% tween 20 with 5% non-fat dry milk for 1 h at RT. Primary antibodies against mt-AlaRS, 
NDUFB8, SDHA, UQCRC2, MTCO1, ATPB and VDAC1 (all Abcam) were incubated overnight at 
4°C in milk on the membrane. The membrane was subsequently washed in TBS with 0.1% tween-20 
and incubated with the isotype appropriate HRP-conjugated antibody (Cell Signalling) for 1 h at 
RT. Images were acquired with ChemiDoc MP Imaging System (Biorad) and quantified with ImageJ  
1.8.0_66. Catalogue numbers and used dilutions for the antibodies are listed in Table S2.

Transmission electron microscopy (TEM)
hiPSC-CMs were fixed for 1 h by adding to the culture medium an equal volume of fixative (3% 
glutaraldehyde in 0.1 M cacodylate buffer pH 7.4). After washing the monolayers three times with 0.1 
M cacodylate buffer, the cells were postfixed for 1 h on ice with 1% OsO4, 1.5% potassium ferricyanide 
in 0.1M cacodylate buffer, followed by dehydration in a series of washing steps consisting of ethanol 
and ethanol mixed with EPON (LX112, Ladd research industries). After the final step with EPON 
only, BEEM capsules were filled with EPON and positioned on the fixed cells. After polymerisation of 
the EPON, the BEEM capsules were snapped off the surface of the culture dishes. Ultrathin sections 
(90 nm) parallel to the surface was made on a Reichert Ultracut S (Leica Microsystems). After the post 
staining of the sections with uranyl acetate and lead citrate, the electron microscopy images were taken 
with a twin transmission electron microscope (Thermo Fisher Scientific (formerly Fei) operating at 
120 kV, using a Gatan Oneview camera (Gatan, Pleasanton) on binning 2. Overlapping images were 
collected and stitched together into a large image as described (Faas et al., 2012).
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Live imaging of mitochondrial membrane potential and mitochondrial 
network
hiPSC-CMs were thawed and allowed to recover for 4 days in LI-BPEL medium. After recovery, the 
cells were dissociated and plated onto a glass 18-chamber slide (Ibidi) coated with 75 µg/ml Matrigel. 
Four days post-seeding, the hiPSC-CMs were treated and measured as previously described (Rech et 
al., 2019). Briefly, the mitochondria were stained for 30 min with 10 nM of TMRM (Thermo Fisher) 
in a medium without phenol red at 37°C and 5% CO2. Images were acquired using a spinning disk 
CorrSight fluorescent microscope equipped with a Zeiss 63x numerical aperture (NA) 1.4 objective 
and a Hamamatsu ORCA-Flash 4.0 V2 camera (FEI). The fluorescent signal was acquired using a 561 
nm laser coupled to a 600 nm emission filter. The cells were maintained within a bioculture chamber 
at 37°C and 5% CO2. The images consisted of 10 fields of view per well, and the z stacks contained 
100 images at a Nyquist Z-distance of 170 nm. The z stacks underwent deconvolution using the 
Constrained Inference for Linear Mixed-Effects Models (CLME) algorithm of Huygens Professional 
(SVI Hilversum). Image quantification was performed using MATLAB 2017 (Mathworks) in 3D. 
Further data analysis was performed in R (4.0.3), and the data was normalised to the average values 
of the Ctrl line for each replicate. 

