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1
IntRoduCtIon

Heart failure is a syndrome that is diagnosed when the heart is unable to sufficiently 
pump blood through the body. Heart failure is a major global public health care burden 
with a prevalence of 1-2% and a lifetime risk for developing heart failure of 1 in 5 for both 
men and women1. Furthermore, heart failure patients have a five-year survival rate of 
50%2. In an aging population, heart failure prevalence as well as the economic and health 
care burden will increase drastically3. Consequently, there is an unmet need to discover 
new treatment strategies in order to improve prognosis.

Various risk factors for the development of heart failure are well known, but poorly 
understood. Clear examples of this are iron deficiency and cardiac hypertrophy. Iron 
deficiency is a clinically relevant co-morbidity for heart failure and is observed in patients 
with or without anemia, and causes impaired exercise tolerance, reduced quality of life 
and worse prognosis4-7. Other than its major role in general oxygen transport as part 
of hemoglobin, iron also plays essential roles in cellular mechanisms related to redox 
cycling, electron transport, and as an enzymatic cofactor. Cellular iron deficiency impairs 
functional status in heart failure patients independently of hemoglobin levels and intra-
venous supplementation with iron reverses adverse effects8,9. The direct effects of iron 
deficiency on cardiomyocytes are unknown and identifying relevant mechanisms may 
lead to improved therapies to combat heart failure.

Another major co-morbidity for heart failure is (pathological) cardiac hypertrophy, which 
is primarily caused by hemodynamic stress or ventricular wall stress in patients10. The first 
coping mechanism is the activation of a transcriptional hypertrophic response program 
that is reversible at first, but persistent wall stress will lead to pathological hypertrophy 
before the onset of maladaptive cardiac remodeling11. Preclinical studies demonstrated 
that this hypertrophic response is generally detrimental to cardiac function, but the 
underlying molecular mechanisms are poorly understood12. Therefore, identifying these 
mechanisms and preventing hypertrophy may lead to novel therapeutic interventions.

Studying molecular mechanisms of pathophysiology in the human heart is challenging 
as there are major ethical concerns with respect to obtaining healthy cardiac tissue from 
humans. Samples used for molecular profiling are often obtained during the end-stage 
of the disease or post-mortem. Moreover, the heart consists of non-proliferative cells 
that cannot be expanded in vitro. Therefore, relatively large cardiac biopsies are required 
to acquire the minimally sufficient amounts for basic assays. In turn, researchers have 
elected to employ animal models to great extent, but with varying degrees of success. 
Mice genetically resemble human to great extent and can be used in a wide variety of 
experiments. However, animal models have produced unreproducible results that could 
not be applied to human heart failure13,14. Therefore, novel approaches to model human 
pathophysiology were needed. In recent years, human pluripotent stem cells have become 
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a popular tool to obtain a virtually unlimited number of functional human cardiomyocytes 
for in vitro studies. Robust human cardiac differentiation protocols were developed and 
human cardiomyocytes could be studied in great detail15-17. Hence, cardiac-specific effects 
could be assessed at an early stage in detail, preventing previously unexpected side-
effects of drugs during clinical trials. Notably, the introduction of induced pluripotent 
stem cells provided more accessible means for studying diseases in vitro, especially in a 
patient-specific fashion18. Seminal studies demonstrated that pathological cellular mecha-
nisms could be recreated in vitro19,20. Consequently, human cardiomyocytes have become 
a common platform for in vitro disease modeling, but also for screening of currently 
available drugs as well as novel drugs21-23. In order to improve in vitro models, research 
is currently being conducted to improve tissue engineering and consequently provide 
optimal models for the human heart.

These developments pave the way to accurately studying complex cardiovascular dis-
ease. Peripartum cardiomyopathy is an interesting example of such a disease. Peripartum 
cardiomyopathy is a severe form of heart failure that occurs in women during the last 
trimester of pregnancy or in the first six months after childbirth. Disease severity increases 
with every pregnancy, but patients generally recover when treated adequately. Diagnosis 
is established according to specific guidelines and is mostly based on exclusion criteria24. 
Recent studies have identified cathepsin D as a pivotal mediator in molecular patho-
physiology25. Hilfiker-Kleiner et al. have demonstrated that cathepsin D secreted from 
cardiomyocytes cleaves the nursing hormone prolactin into antiangiogenic fragments 
that induce apoptosis in endothelial cells. As a result, endothelial cells secrete microRNA-
146a-loaded exomes that are taken up by adjacent cardiomyocytes. MicroRNA-146a 
inhibits specific metabolic pathways and is thought to ultimately induce heart failure26. 
Notably, it remains unknown what causes the secretion of cathepsin D into the circulation. 
Nonetheless, several studies aimed to intervene at various levels of the recently identified 
pathological mechanism, with varying degrees of success. Therefore, more research needs 
to be done in order to elucidate the cause of peripartum cardiomyopathy.

AIMS oF tHe tHeSIS

In this thesis, we aim to study molecular mechanisms underlying key aspects of failing 
cardiomyocytes in an in vitro setting. To this end, we differentiate human embryonic stem 
cells or patient-derived induced pluripotent stem cells towards cardiomyocytes, and 
introduce specific conditions that mimic clinical settings in order to reproduce a diseased 
state of patients, including iron deficiency and mechanical stretch. Furthermore, we use in 
vitro disease modeling to unravel pathophysiological changes on a cellular level in a spe-
cific form of heart failure (peripartum cardiomyopathy). Ultimately, we hope to contribute 
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1
to the advancement of targeted and personalized medicine with the use of adequate in 
vitro disease modeling.

Part I focuses on two in vitro models for cardiomyocyte-specific processes that can 
exacerbate or lead to heart failure. We highlight the current state of in vitro disease 
modeling. We study the functional effects of cellular iron deficiency on stem cell-derived 
cardiomyocytes. Various functional aspects of cardiomyocyte function are studied in 
order to unravel which mechanisms will fail due to iron deficiency. Furthermore, we apply 
cyclic mechanical stretch on stem cell-derived cardiomyocytes to induce pathological 
hypertrophy. RNA sequencing is employed to identify and target pathways involved 
in the onset of hypertrophy. Chapter 2 provides an overview of the current state of in 
vitro cardiac disease modeling with human (induced) pluripotent stem cells, focusing 
on tissue engineering, heritable cardiomyopathies and how diseases might be modeled 
when the causative mutations are unknown. In chapter 3, we investigate the effects of 
cellular iron deficiency on human cardiomyocyte function. We also establish which cellular 
mechanisms are impaired during iron deficiency and to what extent these effects are 
reversible by iron supplementation. In chapter 4, we introduce cyclic equiaxial stretch as 
an in vitro model for mechanical stretch leading to cardiomyocyte hypertrophy. Following 
validation of the model, we set out to determine key pathways that regulate the onset of 
hypertrophy by RNA sequencing. Identified pathways are inhibited in an attempt to block 
the pathological response to mechanical stretch.

Part II uses in vitro disease modeling to unravel the pathophysiology of peripartum 
cardiomyopathy, which is characterized by a specific disease onset in the last trimester or 
in the first six months following childbirth. Seminal studies have demonstrated that the 
interaction between circulating cathepsin D and prolactin results in antiangiogenic effects 
that may lead to peripartum cardiomyopathy25. Chapter 5 reviews the currently known 
mechanisms involved in the pathophysiology of peripartum cardiomyopathy and pos-
sible underlying genetic background that are associated with an increased risk to develop 
peripartum cardiomyopathy. In chapter 6, we investigate whether cathepsin D secretion 
from cardiomyocytes is an event exclusive to peripartum cardiomyopathy pathophysiol-
ogy or whether its secretion is common in other cardiac disease as well. Furthermore, we 
will assess the effects of reduced CSTD levels in human cardiomyocytes. In chapter 7, we 
study peripartum cardiomyopathy more in-depth. We have sequenced the transcriptomic 
profile of cardiomyocytes derived from a patient and a familial age-matched healthy 
control in order to discover putative genetic transcripts that may be causal for disease 
development. Since the cause for PPCM is unknown, we have designed the experiment in 
this specific familial patient-control setup by including a healthy sister. Consequently, the 
genetic background is minimalized, resulting in more reliable data in this iPSC-based dis-
ease model. This approach allows for the distinction between stretch-related effects and 
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PPCM effects. Therefore, we will perform thorough pathway, gene ontology enrichment, 
and transcription factor analysis on the obtained list of differentially expressed genes.

Finally, chapter 8 provides general discussion of the major findings and reflects upon 
future perspectives.
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ABStRACt

Until recently, in vivo and ex vivo experiments were the only means to determine factors 
and pathways involved in disease pathophysiology. After the generation of character-
ized human embryonic stem cell lines, human diseases could readily be studied in an 
extensively controllable setting. The introduction of human-induced pluripotent stem 
cells, a decade ago, allowed the investigation of hereditary diseases in vitro. In the field 
of cardiology, diseases linked to known genes have successfully been studied, revealing 
novel disease mechanisms. The direct effects of various mutations leading to hypertro-
phic cardiomyopathy, dilated cardiomyopathy, arrhythmogenic cardiomyopathy, or left 
ventricular noncompaction cardiomyopathy are discovered as a result of in vitro disease 
modeling. Researchers are currently applying more advanced techniques to unravel more 
complex phenotypes, resulting in state-of-the-art models that better mimic in vivo physi-
ology. The continued improvement of tissue engineering techniques and new insights 
into epigenetics resulted in more reliable and feasible platforms for disease modeling and 
the development of novel therapeutic strategies. The introduction of CRISPR-Cas9 gene 
editing granted the ability to model diseases in vitro independent of induced pluripotent 
stem cells. In addition to highlighting recent developments in the field of human in vitro 
cardiomyopathy modeling, this review also aims to emphasize limitations that remain to 
be addressed; including residual somatic epigenetic signatures induced pluripotent stem 
cells, and modeling diseases with unknown genetic causes.
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2

IntRoduCtIon

Heart failure is a clinical syndrome that is caused by a wide variety of factors and between 
2011 and 2014 an estimated 6.5 million adults were diagnosed with heart failure1. The 
number of heart failure patients is rising markedly. Dysfunctionality of the cardiac muscle 
leading to heart failure can be caused by different cardiomyopathies. The most common 
forms are hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM), fol-
lowed by arrhythmogenic cardiomyopathy (ACM) and left ventricular non-compaction 
cardiomyopathy (LVNC)2-5. They result from a complex and diverse mechanism that is 
often a mix of functional, structural, and biological adaptions specific for each cardiomy-
opathy. This makes studying heart failure pathophysiology a daunting task.

Technological advances that were made during the last decades enabled researchers 
to non-invasively study cardiac function in detail. Nevertheless, studying pathological 
molecular mechanisms occurring in the failing heart of patients primarily involves invasive 
methods. Taking any form of biopsy from cardiac tissue comes with the risk of perfora-
tion. The amount of material is often insufficient for extensive molecular analyses and 
biopsies are only taken in very few patients with severe (end-stage) cardiac pathology. 
Moreover, cardiomyocytes are non-proliferative, which makes in vitro culturing of pri-
mary cardiomyocytes complicated. Alternatively, standardized cell lines were used (e.g. 
H9C2, HL-1 or immortalized cardiomyocytes), while these cells proliferate indefinitely and 
resemble cardiomyocytes to some extent, each line also has major disadvantages (e.g. 
non-human cells or tumor-like properties). In addition, using animals to isolate (neonatal) 
cardiomyocytes requires a large number of animals to acquire sufficient amounts of cells.

The emergence of human embryonic stem cells (hESC) and the development of ap-
propriate culturing techniques, quickly made them a potent tool to study previously rare 
tissues and mechanisms6. In 2007, the pioneering methods for generating human induced 
pluripotent stem cells (hiPSC) were published and provided the means to conduct patient-
specific in vitro studies7. The development of these cell-based tools enabled researchers 
to attempt recapitulating various aspects of a disease through in vitro disease modeling.

This review aims to highlight the current status of in vitro cardiomyopathy models 
while focusing on tissue engineering and gene editing in order to recapitulate human 
cardiomyopathies.
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CARdIAC dISeASe ModelInG - tRAnSlAtIon to tHe ClInICAl 
SettInG

Cellular sources for in vitro cardiomyopathy models
Early in vitro cardiac tissue models were based on either immortalized human cell lines 
or cells isolated from animals. The immortalized human ventricular AC16 cell line was 
developed using fusion of primary ventricular cardiomyocytes with an SV-40 transformed 
fibroblast cell line8. These cells resemble human cardiomyocytes to great extent (e.g. these 
cells contract and express main cardiac genes), but the proliferative capacity of these cells 
remains the main disadvantage as proliferating cardiomyocytes cannot maintain stable 
myofibrils.

Primary cardiomyocytes isolated from neonatal mice, rats, and chicken embryos were 
popular cell sources for in vitro cardiac models9-11, but research based on these primary 
cells demonstrated that animal cell-based models cannot truly recapitulate human physi-
ology. Consequently, more sophisticated cell models were developed to create human-
like tissue models12,13. However, establishing human models proved to be challenging as 
cardiac tissue or isolated cardiomyocytes from patients are difficult to obtain and cannot 
survive long-term culture14.

Human pluripotent stem cells
Cardiomyocytes were considered a rare cell type for in vitro studies, until hESC-derived 
cardiomyocytes (hESC-CM) were the first source of human heart cells for large scale experi-
mental set-ups15. Since the introduction of hESC-CM in 2001, the use of hESC as a source 
for in vitro cardiac disease modeling has been copious16. Additionally, hiPSC-derived 
cardiomyocytes (hiPSC-CM) were found to recapitulate phenotypic characteristics caused 
by genetic variations17, which renders these cells an suitable source for human disease 
models. Furthermore, hiPSC-CM were found to be a powerful tool for patient stratification 
in regard to drug safety and responsiveness18. To date, artificially matured patient-derived 
hiPSC-CM proved to be similar in to isolated primary human cardiomyocytes molecular, 
mechanical, electrophysiological, metabolic, and ultra-structural properties19,20. However, 
hiPSC-CM exhibit various fetal characteristics as opposed to mature (isolated) cardio-
myocytes. To resolve these issues, hiPSC-CM can be cultured for extended periods or 
subjected to specific bioengineering approaches. Protocols using hormone stimulation19 
or conditioning with mechanical stress and electrical pacing 21,22 have collectively led to a 
more mature phenotype, but the exact mechanisms that induce maturation remain only 
partially understood23-26. Diverse epigenetic processes, including long-noncoding RNA 
(lncRNA)27, microRNAs28, chromatin and histone proteins29, and DNA methylation29 have 
been suggested as crucial mediators in both developmental processes and in disease.
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InHeRIted CARdIoMyoPAtHIeS - HIPSC to Model GenetIC 
CAuSAlIty

A plethora of genetic mutations have been associated with the pathogenesis of genetic 
heart diseases, including the main inherited cardiomyopathies (i.e. HCM, DCM, ACM and 
LVNC). Investigating how genetic mutations explain causality in the pathophysiology of 
cardiomyopathies and how they interact with secondary genetic and environmental fac-
tors is imperative to improving diagnosis and decision-making regarding treatment strat-
egies. The introduction of patient-specific hiPSC-CM provides a versatile new tool that 
may tremendously improve our understanding of the disease mechanisms. Consequently, 
these cells have been widely applied to study the complexity of cardiac disease. However, 
cardiomyopathies are divided into four classes, each with a distinct pathophysiology, 
resulting in various types of heart failure. The most common cardiomyopathy, HCM, is 
characterized by increased cardiac mass due to left ventricular wall thickening (hyper-
trophy) that most often is asymmetric, with particular involvement of the interventricular 
septum, myocytes disarray, and cardiac fibrosis30. DCM is characterized by left ventricular 
chamber enlargement and systolic dysfunction, which often leads to heart failure, ar-
rhythmia, and sudden death. ACM predominantly affects right ventricular cardiomyocytes 
and occurs due to defects in the cardiac desmosome as a consequence of mutations in 
key desmosomal components, but also due to ion channel defects. Consequently, ACM 
hallmarks include right ventricular dilation, scarring, exaggerated lipogenesis and lipid 
infiltration, and arrhythmias. Finally, LVNC is characterized by cardiac non-compaction, 
primarily resulting in trabeculation and deep recesses in the left ventricle. Many studies 
performed in patient-derived hiPSC-CM have often recapitulated these respective hall-
marks of inherited cardiomyopathies and thereby markedly increased our understanding 
of underlying molecular mechanisms, as summarized in Table 1. In addition to cardio-
myopathies, inherited arrhythmias are generally caused by a pathological mutation in a 
gene encoding an ion channel or an associated protein. However, this review focusses 
on cardiomyopathies, whereas arrhythmias are beyond the scope of this review. A recent 
review highlights the recent advances in the use genome editing to study cardiotoxicity 
and model inherited arrhythmia31.

dISeASe ModellInG utIlIzInG known vS. unknown GenetIC 
vARIAtIonS

In vitro disease modeling has proven to be a valuable tool to study molecular patho-
physiological mechanisms and disease etiology for diseases with a known genetic cause. 
Indeed, modeling disease without a known genetic defect is challenging. Nevertheless, 
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these in vitro models have also been successfully applied to cardiac disease that de-
velop without a known causing genetic variant. For example, Burridge et al. have recently 
demonstrated that it is possible to determine the underlying genetic aberrations found 
in heart failure patients that experienced doxorubicin-induced cardiotoxicity52. Further-
more, hiPSC were used to screen for cardiovascular toxicity of anticancer tyrosine kinase 
inhibitors using multiple healthy controls and two patients receiving cancer treatment53. 
Additionally, studies have identified genetic targets in hypoplastic left heart syndrome in 
hiPSC with previously unknown mutations54,55. These examples show that the use of hiPSC 
for in vitro cardiac disease modeling without the presence of a known genetic defect are 

Table 1 - Summary of cardiomyopathy-associated mutations that have been studied in hiPSC-based 
in vitro models.

  Gene Mutation Main phenotype Ref

 HCM MYH7 p.R442G Enlarged cellular size, disorganized myofibrils, disrupted sarcomere 
structure, dysfunctional ion channel homeostasis.

32

p.R663H Enlarged cellular size, contractile arrhythmia, dysfunctional Ca2+-
handling, increased [Ca2+]i

33

MYBPC3 c.1358-1359insC Enlarged cellular size, disrupted gene expression profile 34

    p.Q1061X Enlarged cellular size, aberrant electrophysiological properties, 
dysfunctional Ca2+-handling, and disrupted gene expression profile

35

    p.G999‐Q1004del Enlarged cellular size, disorganized myofibrils 36

    c.2373dupG Aberrant electrophysiological properties, reduced contractile force 
generation, aberrant bioenergetics

37

  TPM1 p.D175N Enlarged cellular size, aberrant electrophysiological properties, 
dysfunctional Ca2+-handling, disrupted gene expression profile

35

DCM TTN p.A22352fs+/−
p.P22582fs+/−
p.W976R+/−

Reduced contractile force generation, disrupted sarcomere 
structure, impaired response to mechanical and β-adrenergic stress

38

  LMNA p.R225X
p.Q354X
p.T518fs

Nuclear blebbing, increased senescence, increased apoptosis 39

  TNNT2 p.R173W Dysfunctional Ca2+-handling, reduced contractile force generation, 
disrupted sarcomere structure

40,41

  DES p.A285V Disrupted sarcomere structure, ultrastructural disarray 42

  RBM20 p.R636S Sarcomeric remodeling, dysfunctional Ca2+-handling, increased 
[Ca2+]i, disrupted gene expression profile

43,44

  PLN p.R14del Dysfunctional Ca2+-handling, aberrant electrophysiological 
properties, increased hypertrophy markers

45,46

ACM PKP2 c.2484C>T
c.2013delC

Increased lipogenesis, increased apoptosis, dysfunctional Ca2+-
handling, disrupted desmosome structure

47

    c.1841T>C Increased lipogenesis, disrupted desmosome structure 48

    c.972InsT/N Increased lipogenesis, disrupted desmosome structure 49

  SCN5A p.R1898H Dysfunctional Na+-handling 50

LVNC TBX20 c. 951C>A Reduced proliferative capacity, disrupted gene expression profile 51
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thus challenging, albeit not impracticable. This has also been demonstrated for other 
fields of disease, where hiPSC have been used to model non-cardiac diseases like sporadic 
Alzheimer’s disease56, chemotherapy induced neuroticxicity57, and were shown a valuable 
tool in cancer research and precision oncology58.

In vitro modeling of multifactorial diseases that are mechanistically complex or diseases 
that arise due to environmental causes is challenging and unrealistic. HiPSC are patient-
derived and harbor all relevant genetic factors that may contribute to the disease. Hence, 
even when the exact underlying mechanisms of a disease are unknown, hiPSC provide a 
reliable platform for disease modeling. A disease of the heart is often assumed to arise 
from cardiomyocytes themselves. However, due to tightly regulated cell-autonomous 
versus non-cell-autonomous responses (e.g. interactions between cardiomyocytes and 
neighboring fibroblasts and endothelial cells), this may not be the case. A disease may 
very well originate in a non-myocyte cell type and functionally disrupt cardiomyocyte 
function (for example: endothelial dysfunction and subsequent disturbed perfusion). As 
hiPSC can differentiate towards virtually all cell types, researchers can quickly change 
protocols and obtain these other relevant cell types based on hiPSC derived from a single 
patient. This potential of plasticity highlights the significance of hiPSC as a platform for 
disease modeling.

Gene edItInG In CARdIoMyoPAtHIeS

Traditional genome editing methods have been mostly based on zinc-finger nucleases 
(ZFNs) and transcription activator-like effector nucleases (TALENs). Both ZNFs and TALENs 
use DNA binding motifs that can be designed and combined to target any nucleotide 
sequence for cleavage. ZNFs target trinucleotide sequences, while TALENs can recognize 
a single nucleotide. This makes the use of TALENs generally more straightforward. Recent 
technological breakthroughs for targeted gene editing using site-specific nucleases 
primarily related to clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) systems allow for genome engineering, reverse genet-
ics, and targeted transgene integration experiments that can be performed in an accurate 
and reproducible fashion59. The CRISPR/Cas9 system is based on site targeting based on 
guide RNA design and results in improved efficiency compared to earlier methods60,61. 
Furthermore, site targeting is more flexible with the CRISPR/Cas9 system than with ZNFs 
and TALENs and offers the possibility to introduce multiple mutations at the same time 
by injecting different guide RNAs. By applying these tools, genes have been functionally 
removed from specific loci, thereby creating disease-causing mutations in hiPSC-CM or 
other cardiovascular disease models in vitro62. Vice versa, genetic mutations could be 
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corrected in patient-derived cells, resulting in the generation of an isogenic control cell 
line by exclusively eliminating the disease-causing genetic variation.

Correcting or silencing a pathological genetic variant can be used to develop future 
therapies. However, when applying this to human cardiomyopathies, many diff erent, 
site-specifi c corrective strategies need to be designed and tested. This feat is challenging 
from a clinical trial and regulatory perspective. Each antisense oligonucleotide or guide 
RNA can only target a very specifi c nucleotide sequence and is therefore useful for a 
very small number of patients, which makes placebo-controlled trials, the regulatory stan-
dard, nearly impossible. This has prompted the evaluation of the possibility of broader 
genetic therapeutic avenues that can target normal genes to enhance cardiac function. 
For example: gene therapy (i.e. induced overexpression) has been applied to upregulate 
SERCA2a and as a result enhance myocardial contraction in heart failure patients with 
reduced ejection fraction.63-65 However, with respect to disease models, various studies 
have been successful in recapitulating specifi c diseases in vitro as well as reverting disease 
phenotypes by correcting a genetic variant as presented in Figure 1. These studies have 
been summarized in Table 2.

Predisposed cardiomyocytes

Healthy cardiomyocytes

Patient
hiPSC

hESCPrimary 
animal cells

Cardiac 
cell lines

Gene editing

Gene editing

Disease modeling
Contractility
Metabolism

Electrophysiology

Drug screening
Drug discovery
Toxicity testing

Personalized medicine

ardirdir omymym oyoy cycyc tes

PrimaryCardiac 

edisposed cardirdir omymym oyoy cycyc tes

Gene editing

Figure 1 - Schematic representation of cell types as a basis for human in vitro models. Primary cells, 
cell lines and stem cells can be utilized as a basis for in vitro disease models to study cardiomyopathies. 
State-of-the-art gene editing techniques allow for the introduction of specifi c disease-causing mutations. 
Alternatively, gene editing can also be harnessed to generate isogenic control lines from patient-derived 
cells.
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Generation of heSC-based disease models
While hiPSC are currently a popular choice for many cell-based studies, recent advances in 
the CRISPR-Cas9 technology have rendered hESC a valid and feasible alternative as well. 
Any wildtype cell can be altered to harbor a specific mutation using CRISPR-Cas9 medi-
ated gene editing. Indeed, CRISPR-Cas9 can be applied to create the perfect experimental 
controls in hiPSC and hESC: a pathogenic mutation can be corrected in patient-derived 
hiPSC, while a putative pathogenic mutation can be inserted in otherwise wildtype hESC. 
As result, genetically edited stem cells are the same as their original cell line in all aspects 
except the edited genes. It is important to note that any method facilitating gene edit-
ing can result in off-target effects in various genomic regions. Following its introduction, 
studies demonstrated that this was also relevant for CRISPR-Cas974,75. However, in recent 
years, new nucleases have been discovered and have been verified to induce no off-target 
effects76-78. These new techniques allow for the generation of edited cell lines from a single 
source that only differ in the edited gene. This way, difference found between those cell 
lines can directly be attributed to a single mutation and can then be further studied in 
more complex models (e.g. patient-derived hiPSC-based models with familial controls).

Epigenetics and environmental influence
In contrast to a disease resulting from genetic variants, diseases can also arise from 
environmental factors, such as malnutrition, drug-related effects, exogenous toxins or 
maternal disease during gestation79-85. Some of these environmental factors can lead to 
epigenetic changes, like DNA methylation. In this case, chances of obtaining a phenotype 
will be extremely small in a hiPSC-based experimental setup. During reprogramming of 
somatic cells to hiPSC, most epigenetic features characteristic for a specific cell type are 
removed while cell type-specific marks remain86. More specifically, every cell type has a 

Table 2 - Studies that have generated in vitro disease models and studies that have repaired and 
rescued in vitro disease phenotypes.

Gene Mutation Strategy Ref

Gene repair SCN5A p.R1898H CRISPR/Cas9-mediated gene repair 66

PRKAG2 c.905G>A (p.R302Q) CRISPR/Cas9-mediated gene repair 67

PRKAG2 p.R302Q CRISPR/Cas9-mediated gene repair 68

DMD Exon 3-6 del CRISPR/Cas9-mediated exon deletion 69

CALM2 p.D130G CRISPR interference 70

CALM2 p.N98S CRISPR/Cas9-mediated allele knock out 71

Introduction of 
mutation

ADRB2 
GRK5
RYR2 
ACTC1

Multiple
c.122A>T
c.6737C>T
c.301G>A

PiggyBac-mediated gene editing 72

TNNT2 p.I79N CRISPR/Cas9-mediated gene editing 73
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unique DNA methylation pattern. Importantly, epigenetic profiles that are linked to dis-
ease progression are lost during reprogramming. While losing disease-causing epigenetic 
marks due to reprogramming may result in a model without a phenotype, which directly 
emphasizes the need to focus on (and possibly attenuate) the epigenetics factors in a 
specific patient87.

To conclude, the patient-derived aspect of hiPSC-based disease models enables studies 
to be designed that may unravel pathological mechanisms caused by genetic as well 
as epigenetic anomalies. Due to the precision with which all other (in vitro and in vivo) 
models are designed, it can be expected that not all disease-causing factors, e.g. DNA 
methylation, are included and are therefore overlooked.

CARdIAC tISSue enGIneeRInG

The heart is a complex organ composed of various cell types (e.g. cardiomyocytes, fibro-
blasts and endothelial cells) in a three-dimensional (3D) organization. While many studies 
are performed with two-dimensional (2D) in vitro cultures, previous studies showed that 
cells better recapitulate in vivo physiology when cultured in a 3D system88,89. Additionally, 
generation of cardiac tissue containing an appropriate mix of cell types improved feasibil-
ity of studies that were previously challenging, such as studies involving electrophysiology, 
cell-cell or cell-extracellular matrix (ECM) interactions, co-cultures, or drug screening90. 
Subsequently, it provides an adaptable platform with the ability to replace various animal-
based studies, ultimately reducing the number of laboratory animals. To achieve such 
tissues for cardiac disease modeling, various techniques have been employed. Seminal 
work by Moscona in 1959 demonstrated that embryonic chicken cardiomyocytes sponta-
neously form beating cardiospheres. This was the basis for the currently most commonly 
used and adapted model: the engineered heart tissue model91,92, where hESC-CM are 
seeded in a hydrogel. The hydrogel matrix casted in a mold, which can be cultured under 
mechanical strain between fixed anchoring points92. The effects of various growth factors, 
cyclic uni- or multi-axial mechanical stretching, cardiomyocyte maturation, and electrical 
pacing93 was studied using this model. The finding that non-myocytes promote contrac-
tile force generation while also better reflecting the composition of the human heart, 
compared to tissue consisting of purified cardiomyocytes, has led to the standardization 
of adding various non-myocytes to the tissue94.

A second model of engineered cardiac tissue, is based on the same principle dem-
onstrated by Moscona in which various cell types can aggregate into spheroids (or 
microtissues) under the right conditions. Non-adhesive surfaces, hanging droplets and 
rotation systems are used to generate spheroids95. While spheroids are generally small 
and challenging to physically manipulate, they are very suitable to study 3D behavior of 
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cells and cell-cell interactions, drug testing, and can be used as building blocks to create 
larger tissues96. A third and alternative approach to make tissues is the formation of cell 
sheets. By utilization of a coating that dissolves at room temperature, intact detached 
cell-monolayers that can be stacked to create thicker tissues for transplantation or drug 
screening97.

However, the main limitation to these methods is the lack of vascularization and 
consequently low perfusion of oxygen and nutrients. Prefabricated channels and tubes 
have been incorporated in tissue constructs to address to improve tissue perfusion98. As 
opposed to using self-assembly and artificial matrices as a basis for tissue engineering, 
decellularized explanted hearts were also demonstrated to be viable scaffolds99. Although 
the main goal was to create fully functional hearts for transplantation, this has been largely 
unsuccessful to date. However, decellularized tissues retain hierarchical large and smaller 
vascular structures100. These studies have set a precedent to use decellularized explanted 
tissues (i.e. small pieces of tissue) as a scaffold for tissue engineering. Remarkably, this can 
also be done with plant-derived scaffolds, as was recently demonstrated by Gerschlak et 
al101. The overarching goal is to develop a high throughput screening platform with highly 
representative cardiac tissue. As mentioned before, there have been many advances in 
this field recently. To reach this goal there have been various seminal studies published 
recently. The study by Mills et al. has elegantly demonstrated a procedure to generate 
high throughput screening platform based on human cardiac organoids102. Additionally, 
to induce maturation in these organoids, Mills et al. have activated the proliferation path-
ways mediated by β-catenin and Yes-associated protein 1 (YAP1). As a result, matured hu-
man cardiac organoids can be applied for high throughput screening. Alternatively, Foo et 
al. have recently introduced a method for the generation of vascularized cardiac tissues by 
transplanting human stem cell-derived cardiac precursors sub-capsularly onto kidneys in 
mice13. Furthermore, Lind et al. demonstrated that the popular “Heart-on-a-chip” concept 
can now be obtained by a combination of a 3D printed flexible chip and tissue engineer-
ing103. These state-of-the-art tissue engineering techniques are summarized in Figure 2.

ConCluSIonS And FutuRe PeRSPeCtIveS

In summary, to study a disease with incredible detail, target cells from various sources can 
be collected and cultured in 2D or 3D. These in vitro cultures can be manipulated very 
precisely, allowing researchers to pinpoint key factors of disease origin and progression. 
Building on these findings, novel drugs can be discovered and tested, driving the progres-
sion towards personalized medicine (Figure 3).

Depending on the field of study, in vitro disease models can be based on any cell type 
and source. However, in order study cardiomyocytes, the cell sources are largely limited 
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to pluripotent stem cells. An argument against the use of hiPSC is the residual epigenetic 
landscape that remains after reprogramming of any somatic cell type to hiPSC. Indeed, 
hiPSC can be cultured in pluripotent states similar to hESC and can be diff erentiated to 
virtually any cell type, but the eff ects of these residual epigenetic marks are unknown 
and depend to great extent on the source. This is a strong argument to use edited hESC 
instead of patient-specifi c hiPS cells, especially since each patient-derived cell line has a 
very diff erent genetic background from any other hiPSC line. Therefore, a familial control 
has to be used for every patient line, as was indicated by Matsa et al18. In contrast, a single 
well defi ned hESC line (e.g. H9, H1, or HUES9) can be used as a basis for studies based on 
known mutations in which the unedited line can be a control for all introduced mutations.

Diseases often manifest as the result of one or multiple organs failing with a complex 
pathophysiology. A single organ contains various cell types with diff erent functions, which 
often makes studying a disease challenging. By using in vitro disease models, it is possible 
to study specifi c cell types, study co-cultures of involved cell types, and manipulate tightly 
regulated mechanisms. Consequently, this approach disregards confounding factors and 
all systemic eff ects (i.e. inter-organ signaling) as seen with in vivo models. In contrast, this 
also entails that every aspect of the in vitro culturing method must be optimal for the 
specifi c model to be representative. Ultimately, it is no longer a near-impossible task to 
recapitulate patient-specifi c cardiomyopathies in vitro. As described in this review, recent 
technological advances have paved the way to more accessible culturing and engineering 

Self assembly Foreign matrix In vivo On a chip

Sheets

Cardiosphere

3D tissue Spinach leaf

Decellularized heart
Heart on a chip

Sub-capsular transplant

Figure 2 - Summary of diff erent technical approaches to cardiac tissue engineering. Cardiac tis-
sues can be generated by allowing cardiac cells to spontaneously form a tissue by self-assembly. Other 
approaches include the introduction of a decellularized matrix as a basis for reconstituted cardiac tissue, 
injecting human cardiac precursor cells into the murine kidney and machine-guided generation of cardiac 
tissue on a chip.
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methods that will drive the fi eld towards crucial insights into disease mechanisms and 
treatment options.

Presumably safe drugs have been withdrawn from the market more than once due to 
toxic eff ects in patients that were unobserved in the respective animal studies. Reasons 
vary from false negative results to off - and on-target toxicity (including unexpected car-
diotoxicity). Typically, drug safety assessment and effi  cacy testing are performed in animal 
models followed by expensive clinical trials. To make drug discovery and testing more 
cost-eff ective, it is imperative that reliable alternative strategies are developed; human in 
vitro disease modelling will improve this process greatly.

Heart failure 
patient

hiPSC

Diseased Cardiomyocytes

hESCPrimary
animal cells

Cardiac
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Figure 3 - Graphical summary. Cardiomyocytes generated from various sources can be used for in vitro 
disease modeling. Tissue engineering provides a means to obtain representative cardiac tissues that may 
be applied for high throughput screening of novel therapeutic strategies. In contrast, cardiomyocytes can 
be generated in a patient-derived manner, which allows for in vitro validation of personalized medicine to 
treat specifi c and rare diseases.
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ABStRACt

Aims
Iron deficiency is common in patients with heart failure and associated with a poor cardiac 
function and higher mortality. How iron deficiency impairs cardiac function on a cellular 
level in the human setting is unknown. This study aims to determine the direct effects of 
iron deficiency and iron repletion on human cardiomyocytes.

Methods and results
Human embryonic stem cell-derived cardiomyocytes were depleted of iron by incubation 
with the iron chelator deferoxamine (DFO). Mitochondrial respiration was determined by 
Seahorse Mito Stress test, and contractility was directly quantified using video analyses 
according to the BASiC method. The activity of the mitochondrial respiratory chain com-
plexes was examined using spectrophotometric enzyme assays.

Four days of iron depletion resulted in an 84% decrease in ferritin (p<0.0001) and 
significantly increased gene expression of transferrin receptor 1 and divalent metal 
transporter 1 (both p<0.001). Mitochondrial function was reduced in iron deficient cardio-
myocytes, in particular ATP-linked respiration and respiratory reserve were impaired (both 
p<0.0001). Iron depletion affected mitochondrial function through reduced activity of 
the iron-sulfur cluster containing complexes I, II and III, but not complexes IV and V. Iron 
deficiency reduced cellular ATP-levels by 74% (p<0.0001) and reduced contractile force 
by 43% (p<0.05). The maximum velocities during both systole and diastole were reduced 
by 64% and 85% respectively (both p<0.001). Supplementation of transferrin-bound iron 
recovered functional and morphological abnormalities within 3 days.

Conclusion
Iron deficiency directly affects human cardiomyocyte function, impairing mitochondrial 
respiration, and reducing contractility and relaxation. Restoration of intracellular iron lev-
els can reverse these effects.
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IntRoduCtIon

Iron deficiency is a highly clinically relevant comorbidity, present in 40% of patients with 
chronic heart failure, even in the non-anaemic patients1-4, and is related to impaired exer-
cise capacity, reduced quality of life and a worse prognosis5-8.

In addition to its key role in oxygen uptake and transport as a part of hemoglobin, iron 
has an important role in cellular oxygen storage and metabolism, redox cycling and as an 
enzymatic cofactor. Therefore, maintaining a normal iron homeostasis is crucial for cells 
that have a high energy demand such as cardiomyocytes.

Iron deficiency impairs functional status in heart failure patients independently of 
hemoglobin levels9. In line with this, treatment with intravenous iron improves exercise 
capacity and symptoms in heart failure patients with iron deficiency, also when they are 
non-anaemic10,11. Data from two small clinical studies in patients with heart failure and 
renal failure showed that intravenous iron improved left ventricular ejection fraction12,13. 
Also, data from several animal studies demonstrated that cardiac iron deficiency induced 
by cardiomyocyte specific deletion of the Transferrin Receptor (TfRC), hepcidin (HAMP) or 
iron-regulatory proteins leads to impaired cardiac function and increased mortality14-17. 
These effects are independent of systemic hemoglobin levels.

No studies have assessed the consequences of iron deficiency in human cardiomyocytes. 
We determined the effects of iron deficiency on human embryonic stem (hES) cell-derived 
cardiomyocytes. Since mitochondria are the key sites of cellular iron utilization and ATP 
production, we focused on mitochondrial function and contractility. Subsequently, we 
assessed whether iron supplementation was able to reverse the phenotype inflicted by 
iron deficiency.

MAteRIAlS And MetHodS

Cell culture
HUES9 hES cells (Harvard Stem Cell Institute) were maintained in Essential 8 medium 
(A1517001; Thermo Fisher Scientific) on a Geltrex-coated surface (A1413301; Thermo 
Fisher Scientific), medium was refreshed daily. Cells were incubated under controlled 
conditions with 37 °C, 5% CO2 and 100% atmospheric humidity. Differentiation to car-
diomyocytes was achieved as described previously 18. Briefly, hES cells were dissociated 
with 1x TrypLE (12604-021; Thermo Fisher Scientific) for 4 minutes and plated as single 
cells in Essential 8 medium containing 5 μM Y26732 (S1049, Selleck Chemicals), Essential 
8 medium (without Y26732) was refreshed daily. Once cultures reached 80% confluency, 
cells were washed with PBS and differentiation was initiated (day 0) by culturing cells 
in RPMI1640 medium (21875-034, Thermo Fisher Scientific) supplemented with 1x B27 
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minus insulin (Thermo Fisher Scientific) and 6 μM CHIR99021 (13122, Cayman Chemi-
cal). At day 2, cells were washed with PBS and medium was refreshed with RPMI1640 
supplemented with 1x B27 minus insulin and 2 μM Wnt-C59 (5148, Tocris Bioscience). 
From day 4, medium was changed to CDM3 medium as described by Burridge et al.19 and 
was refreshed every other day as cardiomyocytes maintenance medium. This resulted in 
cultures with >90% spontaneously contracting cardiomyocytes at day 8-10. To further 
enrich these cultures, starting from day 12, differentiated cardiomyocytes were cultured 
in glucose-free RPMI1640-based (11879, Thermo Fisher Scientific) CDM3 medium supple-
mented with 5 mM sodium dl-lactate (CDM3L; L4263, Sigma-Aldrich) for 6-10 days19. This 
resulted in >99% pure spontaneously beating cardiomyocytes. Experiments were typically 
started at day 24.

Iron chelation and restitution
In order to deplete the intracellular iron pool, cells were treated with 30 μM deferoxamine 
(DFO; D9533, Sigma-Aldrich) in CDM3 medium, which was added to cells at 0.1 ml/cm2 20. 
To restore intracellular iron levels, cells were incubated with CDM3 medium supplemented 
with 5 μg/ml partially saturated transferrin (Tf; T8158, Sigma-Aldrich). During experiments, 
medium was refreshed daily for all conditions.

Ferritin quantification
Protein was isolated in RIPA buffer and samples were centrifuged at 12.000x g at 4 °C 
for 10 minutes and the pellet was discarded. Protein concentration was determined with 
the DC protein assay kit (500-0116, Bio-rad). Ferritin levels were measured by the Elecsys 
2010 electrochemiluminescence immunoassay (03737551-190, Roche Diagnostics). Fer-
ritin levels were normalized to respective total protein concentrations. Samples were kept 
on ice at all times.

Mitochondrial complex measurements
The activity of the mitochondrial oxidative phosphorylation enzyme complexes were 
determined in mitochondria-enriched fractions from differentiated cardiomyocytes fol-
lowing previously described spectrophotometric methods21.

electron microscopy
Sample preparation for EM was essentially the same as described in detail elsewhere22. 
In brief, cells grown on gridded glass bottom petridishes (Mattek) were fixed with 2% 
glutaraldehyde/2% Paraformaldehyde mixture in 0,1M sodium cacodylate for 24 h at 4 °C. 
After postfixation in 1% osmiumtetroxide/1,5% potasiumferrocyanide (2 hours at 4 °C), 
cells were dehydrated using ethanol and embedded in EPON epoxy resin. 60nm sections 
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were cut and contrasted using 5% uranylacetate in water for 20 minutes followed by 
Reynolds leadcitrate for 2 minutes.

Images acquisition was by implementation large-scale EM, or nanotomy, that results 
in semi-automated acquisition and stitching of large fields of view that are imaged at 
nm-scale resolution. This results in zoomable maps that are analyzed after acquisition. 
Nanotomy is detailed elsewhere 23,24, in brief images were taken with a Zeiss Supra55 in 
STEM mode at 28 kV using an external scan generator (Fibics, Canada) yielding mosaics 
of large area scans at 2.5 nm pixel resolution. These large scale TIF images were stitched 
and converted to html files using VE Viewer (Fibics, Canada). All raw data is available via 
www.nanotomy.org.

energy dispersive X-Ray Analysis (edX; ‘ColoreM’)
EDX imaging for element discrimination was essentially the same as recently described25. 
Briefly, a region of interest was determined using the nanotomy maps. Of this region of 
interest besides a secondary electron image, EDX images were generated at (sum of 20 
frames) with 50 µs dwell time at 15kV acceleration voltage and 8,4 nA beam current using 
an Oxford Instruments X-MaxN 150 mm2 Silicon Drift EDX detector mounted on a Zeiss 
Supra55 SEM and AztecEnergy software (Abingdon, UK). Colored overlay image is made 
in ImageJ/Fiji.