Measurement of oxidative and glycolytic metabolic capacity 
Respiration and acidification rates of hiPSCs and hiPSC-derived cardiomyocytes were assessed using a 
Seahorse XF-96 Analyzer (Agilent). For undifferentiated hiPSCs, the cells were plated the day before 
the assay in E8 medium in an assay plate coated with vitronectin. On the day of the assay, the cells 
were washed and kept for 1 h in the assay medium consisting of Dulbecco’s Modified Eagle Medium 
(DMEM) without bicarbonate (Sigma-Aldrich), 5 mM glucose (Sigma-Aldrich), 2 mM L-glutamine 
(Thermo Fisher Scientific), 2 mM pyruvate (Thermo Fisher Scientific) and 5 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES, Sigma-Aldrich) for performing the mitochondrial stress test 
and the same medium without glucose for assessing the glycolytic capacity. For assessing OXPHOS, 
1 μM Oligomycin, 0.5 μM FCCP and 1 μM Antimycin A and Rotenone were injected, while for 
measuring glycolysis, 5 mM glucose, 1 μM Oligomycin and 10 mM 2-DG were injected (Sigma-
Aldrich). Measurements of the metabolic capacity of the hiPSC-CMs were performed as follows. 
Thawed cardiomyocytes were plated on 75 µg/ml Matrigel in LI-BPEL four days before the assay. 
The medium consisted of bicarbonate DMEM, 5 mM glucose, 2 mM L-glutamine, 5 mM HEPES 
and 0.22% fatty acid-free BSA (Bovogen) for assessing OXPHOS and without glucose for assessing 
glycolytic capacity. The drug injection concentrations were adjusted to 2.5 μM Oligomycin, 2.5 μM 
FCCP, 2 μM Antimycin A and Rotenone, 5 mM Glucose and 100 mM 2-DG. After the assay, 
normalisation was performed using a Pico-green assay (Thermo Fisher Scientific). Quantification of 
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ATP production rates was calculated according to the Real-time ATP production kit. All analysis was 
performed using R (version 4.0.3). 

Metabolomics 
Four days after hiPSC-CMs were thawed, the medium was replaced with HEPES-free LI-BPEL, made 
using Iscove’s Modified Dulbecco’s Medium (IMDM) without HEPES (Biowest). Additionally, the 
culture medium was added to an empty well serving as a background control. On days 0-3, 200 μL of 
the medium was taken from each well with hiPSC-CMs or the control well. Each medium sample was 
then mixed with 400 μL of ice cold (-20 °C) ultra-pure methanol (MeOH; Sigma-Aldrich), vortexed 
for 10 s and stored at -80°C until further processing. On day 3 after the last medium sample collection, 
the remaining medium was aspirated, each well was quickly washed with cold PBS+ (Thermo Fisher 
Scientific) and liquid N2 was added to each well in order to snap freeze the hiPSC-CMs. 

Metabolite extraction from the medium was performed by centrifuging the mixed medium – MeOH 
samples at 18,000  χ g for 20 min at 0°C. The supernatant containing the metabolites in the medium 
was collected and dried under nitrogen gas.

Extraction of both polar and nonpolar fractions from the cells was performed as follows. Keeping the 
plate on ice, 600 μL of 0°C 60% (v/v) MeOH was added to each well, and cells were lysed using a 
scraper. The lysate was transferred to pre-cooled Eppendorf tubes and vortexed for 10 min at 4°C. 
Subsequently, 500 μL of 0°C chloroform (Sigma-Aldrich) was added, and the tubes were vortexed for 
an additional 10 min at 4°C and then left at -40°C for 30 min to allow separation of the polar and 
nonpolar phases. Samples were then centrifuged at 4,000 χ g for 10 min at 4°C. The polar (upper) 
and nonpolar (bottom) phases were collected and transferred to glass vials. All extracts were dried 
under nitrogen gas and stored at -80°C until further processing. The middle protein-containing layer 
form each sample was dissolved in a buffer consisting of 3M Urea (Sigma-Aldrich), 0.25M TRIS-HCl 
(Merck) at pH 8.0 and 1% SDS (Sigma-Aldrich) and was subsequently quantified by Pierce BCA 
protein assay (Thermo Fisher Scientific) for normalisation of the metabolomics data. 

Polar cell extracts and media extracts were dissolved in 0.22mL 50mM K2HPO4/KH2PO4 (Sigma-
Aldrich) solution (pH 7.4) in 99.9% deuterated water (D2O; CortecNet) containing 0.2 mM NaN3 
(Sigma-Aldrich) and 0.05 mM of trimethylsilylpropionic-d4 acid sodium salt (TSP-d4; Sigma-
Aldrich). From each sample, 185 μL were transferred to 3 mm Nuclear Magentic Resonance (NMR) 
tubes (Bruker), and quantitative metabolomics was performed by NMR spectroscopy as described 
in detail previously (Kostidis et al., 2017). Briefly, NMR spectra were recorded using a 14.1T NMR 
spectrometer (600MHz for 1H; Bruker Avance Neo) under standardised instrumental settings for all 



Mitochondrial heart disease in hiPSC-CMs

3

65   

samples. For each sample, a one-dimensional 1H spectrum was collected using the noesygppr1d pulse 
sequence. All spectra data were phased, baseline corrected and referenced to TSP-d4 methyl protons 
at δ 0.00 ppm and subsequently imported into Chenomx NMR suit 8.5 (Chenomx Edmonton, 
Canada) for the quantification of metabolites.