Immunocytochemistry
Cells on coverslips were washed twice with cold PBS, and fixed with 4% paraformaldehyde 
on ice during 10 minutes. Fixed cells were washed three times with PBS, followed by 
permeabilization with PBS + 0.3% Triton-X100 (T9284, Sigma-Aldrich) on ice during 5 
minutes. Samples were blocked for 1 hour at room temperature with PBS/Tween (0.1%; 
P1379, Sigma-Aldrich) containing 3% BSA (11930, Serva) and 2% goat serum (G9023, 
Sigma). Cells were subsequently incubated with monoclonal anti-α-actinin IgG1 (1:100; 
A7811, Sigma-Aldrich), polyclonal anti-cardiac troponin T IgG (1:100; ab45932, Abcam), 
or polyclonal anti-TOM20 IgG (1:100; sc-11415, Santa Cruz) diluted in the blocking mix 
during 1 hour. After washing, cells were incubated with Alexa Fluor 488 donkey-anti-
mouse IgG (1:1000; A21202, Thermo Fisher Scientific), Alexa Fluor 488 goat-anti-rabbit 
IgG (1:1000; A11008, Thermo Fisher Scientific), Alexa Fluor 555 donkey-anti-rabbit IgG 
(1:1000; A31572, Thermo Fisher Scientific), or fluorescent phalloidin-rhodamin (1:1000; 
R415, Thermo Fisher Scientific) for F-actin detection. Coverslips were mounted with 
Vectashield mounting medium containing DAPI (H-1200, Vector labs) and images were 
obtained with a Leica AF-6000 microscope.
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Immunoblotting
Protein was isolated in Radioimmunoprecipitation assay (RIPA) buffer supplemented 
with 1% phosphatase inhibitor cocktail 3 (p0044, Sigma-Aldrich), 1x cOmplete protease 
inhibitor cocktail (11873580001, Roche), and 15 mM sodium orthovanadate (S6508, 
Sigma-Aldrich). Protein concentration was determined with the DC protein assay kit. 
Equal amounts of protein were separated by SDS-PAGE and proteins were transferred to 
PVDF membrane. For detection of specific proteins, the following antibodies were used: 
polyclonal anti-HIF1α IgG (1:500; 10006421, Cayman) and monoclonal anti-α-tubulin IgG 
(1:10.000; T5168, Sigma-Aldrich). After washing, blots were incubated with polyclonal goat 
anti-rabbit IgG-HRP (1:2000; P0448, Dako), and polyclonal rabbit anti-mouse IgG-HRP 
(1:2000; P0260, Dako). Signals were detected visualized with Enhanced Chemiluminescence 
(ECL; NEL120001EA, PerkinElmer) and densitometry has been analyzed with ImageQuant 
LAS 4000 (GE Healthcare). HIF1α signals were normalized to respective α-tubulin levels.

Contraction analysis
35mm Fluorodishes (FD35-100, World Precision Instruments) were coated with 125ul Syl-
gard® 527 (Dow Corning) to achieve 5kPa substrates26. Subsequently, the dishes were UV-
sterilized for 15 min and coated with Geltrex as described previously. Differentiated cardio-
myocytes were seeded onto the coated Fluorodishes at a density of 20,000-30,000 cells/cm2. 
5-7 days after seeding, DFO and transferrin treatment was initiated. Cells were imaged at the 
appropriate time points using a DeltaVision microscope (GE). Cells were left to acclimatize for 
20 minutes in a climate-controlled chamber at 37 °C with 5% CO2 prior to imaging. Time lapse 
images were acquired during 10-20s at 50 frames per second. Iron deficient cardiomyocyte 
clusters, as defined by the presence of vacuoles, were randomly chosen for movie acquisition. 
Subsequently, the average contractility of the cardiomyocyte clusters for all contractions dur-
ing 10-20s was analyzed using the BASiC method as described previously27.

Seahorse mitochondrial flux analyses
Differentiated cardiomyocytes were seeded in 24-wells Seahorse assay plates at a density 
of 100.000 cells/well on day 18 of differentiation. Mitochondrial function was determined 
by means of a Mito Stress test. Briefly, one hour prior to the assay, medium was replaced 
XF assay medium (102365-100, Agilent) supplemented with 10 mM glucose and 1 mM 
sodium pyruvate and cells were incubated at 37 °C without CO2. After three baseline 
measurements, the ATP synthase inhibitor oligomycin (1 μM; 75351, Sigma-Aldrich) was 
injected, followed by subsequent injection of the uncoupler FCCP (0.5 μM; C2920, Sigma-
Aldrich), and complex I and III inhibitors rotenone (1 μM; R8875, Sigma-Aldrich) and 
antimycin A (1 μM; A8674, Sigma-Aldrich) respectively. Cellular respiration was measured 
on a Seahorse XF24-3 Analyzer. Oxygen consumption rate (OCR) was normalized for total 
protein in each well. ATP synthase-linked (ATP-linked) respiration was calculated as the 
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fraction of basal OCR minus the inhibited OCR after oligomycin addition (OCRbasal - OCRo-

ligomycin; i.e. respiration dedicated to the production of ATP). Respiratory reserve was calcu-
lated as the capacity of cells to induce OCR beyond basal respiration (OCRFCCP - OCRbasal).

Statistical analysis
Experimental groups consisted of at least three biological replicates and technical dupli-
cates were used. Data shown is representative for three independent experiments and is 
expressed as means ± standard error of the mean (SEM). Differences between two groups 
were assessed by Student’s t-test, while comparisons between three or more groups was 
assessed by one-way ANOVA followed by Bonferroni post-hoc test. Kruskal-Wallis test 
was used to compare the difference between groups with non-parametric variances fol-
lowed by Dunn’s post-hoc test. A value of p<0.05 was considered statistically significant.

See supplementary information for remaining methods and materials.

ReSultS

Induction of iron deficiency in stem cell-derived cardiomyocytes
To characterize the generated human cardiomyocytes, cells were stained for cardiac mark-
ers and cardiac-specific gene expression was determined. Differentiated cardiomyocytes 
stained positive for α-actinin and cardiac troponin T, showing a clear cross-striation pat-
tern that are a hallmark of cardiomyocytes (Supplementary Figure S1A). Cardiac genes 
were found to be activated exclusively in differentiated cardiomyocytes whereas expres-
sion of pluripotency genes was exclusively found in hESC, (Supplementary Figure S1B). 
The observation that these cardiomyocytes show spontaneous contraction verifies stem 
cell differentiation towards cardiomyocytes.

To determine iron levels, intracellular ferritin levels were used as a proxy for cellular iron 
status. Incubating cardiomyocytes with the iron chelator DFO for 4 days resulted in 84% 
reduction in ferritin levels (p<0.0001, Figure 1A). Iron depletion for more than four days 
resulted in cell death.

Gene expression analysis showed that expression levels of genes involved in iron uptake 
(Transferrin Receptor [TfRC], Solute Carrier Family 11 Member 2 [SLC11A2] and Solute Car-
rier Family 39 Member 14 [SLC39A14]) significantly increased in concert with a decrease 
of ferritin levels (Figure 1B). Additionally, iron depletion was associated with increased 
gene expression levels of Ferritin Heavy Chain 1 (FTH1), Ferritin Light Chain (FTL), 5’-Ami-
nolevulinate Synthase 1 (ALAS1) and Heme Oxygenase 2 (HMOX2) (Supplementary Figure 
S2). Furthermore, iron deficiency resulted in increased protein levels of Hypoxia Inducible 
Factor 1 alpha (HIF1α), indicating a hypoxic cellular response (Figure 1C).
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Iron deficiency leads to mitochondrial dysfunction
To determine global mitochondrial function, first total cellular ATP levels were measured. 
ATP levels decreased gradually with the duration of DFO incubation (Figure 2A). After 2 
days of iron depletion ATP levels were reduced by 46% and after 4 days by 74% (both 
p<0.001). To assess which specific elements of the electron transport chain were affected 
by iron deficiency, iron depleted cardiomyocytes were analyzed with a Seahorse Mito 
Stress test (Figure 2B). Cardiomyocytes treated with DFO for 2 and 4 days showed reduced 
basal respiration [41% (P<0.01) and 79% (p<0.0001) reduction compared to untreated 
cardiomyocytes, respectively]. Injection of oligomycin inhibited ATP synthase-linked 
respiration, which was 73% in control cardiomyocytes and 63% (p=0.098) in cardiomyo-
cytes treated for 2 days with DFO, while cardiomyocytes treated for 4 days exhibited an 
ATP-linked respiration of 30% (P<0.0001 compared to control, Figure 2C). Subsequent 
addition of the uncoupler FCCP induced mitochondria to function at maximum capac-
ity. Figure 2C demonstrates that only control cardiomyocytes were able to increase the 
oxygen consumption rate (OCR) above baseline values, indicating a respiratory reserve. 
All cardiomyocytes treated with DFO lacked this reserve regardless of the severity of 
iron depletion. To determine whether mitochondrial dysfunction could lead to further 
metabolic imbalance, the expression of key genes involved in (anaerobic) glycolysis or 
fatty acid metabolism was determined (Supplementary Figure S3). Iron deficient car-
diomyocytes showed decreased expression of acetyl-CoA carboxylase 1 and 2 (ACACA 
and ACACB respectively) and ATP citrate lyase (ACLY), while glycolysis genes pyruvate 
kinase (PKM), hexokinase II (HK2) and lactate dehydrogenase (LDHA), but not glucose 
transporter 4 (GLUT4) are upregulated during iron deficiency. Additionally, PPARγ expres-
sion was increased during iron deficiency. This further indicated the metabolic switch 
from fatty acids to glycolysis as a response to increased HIF1α activity. Increased levels 
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of LDHA is indicative for anaerobic glycolysis. Lipids were stained with Nile Red in iron 
deficient cardiomyocytes (Supplementary Figure S4A). Indeed, iron deficiency resulted in 
lipid droplet formation, which was also confirmed by electron microscopy (Supplemen-
tary Figure S4B). To study mitochondrial function in more detail, the activity of complex 
I-V were determined individually (Figure 2D). During iron deficiency, complexes I and II 
showed the first signs of aberrant function after 2 days of DFO treatment, 4 days of DFO 
treatment also significantly reduced complex III activity levels. No changes were observed 
in complex IV and V.
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Transferrin-bound iron rescues iron deficient cardiomyocytes
To rescue iron deficient cardiomyocytes, physiological transferrin-bound iron was added 
after 4 days of DFO treatment. We found that transferrin-bound iron was able to restore 
ferritin to baseline levels after 2 days of supplementation (Figure 3A). After iron restitu-
tion, expression levels of genes involved in iron uptake (TfRC, SLC11A2 and SLC39A14) 
were significantly lower compared to iron deficient cardiomyocytes, albeit higher than 
in control cardiomyocytes (Figure 3B). Expression levels of FTH1, FTL, ALAS1 and HMOX2 
remained significantly increased compared to untreated controls (Supplementary Figure 
S5).

Analysis of cellular respiration demonstrated that transferrin-bound iron treatment 
resulted in improved mitochondrial function compared to DFO treatment (Figure 3C). 
Transferrin-treated cardiomyocytes showed improved basal respiration. In addition, ATP-
linked respiration was restored after addition of transferrin-bound iron to DFO treated 
cardiomyocytes (Figure 3D, left panel). Furthermore, transferrin-treated cardiomyocytes 
had regained a respiratory reserve, reaching 262.1% of baseline OCR, whereas OCR in 
iron deficient cardiomyocytes was not increased further by the injection of FCCP (Figure 
3D, right panel). Furthermore, addition of transferrin-bound iron to iron deficient cardio-
myocytes eliminated HIF1α protein levels in iron deficient cardiomyocytes (Figure 3E), and 
fully restored ATP levels (Figure 3F).

Additionally, to ascertain whether the observed mitochondrial dysfunction was the result 
of altered localization or a reduced number of mitochondria, cardiomyocytes were stained 
for the mitochondrial membrane marker Translocase Of Outer Mitochondrial Membrane 
20 (TOM20) and TOM20 protein levels were determined by western blot. Mitochondrial 
localization was found to be aberrant in iron deficient cardiomyocytes, as opposed to the 
perinuclear localization in control cardiomyocytes. TOM20 protein levels did not differ 
significantly between control cardiomyocytes and iron deficient cardiomyocytes (Supple-
mentary Figures 6A and 6B). Furthermore, mitochondria of iron deficient cardiomyocytes 
were typically found to be swollen and contained electron dense inclusions (Figure 4A). 
To determine which chemical elements were most abundant in these inclusion bodies, 
EDX was performed (Figure 4B). Interestingly, the observed electron dense inclusion bod-
ies contained low amounts of phosphorus as opposed to high levels of nitrogen and 
sulfur, suggesting that protein with a high sulfur content aggregated in iron deficient 
mitochondria.

Contractile function is impaired in iron deficient cardiomyocytes
Iron deficiency resulted in a 2.1% Fractional Area Change (FAC) compared to 3.5% FAC 
of control cardiomyocytes (p<0.05), while the subsequent addition of transferrin-bound 
iron could reverse the FAC to 4.46% (p=0.19 versus control; Figure 5A and Figure 5B, 
and in more detail in Supplementary Figure S7). Systolic maximum velocity (Vmax) was 
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significantly reduced to 0.33% FAC per 20ms under iron deficient conditions compared 
to 0.91% FAC per 20ms (p<0.001), which was reversible by addition of transferrin-bound 
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Figure 3 - Effects of iron depletion are reversible by transferrin administration. Following transferrin-
bound iron supplementation, levels of ferritin (A), genes expression (B), mitochondrial respiration (C) of 
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iron to 0.97% FAC per 20ms. Cardiomyocyte relaxation (diastolic Vmax) was significantly 
reduced to 0.11% FAC per 20ms in iron deficient cardiomyocytes, compared to 0.77% FAC 
per 20ms (p<0.001) and improved after addition of transferrin-bound iron to 0.40% FAC 
per 20ms (p<0.01), but remained impaired compared to control (p<0.05).

The ER forms vacuole-like structures during iron deficiency
During iron chelation, cardiomyocyte morphology changed dramatically (Supplementary 
Figure S8). Vacuoles became apparent after 3 days of DFO incubation, while most promi-
nent after 4 days of DFO incubation. To identify the subcellular structures from which 

A

B

A

Figure 4 - Mitochondrial morphology is affected by iron deficiency. Mitochondria in iron deficient car-
diomyocytes appear swollen and contain electron dense inclusion bodies (A), which were found to contain 
nitrogen and sulfur based on EDX analysis (B). Scale bar = 1 μm.
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these vacuoles originated, control cardiomyocytes and cardiomyocytes after 4 days of 
DFO incubation were examined at EM level (Figure 6 and Supplementary Figure S9). Both 
conditions showed physiological mitochondrial structures as well as defined sarcomeric 
structures. Additionally, both conditions showed vast amounts of glycogen in the cytosol. 
Iron deficient cardiomyocytes contained vacuoles with clear contents. Based on EM analy-
sis, increased autophagy or lysosomal activity could be excluded as causes for vacuoles 
at this scale. One striking observation was the recurring formation of large perinuclear 
vacuoles, which suggested that the endoplasmic reticulum (ER) was severely affected. To 
determine to what extent ER stress plays a role in vacuole formation, an ER-linked FLIPPER 
probe was expressed in cardiomyocytes. Vacuoles were GFP-positive, demonstrating ER 
morphology (Supplementary Figure S9C). Gene expression analysis of various ER stress-
related genes further indicated that iron deficient cardiomyocytes had increased levels 
of ER stress (Supplementary Figure S10). After the addition of transferrin-bound iron, the 
vacuoles disappeared, restoring morphology as observed with EM and light microscopy 
(Figure 6 and Supplementary Figure S11; full data via: http://www.nanotomy.org).
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dISCuSSIon

Independent of its eff ects on hemoglobin, iron defi ciency negatively impacts exercise 
capacity, symptoms and prognosis of patients with heart failure1,5-8. We therefore hypoth-
esized that low levels of intracellular iron result in impaired function of cardiomyocytes, 
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Figure 6 - Reversible mor-
phological aberrations dur-
ing iron defi ciency. Electron 
micrographs of (A) control, (B) 
iron defi cient, and (C) transfer-
rin-treated cardiomyocytes. N: 
nucleus, G: glycogen, V: vacu-
ole. Scale bar in = 2 μm.
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possibly due to compromised mitochondrial respiration. In the present study, we dem-
onstrate that iron defi ciency in human cardiomyocytes provokes a hypoxic response and 
results in mitochondrial dysfunction, low levels of ATP and impaired contractility and 
relaxation. After restoring iron levels, these eff ects are reversible. Using an in vitro model 
with cultured human stem cell-derived cardiomyocytes, we provide insights into the cel-
lular eff ects of iron defi ciency.

This study utilizes the iron chelator DFO to induce cellular iron defi ciency. DFO is one of 
the most used iron-chelating agents approved for clinical use28. In vivo, it chelates excess 
iron by binding free iron in the bloodstream, whereas it is taken up by cardiomyocytes via 
endocytosis in vitro29. Once internalized, DFO effi  ciently chelates iron and subsequently 
depletes the cellular iron pool (i.e. ferritin-bound iron). In our experiments, medium was 
refreshed daily to prevent DFO from reaching an equilibrium with saturated DFO and to 
maximize chelation kinetics. In addition to DFO, we tested multiple other iron chelat-
ing agents, including deferasirox, deferiprone, dexrazoxan, PIH, bipyridyl. However, in 
our experiments, DFO was found to be most eff ective. In response to iron depletion, 
cardiomyocytes induce a gene expression pattern that greatly promotes iron uptake and 
transport. The obtained model of iron defi ciency may be more severe than what can 
be expected in iron defi cient patients and may therefore not be directly translatable to 
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Figure 7 - The eff ects of iron defi ciency are reversible. Iron defi ciency leads to reduced activity of mi-
tochondrial complexes I-III, resulting in reduced ATP production and impaired contractile function. These 
eff ects are reversible by restitution of intracellular iron levels, thereby restoring mitochondrial function, ATP 
production, and contractile function.
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the in vivo pathophysiology. However, direct comparison is difficult as circulating ferritin 
levels are assessed in patients while we measured cellular ferritin levels. The cellular and 
circulation systems might be subjected to separate and different regulatory mechanism.

Low iron levels resulted in significantly reduced levels of ATP, which suggests mitochon-
drial dysfunction. The remaining levels of ATP are mainly produced by other mechanisms, 
such as anaerobic glycolysis and phosphocreatine conversion. We have shown that iron 
deficient cardiomyocytes undergo a metabolic switch from fatty acid oxidation to anaero-
bic glycolysis. However, we have not determined a possible imbalance between the respi-
ratory chain and the citric acid cycle. In conditions with a sufficient environmental partial 
oxygen tension, iron deficient cardiomyocytes are unable to transport and utilize sufficient 
amounts or oxygen. In itself, reduced oxygen transport may account for mitochondrial 
dysfunction by inhibition of complex IV, whereas oxidative phosphorylation in general is 
hampered by aberrant redox cycling as a result of iron deficiency. Interestingly, only the 
activity of mitochondrial complexes I-III, which all contain iron-sulfur (Fe-S) clusters, were 
affected by DFO treatment, while the activity of the exclusively heme-based complexes IV 
and V remained unaltered. This observation confirms data of a previous study reporting 
low levels of cytosolic non-heme iron and increased levels of cytosolic and mitochon-
drial heme in cardiac tissue of patients with advanced heart failure30. Additionally, these 
data are in line with data from Rensvold et al. that showed comparable mitochondrial 
function under iron deficient conditions31. Moreover, Rensvold et al. observed decreased 
levels of complex I, II and IV following 24 hours of 100 μM DFO incubation, whereas we 
demonstrate that complexes I-III show a reduced enzymatic activity after DFO incubation. 
Reduced protein levels of these complexes may support our observation of reduced com-
plex activity. Finally, Melenovsky et al.32 also showed a decreased activity of mitochondrial 
complex I and III in heart failure patients. Gene expression levels of the genes encoding 
ALAS1 and HMOX2 are both increased during iron deficiency. These genes encode for 
proteins with antagonistic functions; the underlying regulatory mechanism with regard to 
heme conservation remains unclear.

After restoring the ferritin levels with supplemented transferrin-bound iron, the ef-
fects of iron deficiency on the cardiomyocytes regarding iron metabolism, HIF1α protein 
levels, ATP production, and mitochondrial respiration could be mostly restored. These 
observations indicate that the cellular effects of iron deficiency are highly reversible. In 
clinical trials it has already been shown that iron deficiency can be reversed. FAIR-HF and 
CONFIRM-HF both show improvements in exercise capacity and symptoms33. In case of 
the FAIR-HF, these improvements were already observed 4 weeks after the initial dose 
of intravenous iron34. Interestingly, after iron restitution, genes transcribing ferritin light 
and heavy chains, ALAS1 and HMOX2 remain induced (Supplementary Figure S5). These 
genes were found to be active in other forms of stress as well, indicating that these effects 
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are not specific for iron deficiency, rather than induced by various stress responses (e.g. 
hypoxic responses, reduced ATP levels, and ER stress)35-37.

Iron depleted cardiomyocytes generate less force compared to untreated controls. 
Impaired contractile function could be fully restored by the addition of transferrin-bound 
iron with regard to FAC and systolic Vmax, while cardiomyocyte relaxation only partially 
restored. These findings suggest that diastolic function is affected more permanent than 
systolic force and velocity. Ultimately, low levels of intracellular iron result in a diminished 
diastolic function in vitro, confirming observations from clinical cases38.

Morphological examination of the iron depleted cardiomyocytes revealed swollen 
mitochondria containing electron dense material, as well as vacuole formation. Interest-
ingly, mitochondrial dysfunction is observed in concert with morphological abnormalities. 
Previous studies found inclusion bodies in iron deficient mitochondria, an observation 
that is strikingly similar to our observations39. These inclusion bodies were found to be rich 
in sulfur and nitrogen, but not phosphorus, excluding the presence DNA. These findings 
may indicate that Fe-S cluster remnants form aggregates with associated proteins. Addi-
tionally, the primary source of these vacuoles is the ER, as indicated by CLEM. The ER plays 
a major role in stress responses in general, which seems to be excessive during severe 
iron deficiency. ER stress-related genes were found to be induced during iron deficiency, 
which links iron deficiency to ER stress40. Furthermore, we show that lipid handling and 
homeostasis is severely disrupted by iron deficiency, which has been shown previously41.

Our data further emphasize the potential negative effects of an impaired cardiac iron 
metabolism on the heart directly and independently of systemic iron, or heme, levels. 
Similar results were reported by in vitro and animal studies for intracellular iron status in 
skeletal muscle, showing deranged mitochondrial morphology with an impaired oxidative 
metabolism, impaired activity of mitochondrial complexes I and II, decreased iron-sulfur 
cluster synthesis and a shift to anaerobic glycolysis31. These cellular effects might be 
relevant when considered that strategies targeting the hepcidin/ferroportin axis are being 
developed. These agents lower hepcidin levels and increase ferroportin (Solute Carrier 
Family 40 Member 1 [SLC40A1]) expression, thereby increasing systemic iron levels and 
availability. However, this axis is also present and functional in the heart15. An increased 
cardiac SLC40A1 expression leads to iron export and lower intracellular iron levels in 
the cardiomyocyte, which might be counterproductive9. Importantly, cardiac HAMP and 
SLC40A1 expression might be subject to regulation independent of their systemic coun-
terparts.

In conclusion, cellular iron deficiency results in a reduced activity of Fe-S cluster-based 
complexes in the mitochondria of human cardiomyocytes and is associated with impaired 
mitochondrial respiration and morphology, ATP production and contractility. These effects 
can be reversed by supplementation of iron (Figure 7). Our study provides mechanistic 
insights into how treatment of iron deficiency may lead to improved cardiac function.
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Supplementary Figure S1 - Cardiomyocyte differentiation from hES cells. hES-cardiomyocytes stained 
positive for α-actinin (green) and cardiac troponin (red), counterstained for nuclei with DAPI (blue) (A). 
Scale bar: 20 μm. Gene expression level confirm efficient cardiac differentiation from hES cells, based RNA 
expression of respective pluripotency and cardiac genes (B). Gene expression is shown relative to RPLP0 
expression levels.
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Supplementary Figure S2 - Genes associated with iron storage and metabolism are upregulated in 
iron deficiency. Gene expression analysis of Ferritin Heavy Chain 1 (FTH1), Ferritin Light Chain (FTL), 5’-Ami-
nolevulinate Synthase 1 (ALAS1), Heme Oxygenase 2 (HMOX2) and the gene encoding ferroportin, Solute 
Carrier Family 40 Member 1 (SLC40A1) normalized to untreated controls. ** P<0.01; *** P<0.001

R
el

at
iv

e 
ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

PKM
0

1

2

3

4

5
Ctrl
2d DFO
4d DFO

*

**

***

R
el

at
iv

e 
m

R
N

A 
le

ve
ls

HK2
0

50

100

150

200

Ctrl
2d DFO
4d DFO

*
**

Re
la

tiv
e 

m
RN

A 
le

ve
ls

LDHA
0

2

4

6
Ctrl
2d DFO
4d DFO

*
*

R
el

at
iv

e 
m

R
N

A 
le

ve
ls

GLUT4
0

1

2

3

R
el

at
iv

e 
m

R
N

A 
le

ve
ls

0

1

2

3
Ctrl
2d DFO
4d DFO

Bonferroni's Multiple Comparison Test
Ctrl vs 2d DFO
Ctrl vs 4d DFO
2d DFO vs 4d DFO

Mean Diff.
0.1190
-0.5899
-0.7089

t
0.1200
0.5947
0.7147

Significant? P < 0.05?
No
No
No

Summary
ns
ns
ns

95% CI of diff
-3.142 to 3.380
-3.851 to 2.671
-3.970 to 2.552

R
el

at
iv

e 
ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

PPARγ
0

1

2

3

4
Ctrl
2d DFO
4d DFO

Bonferroni's Multiple Comparison Test Mean Diff.
-0.7477
-2.496
-1.749

t
3.124
10.43
7.305

Significant? P < 0.05?
Yes
Yes
Yes

Summary
*
****
****

95% CI of diff
-1.392 to -0.1029
-3.141 to -1.851
-2.393 to -1.104

*

****
****

Re
la

tiv
e 

ex
pr

es
si

on
(F

ol
d 

ch
an

ge
)

ACACA
0.0

0.5

1.0

1.5
Ctrl
2d DFO
4d DFO

Bonferroni's Multiple Comparison Test
Ctrl vs 2d DFO
Ctrl vs 4d DFO
2d DFO vs 4d DFO

Mean Diff.
0.7327
0.9101
0.1774

t
4.788
5.947
1.159

Significant? P < 0.05?
Yes
Yes
No

Summary
***
****
ns

95% CI of diff
0.3205 to 1.145
0.4979 to 1.322
-0.2348 to 0.5896

***
****R

el
at

iv
e 

ex
pr

es
si

on
(F

ol
d 

ch
an

ge
)

ACACB
0.0

0.5

1.0

1.5
Ctrl
2d DFO
4d DFO

Bonferroni's Multiple Comparison Test
Ctrl vs 2d DFO
Ctrl vs 4d DFO
2d DFO vs 4d DFO

Mean Diff.
-0.09414
0.5874
0.6815

t
0.6552
4.088
4.744

Significant? P < 0.05?
No
Yes
Yes

Summary
ns
**
**

**

**

R
el

at
iv

e 
ex

pr
es

si
on

(F
ol

d 
ch

an
ge

)

ACLY
0.0

0.5

1.0

1.5

Bonferroni's Multiple Comparison Test
Ctrl vs 2d DFO
Ctrl vs 4d DFO
2d DFO vs 4d DFO

Mean Diff.
0.5918
0.7094
0.1177

t
2.387
2.861
0.5306

Significant? P < 0.05?
No
Yes
No

*

Supplementary Figure S3 - Metabolism switches from fatty acid oxidation to anaerobic glycolysis. 
Gene expression analysis of glycolysis genes pyruvate kinase (PKM), hexokinase II (HK2), lactate dehydro-
genase (LDHA) and glucose transporter 4 (GLUT4). Fatty acid metabolism-associated genes acetyl-CoA car-
boxylase 1 and 2 (ACACA and ACACB respectively) and ATP citrate lyase (ACLY) were analyzed, as well as 
peroxisome proliferator-activated receptor gamma (PPARγ). Data is shown from cells after no (ctrl), 2 days 
and 4 days incubation with DFO. * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001.
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Supplementary Figure S4 - Lipid droplets in iron defi cient cardiomyocytes. Untreated and iron defi -
cient cardiomyocytes stained with Nile Red for lipid localization (A). Lipid droplets as observed with elec-
tron microscopy (B). M: mitochondrion, V: vacuole, L: lipid droplet. Scale bar (A) = 20 µm; scale bar (B) = 0.5 
μm.
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Supplementary Figure  S5 - Genes associated with general stress response remained activated af-
ter iron restitution. Gene expression analysis of Ferritin Heavy Chain 1 (FTH1), Ferritin Light Chain (FTL), 
5’-Aminolevulinate Synthase 1 (ALAS1) and Heme Oxygenase 2 (HMOX2) normalized to untreated controls. 
* P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001.
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Supplementary Figure S6 - Iron defi ciency does not reduce the number of mitochondria. Immunofl u-
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versus the cytoskeletal marker F-actin (A). TOM20 protein levels were normalized to α-tubulin levels (B). 
Scale bar = 25 µm.
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Supplementary Figure S7 -  Eff ects on contractile function of iron defi ciency. Line traces of the frac-
tional area change (FAC) of multiple contractions during 20 seconds of each condition.
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Supplementary Figure S8 -  Vacuole formation in response to severe iron defi ciency. Phase contrast 
images showing notable vacuole formation after 4 days of DFO incubation, while no morphological chang-
es can be seen in earlier time points.
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Supplementary Figure S9 - The endoplasmic reticulum (ER) is enlarged during severe iron defi cient 
states. Electron micrographs of untreated control cardiomyocytes (A). Cardiomyocytes incubated with 
DFO for four days show large vacuoles (B). Endoplasmic reticulum (ER) was visualized by GFP expression 
and retention, which was correlated to cellular morphology (C). M = mitochondria, E = endoplasmic reticu-
lum, N = nucleus, G= glycogen, V = vacuole. Scale bar (A, B) = 1 μm, scale bar (C) = 2 μm.
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Supplementary Figure S11 -  Vacuoles dissipate when iron levels are restored. Phase contrast images 
show vacuole dissipation after transferrin incubation following iron deficiency.
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SuPPleMentARy InFoRMAtIon

Supplementary table
Supplementary Table 1 - Primer sequences for quantitative real-time PCR.

Primer Forward Reverse

ALAS1 5’-AGATCTGACCCCTCAGTCCC-3’ 5’-TCCACGAAGGTGATTGCTCC-3’

CACNA1C 5’-ACGCCTTGATTGTTGTGGGT-3’ 5’-TGGAGATGCGGGAGTTTTCC-3’

CACNA1G 5’-TGGGTCGACATCATGTACTTTGT-3’ 5’-TTGATCATGAAGAAGGAGCCCA-3’

FTH1 5’-GCCAGAACTACCACCAGGAC-3’ 5’-CCACATCATCGCGGTCAAAG-3’

FTL 5’-GCCACTTCTTCCGCGAATTG-3’ 5’-TTCATGGCGTCTGGGGTTTT-3’

HMOX1 5’-AGTCTTCGCCCCTGTCTACT-3’ 5’-CTTCACATAGCGCTGCATGG-3’

SLC11A2 5’-GGACTGTGGGCATACGGTAA-3’ 5’-ACACTGGCTCTGATGGCTAC-3’

SLC39A14 5’-TTGCGCTAGCTGGAGGAATG-3’ 5’-TGGAATCAAGATGCTGCCCTT-3’

SLC40A1 5’-CTAGTGTCATGACCAGGGCG-3’ 5’-CACATCCGATCTCCCCAAGT-3’

TFRC 5’-TGGCAGTTCAGAATGATGGA-3’ 5’-AGGCTGAACCGGGTATATGA-3’

ZFP36 5’-ACCTCTTCCCTGCCCAAATC-3’ 5’-TTCCCCCTCAGGAGAGGTTC-3’

Supplementary methods
Quantitative real-time PCR
To analyze gene expression, total RNA was isolated using TRI reagent according to the 
provided protocol (T9424, Sigma). RNA concentrations have been determined with a 
Nanodrop 2000 (Thermo Scientific), and cDNA was synthesized using the QuantiTect 
Reverse Transcription kit (205313, Qiagen). Gene expression analysis was performed by 
qRT-PCR using IQ SYBR Green (170-8885, BioRad). The samples were normalized to the 
reference gene ribosomal protein lateral stalk subunit P0 (RPLP0). The primers used can 
be found in Supplementary Table 1.

Lipid staining
Cells were cultured as previously described. After 4 days of incubation with DFO, cells 
were washed with PBS and incubated with PBS containing 10 μg/ml Nile Red (N3013; 
Sigma-Aldrich) for 10 minutes at room temperature. Subsequently, cells were washed 
three times with PBS, without aspirating the last wash step from the cells. Nile Red stains 
lipid fluorescently with excitation/emission maxima at ~552/636 nm images were ob-
tained with a Leica AF-6000 microscope.

ATP assay
Differentiated cardiomyocytes were treated as described above. Total intracellular ATP 
levels were determined with the ATP Bioluminescence Assay Kit CLS II (11699695001, 
Roche). ATP levels were normalized for total protein of each sample.





Chapter 4
Modeling Human Cardiac Hypertrophy 

in Stem Cell-Derived Cardiomyocytes

Ekaterina Ovchinnikova1,2, Martijn F. Hoes1, Kirill Ustyantsev3, Nils Bomer1, 
Tristan V. de Jong2, Henny van der Mei4, Eugene Berezikov2, Peter van der 

Meer1

1. Department of Cardiology, University Medical Center Groningen, University of 
Groningen, Groningen, The Netherlands.

2. European Research Institute for the Biology of Ageing, University of Groningen, 
University Medical Center Groningen, Groningen, The Netherlands.

3. Laboratory of Molecular Genetic Systems, Institute of Cytology and Genetics, 
Novosibirsk, Russia

4. Biomedical Engineering Department, University of Groningen, University Medical 
Center Groningen, Groningen, The Netherlands.

Adapted from: Stem Cell Reports. 2018;10:794-807.



Chapter 4

72

ABStRACt

Cardiac hypertrophy accompanies many forms of cardiovascular diseases. The mecha-
nisms behind the development and regulation of cardiac hypertrophy in the human 
setting are poorly understood, which can be partially attributed to the lack of human 
cardiomyocyte-based pre-clinical test system recapitulating features of diseased myocar-
dium. The objective of our study is to determine whether human embryonic stem cells 
- derived cardiomyocytes (hESC-CM) subjected to mechanical stretch can be used as an 
adequate in vitro model for studying molecular mechanisms of cardiac hypertrophy. We 
show that hESC-CM subjected to cyclic stretch, which mimics mechanical overload, exhibit 
essential features of a hypertrophic state on structural, functional, and gene expression 
levels. The presented hESC-CM stretch approach provides novel insight into molecular 
mechanisms behind mechanotransduction and cardiac hypertrophy and lays ground 
for the development of new pharmacological approaches as well as for discovering new 
potential circulating biomarkers of cardiac dysfunction.
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IntRoduCtIon

Heart diseases are among the leading causes of death worldwide1. Cardiac hypertrophy is 
common manifestation of many forms of cardiac disease including heart failure, myocar-
dial infarction and hypertension2.

An important cause of cardiac hypertrophy is mechanical stretch2,3. At the moment when 
this stretch becomes excessive due to the volume or pressure overload, the heart starts 
sending stress signals activating a hypertrophic response program to compensate the 
wall stress. Persistent wall stress leads to a progressive cardiac remodelling and eventually 
the heart goes into a failing state2,3. Understanding the molecular mechanisms underly-
ing development of cardiac hypertrophy is essential for advancing treatments of cardiac 
diseases. However, the absence of adequate research models is a major obstacle to func-
tional studies of molecular mechanisms of cardiac hypertrophy. Human in vitro models 
are limited by the amount of patient-derived primary cells of cardiovascular lineage and 
poor consistency, while existing animal models are not always accurately representing 
the mechanisms responsible for cardiac hypertrophy development due to the significant 
inter-species differences in contractile features, stress response, ion channels expression 
and distribution4-6. Additionally, extensive animal studies are limited by ethical reasons 
and there are strong incentives to limit the use of animal testing in European Union and 
to replace it with alternatives, including the development of technologies such “human-
on-a-chip” via employment of stem cell derived organ specific cells (report on a European 
Commission scientific conference, Cronin, 2017).

Cardiomyocytes (CM) differentiated from human embryonic stem cells (hESC) are a 
powerful tool for investigating cardiac development, function and pathophysiology8,9. 
Subsequently, the availability of human embryonic stem cell-derived CM (hESC-CM) 
provided a relatively cheap platform for drug testing10,11. However, the use of hESC-CM 
for studies of cardiac hypertrophy and downstream molecular effects is not clearly dem-
onstrated12,13. The mechanic force overload, or stretch model, is based on induction of 
mechanical stress by physical stretching of CM. This is a sustained in vitro model that 
mimics volume overload on the heart during cardiac hypertrophy development3,14,15. Ad-
ditional advantage of stretch in vitro model compare to neurohumoral stimulation of 
CM (i.e. phenylephrine stimulation) that it allows to dissect direct effects of increased 
biomechanical load from the secondary neurohumoral activation.

The aim of this study is to determine whether hESC-CM subjected to mechanical stretch 
can be used as an informative in vitro model for investigation of molecular mechanisms 
of cardiomyocyte hypertrophy and identification of new targets involved in this process.
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MetHodS

Cardiac Differentiation of hESC
To differentiate hESC into CM a small molecule-based protocol utilizing modulation of 
Wnt/β-catenin signaling was employed. hESC were treated with 6 µM GSK3-β inhibitor 
CHIR99021 (Cayman Chemicals) for two days, followed by inhibition of WNT signaling 
using 2 μM of Wnt-C59 (Tocris Bioscience). To further increase CM population purity, 
metabolic differences between CM and non-CM were exploit and cells were subjected to 
glucose starvation in presence of 5mM of dl-lactate for 6 days, as was published previ-
ously67.

Application of Mechanical Stretch
CM were cultured on a BioFlex six-well plate (Flexcell international) coated with Geltrex 
(Flex I Culture Plates Collagen I, Flexcell International) and were stretched using an FX-
4000 (Flexcell International). Cyclic equiaxial stretching at a frequency of 1 Hz, mimicking 
humans heart rate (1 Hz = 60 beats per min), and 15% elongation was applied for 48 
hours. Control CM were cultured on identical plates and kept under identical conditions, 
without mechanical stretch application.

Atomic Force Microscopy (AFM)
All beating force and stiffness values were determined by atomic force microscopy (AFM) 
nanoindentation. All measurements were performed with uncoated silicon nitride DNP-10 
cantilever with pyramidal tip (Bruker). According to previously published data this type 
of cantilevers provided most stable force reading results in case of CM biosensing70. 
Cantilevers were first calibrated by the thermal tuning method71. Spring constants were 
always within the range given by the manufacturer (0.053 to 0.077 N/m). AFM measure-
ments were carried out at room temperature in CDM3 media supplemented with 10 mM 
HEPES using a BioScope Catalyst AFM (Bruker) with z-scan rates 1.0 Hz for beating force 
measurements and 3.0 Hz for stiffness measurements, under a maximal loading force of 2 
nN, and indentation depth of 100 nm. Force curves were measured between the cantilever 
and CM and Young’s modulus values were derived using the Sneddon model72,73. We used 
a Poisson’s value of 0.5 for the cell. Indentation module of NanoScope Analysis software 
(Bruker) were used to calculate Young’s modulus (Version 3.0.0.19). CM contractions were 
measured during 60-120 seconds. Typical noise levels during these measurements were 
up to 200 pN. The contraction force and rate were calculated. The contraction force of 
each beat is calculated as a difference between peak value and baseline, the beat rate is 
obtained from the reciprocal of the time interval to the next beat.
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RnA-seq libraries Preparation and Sequencing
RNA-sequencing was performed on 14 HUES9-CM total RNA samples; CM from 7 inde-
pendent differentiations were divided into a control or stretched group. Total RNA was ex-
tracted using Trizol reagent. Quality of extracted RNA were accessed on Bioanalyzer 2100 
(Agilent) using Pico RNA chip (Agilent). All samples passed QualityControl; all exceeded 
a minimum RIN of 8. Then, 1 µg of total RNA from each sample was processed with the 
NEXTflex Poly(A) Beads kit (Bioo Life Science) in order to pull down the mRNA from the 
total RNA samples. Eluted mRNA was further used for library preparation. Libraries were 
generated using NEXTflex™ Illumina qRNA-Seq Library Prep v2 kit (Bioo Life Science). 
At the end of the procedure, libraries were purified with Ampure XP beads (Beckman 
Coulter) and the DNA eluted with 17 μL resuspension buffer. The size and quality of the 
libraries were controlled by running them on a Bioanalyzer 2100 using the High Sensitiv-
ity DNA assay. For sequencing, all 14 samples were pooled and sequenced on Illumina 
HiSeq2500 machine. RNA-seq data were deposited to NCBI Short Read Archive under acc.
no. SRR5875410-SRR5875423.

Gene expression Analysis
PCR duplicate reads were removed using molecular indexes present in RNA-seq librar-
ies made with NEXTflex qRNA-Seq kits. Nonredundant reads were mapped to human 
genome (GRCh38) with STAR v.2.5.2b and gene counts were obtained with STAR’s op-
tion ‘quantMode GeneCounts’ and gene annotations from GENCODE v. 2674,75.Obtained 
gene counts were normalized with RUVSeq using parameter k=5, and differential gene 
expression was calculated with edgeR package76,77.Gene Ontology (GO)-term enrichment 
analysis was performed with GOrilla and visualized with REVIGO78,79. Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analysis of differentially expressed genes was 
performed with STRING database80.

Statistical Analysis
Values are displayed as medians of at least three independently performed experiments. 
For all graphs: each dot represents results of independent experiments performed on the 
independently derived CM, each dot is a mean of at least two technical replicates. Un-
less stated otherwise statistical comparisons were performed using two-tailed, unpaired 
Student’s t-test (Prism, GraphPad Software). For qRT-PCR, analysis was performed using 
GenEx software (MultiD Analyses AB). The following indications of significance were used 
throughout the manuscript: * p < 0.05, ** p < 0.01, *** p < 0.001.
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ReSultS

Generation and Characterization of heSC-CM.
CM were generated from two independent previously characterized hESC lines, HUES9 
and H9, using small molecule-modulated differentiation and subsequent lactate purifica-
tion16,17. Purified CMs were subjected to mechanical stretch (Figure S1A) and examined for 
cardiac hypertrophy-related alterations with several assays (Figure 1A). CM derived from 
both lines expressed standard CM-specific markers (Figure 1B) and exhibited spontane-
ous beating (Movies S1 and S2).

Mechanical Stretch Induces Hypertrophy, ROS Production, Cell Death and Fetal Genes 
Expression in hESC-CM.

Heart cells are exposed to rhythmic contraction or regular cyclic stretch throughout 
adult life. However, chronic biomechanical stress is also an attribute of arterial hyper-
tension or valvular heart disease, eventually leading to cardiac remodeling and cardiac 
hypertrophy development18.

There are several stretch parameters that could influence the hypertrophy response, 
including the duration of stretch and the amount of stretch. Before extensive phenotyping 
was started, we studied several conditions, including different durations of stretch (7, 24, 
and 48 hr) and different amounts of stretch (5% versus 15%). We applied 15% stretch to 
monitor the release of cardiac-specific biomarkers after 7, 24, and 48 hoursof HUES9-CM 
stretch. Interestingly, the most robust release of the N-terminal prohormone of brain 
natriuretic peptide (NT-proBNP), a marker of cardiac stretch, as well as of troponin T (TnT), 
a marker of CM damage, appeared after 48 hours of 15% stretch (Figure S1B). In addi-
tion, mRNA expression level of TnT was not changed during the stretch at different time 
points, but the expression of NTproBNP significantly increased after 7 hours of stretch and 
remained significantly upregulated (Figure S1C). We also looked at two different stretch 
regimes: 5% and 15%. In our setup, application of 5% to HUES9-CMs for 48 hours did not 
induce a clear phenotype. We did not record significant changes in TnT release, increase 
of CM size, or clear induction of stress genes expression (see Figure S2). Therefore, for 
further experiments, 15% cyclic stretch was applied for 48 hr.

Exposure of hESC-CMs to mechanical stretch for 48 hours caused a significant increase 
in cell size in HUES9-CMs (26% ± 9.7%, p < 0.001) (Figures 2A and S3). In order to define 
whether inherited variabilities between hESC lines have an impact on the results, we vali-
dated the model using a different hESC line, H9. Cyclic stretch applied to H9-CM resulted 
in increase of CM size (37% ± 19.6%, p < 0.001), which indicated the robustness of the 
data (Figure 2A).