Dried nonpolar cell extracts were used for lipidomic analysis by the commercial Lipidyzer platform 
(The Lipidyzer, Sciex). Lipid extracts were dissolved in a 250 μL buffer solution of 10 mM ammonium 
acetate in 50:50 (v/v) dichloromethane/methanol (Lipidyzer running buffer), including the Lipidyzer 
internal standard kit with >50 labelled internal standards for 13 lipid classes. The Lipidyzer platform 
is a flow-injection-based ion-mobility triple quadrupole system consisting of a Sciex 5500 QTrap 
equipped with SelexIon technology coupled to a Shimadzu Nexera series UHPLC system used for 
injection and delivering running buffer at 7 μL/min. A total of 50 μL of the resuspended samples 
were injected using 2 dedicated methods. Method #1 operated with active differential mobility 
spectrometry (DMS) separation under the following conditions: DMS temperature low, modifier 
(propanol) composition low, separation voltage 3500 V, and DMS resolution enhancement low. 
For method #2, the DMS cell was not activated. The MS operated under the following conditions: 
curtain gas 17, CAD gas medium, ion spray voltage 4100 V in ESI + mode and −2500 V in ESI− 
mode, temperature 200 °C, nebulising gas 17, and heater gas 25. First, phosphatidyl choline (PC), 
phosphatidylethanolamine (PE), lysophosphatidyl choline (LPC), lysophosphatidylethanolamine 
(LPE), and sphingomyelin (SM) lipid classes were analysed with method #1. Next, free fatty acid 
(FFA), triacylglyceride (TAG), diacylglyceride (DAG), ceramide (CER), dihydroceramide (DCER), 
lactosylceramide (LCER), hexosylceramide (HCER), and cholesterol ester (CE) lipids were analysed 
applying method #2. Further technical detail, including a list of all monitored transitions and detailed 
experimental settings can be found elsewhere. All concentrations from polar metabolites and lipids 
(μmol /L) were normalised to the protein mass of each cell extract.

RNA-sequencing analysis
RNA was isolated and purified from the hiPSC-CMs using the NucleoSpin RNA-kit (Macherey-
Nagel). RNA-sequencing and whole-genome transcriptome data were generated by Novogene (United 
Kingdom) on the Illumina NovaSeq6000 platform, paired-end sequencing and read length of 150bp 
with a sequencing depth of 20M raw reads per sample. 

Raw RNA-seq reads were processed using the open-source BIOWDL RNAseq pipeline v3.0.0 
(https://zenodo.org/record/3713261#.YoQ9mxxBxhE) developed at the LUMC. This pipeline 
performs FASTQ preprocessing (including quality control, quality trimming, and adapter clipping), 
RNA-Seq alignment, read quantification, and optionally transcript assembly. FastQC was used for 
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checking raw read QC. Adapter clipping was performed using Cutadapt (v2.4) with default settings. 
RNA-Seq reads’ alignment was performed using STAR (v2.7.3a) on GRCh38 human reference 
genome. The gene read quantification was performed using HTSeq-count (v0.11.2) with the setting 
“–stranded=no”. The gene annotation used for quantification was Ensembl version 99. 