For both HUES9- and H9-derived CMs we observed a more than 2-fold increase of NT-
pro-BNP and 1.5-fold increase of TnT release after 48 hours of stretch (Figure 2B). After 
48 hours of stretch, a significant increase in reactive oxygen species (ROS) production in 
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HUES9- and H9-derived CMs was observed (Figure 2C). In order to further substantiate 
our claim that cellular hypertrophy is present, we measured CM volume with the use of 
confocal laser scanning microscopy (Zeiss LSM 7MP) on live wheat germ agglutinin (WGA)/
Hoechst stained cells. Confocal imaging was further combined with three-dimensional 
(3D) image processing software (Imaris 6.3.5) to generate a 3D structure of the CMs and 
determine cell volume. We chose not to fi x CM and performed experiments on live cells, 
since fi xation causes shrinkage of the cells in the z-direction. Our results show that appli-
cation of 15% stretch leads to a signifi cant increase in CM volume compared with control 

B
α-Actinin Troponin T Nuclei

H9-CM

HUES9-CM

A

H9-CM

Figure 1 - Study Workfl ow. (A) CMs were subjected to mechanical stress for 48hoursand assessed for 
changes in cell size, gene expression, cell stiff ness, reactive oxygen species (ROS) production, and stress 
marker release. AFM, atomic force microscopy; RNA-seq, RNA sequencing; hESC-dCMs, human embryonic 
stem cell-derived cardiomyocytes; KD, knockdown. ** p < 0.01, *** p < 0.001. (B) Fluorescent microscopy im-
ages of diff erentiated hESC-CMs expressing cardiac-specifi c markers cardiac troponin T (TnT) and a-actinin 
(ACTN2). DAPI staining was used to label nuclei. Scale bar = 50 μm. See also Movies S1 and S2.
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Figure 2 - Eff ects of Mechanical Stretch on hESC-CMs. (A) Changes in CM size. Areas of at least 200 cells 
per condition per experiment were measured; each experiment represents independent diff erentiation 
of hESCs into CMs. Two diff erent hESC lines were used: HUES9 and H9. Scale bar = 50 μm. ***p < 0.001 by 
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(+41.7% ± 6.8%, p < 0.05, n = 4), Figure 2D. We performed an additional analysis of 
orthogonal projections of the confocal images in order to determine the height or thick-
ness of the stretched and control cells. This analysis revealed that the height of stretched 
CMs was not changed compared with controls (10.78 ± 0.5 mm [stretched] versus 9.97 ± 
0.56 mm [controls], p > 0.1, n = 4; Figures 2E and S4D).

To assess CM apoptosis, an annexin V assay was used. Stretched CMs displayed a 4-fold 
(p < 0.01) increased staining of annexin V compared with control (Figures 3A and 3B). After 
48 hours of stretching we observed a significant 2-fold increase of lactate dehydrogenase 
(LDH), a marker of necrosis, in the supernatant from stretched cells (Figure 3C).

Cardiac hypertrophy is often accompanied by reactivation of fetal genes, i.e. genes that 
are active during fetal cardiac development and quiescent in adult heart19,20. We tested 
several such genes and showed that expression of atrial natriuretic peptide (ANP), B-type 
natiuretic peptide (BNP) but not TnT was altered by mechanical stretch in HUES9- and 
H9-derived CM (Figure 3D). In addition, 48 hours of stretch shifted the balance between 
α- and β-cardiac myosin heavy chains (MYH6 and MYH7, respectively) expression (Figure 
3D), which is a common response to the cardiac injury and hallmark of cardiac hypertro-
phy21,22.

Mechanical Stretch leads to Contractility dysfunction and Increases 
Stiffness of hESC-CM.
In order to determine whether stretch leads to the development of functional defects 
(e.g., contractile dysfunction), we assessed CM contraction force with atomic force mi-
croscopy (AFM) (Figure 4A). CMs subjected to mechanical stress showed a 1.6-fold slower 
beating frequency but not significantly affected beating force amplitude compared with 
control (Figures 4B and 4C). However, AFM observations of CM beating behavior have 
some limitations, since all the measurements were performed at room temperature. We 
also noticed changes in myofibril structure and sarcomere length after 48 hours of stretch 

Mann-Whitney U test. (B) Levels of TnT and NT-proBNP after 48hoursstretch of HUES9- and H9-derived CMs. 
*p < 0.05. (C) Levels of total ROS production in HUES9- and H9-derived CMs subjected to mechanical stress. 
Measured with CellROX Orange assay. For all graphs, each dot represents independent experiment and 
independent differentiation of hESCs into CMs. For all graphs, HUES9-CM is depicted in blue and H9-CM in 
orange. *p < 0.05, **p < 0.01. (D) Changes in CM volume derived from 3D reconstruction of live confocal 
images of control and stretched CMs; cell membranes were stained with wheat germ agglutinin fluorescein 
isothiocyanate (WGA-FITC) and nuclei with Hoechst. Images show an example of how the volume recon-
struction was performed. Volumes of at least 30 cells per condition per experiment were measured; each 
experiment represents independent differentiation of HUES9 into CM. Scale bar = 15 μm. *p < 0.05, **p < 
0.01, ***p < 0.001 by Mann-Whitney U test. (E) Changes in CM height derived from orthogonal projections 
of live confocal images of control and stretched CMs. Heights of at least 30 cells per condition per experi-
ment were measured; each experiment represents independent differentiation of HUES9 into CM. Scale bar 
= 50 μm. n.s., not significant by Mann-Whitney U test.
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(Figures 4D and 4E). The size of the sarcomeres was significantly increased after stretch 
(Figures 4D and 4E). We found that myofibrils in stretched hESC-CMs were distributed 
in parallel and appeared wider, whereas in control CMs myofibrils exhibited a more 
branched pattern and appeared more spatially separated (Figure 4D). In addition, the 
elastic modulus, measured with AFM, was significantly higher in stretched CMs compared 
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Figure 3 - Effect of Mechanical Stretch on hESC-CM Viability. (A) Annexin V and Hoechst staining. Scale 
bar = 50 μm. (B) The total number of annexin V-positive cells as a percentage of total cell number shown 
as median of three independent experiments. (C) Level of LDH after 48hoursstretch of hESC-CMs, shown 
as a fold change between control and stretched samples obtained from four independent experiments. 
(D) qPCR analysis of the mRNA levels of ANP, BNP, TnT, and α- and β-myosin heavy chain (MHC) isoforms in 
HUES9- and H9-derived CMs after 48hoursstretch. Each dot represents the mean Ct (cycle threshold) values 
of triplicate measurements normalized against the values obtained for the 36b4 gene for the same sample. 
For all graphs, each dot represents an independent experiment and independent differentiation of hESCs 
into CMs. Median values for each condition are shown. *p < 0.05, **p < 0.01.
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Figure 4 - Eff ect of Mechanical Stretch on HUES9-CM Contraction and Sarcomere Length. (A) AFM 
cantilever brought into contact with cardiac cell. The gray box shows typical beating force trajectory. Peaks 
represent contraction of the CM: height of the peaks characterizes force of the CM beat (nN) and beat-to-
beat distance represents beating rate (dT, seconds). (B) Eff ect of 48hoursmechanical stretch on CM beating 
rate, beats per minute (BPM). (C) Eff ect of 48 hours mechanical stretch on CM beating force. (D) Myofi brillar 
organization in control and stretched HUES9-CM. CMs were stained for troponin T and α-actinin with spe-
cifi c antibodies (red and green, respectively). Nuclei were stained with DAPI. Magnifi cation, 63× (oil). Scale 
bar = 10 μm. (E) Eff ect of mechanical stretch on CM sarcomere length measured as a distance between 
z-discs. (F) Young’s modulus of the HUES9-CMs subjected to mechanical stretch for 48 hr. The plots show 
the diff erence in elasticity for the untreated control cells and stretched CMs. All graphs show results of at 
least four independent experiments. Median values for each condition are shown. *p < 0.05, **p < 0.01; n.s., 
not signifi cant.
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with untreated control cells, demonstrating that mechanical stretch leads to an increase 
of CM stiffness (Figure 4F). It is important to note that thinner cells potentially lead to 
inaccurate measurements of the elastic modulus. However, as described above, stretching 
did not result in flatter cells (Figures 2D and 2E). Moreover, we were able to image CMs 
by contact-mode atomic force scan using colloidal probe cantilever and show that there 
is no significant difference in CM height of control versus stretched CMs (6.1 ± 0.5 versus 
6.4 ± 1, p > 0.1, Figure S4). In addition, as was shown before, substrate contributions to 
the cell’s elastic modulus measurement can be neglected if the AFM tip indents less than 
10%-20% of the cell thickness24,25.

Effects of Mechanical Stretch on Gene Expression.
In order to determine genome-wide gene expression changes induced by mechanical 
stretch we performed RNA sequencing (RNA-seq) of seven independently derived pairs 
of control and stretched HUES9-CMs. Analysis of RNA-seq data identified 622 upregu-
lated genes and 1022 downregulated genes with a false discovery rate (FDR) below 
0.01 (Figure 5A, Tables S1 and S2, a Web interface for data search and visualization is 
available at http:// cardio.genomes.nl). Gene Ontology (GO) term enrichment analysis 
revealed that downregulated genes were mainly enriched in GOs such as cell cycle, chro-
mosome organization, DNA replication, and animal organ development (Table 1, Figure 
S4). Interestingly, animal organ development includes such GO terms as regulation of 
heart contraction, muscle structure development, and muscle system process (Figure S5). 
Upregulated GO terms were mainly enriched in regulation of apoptotic process, sterol 
biosynthetic process, and cytoskeleton organization (Table 1, Figure S5). In addition, KEGG 
(Kyoto Encyclopedia of Genes and Genomes) pathway analysis identified seven pathways 
that were upregulated (FDR < 0.02, Figure 5C, Table S4). Several of the downregulated 
pathways were enriched for a common set of regulatory (i.e., channels and mediators 
of Ca2+ concentration across the cell and contractility modulators) and structural genes 
(i.e., dystrophin, sarcoglycan alpha, members of integrin and collagen families) related to 
various cardiomyopathies (Table S4). KEGG pathway analysis also pointed toward signifi-
cant upregulation of apoptosis and of p53 signaling pathways, as well as upregulation of 
steroid biosynthesis (Figure 5B, Table S3). The KEGG pathway maps (obtained via KEGG 
Mapper v3.1 and available at http://cardio.genomes.nl) allow further detailed exploration 
of the networks and the effects of stretch on gene expression.

Figure 5 - Changes in CM Gene Expression upon Mechanical Stretch Identified by RNA Sequencing. 
(A) Mean (average) plots showing statistically significant (FDR < 0.01) differentially expressed genes in 
HUES9-CMs after 48hoursof stretch versus control. Average gene expression level is shown in counts per 
million (CPM). Position of SP6 and FSTL3 genes used in subsequent functional studies is indicated in red. 
See also Tables S1 and S2. (B) KEGG pathway analysis for upregulated genes in stretched CM. See also Table 
S3. (C) KEGG pathway analysis for downregulated genes in stretched CM. See also Table S4.
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dysregulation of SP6 and FStl3 expressions Play a Role in Stretched-
Induced Hypertrophy development in heSC-CM.
We chose to further explore two genes of particular interest. The first gene, specificity 
protein 6 (SP6), was the most upregulated gene and transcription factor identified in 
our RNA-seq dataset (Figure 5A). SP6 is a member of the SP family of transcription fac-
tors, which contains zinc finger DNA-binding domains in its structure and localizes in 
the nucleus26,27. We tested the hypothesis that knockdown of SP6 expression in human 
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Figure 6 - Knockdown of FSTL3 and SP6 in HUES9-CMs Decreases Level of Stretch-Induced Hyper-
trophy. (A) Immunostaining of HUES9-CMs expressing SCR-, FSTL3-, or SP6-specific shRNAs with specific 
antibodies against cardiac troponin T (green) and phalloidin. Images were taken on the control samples 
and samples subjected to mechanical stress for 48 hr. Scale bar = 50 μm. See also Figures S3 and S4. (B) 
Changes of cell size after stretch in CMs expressing SCR-, FSTL3-, or SP6-specific shRNAs were measured. 
Measurements were performed in at least four independent experiments. ***p < 0.001; n.s., not significant 
by Mann-Whitney U test. (C) HUES9-CMs expressing SCR-, Fstl3-, or SP6-specific shRNAs were stretched for 
48hoursand troponin T level in the growth media was measured. *p < 0.05; n.s., not significant. (D) HUES9-
CM expressing SCR-, Fstl3-, or SP6-specific shRNAs were stretched for 48 hours and levels of total ROS pro-
duction were measured. **p < 0.01; n.s., not significant.
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HUES9-CM would prevent the development of stretchinduced hypertrophy. The second 
gene, follistatin-like 3 (FSTL3), was chosen to validate already known molecular targets of 
cardiac hypertrophy development. Follistatin (FST) and follistatin-like genes (FSTL1, FSTL3) 
play an important role in heart failure development, and were linked to both disease 
severity and mechanisms underlying recovery28-32. Interestingly, all of these genes were 
dysregulated upon stretch (Tables S1 and S2), with FSTL3 being the most dysregulated 
among them at 2-fold upregulation upon stretch (Figure 5A). Changes in expression of 
FSTL3 and SP6 upon stretch were also validated on H9-CM (Figure S6A). HUES9-CMs 
were transduced by lentiviral vector expressing anti-FSTL3 short hairpin RNA (shRNA), 
anti-SP6 shRNA, and scrambled control (SCR) shRNA. qRT-PCR analysis confirmed that 
transduction resulted in more than 70% reduction in FSTL3 and SP6 gene expression 
compared with the SCR (Figure S6B) and SCR subjected to mechanical stretch (Figure 
S6C). hESC-CMs expressing SCR-, FSTL3-, and SP6-specific shRNAs were stretched for 48 
hours and assessed for cell size changes (Figure 6A). In CMs expressing SCR-shRNA, expo-
sure to 15% mechanical stretch led, as expected, to a significant increase of cell size area 
(Figure 6B), TnT release (Figure 6C), and ROS production (Figure 6D). Knockdown of FSTL3 
and SP6 in human CMs resulted in resilience to stretch-induced cardiac hypertrophy and 
resilience to oxidative stress (Figures 6B-6D).

dISCuSSIon

In the present study, we employ mechanical stretching of hESC-CMs as a human disease 
model for cardiac hypertrophy. We show dysregulation at the cellular, functional, and 
genomic levels upon stretching. All specific hypertrophic hallmarks, such as increase 
of cell size, elevated levels of stress biomarkers, and shift in fetal genes expression, are 
observed. In addition, we notice an increase in cellular stiffness and decreased contractil-
ity accompanied by changes of the sarcomeric structure. Intervention via knockdown of 
genes of interest resulted in resilience to the hypertrophic phenotype upon stretch.

Several proteins are involved in sensing and responding to stretch in the heart, the 
so-called mechanosensors33,34. Upon mechanical load, alterations in these proteins result 
in mechanical signaling leading to hypertrophy33,35. These changes can take place at vari-
ous sites in the CM, including the sarcomere, sarcolemma, and intercalated disc33,36. To 
determine the global gene expression changes involved in the hypertrophic response to 
mechanical stress, we used an RNA-seq approach. For instance, the ANKRD1 gene, which 
is 1.5-fold upregulated in our dataset (Table S1), is a transcription factor that interacts 
with the sarcomeric protein titin and plays a role in the myofibrillar stretchsensor system. 
Increased levels of this protein have been detected in heart tissue of patients suffering 
from ischemic cardiomyopathy and dilated cardiomyopathy37,38. It was also demonstrated 
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that ANKRD1 upregulation is associated with altered systolic/ diastolic function and that 
mutations in this gene result in a differential stretch-induced gene expression pattern37,39. 
FHL1 is another titin-binding protein that has been shown to be upregulated in mouse 
models in response to pressure-overloadinduced hypertrophy and in the hearts of human 
patients exhibiting hypertrophic40,41. This is in line with our RNA-seq data that show a 
significant 1.5-fold upregulation of FHL1 in stretched hESC-CMs (Table S1). Also, other 
members of the LIM domain family that have been implicated in mechanical strain signal-
ing, such as PDLIM3 and LDB3, were significantly dysregulated upon stretch (2-fold up and 
1.5-fold down, respectively). LDB3 and PDLIM3 are known to interact with the a-actinin 
rod domain within z-disc and ablation of these proteins in mice resulted in abnormal 
cardiac function and severe myopathy38,42.

Our AFM data showed that hESC-CMs subjected to mechanical stretch were significantly 
stiffer. Increased CM stiffness is one of the hallmarks of myocardial remodeling43,44. There 
are several factors that influence cardiac stiffness, such as changes in sarcomere length, 
myofibril density, shift in N2A to N2B titin’s isoforms expression, and titin phosphory-
lation43-45. Even though titin expression was not changed upon stretch, KEGG pathway 
analysis revealed downregulation of cGMP-PKG signaling pathway. This downregulation 
further contributes to the deficit of titin phosphorylation and overall increase of CM stiff-
ness46. Also, stiffness increases under oxidative stress conditions due to disulfide-bridge 
formation, which can occur in titin filaments47. We believe that changes in sarcomeric 
organization observed upon CM stretch could also contribute to the changes in cardiac 
stiffness. There is a significant dysregulation in the expression of MYOM2, MYPN, FHL1, 
SQSTM1, CRYAB, OBSCN, PBK, and MDM2. All these genes encode proteins, interact with 
titin, and affect myofibril formation34,47.

In addition to changes in myofibril architecture, regulation of cardiac muscle contraction 
was one of the significantly downregulated processes according to the GO term enrich-
ment analysis. Our RNA-seq data showed significant deregulation of ion homeostasis, 
one of the essential regulators of cardiac contraction48. We observed significant down-
regulation of Ca2+-channels, such as RYR2, CACNA1D, CACNG6, CACNA1H, and CACNB2 
(Table S2). We also found a downregulation of potassium (K+) and sodium (Na+) channels 
encoding genes such as SCN9A, SCN8A, ATP1A2, KCNQ1, HCN1, KCNN2, KCNAB2, and 
KCNH7 (Table S2). Multiple studies demonstrated that alterations in Ca2+ release and 
disturbance of K+ and Na+ ion channels cause abnormalities in CM beating behavior49-51. 
These observations are also in line with our AFM results showing that stretched CMs need 
more time to generate beats of the same force amplitude compared with control.

The GO term enrichment analysis of differentially expressed genes showed that me-
chanical stretch upregulates biological processes such as apoptosis, sterol biosynthesis, 
and cytoskeleton organization. This is in line with our phenotyping data, which also 
demonstrate that mechanical stretch causes increase of ROS production, necrosis, as well 
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as apoptosis in CMs, and could be responsible for cell loss. Similar findings have been 
reported for rat CM and human biopsy studies, in which cardiac hypertrophy develop-
ment was associated with induction of significant apoptotic and necrotic responses43,52-54.

As the heart begins to fail, disruption of its homeostasis leads to the release of stress-
related cytokines, proteins, or peptides, into the circulation. In our in vitro model system 
NT-pro-BNP and TnT are released in the supernatant upon stretching. Another well-known 
cardiac biomarker is GDF-15. It has been shown to be upregulated in patients with various 
forms of heart failure and is associated with an impaired prognosis55,56. Interestingly, GDF-
15 was among the top ten upregulated genes identified in our RNA-seq dataset. These 
findings suggest that our in vitro model combined with the RNA-seq approach can be 
used for identification and validation of circulating biomarkers involved in cardiac failure.

We used obtained RNA-seq data not only for studying potential candidates, such 
as SP6, the most induced transcription factor in the dataset, but also for validation of 
previously identified candidate genes such as FSTL3. This gene has been reported as an 
important player in cardiac remodeling. Expression of FSTL3 was shown to be elevated in 
tissue biopsies of patients with heart failure and levels correlated with a-skeletal actin and 
BNP, both markers of disease development28-30. As well as BNP, plasma levels of FSTL3 
were shown to be increased in heart failure patients and associated with the severity of 
the disease, suggesting its potential role as a circulating biomarker57. In addition to being 
secreted, FSTL3 can be found in both the nucleus and cytoplasm, which implies its in-
volvement in transcriptional regulation of cardiac remodeling28,29. Knockdown of FSTL3, as 
well as SP6, caused significant desensitization of CMs toward stretch-induced stress. This 
is in line with previously obtained in vivo and in vitro studies that show FSTL3 induction 
under myocardial stress and its negative effect on CM survival. A cardiac-specific FSTL3 
knockout mouse model showed significantly smaller infarct sizes and lower number of 
apoptotic myocytes after ischemia/reperfusion injury. Knockdown of FSTL3 in cultured rat 
CMs inhibited phenylephrine-induced cardiac hypertrophy29,30,32. Similarly, in our study, 
FSTL3 ablation in human CMs subjected to mechanical stretch led to the reduced level 
of cardiac hypertrophy and less cardiac damage assessed by level of TnT release and 
ROS production. Transcription factor SP6 has never been studied in relation to cardiac 
hypertrophy development. However, two other members of the SP family, SP1 and SP3, 
are both significantly overexpressed in hypertrophied and fetal murine hearts and are 
believed to be involved in cardiac hypertrophy development58.

Current advances in tissue engineering techniques made 3D cardiac tissue cultures 
feasible and potentially useful for pharmacological and clinical applications59-62. In addi-
tion, two-dimensional (2D) and 3D stem cell-derived CM cultures were used in a number 
of studies in order to address the immaturity of stem cell-derived CMs by employing a 
variety of biochemical and biophysical signals59-62. Furthermore, there are several studies 
that applied 3D tissue culturing for studying stretch- or phenylephrine-induced cardiac 
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hypertrophy63,64. We elected to use 2D CM cultures as a basis for our study for several 
reasons. While 3D tissues provide a more physiologically relevant structure, the major 
incentive for using this model is the requirement of non-CMs to be incorporated in 3D 
tissues for optimal function and tissue functionality65. This would impede the attribution 
of stretch-induced effects specifically to CM. Moreover, constructed 3D tissues are based 
on various compositions of extracellular matrix (ECM), which undergoes cell-mediated 
remodeling at all times. Consequently, changes in ECM characteristics might alter the 
strain on specific parts of a tissue, thereby making the tissue unstable and prone to break, 
and reproducibility is rendered difficult. 3D tissues also have different diffusion rates of 
soluble factors depending on the location of individual cells within the tissue, resulting in 
heterogeneous cell behavior and therefore matrix remodeling. Combined, these traits of 
3D tissues make characterization (of tissue as a whole) more complicated than with 2D 
cultures66.