Count tables were normalised against gene length and GC content using the R-package cqn v1.4 
(Hansen et al., 2012), and genes were filtered based on their expression across all the samples according 
to (Chen et al., 2016), resulting in a final dataset of 19120 genes and 15 samples. Differentially 
expressed genes (DEG) were identified using a general linearised model based on the package EdgeR 
(McCarthy et al., 2012), correcting for cellular origin. Benjamini and Hochberg FDR were computed 
to adjust p-values obtained for each differentially expressed gene. Using a cutoff of 0.05 at the adjusted 
p-values, we identified all up and down-regulated genes. Heatmaps were produced using the pheatmap 
package (Kolde, 2019). KEGG-pathway enrichment was performed based on the sum of rank test, 
with adjusted p-values < 0.05 considered to be significant according to the Benjamini-Hochberg 
procedure (Irizarry et al., 2009), gene-ontology (GO) enrichment, using the Kolmogorov-Smirnov 
Goodness of Fit Test with a cutoff p-value of < 0.05, were performed using the topGO package (2.44 
(Alexa & Rahnenfuhrer, 2021)), and mitochondrial pathway analysis enrichment was performed using 
the sum of rank tests, a less stringent use of un-adjusted p-values of < 0.05 considered significant. 
Both the tested genes and the involvement in mitochondrial processes was based on the curated 
MitoCarta 3.0 dataset (Rath et al., 2021). 

NAD+ measurements
Intracellular NAD+ concentrations were Dissociated hiPSC-CMs were plated on a μclear white 
transparent 384 well plate (Greiner) precoated with 75 μg/ml Matrigel (Corning). After a four-
day recovery period, the cells were lysed using the NAD/NADH-Glo assay (Promega) according to 
manufacturer’s protocol, and total NAD+ was measured on a SpectraMax iD3 plate reader. Data was 
analysed using R (4.1.1), and the data were normalised to the average values of the Ctrl line for each 
replicate.

Calcium transient measurements 
Calcium transients were assessed on hiPSC-CMs thawed and seeded in a black, flat-bottomed 96-
well plate coated with 75 μg/ml Matrigel (Corning) and cultured for four days before the assay. 
The calcium-6 dye (Molecular Devices) was dissolved in 10 mL HBSS buffer B and subsequently 
diluted 3-fold in Buffer B (Molecular Devices). The diluted dye solution was added 1:1 to the wells 
containing hiPSC-CMs in a bicarbonate-free medium consisting of DMEM, 5 mM Glucose, 2 mM 
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L-glutamine, 1 mM pyruvate, 5 mM HEPES and 0.2% BSA. Cardiomyocytes were incubated for 1 
hr at 37°C and 0% CO2 before being measured on the FDSS/μcell (Hamamatsu Photonics) at 37°C 
and 0% CO2 with an exposure time of 0.017s. Caffeine injection was performed by preparing a 
“compound plate” including 100 μM caffeine (Sigma Aldrich) in the assay medium, which was then 
automatically injected into the assay plate, reaching a final concentration of 25 μM (Liu et al., 2007). 
Analysis was performed using R (4.0.3). Poincaré graphs were generated by plotting the peak-to-peak 
(PtP) interval of one cycle against the PtP-interval of the previous cycle (PtPn-1). Ellipse statistics were 
calculated by taking the SD-length (deviation along the intersecting line) and SD-width (deviation 
perpendicular to the intersecting line), according to (Tulppo et al., 1996; Fishman et al., 2012) and 
using additional R package ggforce (Pedersen, 2021). 

The pacing was performed using the EFS pacing head add-on (Hamamatsu Photonics). Cells were 
paced at frequencies of 0.5 or 1 Hz, with a pulse of 7.5 V, 10 ms width and the probe at the height 
of 0.5-1 mm. The addition of flecainide and thapsigargin was performed manually by adding a 10x 
concentrated stock of 150 μM and 50 μM for each, respectively. Analysis was performed in R (4.0.3), 
and induced change was calculated against baseline and corrected for DMSO controls. 

Contraction measurements
Thawed hiPSC-CMs were seeded in a black, flat-bottomed 96-well plate coated with 75 μg/ml 
Matrigel (Corning) and cultured for four days to recover. Videos of cardiomyocyte contraction were 
recorded on a microscope using a 40x objective (Leica Inverted microscope IBDE) with a Thorlabs 
DCC3240M camera at 100 frames per second. The cells were kept in a culture chamber at 37°C and 
5% CO2. When capturing spontaneous contraction, videos were recorded for 15-30 seconds. The 
pacing of the cardiomyocytes was performed with a pulse of 21V/cm for 12.5 ms. The duration of 
each recording was adjusted to allow for at least 4 contractions to be captured. Videos were analysed 
using MUSCLEMOTION (Sala et al., 2018) ImageJ macro (ImageJ 1.8.0_66), and analysis was 
performed using R (4.0.3). 