To summarize, in the present study we show that mechanical stretching of hESC-CMs 
can serve as an in vitro disease model for studying human CM hypertrophy. This model 
broadens our understanding of the molecular mechanisms behind mechanotransduction 
and cardiac hypertrophy and can serve as a launch platform for development of pharma-
cological approaches as well as for discovering p
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SuPPleMentARy MetHodS

Immunostaining, Cell Size and Sarcomere length determination
CM subjected to mechanical stretch and controls were fixed directly on Geltrex-coated 
silicone membranes of BioFlex six-well plates. After stretch CM were washed twice with 
ice-cold PBS and fixed in 4% paraformaldehyde (PFA) for 5 minutes on ice, permeabilized 
with ice-cold PBS + 0.3% Triton X100 for 5 minutes and then washed twice with PBS. 
Cells were incubated for 1 hour in blocking solution: 3% BSA (Serva), 2% goat serum 
(Sigma Aldrich), 0.1% Tween 80 (Sigma-Aldrich) in PBS. Primary antibodies were diluted in 
blocking solution and incubated with the cells for 1 hour at room temperature. All used 
primary and secondary antibodies are listed in Table S5. Coverslips were mounted using 
Vectashield mounting medium with DAPI (Vector Laboratories). 4 to 7 random pictures 
were taken with 20x magnification and 150-200 cells/per condition were analyzed in order 
to determine cell size. Image processing software, manual pipeline (CellProfiler, Broad 
Institute of MIT and Harvard in Cambridge) was used to determine the effect of stretch on 
cell size68. The error of the measurements was determined and did not exceed 2% (Figure 
S5). Sarcomere length was determined as a distance between z-bands on images taken 
with 63x magnification. Sarcomere length was analyzed using Fiji software69. All slides 
were imaged on a Leica AF-6000 microscope.

Quantitative Real-time PCR
Total RNA was isolated using Trizol reagent (Invitrogen), according to the manufactur-
ers’ instructions. Superscript III Reverse Transcription Kit (Life Technologies) was used for 
cDNA synthesis. Quantitative real-time PCR was performed on Roche LC480 (Roche) using 
SYBRGreen Master Mix (BioRad). Each sample was run in triplicate in a total volume of 
15 μL. Ribosomal protein lateral stalk subunit P0 (RPLP0 or 36B4) was used as a reference 
gene for normalization. Primer sequences are listed in Table S6.

Oxidative Stress Quantification
Total ROS production was quantified using CellROX Orange assay (Thermo Fisher Sci-
entific). The intensity of CellROX Orange fluorescence is proportional to the level of free 
radical oxidation. Control and stretched CM were loaded with 5 µM CellROX Orange in 
culture medium and stained in the dark for 60 minutes at 37°C. Stained cells were washed 
once with PBS, dissociate with TrypLE and suspended in PBS. Cells were centrifuged for 
5 minutes at 2000x g and suspended in 600 µl of PBS. 100 µl of cell suspension were 
transferred to a black 96 well plate (5 wells per condition) and analyzed immediately on a 
Synergy H1 microplate reader (Biotek) using 540/570 nm excitation/emission wavelength. 
For each condition the signal intensity was corrected to the number of cells as counted 
manually with a Fuchs-Rosenthal hemocytometer.
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Annexin v Staining
After 48 hours of stretch, cells were washed once with PBS and once with binding buffer 
(BD Bioscience), piece of the membrane was cut out and incubated in 150 μL of staining 
solution (used ratio: 5 μL of Annexin V-FITC (BD Bioscience) in 100 μL of binding buffer) in 
the dark for 15 minutes at room temperature. Cells were washed once with binding buffer, 
counterstained with Hoechst and fixed with 2% PFA in binding buffer before analysis.

shRnA-encoding lentiviral Particles Production
HEK 293T cells, grown at 37°C and 5% CO2 to 70% confluency in Dulbecco modified 
Eagle medium (DMEM, Thermo Fisher Scientific) supplemented with 10% fetal calf serum 
(FCS, Sigma Aldrich) were co-transfected with a constant amount of pCMV ∆8.91-transfer 
plasmid, VSV-G-packaging plasmid and pLKO.1-plasmid expressing short hairpin RNA 
(shRNA) of interest. Fugene HD (Promega) transfection agent was used to improve 
transfection efficiency. After 24 hours media were replaced with fresh CDM3 media. After 
24 hours CDM3 medium containing viral particles was harvested and filtered with 0.45 
nm Nalgene filter to prevent HEK293T cells to be transferred to the solution. Clean viral 
supernatant was aliquoted and frozen at −80°C. pLKO.1 is a replication-incompetent 
lentiviral vector used for expression of shRNAs in CM. pLKO.1.shSP6, pLKO.1.shFSTL3, 
pLKO.1.shSCR (scrambled control) were purchased from Sigma MISSION RNAi. See shRNA 
probe sequences in Table S7.

Stable transduction heSC-derived CM with shRnA-encoding lentivirus
hECS-CM were plated on BioFlex six-well plates to have approximately 80% confluence 
at the time of transduction. For transduction, 1 ml of viral supernatant and 1 ml of fresh 
CDM3 media supplemented with 4 µg of polybrene (Sigma Aldrich) were added to the 
cells and incubated at 37°C for 18 hours. Next day viral particles were washed and 3 ml 
of fresh CDM3 media was added to the cells. Medium was changed every other day. On 
day 3 after transduction medium was aspirated and 3 ml of CDM3 medium supplemented 
with 4 µg/ml puromycin (Thermo Fisher Scientific) was placed into each well. Medium 
supplemented with puromycin was changed every other day and after 4 days of puromy-
cin selection, cells were used for the downstream assays.

levels of tnt, nt-proBnP, ldH in Cell Culture Media
Levels of damage-related biomarkers Troponin T (TnT), lactate dehydrogenase (LDH) and 
the N-terminal fragment of the prohormone of brain natriuretic peptide (NT-proBNP) were 
analyzed in the culturing media. LDH levels have been determined using an UV assay LDH 
kit (11822837, Roche Diagnostics). TnT and NT-proBNP levels were analyzed using electro-
chemiluminescence immunoassay kits (0509277 and 04842464 respectively, Roche Diag-
nostics). For every independent experiment, measurements were done at least in duplicate.
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Supplementary Figure S1 -  Eff ects of Mechanical Stretch Duration on HUES9-CM. Related to Figure 2. 
(A) Equiaxial strain application on hESC-derived CM. (B) Levels of TnT, NT-proBNP measured in CM’s media 
after mechanical stretch at 7hrs, 24hrs and 48-hour time-points. (C) qPCR analysis of the mRNA levels of TnT 
and BNP in HUES9-derived CM after 7, 24 and 48 hours of stretch. Each dot represents the mean Ct values 
of triplicate measurements normalized against the values obtained for 36b4 gene for the same sample. For 
all graphs each dot represents independent experiment and independent diff erentiation of HUES9-hESCs 
into CM. Median values for each condition are shown. *p<0.05, **p<0.01, ***p<0.001; by unpaired two-
tailed Student’s test.
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Supplementary Figure S2 - Effects of 5 % Mechanical Stretch on HUES9-derived CM. (A) Immunostain-
ing of HUES9-CM with phalloidin. Nuclei stained with DAPI. Images were taken on the control samples and 
samples subjected to 5% stretch for 48 hrs. Scale bar = 50 μm. (B) Cell size changes of HUES9-CM subjected 
to 5% stretch for 48 hrs. At least 80 cells were analyzed per condition. n.s., not significant; by Mann-Whitney-
U-test. (C) Level of troponin T, measured in CM’s media after 5% mechanical stretch. (D) qPCR analysis of 
the mRNA levels of ANP, BNP, TnT, α- and β-MHC in CM after 48 hours of 5% stretch. Each dot represents the 
mean Ct values of triplicate measurements normalized against the values obtained for 36b4 gene for the 
same sample. For all graphs each dot represents independent experiment and independent differentiation 
of hESCs into CM.

A B

Supplementary Figure S3 - Accuracy of CM Size Measurement. Related to Figure 2. (A) Determination 
of the error of the CM size measurements. Sizes of at least six cells from the same image were repeatedly 
measured for at least 9 times, standard deviation (SD) of the measurements were used to calculate error 
mean. Results are based on 2 independent experiments, 2 independent HUES9-CM cultures. (B) Example of 
how the measurements were performed.
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Supplementary Figure S4 - Effects of 15 % Mechanical Stretch on HUES9-CM height via Confocal Mi-
croscopy and Atomic Force Microscopy (AFM). Related to Figures 2 and 4. AFM image of control (A) and 
stretched (B) hESC-CM in contact mode overlaid with AFM height image. Examples of height measure-
ments along the lines displayed in far-right panels for control and stretched CM. (C) Changes in CM height 
derived from AFM images of control and stretched CMs. Measurements are based on 3 independent experi-
ments. (D) Examples of orthogonal projections derived from the confocal images of control and stretched 
hESC-derived CM stained with WGA and Hoechst. Scale bar = 50 μm.
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Supplementary Figure S5 - Gene Ontology Analysis of Genes Up- and Down-regulated upon Stretch. 
Related to Table 1. The analysis was performed using GOrilla and visualized with REVIGO, which performed 
removal of redundant GO terms and generated tree maps of the functional annotations associated with the 
up-regulated (A) and the down-regulated genes (B).
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Supplementary Figure S6 - Validation of FSTL3 and SP6 Knockdowns. Related to Figure 6. (A) Valida-
tion of FSTL3 and SP6 gene expression in H9-CM. FSTL3 and SP6 are significantly up-regulated in H9-CM 
upon 48 hours stretch. (B) mRNA expression levels of FSTL3 and SP6 in the shRNA transduced HUES9-CM. 
Expression levels are relative to untreated scramble (SCR) control. (C) mRNA expression levels of FSTL3 and 
SP6 in the shRNA transduced HUES9-CM subjected to mechanical stretch. Expression levels are relative to 
stretched scramble control (Ctrl). For all graphs each dot represents the mean Ct values of triplicate mea-
surements normalized against the values obtained for 36b4 gene for the same sample. Measurements are 
based on at least 3 independent experiments.
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SuPPleMentARy tABleS

Table S1 - List of up-regulated genes upon stretch identified by the RNA-seq analysis. The table rep-
resents fold change of gene expression, significance (p-value and FDR) and gene description. Available in 
online version.

Table S2 - List of down-regulated genes upon stretch identified by the RNA-seq analysis. The table 
represents fold change of gene expression, significance (p-value and FDR) and gene description. Available 
in online version.

Table S3 - Pathways up-regulated by 48 hours mechanical stretch.

#pathway 
ID

Pathway 
description

Observed 
gene count

FDR matching proteins in analyzed network

100 Steroid biosynthesis 9 4.58e-07 CYP2R1, DHCR24, DHCR7, EBP, FDFT1, 
HSD17B7, MSMO1, NSDHL, SQLE

900 Terpenoid 
backbone 

biosynthesis

7 0.000184 ACAT2, FDPS, HMGCR, HMGCS1, ICMT, IDI1, 
MVD

4115 p53 signaling 
pathway

11 0.000247 BAX, CDKN1A, FAS, GADD45A, MDM2, 
PPM1D, RRM2B, SERPINE1, SESN2, THBS1, 
TNFRSF10B

3008 Ribosome 
biogenesis in 

eukaryotes

11 0.000512 BMS1, EIF6, GTPBP4, HEATR1, LSG1, 
MPHOSPH10, NOL6, RPP25, RPP38, TCOF1, 
UTP6

1100 Metabolic pathways 56 0.00605 ACAT2, ACLY, ACOX3, ACSS2, AGPAT9, 
AKR1C3, ALAD, ALG8, ARG2, ATP6V0E1, 
ATP6V1D, CHPF2, CKB, COASY, CYP2R1, 
DHCR24, DHCR7, EBP, ENO2, ENO3, ENPP1, 
FASN, FDFT1, FDPS, G6PD, GCLC, HMGCR, 
HMGCS1, HSD17B7, IDI1, INPP1, INPP5K, 
ITPKB, LIPG, LPIN1, ME1, MMAB, MSMO1, 
MVD, NSDHL, OCRL, P4HA1, P4HA2, PC, 
PNPLA3, POLG, POLR1C, RPN2, RRM2B, 
SHMT2, SMPD2, SQLE, ST3GAL2, ST6GAL1, 
SYNJ2, TKT

4210 Apoptosis 10 0.00697 AIFM1, BAX, BCL2L1, CAPN2, FAS, RIPK1, 
TNFRSF10A, TNFRSF10B, TNFRSF10D, 
TNFRSF1A

4141 Protein processing 
in endoplasmic 

reticulum

14 0.0103 ATF4, BAX, CAPN2, CRYAB, DDIT3, DNAJA1, 
BXO2, HSP90AA1, HSPH1, NPLOC4, RPN2, 
UBE2J2, UBQLN4, UFD1L
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Table S4 -  Pathways down-regulated by 48 hours mechanical stretch.

#pathway 
ID

Pathway 
description

Observed
gene count

FDR matching proteins in analyzed network

4974 Protein digestion 
and absorption

19 4.06e-06 ATP1A3, ATP1B2, COL14A1, COL18A1, COL1A1, 
COL22A1, COL27A1, COL2A1, COL3A1, COL4A2, 
COL4A5, COL4A6, COL6A1, COL6A2, COL6A3, 
COL7A1, KCNQ1, SLC16A10, SLC8A1

4512 ECM-receptor 
interaction

18 1.44e-05 AGRN, COL1A1, COL27A1, COL2A1, COL3A1, 
COL4A2, COL4A5, COL4A6, COL6A1, COL6A2, 
COL6A3, HMMR, ITGA10, ITGA11, ITGA8, LAMA4, 
LAMA5, LAMC1

3030 DNA replication 10 0.000387 LIG1, MCM2, MCM4, MCM5, MCM6, POLE2, RFC3, 
RNASEH2A, RNASEH2B, RPA1

4110 Cell cycle 18 0.00098 BUB1, BUB1B, CCNA2, CCNB1, CCNB2, CDC20, 
CDC45, CDC6, ESPL1, MAD2L1, MCM2, MCM4, 
MCM5, MCM6, PLK1, PTTG1, TGFB2, TTK

4261 Adrenergic 
signaling in 

cardiomyocytes

20 0.00098 ADCY3, ADCY7, ATP1A3, ATP1B2, CACNA1D, 
CACNB2, CACNG6, CAMK2B, CREB3L4, KCNQ1, 
MYH6, PLCB2, PLN, PPP1CC, PPP1R1A, PPP2R2B, 
PPP2R3A, RPS6KA5, RYR2, SLC8A1

5414 Dilated 
cardiomyopathy

15 0.00098 ADCY3, ADCY7, CACNA1D, CACNB2, CACNG6, 
DMD, ITGA10, ITGA11, ITGA8, MYH6, PLN, RYR2, 
SGCA, SLC8A1, TGFB2

4022 cGMP-PKG signaling 
pathway

20 0.00295 ADCY3, ADCY7, ATP1A3, ATP1B2, CACNA1D, 
CREB3L4, GUCY1A2, MEF2A, MEF2C, NFATC1, 
NFATC2, PDE3A, PDE3B, PDE5A, PLCB2, PLN, 
PPP1CC, PPP3R1, PRKCE, SLC8A1

5412 Arrhythmogenic 
cardiomyopathy 

(ACM)

12 0.00658 CACNA1D, CACNB2, CACNG6, CTNNA3, DMD, 
GJA1, ITGA10, ITGA11, ITGA8, RYR2, SGCA, 
SLC8A1

4510 Focal adhesion 22 0.0104 COL1A1, COL27A1, COL2A1, COL3A1, COL4A2, 
COL4A5, COL4A6, COL6A1, COL6A2, COL6A3, 
DOCK1, ITGA10, ITGA11, ITGA8, KDR, LAMA4, 
LAMA5, LAMC1, PDGFD, PDGFRB, PPP1CC, TLN2

4921 Oxytocin signaling 
pathway

18 0.0116 ADCY3, ADCY7, CACNA1D, CACNB2, CACNG6, 
CAMK2B, CAMKK2, EEF2K, GUCY1A2, KCNJ5, 
MAP2K5, MEF2C, NFATC1, NFATC2, PLCB2, 
PPP1CC, PPP3R1, RYR2

4114 Oocyte meiosis 14 0.0123 ADCY3, ADCY7, BUB1, CAMK2B, CCNB1, CCNB2, 
CDC20, ESPL1, MAD2L1, PLK1, PPP1CC, PPP3R1, 
PTTG1, SGOL1

5146 Amoebiasis 14 0.0123 COL1A1, COL27A1, COL2A1, COL3A1, COL4A2, 
COL4A5, COL4A6, GNAL, LAMA4, LAMA5, 
LAMC1, PLCB2, SERPINB9, TGFB2

5410 Hypertrophic 
cardiomyopathy 

(HCM)

12 0.0123 CACNA1D, CACNB2, CACNG6, DMD, ITGA10, 
ITGA11, ITGA8, MYH6, RYR2, SGCA, SLC8A1, 
TGFB2

640 Propanoate 
metabolism

7 0.0134 ABAT, ACSS3, ALDH6A1, ALDH7A1, ALDH9A1, 
EHHADH, SUCLG2
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Table S5 -  List of primary and secondary antibodies used in the study. IF: immunofluorescence.

Primary AB Host Source Application

Anti-Troponin T Rabbit Abcam IF (1:100)

Anti-α-actinin Mouse Sigma Aldrich IF (1:100)

Secondary AB Host Source Application

Anti-rabbit IgG-FITC Goat Southern Biotech IF (1:200)

Anti-rabbit IgG-TRITC Goat Southern Biotech IF (1:100)

Anti-mouse IgG-FITC Goat Southern Biotech IF (1:200)

Anti-mouse IgG-TRITC Goat Southern Biotech IF (1:100)

Table S6 -  List of RT-qPCR primers used in this study.

Primer name Sequence

TnT Forward 5’-TGGAGGCAGAGAAGTTCGAC-‘3

TnT Reverse 5’-CCTGTTTCGGAGAACATTGAT-‘3

ANP Forward 5’-CAGGATGGACAGGATTGGA-‘3

ANP Reverse 5’-TGTCCTCCCTGGCTGTTATC-‘3

BNP Forward 5’-TTGGAAACGTCCGGGTTAC-‘3

BNP Reverse 5’-GGACTTCCAGACACCTGTGG-‘3

MYH6 Forward 5’-GATAGAGAGACTCCTGCGGC-‘3

MYH6 Reverse 5’-TCGGTCATCTTGGTGCTTCC-‘3

MYH7 Forward 5’-CGAAGGGCTTGAATGAGGAGT-‘3

MYH7 Reverse 5’-TCCTCCCAAGGAGCTGTTAC-‘3

SP6 Forward 5’-GAGGACCTGGAAAGCGACAG-‘3

SP6 Reverse 5’-GATGAAGGTCCCACCACGAG-‘3

FSTL3 Forward 5’-CACCCGGGGAACAAGATCAA-‘3

FSTL3 Reverse 5’-GTCGCACGAATCTTTGCAGG-‘3

36b4 Forward 5’-AACGGGTACAAACGAGTC-‘3

36b4 Reverse 5’-AGATGGATCAGCCAAGAAG-‘3

Table S7 - List of shRNA probes used in the study. All additional information about probes and pLKO1 
plasmid can be found on manufacturer website.

Gene 
name

Clone ID Sequence Region

Sp6 NM_199262.2-
1229s21c1

5’-CCGGAGTCTGCAGCCGCGTCTTCATCTCGAGATGAAGACGCG-
GCTGCAGACTTTTTTTG-‘3

CDS

Fstl3 NM_005860.2-309s21c1 5’-CCGGTGCCTTCCCTGCAAAGATTCGCTCGAGCGAATCTTTG-
CAGGGAAGGCATTTTTG-‘3

CDS
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ABStRACt

Peripartum cardiomyopathy is a rare but potentially life-threatening form of heart failure 
affecting women late in pregnancy or in the first months after delivery. Peripartum car-
diomyopathy is difficult to diagnose and its onset and progression are variable between 
individuals. The pathophysiology remains poorly understood, hence treatment options 
are limited and possibly harmful to the fetus. Furthermore, geographical incidence var-
ies greatly and little is known about the incidence in Western countries. To gain further 
understanding of the pathophysiology and incidence of peripartum cardiomyopathy, 
the European Society of Cardiology initiated a study group to implement a registry. This 
review provides an overview of current insights into peripartum cardiomyopathy, high-
lights the need for such a registry and provides information about the Euro Observational 
Research Program.
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IntRoduCtIon

Peripartum cardiomyopathy is a rare but potentially life-threatening form of heart failure 
affecting women late in pregnancy or in the first months after delivery. Little is known 
about the prevalence, etiology and potential therapeutic options. To gain further un-
derstanding of the prevalence and pathophysiology of peripartum cardiomyopathy, the 
European Society of Cardiology (ESC) initiated a study group to implement a registry. This 
review provides an overview of current insights into peripartum cardiomyopathy, high-
lights the need for such a registry and provides information about this Euro Observational 
Research Program.