Field potential measurements 
Seven days after recovery from thaw, hiPSC-CMs were dissociated and plated onto a Matrigel-
coated 48-well multi-electrode array (MEA) plate (Axion Biosystems), by adding 8 μl droplets of 
cell suspension containing 70k hiPSC-CMs to the middle of each well, taking care to cover the 
measuring electrodes and not the reference electrode. After initial attachment for 2 h in the incubator, 
an additional 300 μl of LI-BPEL was gently added to the wells. The cells were allowed to recover for 7 
days before evaluating drug responses using the Maestro Pro MEA system (Axion Biosystems). E4031 



Chapter 3

68

(Torcis) and flecainide (Torcis) were dissolved in DMSO at stock concentrations of 50mM. From this 
stock, further dilutions were made in LI-BPEL medium with a final DMSO concentration of 0.1%. 
Data were analysed using R (4.0.3), and dose-response curve statistics were calculated using (Ritz et 
al., 2015). 

Data and statistical analysis
All data analysis was performed using R (4.0.3), relying on additional packages (Wickham et al., 
2019; Wilke, 2020; Xie, 2021; Xiao, 2018). Data is represented as mean with standard error, and 
statistical analysis was performed using student’s t-test or Mann-Whitney U test. P-values < 0.05 were 
considered statistically significant. 
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EXPANDED VIEW FIGURE LEGENDS

Figure S1. Genetic correction in hiPSCs and differentiation into cardiomyocytes. 	  
A) Schematic representation for the CRISPR/Cas9 correction of the AARS2 c.2872C>T mutation and the screening 
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approach. The gRNA is uniquely complementary to the mutated allele. The WT probe binds to the WT allele with 
higher affinity than to the mutant allele. The COR probe binds uniquely to DNA matching the donor ssODN. 
P1 = forward primer 1, P2 = reverse primer 2, used for the screening. B) Screening of the transfected bulk hiPSC 
population. Mock transfection was performed without Cas9 protein but with the gRNA. WT droplets (blue) contain 
only the WT allele(s). Mutant droplets (red) contain only mutant allele(s). Mixed droplets (orange) contain one or 
multiple copies of both WT and mutant alleles. Corrected droplets (green) contain corrected alleles by homologous 
directed repair. Unknown droplets (turquoise) contain either unsuccessful PCR reactions or mutated alleles that 
underwent non-homologous end joining and therefore contained indels. Negative droplets (grey) do not contain any 
DNA. C) Screening of the hiPSC-clones grown from single-cell deposition from the bulk populations. The absence 
of the mutant cluster and the presence of the corrected cluster indicate the successful correction of the c.2872C>T 
mutation. D) Karyotypes from the targeted and corrected clone; Isogenic 1 clone G04 and Isogenic 2 clone B03 are 
Iso 1 and Iso 2, respectively. E) FACS analysis (histogram) of pluripotency markers OCT3/4, SSEA4 and NANOG 
(orange). Cells stained with isotype-matched antibodies were used as a negative control (blue). F) Sanger sequencing 
chromatogram of DNA isolated from Pt 2 and Iso 2 hiPSCs showing that the c.2872C>T mutation was corrected 
in Iso 2. G) Representative FACS analysis (histograms) of cardiac troponin (red) expression in Pt 2 and Iso 2 hiPSC-
CMs after lactate selection. In blue, as a control the same cells were stained with isotype-matched antibodies. H) 
Immunofluorescence images from Pt 2 and Iso 2 hiPSC-CMs for TNNT2 (green), α-actinin-2 (ACTN2, red). 
Nuclei were stained in blue with DAPI, scale bar = 25 μm. 