ClInICAl PReSentAtIon

The incidence of peripartum cardiomyopathy varies geographically, for instance from 
1:2300 to 1:4000 in the USA and is as high as 1:300 in Haiti1,2. However, the incidence 
of peripartum cardiomyopathy in Europe remains unknown. It is characterized by left 
ventricular dysfunction, manifesting predominantly in the first months postpartum. Pe-
ripartum cardiomyopathy is primarily a clinical diagnosis of exclusion. The definition of 
peripartum cardiomyopathy has changed over the years, but recently the ESC Working 
Group on peripartum cardiomyopathy has accepted the following definition: ‘an idio-
pathic cardiomyopathy presenting with heart failure secondary to left ventricular systolic 
dysfunction towards the end of pregnancy or in the months following delivery, where 
no other cause of heart failure is found’2. Multiparity, multiple births, older maternal age 
and prolonged tocolytic therapy are factors found to predispose to the development of 
peripartum cardiomyopathy. Other suggested risk factors are African origin, family history 
of cardiomyopathy and pregnancy-induced hypertension1,3. In addition, a recent literature 
review showed a clear association between the incidence of preeclampsia and peripartum 
cardiomyopathy4. Clinical features consist of dyspnea on exertion, orthopnea and periph-
eral edema. However, an underlying cause such as ischemic, valvular or detectable inher-
ited heart disease should not be present. Mild symptoms such as fatigue, palpitations, and 
abdominal discomfort can be easily misinterpreted as usual postpartum symptoms and 
associated with sleep deprivation and may delay early diagnosis. Subsequently, patients 
are often already in New York Heart Association (NYHA) functional class III-IV at first 
presentation2. Electrocardiography (ECG) can show signs of left ventricular hypertrophy 
with repolarization abnormalities or other nonspecific signs, but the ECG will hardly ever 
be normal. In total, 20 % of patients experience non-sustained ventricular arrhythmias1. 
No information is reported on the incidence of sustained ventricular tachycardias. Left 
ventricular dysfunction is part of the diagnosis, while left ventricular dimensions can be 
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normal in patients with dilated cardiomyopathy. Unfortunately, there is not yet a reliable 
laboratory test that can confirm the diagnosis. B-type natriuretic peptide can be used, but 
does not distinguish between different causes of heart failure. Preliminary results revealed 
microRNA-146a (miR-146a) as a potential biomarker for clinical use, yet to be confirmed 
in prospective studies1.

PAtHoGeneSIS oF PeRIPARtuM CARdIoMyoPAtHy

The underlying molecular mechanisms of peripartum cardiomyopathy remain poorly 
understood. However, serum markers of apoptosis and inflammation are significantly 
increased, indicating an impaired adaptive response to the physiological stresses on the 
heart during pregnancy3. Cardiac stress during pregnancy is mainly due to hormones, oxi-
dative stress and volume overload. Regarding the last-mentioned factor, the Janus kinase 
(JAK)/signal transducers and activators of transcription (STAT) signaling pathway responds 
almost instantly to stretching neonatal rat and murine cardiomyocytes5. STAT3 activation 
is essential for cardioprotective effects; it leads to induction of the reactive oxygen species 
(ROS) scavenging enzyme manganese superoxide dismutase (MnSOD)5. The role of STAT3 
in peripartum cardiomyopathy was discovered in 2007. STAT3 conditional knockout mice 
developed peripartum cardiomyopathy in a dose-dependent manner (conditional knock-
out heterozygotes). It was observed that during pregnancy MnSOD levels were increased 
compared with nulliparous controls, whereas pregnant STAT3 conditional knockout mice 
showed reduced MnSOD levels. As a consequence, increased ROS levels were found in 
pregnant STAT conditional knockout mice versus pregnant controls. It was shown that 
STAT3 can be activated by various signals, including prolactin6. Blood levels of the nursing 
hormone prolactin are substantially increased during pregnancy. Full-length prolactin has 
proangiogenic effects, whereas the 16 kDa cleaved form elicits antiangiogenic effects. 
It was determined that cathepsin D is the major prolactin cleaving enzyme in peripar-
tum cardiomyopathy7. Furthermore, oxidative stress was found to induce cathepsin D8. 
It is therefore believed that STAT3 deficiency causes a decreased antioxidative activity 
within cardiomyocytes, leading to increased levels of ROS that in turn activate cathepsin 
D production. High serum levels of prolactin during pregnancy combined with increased 
cathepsin D production will therefore result in elevated levels of 16 kDa prolactin leading 
to cell death and reduced angiogenesis. Patten et al. provided further evidence for an 
imbalance between proangiogenic and antiangiogenic factors in peripartum cardiomy-
opathy. They have also observed that insufficient angiogenesis during pregnancy leads to 
peripartum cardiomyopathy development9. Like STAT3, PGC- 1α is a gene that promotes 
the expression of MnSOD, but unlike STAT3, it also induces the synthesis of vascular 
endothelial growth factor (VEGF). Thus, in pregnant PGC-1α knockout mice, the 16 kDa 
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prolactin-induced antiangiogenic effect and the inhibition of proangiogenic factors act 
together towards the development of a very severe form of peripartum cardiomyopathy. 
They found that PGC-1α knockout mice invariably developed peripartum cardiomyopathy. 
Deficiency of the major angiogenic mediator PGC-1α in heart leads to decreased secre-
tion of angiogenic factors such as VEGF, thus inhibiting angiogenesis. In late pregnancy, 
secretion of soluble Flt1 (sFlt1) is increased, which binds and neutralizes soluble VEGF9. 
Proangiogenic therapies (i.e. VEGF injections) were found to rescue PGC-1α knockout 
phenotypes9. The observation that women with pre-eclampsia are more frequently af-
fected by peripartum cardiomyopathy supports a role of oxidative stress in the pathogen-
esis of peripartum cardiomyopathy9. In line with these findings, Halkein et al. have found 
miR-146a to be the link between angiogenic imbalance and cardiomyocyte dysfunction10. 
When endothelial cells were incubated with 16 kDa prolactin, miR-146a levels increased, 
which resulted in reduced angiogenesis. Subsequently exosomal transfer of miR146-a to 
cardiomyocytes reduced metabolism. Blocking miR-146a with a specific antagomir causes 
the attenuation of peripartum cardiomyopathy clinical features in STAT3 conditional 
knockout mice, without affecting full-length prolactin-dependent milk production func-
tions10. Furthermore, in patients with peripartum cardiomyopathy miR-146a levels were 
increased even compared with patients with dilated cardiomyopathy. Taking these results 
together, it appears that reduced angiogenesis at least partially explains the develop-
ment of peripartum cardiomyopathy and that miR-146a might be a useful biomarker in 
the diagnosis. Further work is needed to investigate whether this miRNA can serve as a 
therapeutic target. Figure 1 provides a summary of the pathophysiological mechanisms 
underlying peripartum cardiomyopathy in mice, which remain to be confirmed in humans.

GenetIC InFluenCeS

Classified in 2008 by the ESC as a nonfamilial, nongenetic form of dilated cardiomyopathy 
associated with pregnancy11, in recent years a growing body of evidence suggests that part 
of peripartum cardiomyopathy has a genetic basis. Two Western studies and one South 
African case series showed the occurrence of peripartum cardiomyopathy cases in familial 
dilated cardiomyopathy12. Accordingly, a positive family history of cardiomyopathy was 
seen in 16.5 % (19/115) of peripartum cardiomyopathy cases in a German peripartum 
cardiomyopathy cohort. Recently, more extensive genetic analysis in families with both 
dilated cardiomyopathy and peripartum cardiomyopathy from various parts of the world 
revealed a high yield of mutations in cardiomyopathy-related genes, especially in TTN, 
the gene encoding for titin. Pathogenic mutations were found in 4/18 families (22 %), and 
mutations that may be pathogenic were found in another 6/18 families (33 %). The major-
ity of identified (likely) pathogenic mutations (7/10) were in the TTN gene. Measurements 
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of passive force in single cardiomyocytes and titin isoform composition supported the 
pathogenicity of one of the likely pathogenic TTN mutations13. The mechanisms underly-
ing the onset of peripartum cardiomyopathy remain unclear, but certainly genetics is 
part of a complex interplay of diff erent factors. Most probably cardiomyopathy-related 
genes are not exclusively involved. Moreover, a small genome-wide association study on 
41 American peripartum cardiomyopathy samples showed an association with rs258415, 
in locus 12p11.22 close to the ParaThyroid Hormone-Like Hormone (PTHLH) gene14. 
How these fi ndings might functionally link to peripartum cardiomyopathy is still unclear. 
However, the geographical variability of peripartum cardiomyopathy incidence suggests 
that genetics plays an important role in peripartum cardiomyopathy onset. So far, small 
patient groups and techniques with limited throughput have been evident restrictions 
in genetic studies. New genomic techniques, such as next-generation sequencing, now 
make it possible to analyze larger numbers of genes, even the entire exome or genome, 
quickly and at reasonable costs. It would be most interesting to perform extensive genetic 
studies on larger numbers of peripartum cardiomyopathy patients from several parts of 
the world, to identify (lower penetrant) genetic factors involved in peripartum cardiomy-

STAT3
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MnSOD ROS

miR-146a

PRL

16 kDa
PRL

CD
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NF-κB
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NRASsFLT1 VEGF
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Figure 1 - Peripartum cardiomyopathy pathophysiology. Multiple mechanisms lead to the develop-
ment of PPCM in mice. Changes in the PGC1α or STAT3 expression lead to aberrant activation of MnSOD 
and lead to inadequate antioxidant activity in cardiomyocytes (red cell). Increased levels of ROS lead to 
increased cathepsin D (CD) production. When cathepsin D is secreted into the blood and interacts with 
prolactin (PRL) that is secreted by the pituitary gland during pregnancy, it cleaves PRL to form 16 kDa pro-
lactin. This truncated form of prolactin can activate the NF-κB pathway in endothelial cells (blue cell) and 
ultimately induces transcription of microRNA-146a (miR-146a). Endothelial exosomes are loaded with miR-
NA-146a and, following secretion, are taken up by surrounding cardiomyocytes where it inhibits metabolic 
activities via Erbb4, Nras, Notch1, and Irak1. Additionally, MiRNA-146a inhibits proliferation and promotes 
cell death in endothelial cells. Combined with inhibition of vascular endothelial growth factor (VEGF) by 
sFLT1 secretion by the placenta, this subsequently leads to angiogenic imbalance, further deteriorating 
cardiac function during pregnancy.



Peripartum cardiomyopathy: an overview

113

5

opathy, possibly including factors that underlie geographical variations in incidence and/
or clinical characteristics.

tReAtMent oPtIonS

Heart failure in the context of peripartum cardiomyopathy should be treated according 
to the guidelines. Pharmacological agents such as ACE inhibitors or ARBs are essential, 
but due to potential teratogenic consequences they can only be given after delivery. 
Beta-blockers have potential side effects for the neonate as well. Birth weight can be 
lower and hypoglycemia and bradycardia postpartum are described. Neonatal monitoring 
after birth is therefore important. In case of a left ventricular ejection fraction below 35 
%, anticoagulants should be considered, also because of the hypercoagulable state of 
the peripartum patient. A comprehensive therapeutic algorithm for acute heart failure 
in peripartum cardiomyopathy is given in Fig. 1 in the article by Bachelier-Walenta et al1. 
A recent randomized controlled trial found that administration of bromocriptine has a 
beneficial effect on NYHA functional class and left ventricular function in patients with 
peripartum cardiomyopathy, which however, needs to be confirmed by larger trials as it 
concerns a relatively small pilot study15. Bromocriptine is a dopamine-2D mimetic that 
inhibits prolactin production. It reduces the stimulating effect of prolactin on processes 
such as apoptosis, degeneration of the cardiac capillary network and vasoconstriction and 
has previously been shown to prevent mice from developing peripartum cardiomyopathy. 
If a patient is hemodynamically unstable, despite extensive inotropic support, implantation 
of a left ventricular assist device should be considered, either as a bridge-to-transplant, 
or as a bridge-to-recovery.

delIveRy

A spontaneous vaginal delivery is possible in a stable patient, with pain management to 
limit large hemodynamic changes caused by stress. Elective caesarean section carries a 
slightly increased risk of thromboembolic or hemorrhagic events and is associated with 
larger amounts of blood loss. In case of hemodynamic instability, the most important 
treatment for the mother is ending the pregnancy. This also enables optimal medical 
treatment1,3.
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PRoGnoSIS

In contrast to other forms of cardiomyopathy, left ventricular dysfunction is reversible in 
a proportion of the patients with peripartum cardiomyopathy. In 23-54 % of the patients, 
total recovery of ventricular function occurs, more often in patients with a more preserved 
ejection fraction at first presentation and mainly within 6-12 months. However, recovery 
can still be achieved beyond 1 year after first presentation2,3. Possible predictors for poor 
outcome are a dilated left ventricle, low ejection fraction, low body mass index and low 
cholesterol1. The reported overall long-term (47-56 months) mortality varies from 3.3 to 
30 % (this tends to be lower in the USA compared with developing countries such as Haiti 
and South- Africa)2. Larger prospective and international studies are needed to be able 
to accurately estimate mortality and morbidity risks. The recurrence risk of peripartum 
cardiomyopathy is 30-50 % in subsequent pregnancies3. Although not based on solid 
data, the current consensus is that patients should be advised against a new pregnancy if 
left ventricular function including diastolic function is still compromised2. Left ventricular 
dysfunction due to peripartum cardiomyopathy is associated with a further decrease of 
ventricular function and symptoms of heart failure in every following pregnancy3.

PeRIPARtuM CARdIoMyoPAtHy ReGIStRy

To gain further understanding of the prevalence and pathophysiology of peripartum 
cardiomyopathy, a registry is needed. Several years ago, this was already mentioned by 
Lok et al. who proposed a national survey16. At the same time the ESC initiated a working 
group to carry out a worldwide survey11. In this worldwide survey, data are currently being 
collected on possible risk factors, diagnosis, mode of delivery, standard management 
and therapeutic interventions currently performed in each center for patients presenting 
with signs and symptoms of peripartum cardiomyopathy (www.escardio.org/guidelines-
surveys/eorp/surveys/ppcm). The study is hosted, monitored and financed by the ESC and 
governed by the members of the executive committee. The survey is new and additional 
to the existing pregnancy registry focusing on women with structural and ischemic heart 
disease (ROPAC) (www.escardio.org/guidelines-surveys/eorp/surveys/pregnancy). The 
Euro Observational Research Program will allow a comparison of women from around 
the world, presenting with peripartum cardiomyopathy and will report on their 6- and 
12-month outcome. In literature, especially data on peripartum cardiomyopathy from 
Western countries is lacking. Therefore, we would like to encourage Dutch cardiologists 
to enter cases in this registry. New centers volunteering to participate in the study will be 
accepted; however, cases can also be reported to the authors of this manuscript and they 
will enter the cases for you. Until now, approximately 180 cases have been entered into 
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the database. The study will continue until 1000 patients are included. The only inclusion 
criteria are: diagnosis of peripartum cardiomyopathy, signs and symptoms of heart failure 
and left ventricular ejection fraction <45 %. Patients can be enrolled retrospectively up to 
6 months after diagnosis.

ConCluSIonS

Peripartum cardiomyopathy can be fatal and occurs at a very emotional time for (future) 
parents. Peripartum cardiomyopathy is difficult to diagnose since symptoms of peripar-
tum cardiomyopathy are to some extent similar to symptoms of a normal pregnancy. 
Disease onset and progression are variable between individuals and several factors have 
been found to increase the risk of peripartum cardiomyopathy development. Moreover, 
no reliable laboratory tests are currently available to confirm the diagnosis. Treatment 
options are limited due to possible harmful side effects for the fetus. The exact mecha-
nism underlying peripartum cardiomyopathy remains poorly understood, but a cardiac 
angiogenic imbalance may play an important role. As it is difficult to diagnose and geo-
graphical incidences vary greatly, it is imperative to gain further understanding of disease 
progression, recurrence risk, and development of treatment options. We encourage Dutch 
cardiologists to enter peripartum cardiomyopathy patients into the worldwide pregnancy 
registry in order to get a clearer view of this condition.
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Rationale
Cathepsin D is a ubiquitously expressed lysosomal protease that is primarily secreted in 
response to oxidative stress. Cathepsin D secretion has been observed in patients with 
ischemic cardiomyopathy, but the underlying cause is unknown. Up regulated cellular 
levels of cathepsin D during myocardial infarction was found to be beneficial by promot-
ing autophagic flux. However, the role of circulating cathepsin D in heart failure (HF) is 
unknown.

objective
To study the association between circulating cathepsin D levels and clinical outcomes 
in patients with HF and to investigate under which in vitro circumstances cathepsin D is 
released by human cardiomyocytes.

Methods and results
Cathepsin D levels were studied in 2174 patients with HF from the BIOSTAT-CHF index 
study. Results were validated in 1700 HF patients from the BIOSTAT-CHF validation cohort. 
The primary combined outcome of this study was all-cause mortality and/or HF hospital-
izations. To test circumstances under which cathepsin D was released by cardiomyocytes, 
human embryonic stem cell-derived cardiomyocytes were subjected to hypoxic, pro-
inflammatory signaling and stretch conditions. Additionally, cathepsin D expression was 
inhibited by introduction of a targeted short hairpin RNA.

Higher levels of cathepsin D were independently associated with diabetes mellitus, 
renal failure as well as higher levels of interleukin-6 and NT-proBNP (P < 0.001 for all). 
Cathepsin D levels were independently associated with the primary combined outcome 
(HR 1.12; 95%CI 1.02-1.23), which was successfully validated in an independent cohort (HR 
1.52, 95%CI 1.32-1.75). In vitro experiments demonstrated that cathepsin D was released 
by human cardiomyocytes in response to pro-inflammatory signals and mechanical 
stretch in tandem with troponin T. Silencing cathepsin D resulted in reduction of released 
cathepsin D levels and resulted in significantly higher levels of released troponin T.

Conclusions
These findings suggest that intracellular cathepsin D has a protective function for cardio-
myocyte survival, while circulating cathepsin D levels are correlated to disease severity 
and outcome.
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Abbreviations
Acronym Meaning

ACEi Angiotensin converting enzyme inhibitor

ARB Angiotensin II receptor blocker

BIOSTAT-CHF BIOlogy Study to TAilored Treatment in Chronic Heart Failure

BNP brain natriuretic peptide

CDM3 Chemically defined medium with 3 components

CI Confidence interval

CKD Chronic kidney disease

CM Cardiomyocytes

cNRI Continuous net reclassification index

CTSD Cathepsin D

HEK-293T Human embryonic kidney cells line 293T

hESC human embryonic stem cells

HF Heart failure

HFmrEF Heart failure with mid-range ejection fraction

HFpEF Heart failure with preserved ejection fraction

HFrEF Heart failure with reduced ejection fraction

HR Hazard ratio

IDI Integrative discrimination increment

IL-6 Interleukin 6

JVP Jugular venous pressure

LVEF left ventricular ejection fraction

NT-proBNP N-terminal pro-brain natriuretic peptide

RAAS Renin-angiotensin-aldosterone system

shRNA Short hairpin RNA

STEMI ST-segment elevation acute myocardial infarction

TNFα tumor necrosis factor alpha

TnT Troponin T
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IntRoduCtIon

The aspartyl protease cathepsin D is a ubiquitously expressed lysosomal enzyme that is 
essential for protein degradation, but also proteolytic activation of hormones and growth 
factors1,2. Cathepsin D is a member of the A1 family of peptidases and is composed of a 
light and a heavy chain that together form the fully active mature enzyme3,4. Recent data 
showed that ischemic events lead to cathepsin D upregulation, which induces autophagic 
flux and protects against cardiac remodeling and development of heart failure (HF)5. On 
the other hand, high serum levels of cathepsin D are associated with increased risk of 
coronary events and new-onset HF following ST-segment elevation acute myocardial 
infarction (STEMI)6,7. The cause for cathepsin D release and whether levels of cathepsin D 
are associated with clinical outcomes in the general HF population is currently unknown.

Therefore, in the present study, we investigate the association between circulating 
cathepsin D levels and clinical variables as well as cardiovascular outcome. To assess what 
type of stress induces cathepsin D release from cardiomyocytes, we determine extracel-
lular cathepsin D levels from human cardiomyocyte in human cardiac in vitro models of 
ventricular wall stress, hypoxia (ischemia) and inflammation. Additionally, we assess how 
intracellular cathepsin D deficiency affects cardiomyocyte survival after stress.

MetHodS

Patient population and study design
The current study was performed as a substudy of the BIOlogy Study to TAilored Treatment 
in Chronic Heart Failure (BIOSTAT-CHF)8,9. In short, the BIOSTAT-CHF study includes two 
cohorts of patients with HF. The index cohort consists of 2516 patients with HF from 69 
centers in 11 European countries. Inclusion criteria for the index cohort include: patients 
with ≥18 years of age, having symptoms of new-onset or worsening HF, confirmed either 
by a left ventricular ejection fraction (LVEF) of ≤40% or B-type natriuretic peptide (BNP) 
and/or N-terminal pro-B-type natriuretic peptide (NT-proBNP) plasma levels >400 pg/
ml or >2,000 pg/ml, respectively. Patients were not previously treated with an ACEi/ARBs 
and/or beta-blocker or they received ≤50% of ACEi/ARB and/or beta-blockers at the time 
of inclusion and anticipated initiation/up-titration of ACEi/ARBs and beta-blockers.

The validation cohort consists of 1738 patients from 6 centers in Scotland, UK. Patients 
were included if they were ≥18 years of age, diagnosed with HF and were previously ad-
mitted with HF requiring diuretic treatment. They were sub-optimally treated with ACEi/
ARBs and/or beta-blockers, and anticipated initiation or uptitration of ACEi/ARBs and 
beta-blockers.
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Study definitions and measurements
Medical history, medication use and physical examination were recorded at baseline. 91% 
of patients in the index cohort had echocardiography performed <6 months before inclu-
sion. Changes in ACEi/ARBs and beta-blockers were recorded. HF with a reduced ejection 
fraction (HFrEF) was defined as an LVEF ≤40%, HF with a mid-range ejection fraction 
(HFmrEF) was defined as an LVEF of 41-49% and HF with a preserved ejection fraction 
(HFpEF) was defined as an LVEF ≥50%.

outcome
The primary outcome of this study was a combined outcome of all-cause mortality and 
HF hospitalizations at 2 years. The secondary outcome was all-cause mortality at 2 years. 
Cause of hospitalization was determined by the individual site investigators.

Biomarkers
Circulating plasma levels were determined using the Olink Proseek® Multiplex Cardio-
vascular III96x96 kit by the Olink Bioscience analysis service (Uppsala, Sweden) as described 
previously9-11. The kit is based on the Proximity Extension Assay (PEA) technology that 
binds oligonucleotide-labelled antibody probe pairs to the respective target in the sample. 
Proseek® data are presented as arbitrary units (AU) for normalized protein expression.