Figure S2. Mitochondrial proteins and mitochondria network analysis. 	  
A) Western blot showing expression of the mitochondrial protein subunits SDHA, ATPB, UQCRC2 and VDAC1 
in Pt 1, Iso 1 and Ctrl hiPC-CMs. Each column represents an independent differentiation (biological replicate, n 
= 3). B) Densitometric quantification (ADU: arbitrary units) of mitochondrial protein expression normalised to 
VDAC1 as a marker for total mitochondrial biomass. Data shown as mean with standard error. C) Expression of 
mitochondrial membrane porin VDAC1 normalised against total lysate protein assessed using Ponceau staining. D)  
Representative image of hiPSC-CMs where mitochondria were stained with the TMRM dye. Scale bar = 10 μm. 
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Figure S3. Mitochondrial protein expression, mitochondrial organisation and metabolic flux in Pt 2 hiPSC-
CMs. 										           
A) Western blot showing expression of the mitochondrial proteins mt-AlaRS, SDHA, MTCO1, ATPB, UQCRC2, 
NDUFB8 and VDAC1 in Pt 2 and Iso 2 hiPSC-CMs. Each column represents a single differentiation (biological 
replicate, n = 3). B) Densitometric quantification of mitochondrial protein expression normalised to VDAC1 
expression as a marker for total mitochondrial biomass. C) Expression of mitochondrial membrane porin VDAC1 
normalised against total lysate protein assessed using Ponceau staining as a quantification for mitochondrial biomass 
corrected for total biomass. D) mtDNA copy number per cell, quantified by ddPCR. The plot represents the Poisson 
minimum, mean, and maximum number of mtDNA per 2N nDNA copy number. Calculations based on Poisson 
distribution. N = 26, n = 4 biological repeat, ** P < 0.01, *** P < 0.001, Poisson statistics. E) transmission electron 
microscopy (TEM) images from Pt 2 and Iso 2 hiPSC-CMs, scale bar = 1 μm. F) Quantification of the intensity of the 
TMRM dye in mitochondria, normalised to the mean of the Ctrl and mean volume of each identified mitochondria. 
Each dot represents the mean value obtained per microscope field. N = 51, n = 3 biological repeat. G-H) Traces of 
extra-cellular flux assays in hiPSC-CMs by Seahorse measuring Oxygen consumption rate (OCR) (G) and proton 
extrusion rate (PER) (H). At the bottom of each panel, quantification of the different processes (basal respiration, 
ATP respiration, respiratory capacity, proton leak, (G, bottom) and basal glycolysis, glycolytic reserve, and glycolytic 
capacity (H, bottom)) is shown as a bar graph. N ≥ 18, n = 3-4 biological repeats. I) Total ATP production (top) and 
contribution of OXPHOS and glycolysis to total ATP production (bottom), calculated based on extra-cellular flux 
measurements. Statistical differences are denoted in comparison to Pt 2. n = 3-4 biological repeats. All data shown 
are mean with standard error. Statistics were indicated as follows unless otherwise indicated. * P < 0.05, ** P < 0.01, 
*** P < 0.001 with student’s t-test.
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Figure S4. Transcriptomics and metabolomics in hiPSC-CMs. 	  
A) Heatmap Hierarchical clustering of intra-cellular metabolites quantified by NMR (n = 3 biological repeats). 
The scale represents Z-score. B) Proportion of variance of all samples per principal component (PC) from bulk 
transcriptomics analysis. C) Scatter plot of PC1 and PC2 performed on hiPSC-CMs derived from all 5 lines. n = 3 
biological repeats. D) Venn diagram portraying the total number (and percentages) of differentially expressed genes 
(DEGs) found by comparing Pt 1 with either Iso 1 (368 DEGs) or Ctrl (335 DEGs) or as a combined analysis of 
Pt 1 vs healthy (representing Iso 1 and Ctrl) (361 DEGs). E) Hierarchical clustering of the 361 DEGs from the Pt 
1 vs healthy comparison. The scale represents Z-score. F) Hierarchical clustering of the 42 DEGs identified when 
comparing both patients against both isogenic lines. The scale represents Z-score. G) Pathway analysis on genes 
related to mitochondrial function from the MitoCata 3.0 atlas (p-value < 0.05). Each  H) Combined pathway 
analysis of intracellular metabolites; upregulated genes (blue) and downregulated (red) genes in Pt 1 versus Iso 1 and 
Ctrl hiPSC-CMs are visualised (p-value < 0.15 and 20% altered fold-change). 
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Figure S5. Quantitative analysis of calcium transients and contraction properties. 	  
A) Analysis of rhythmic calcium transients showing peak-to-peak time, calcium transient width duration at 90% 
decay (PWD90), amplitude, rising slope, decay slope, rising time and decay time. Fluorescent amplitude was 
normalised using average background signal. Each dot represents the average of all calcium traces from a single well. 
N ≥ 35, n = 3 biological repeats. B) Representative traces showing calcium release from the sarcoplasmic reticulum 
upon the addition of 50 mM caffeine. C) Quantification of the caffeine-induced calcium release transient, amplitude 
change calculated over normal average amplitude, caffeine peak duration as PWD90, and area under the curve for the 
PWD90 duration. Each dot represents one well and analysed peak, N = 11, n = 3 biological repeats. D) Contraction 
analysis. All data shown are mean with standard error N ≥ 6 and n = 3 biological repeats. 
All data shown are mean with standard error. Statistics indicated as follows, unless otherwise indicated. * P < 0.05, ** 
P < 0.01, *** P < 0.001 with student’s t-test.
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Figure S6. Calcium and contractile analysis of Pt 2 and Iso 2. 	  
A) Analysis of rhythmic calcium transients in spontaneous contracting hiPSC-CMs showing peak-to-peak time, 
calcium transient width duration at 90% decay (PWD90), amplitude, rising slope, decay slope, rising time and 
decay time. Fluorescent amplitude normalised using average background signal. Each dot represents the average of all 
calcium traces from a single well. N ≥ 25, n = 4 biological repeats. B) Poincaré plots showing arrhythmia, marked as 
a red ellipse that was drawn based on calculating standard deviation along and perpendicular to the dissecting line. N 
= 60, n = 4 biological repeats. C) Quantification of the standard-deviation statistics used to generate the ellipse. D) 
Representative traces showing calcium release from the SR upon addition of 50 mM caffeine. E) Quantification of the 
caffeine-induced calcium release transient, induced amplitude change calculated based on average calcium transient 
amplitude, caffeine peak duration as PWD90 and area under the curve for the PWD90 duration. Each dot represents 
one well and analysed peak, N = 11, n = 3 biological repeats. F) Contraction analysis showing beat-to-beat time, total 
contraction duration, time-to-peak and relaxation time. N = 9, n = 3 biological repeats. G) Ability of hiPSC-CMs to 
follow increasing pacing frequencies. The x-axis shows paced frequency, the y-axis shows the observed beating rate of 
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the hiPSC-CMs. All dots underneath the intersecting line reflect hiPSC-CMs not contracting at the paced frequency. 
(N = 9, n = 3 biological repeats). H) Quantification of the percentage of samples able to follow the paced frequency 
up to 4 Hz. All data shown are mean with standard error and n = 3 biological repeats. Statistics indicated as follows, 
* P < 0.05, ** P < 0.01, *** P < 0.001 with student’s t-test. 

Figure S7. Decreased sensitivity to Flecainide in Pt1, with altered expression profiles in ion-exchange, contraction 
and calcium related genes, but not in Sirtiuns.
A) Representative traces showing calcium transients of hiPSC-CMs being paced at 1 Hz and exposed to 15 μM 
flecainide. B) Heatmap showing a curated list of genes based on KEGG and GO pathways related to ion exchange 
(blue), cardiomyocyte contraction (pink) and calcium homeostasis (purple). Final selection based on either p-value 
< 0.05 altered regulation versus Pt 1 or manually curated key genes. C) Expression of all sirtuin genes from 
transcriptomic data-analysis. Expression indicated as RPKM, n = 3 biological repeats. 
All data shown are mean with standard error. Statistics indicated as follows, unless otherwise indicated. * P < 0.05, ** 
P < 0.01, *** P < 0.001 with student’s t-test.