Cell culture and differentiation
HUES9 human embryonic stem cells (hESC; Harvard Stem Cell Institute) were maintained 
and differentiated as published previously12. Briefly, hESC were maintained in Essential 8 
medium (A1517001; Thermo Fisher Scientific) before differentiation to cardiomyocytes 
was initiated, which was achieved by culturing hESC in RPMI1640 medium (21875-034, 
Thermo Fisher Scientific) supplemented with 1x B27 minus insulin (Thermo Fisher Sci-
entific) and 6 μmol/L CHIR99021 (13122, Cayman Chemical). After 2 days, medium was 
refreshed with RPMI1640 supplemented with 1x B27 minus insulin and 2 μmol/L Wnt-C59 
(5148, Tocris Bioscience). Again after 2 days, medium was changed to CDM3 medium as 
described by Burridge et al. and was refreshed every other day13. On day 8 after induction 
of differentiation, spontaneously contracting cardiomyocytes were observed, which were 
subsequently purified by changing the medium to glucose-free CDM3 medium supple-
mented with 5 mmol/L sodium DL-lactate (CDM3L; Sigma-Aldrich), as published by Bur-
ridge et al13. Ultimately, this resulted in >99% pure spontaneously beating cardiomyocyte 
cultures.

Cardiomyocyte stimulation
Obtained human cardiomyocytes were seeded on a flexible surface (BF-3001C, FlexCell) 
subjected to 15% equiaxial mechanical stretch at 1 Hz for 24 or 48 hours using a FX-4000 
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system (FlexCell) as mentioned previously14. Cardiomyocytes were cultured in anaerobic 
pouches (260683, BD) for 72 hours to create hypoxic conditions. Additionally, cardio-
myocytes were incubated with 100 ng/ml tumor necrosis factor alpha (TNFα; SRP3177, 
Sigma-Aldrich) for 72 hours in order to mimic an inflammatory environment.

lentivirus production
HEK-293T cells were cultured at 37°C and 5% CO2 until 70% confluency was reached 
in Dulbecco modified Eagle medium (DMEM; 41965-039, Thermo Fisher Scientific) 
supplemented with 10% fetal calf serum (FCS; F7524, Sigma-Aldrich). HEK-293T were 
transfected with Fugene HD (E2311, Promega) and a mix of pCMV ∆8.91-transfer plasmid, 
VSV-G-packaging plasmid and pLKO.1-plasmid expressing short hairpin RNA (shRNA) 
against cathepsin D or a non-mammalian scrambled sequence at a ratio of 5:2:6. Media 
were replaced with fresh CDM3 medium after 24 hours. CDM3 medium containing viral 
particles was harvested and filtered with 0.45 nm Nalgene filter after 48 hours. Clean viral 
supernatant was used directly or was snap frozen for extended storage. pLKO.1.shCTSD 
(TRCN0000003660, Sigma-Aldrich) and pLKO.1.shSCR (SHC002, Sigma-Aldrich) were 
purchased from Sigma MISSION RNAi.

Immunoblotting
Protein was isolated in Radioimmunoprecipitation assay (RIPA) buffer supplemented 
with 1% phosphatase inhibitor cocktail 3 (p0044, Sigma-Aldrich), 1x cOmplete protease 
inhibitor cocktail (11873580001, Roche), and 15 mM sodium orthovanadate (S6508, 
Sigma-Aldrich). Protein concentration was determined with the DC protein assay kit. 
Equal amounts of protein were separated by SDS-PAGE and proteins were transferred to 
PVDF membrane. For detection of specific proteins, the following antibodies were used: 
polyclonal anti-cathepsin D IgG (1:1000; sc-10725, Santa Cruz), monoclonal anti-Caspase 
3 (1:1000; 9664, Cell Signaling) and monoclonal anti-GAPDH IgG (1:30.000; 10R-G109A, 
Fitzgerald). After washing, blots were incubated with polyclonal goat anti-rabbit IgG-HRP 
(1:2000; P0448, Dako), and polyclonal rabbit anti-mouse IgG-HRP (1:2000; P0260, Dako). 
Signals were detected visualized with Enhanced Chemiluminescence (ECL; NEL120001EA, 
PerkinElmer) and densitometry has been analyzed with ImageQuant LAS 4000 (GE Health-
care). Cathepsin D signals were normalized to respective GAPDH levels.

Cathepsin d and troponin t determination in medium
Medium samples were collected and centrifuged at 12.000x g to remove cellular debris. 
Cathepsin D was determined in the supernatant by enzyme-linked immunosorbent as-
say (ELISA) according to manufacturer protocols (ab119586, Abcam). Troponin T (TnT) 
levels were analyzed using electrochemiluminescence immunoassay kits (0509277, Roche 
Diagnostics).
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Statistical analysis
Levels of cathepsin D in the BIOSTAT-CHF study were divided into tertiles. Following, 
clinical characteristics between tertiles of cathepsin D were compared using the one-way 
analysis of variance (ANOVA), Kruskall Wallis test or the Chi2 test where appropriate. Dis-
tribution of continuous data was visually inspected using Q-Q plots. Logistic regression 
was used to investigate independent associations with the highest tertile of cathepsin D. 
Differences in outcome were graphically shown using Kaplan-Meier curves. The Log-rank 
test was used to test for difference in survival between tertiles of cathepsin D. Cox regres-
sion analyses were used to investigate the linear association between cathepsin D and 
outcome. We corrected in a stepwise manner for age, sex, body mass index (BMI), history 
of diabetes and usage of beta-blockers, ACE-inhibitors and mineralocorticoid receptor 
antagonists at baseline. Additionally, we corrected for the BIOSTAT-risk engine, which 
has been published before15. The BIOSTAT risk model for predicting mortality included, 
age, blood urea nitrogen (BUN), N-terminal NT-proBNP, hemoglobin and the use of a 
beta-blocker at time of inclusion. The BIOSTAT risk model for predicting mortality or 
HF hospitalization included age, NT-proBNP, hemoglobin, the use of a beta-blocker at 
time of inclusion, a HF-hospitalization in year before inclusion, peripheral edema, systolic 
blood pressure, high-density lipoprotein cholesterol and sodium. Finally, to test whether 
cathepsin D improved this previous risk prediction model, we used Harrel’s C index as 
well as the continuous net reclassification index (cNRI) and the integrative discrimination 
increment (IDI).

Experimental (in vitro) groups consisted of at least three biological replicates and tech-
nical duplicates were used. Data shown is expressed as the mean ± standard error of the 
mean (SEM). Differences between two groups were assessed by Student’s t-test, while 
comparisons between three or more groups was assessed by one-way ANOVA followed by 
Bonferroni post-hoc test. Kruskal-Wallis test was used to compare the difference between 
groups with non-parametric variances followed by Dunn’s post-hoc test. All tests were 
considered two-sided A value of p<0.05 was considered statistically significant. Statistical 
analyses were performed using STATA 15.0 (college station TX, USA).

ReSultS

Patient characteristics
Baseline characteristics of patients from the BIOSTAT-CHF index cohort according 
to tertiles of levels of cathepsin D are described in Table 1. Patients with higher levels 
of cathepsin D were in a more advanced NYHA class, had worse signs and symptoms 
and more often a history of atrial fibrillation or diabetes mellitus. Furthermore, patients 
with higher cathepsin D levels had lower levels of total cholesterol and higher levels of 
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Table 1 - Baseline characteristics of patients from the BIOSTAT-CHF index cohort according to tertiles 
of cathepsin-D.

1st tertile 2nd tertile 3rd tertile p-value

N = 725 725 724  

Demographics        

Age (years) 68.4 (12.2) 68.7 (11.8) 69.6 (12.2) 0.140

Women (%) 213 (29.4%) 170 (23.4%) 198 (27.3%) 0.035

HF type

HFrEF 538 (80.3%) 531 (81.4%) 503 (80.6%) 0.910

HFmrEF 85 (12.7%) 82 (12.6%) 76 (12.2%)

HFpEF 47 (7.0%) 39 (6.0%) 45 (7.2%)

BMI (Kg/m2) 27.4 (5.4) 27.9 (5.4) 28.2 (5.7) 0.030

Ischemic etiology (%) 306 (42.9%) 308 (43.6%) 337 (47.1%) 0.220

NYHA class

I 75 (10.3%) 59 (8.1%) 51 (7.0%) 0.028

II 356 (49.1%) 337 (46.5%) 310 (42.8%)

III 178 (24.6%) 209 (28.8%) 236 (32.6%)

IV 23 (3.2%) 23 (3.2%) 29 (4.0%)

NA 93 (12.8%) 97 (13.4%) 98 (13.5%)

Systolic BP (mmHg) 125.1 (23.0) 124.1 (20.9) 124.3 (22.1) 0.640

Diastolic BP (mmHg) 74.9 (13.3) 75.2 (13.2) 74.0 (13.4) 0.190

LVEF (%) 31.5 (10.6) 30.7 (10.7) 31.1 (11.0) 0.450

Heart rate (bpm) 77.8 (18.3) 80.6 (20.8) 81.9 (19.5) <0.001

Signs and symptoms

Peripheral edema

Not Present 287 (49.0%) 244 (41.6%) 202 (32.1%) <0.001

Ankle 167 (28.5%) 189 (32.2%) 174 (27.7%)

Below Knee 105 (17.9%) 128 (21.8%) 174 (27.7%)

Above Knee 27 (4.6%) 26 (4.4%) 79 (12.6%)

Elevated JVP 133 (25.7%) 140 (28.1%) 220 (41.3%) <0.001

Hepatomegaly 89 (12.3%) 76 (10.5%) 137 (19.1%) <0.001

Orthopnea 197 (27.2%) 259 (35.8%) 298 (41.3%) <0.001

Medical history

Anemia 244 (34.9%) 236 (34.3%) 279 (39.6%) 0.074

Atrial fibrillation 298 (41.1%) 348 (48.0%) 345 (47.7%) 0.012

Diabetes mellitus 198 (27.3%) 234 (32.3%) 269 (37.2%) <0.001

COPD 107 (14.8%) 137 (18.9%) 129 (17.8%) 0.095

Hypertension 447 (61.7%) 452 (62.3%) 448 (61.9%) 0.960

PAVD 77 (10.6%) 79 (10.9%) 84 (11.6%) 0.830

Stroke 69 (9.5%) 57 (7.9%) 79 (10.9%) 0.140

PCI 143 (19.7%) 143 (19.7%) 163 (22.5%) 0.320
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NT-proBNP, IL6 and (TnT). In multivariable analyses, higher levels of cathepsin D were 
independently associated with a history of diabetes mellitus, higher levels of NT-proBNP, 
renin and AST (Table 2). Clinical characteristics according to tertiles of cathepsin D in the 
validation cohort are shown in Supplementary Table 1.

outcome analyses
Median follow-up was 21 months. In the BIOSTAT-CHF index cohort, 855 patients died or 
were hospitalized for HF (40%). The highest tertile of cathepsin D was associated with the 
highest rates of the primary combined outcome (Figure 1A) or all-cause mortality alone 
(Figure 1B). In multivariable analyses, higher levels of cathepsin D were independently 
associated with the primary combined outcome (Hazard ratio [HR] 1.30; 95% CI 1.19-1.43; 
P<0.001) and all-cause mortality alone (HR 1.40; 95%CI 1.24-1.58; P<0.001; Table 2). When 
correcting for the BIOSTAT-CHF risk engine, higher levels of cathepsin D were indepen-

Table 1 - Baseline characteristics of patients from the BIOSTAT-CHF index cohort according to tertiles 
of cathepsin-D. (continued)

1st tertile 2nd tertile 3rd tertile p-value

Medication

Loop diuretics 719 (99.2%) 723 (99.7%) 721 (99.6%) 0.310

ACE/ARB - baseline 528 (72.8%) 529 (73.0%) 502 (69.3%) 0.220

Betablocker - baseline 609 (84.0%) 603 (83.2%) 595 (82.2%) 0.650

Aldosterone antagonist 382 (52.7%) 399 (55.0%) 361 (49.9%) 0.140

Laboratory

Hemoglobin (g/dL) 13.2 (1.8) 13.3 (1.9) 13.1 (2.0) 0.038

Total cholesterol 
(mmol/L) 4.3 (3.5, 5.1) 4.2 (3.4, 5.1) 3.8 (3.1, 4.9) <0.001

IL6 (pg/mL) 4 (2.4, 7.4) 5.1 (2.7, 9.5) 7.2 (4, 15.4) <0.001

eGFR (mL/min/1.73 m²) 64 (50, 80) 63 (47, 78) 57 (42, 76) <0.001

Creatinine (umol/L) 99 (81,122) 104 (85, 129) 106 (87, 141) <0.001

Sodium (mmol/L) 140.0 (138.0, 142.0) 140.0 (137.0, 142.0)
139.0 (136.0, 
141.0) <0.001

Potassium (mmol/L) 4.3 (3.9, 4.6) 4.3 (3.9, 4.6) 4.2 (3.9, 4.6) 0.014

HbA1c (%) 6.2 (5.6, 6.8) 6.2 (5.8, 7.2) 6.6 (5.9, 7.5) 0.006

NT-proBNP (ng/L) 3576.5 (2015.0, 7000.0) 3763.0 (2110.0, 7520.0)
5040.0 (2921.5, 
9782.5) <0.001

Troponin I (µg/L) 0.0 (0.0, 0.1) 0.0 (0.0, 0.1) 0.0 (0.0, 0.1) 0.012

ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BMI, body mass index; 
COPD, chronic obstructive pulmonary disease; HbA1c, glycated hemoglobin; HFmrEF, heart failure with 
mid-range ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with 
reduced ejection fraction; JVP, jugular venous pressure; LVEF, left ventricular ejection fraction; NA, not ap-
plicable; NT-proBNP, N-terminal probrain natriuretic peptide; NYHA, New York Heart Association; PAVD, pe-
ripheral arterial vascular disease; PCI, percutaneous coronary intervention; BP, blood pressure.
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dently associated with the combined outcome (HR 1.12; 95% CI 1.02-1.23; P=0.016) and 
all-cause mortality alone (HR 1.15; 95%CI 1.01-1.29; P=0.028; Table 3). Cathepsin D did 
not reclassify patients on top of the BIOSTAT-CHF risk model in the BIOSTAT-CHF index 
cohort and did not improve the C-index of the BIOSTAT-CHF risk engine for both the 
primary combined outcome as well as mortality alone (P for all >0.05). Similar to the index 
cohort, higher levels of cathepsin D showed an independent association with mortality 
(HR 1.32; 95%CI 1.15-1.52) and the combined outcome in the validation cohort (HR 1.52, 
95%CI 1.32-1.75).

Table 2 - clinical characteristics and laboratory values associated with cathepsin D.

Univariable Multivariable

Beta p-value Beta p-value

Age (years) 0.06 0.003 0.03 0.531

Sex 0.01 0.545

BMI 0.06 0.004 0.10 0.013

Atrial fibrillation 0.08 <0.001 0.03 0.484

Hypertension -0.02 0.316

Diabetes 0.08 <0.001 0.08 0.049

eGFR -0.09 <0.001 -0.08 0.059

NT-proBNP 0.15 <0.001 0.11 0.014

Aldosterone 0.01 0.786

Renin 0.07 0.001 0.08 0.037

AST 0.20 <0.001 0.27 <0.001

ALT 0.09 0.001 -0.10 0.086

CRP 0.16 <0.001 0.05 0.236
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0.40

0.60

All-cause mortality at 2 years

Years
0 0.5 1 1.5 20 0.5 1 1.5 2

0.00

0.20

0.40

0.60

Combined Outcome

Years

1st tertile 2nd tertile 3rd tertile

Log-rank test: P<0.001 Log-rank test: P<0.001

Number at risk
1st tertile 723 605 545 408 246

2nd tertile 725 593 522 389 233
3rd tertile 724 512 434 317 186

Number at risk
1st tertile 723 670 632 491 302

2nd tertile 725 664 611 476 302
3rd tertile 724 610 551 426 256

A B

1st tertile 2nd tertile 3rd tertile

Figure 1 - Cumulative incidence curves for the combined outcome of heart failure related hospital-
izations and/or all-cause mortality at 2 years (A) and all-cause mortality at 2 years (B).
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Cardiomyocytes released cathepsin d in response to stretch
TNFα and mechanical stretch resulted in increased levels of cathepsin D in the cell me-
dium, while hypoxia did not elicit any change in extracellular cathepsin D levels (Figure 
2A). Strikingly, only hypoxia reduced intracellular levels of cathepsin D, in contrast to 
TNFα and mechanical stretch (Figure 2B). To assess the relationship between extracel-
lular cathepsin D levels and cardiomyocyte death, the cardiac damage marker troponin T 
(TnT) was quantified in the cell medium. TnT levels were found to be elevated after TNFα 
stimulation and mechanical stretch, while TnT levels were not significantly changed after 
hypoxia compared to controls (Figure 2C).

Table 3 - Hazard ratios in predicting the combined end point (HF hospitalizations or all-cause mortal-
ity at 2 years.

Combined outcome All-cause mortality

HR (95%CI) p-value HR (95%CI) p-value

Univariable 1.38 (1.26-1.52) <0.001 1.46 (1.30-1.64) <0.001

Model 1 1.36 (1.24-1.49) <0.001 1.41 (1.26-1.59) <0.001

Model 2 1.31 (1.19-1.44) <0.001 1.40 (1.25-1.58) <0.001

Model 3 1.30 (1.19-1.43) <0.001 1.40 (1.24-1.58) <0.001

BIOSTAT-CHF risk model 1.12 (1.02-1.23) 0.016 1.15 (1.01-1.29) 0.028

Model 1 is adjusted for age and sex. Model 2 is adjusted for model 1+ BMI, country, history of hyperten-
sion, diabetes. Model 3 is adjusted for model 2 + Beta-blockers, ACE-inhibitors and MRA usage at baseline. 
BIOSTAT-CHF risk model is adjusted for age, HF hospitalization in the year before inclusion, edema, NT‐
proBNP, SBP, haemoglobin, high‐density lipoprotein (HDL) levels, serum sodium concentration, and failure 
to prescribe a beta‐blocker.
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Figure 2 - Cathepsin D was released by cardiomyocytes in concert with TnT. Extracellular levels of ca-
thepsin D were elevated after TNFα and stretch (A), while intracellular levels were only reduced after hy-
poxia (B). Damage marker release of TnT was also increased by TNFα and mechanical stretch (C). * P<0.05; 
** P<0.01; *** P<0.001.
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Reduced cathepsin d expression resulted in aberrant cardiomyocyte 
survival
To assess the effects of reduced cathepsin D expression in response to stress, we applied 
shRNA-mediated targeted cathepsin D knockdown in cardiomyocytes. We continued with 
the cyclic mechanical stretch model as it induced increased cathepsin D release in vitro and 
it has been extensively characterized as a representative model for wall stress leading to 
cardiac hypertrophy14. Viral RNA interference of cathepsin D resulted in an 88% reduction 
of intracellular cathepsin D protein levels compared to scrambled control cardiomyocytes 
(shSCR; Figure 3A). Consequently, cathepsin D knockdown resulted in significantly re-
duced cathepsin D release from stretched cardiomyocytes compared to stretched control 
cardiomyocytes (Figure 3B). Cathepsin D knockdown resulted in increased TnT levels in 
the medium of static cardiomyocytes, which was exacerbated markedly after mechanical 
stretch (Figure 3C).

dISCuSSIon

Findings of this study show that cathepsin D levels in patients with HF are associated 
with higher rates of mortality and hospitalization for HF. Furthermore, cathepsin D is as-
sociated with diabetes mellitus, poor renal function, higher levels of NT-proBNP and IL6. 
Lastly, we found that cathepsin D is released by human cardiomyocytes following cardiac 
stretch and TNFα in correspondence with TnT release. Alternatively, silencing cathepsin 
D resulted in elevated levels of TnT, especially following induced stress. These findings 
suggest that intracellular cathepsin D has a protective function for cardiomyocyte survival, 
while circulating cathepsin D levels are correlated to disease severity.

Elevated levels of most other cathepsins (i.e. CTSB, CTSF CTSK, CTSL, CTSS, and CTSV) 
have been associated with cardiovascular diseases16-22, but this is the first study showing 
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Figure 3 - cathepsin D knockdown was not detrimental for cardiomyocyte survival following me-
chanical stretch. Intracellular levels of cathepsin D were greatly reduced (A); extracellular levels were 
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that circulating levels of cathepsin D predict adverse outcomes in HF. In a human setting, 
higher levels of cathepsin D were associated with an increased risk of coronary events 
in the Malmö Diet and Cancer cardiovascular cohort6. Similar to our findings, cathepsin 
D levels were associated with the presence of diabetes and other markers of the meta-
bolic syndrome6. Furthermore, cathepsin D was associated with atherogenesis and carotid 
intima-media thickness23,24. Most importantly, cathepsin D protein levels were found to be 
increased in explanted failings hearts in patients with ischemic heart disease5. In a sepa-
rate study, Naseem et al. found that cathepsin D levels in patients with myocardial infarc-
tion were increased 7-20 hours following myocardial infarction in concert with increased 
plasma renin activity. This study demonstrated that angiotensinogen can be converted 
to angiotensin I by circulating cathepsin D and thereby provides an alternative pathway 
to catalyze angiotensin II formation post myocardial infarction25. Altogether, increased 
levels of circulating cathepsin D may induce additional RAAS activation in HF, providing 
a possible explanation for how higher levels of cathepsin D are associated with adverse 
outcomes.

A previous study by Wu et al. investigated the role of cathepsin D in ischemic heart 
disease and observed a detrimental effect of cathepsin D ablation5. In this study, cathep-
sin D+/- mice displayed reduced autophagic flux following myocardial infarction and a 
diastolic dysfunction. Based on this study and on the ubiquitous expression of cathepsin 
D, we hypothesized that cathepsin D is essential for cellular stress responses and coping 
mechanisms for cardiomyocytes in order to survive and maintain adequate contractile 
function. To determine the specific effects of cathepsin D ablation in cardiomyocytes, we 
transduced cardiomyocytes with a cathepsin D-specific shRNA resulting in cathepsin D 
knockdown. We expected that severely reduced cathepsin D levels would induce cellular 
damage due to aberrant proteolysis or protein accumulation (as seen in neurodegenera-
tive disorders)26. We observed increased levels of TnT in the cell medium of cardiomyocytes 
with cathepsin D knockdown (without mechanical stretch), indicating that cardiomyocyte 
survival is reduced due to cathepsin D deficiency. Interestingly, cathepsin D knockdown 
resulted in a striking increase of TnT following mechanical stretch. These findings indicate 
that cathepsin D is necessary for cardiomyocyte survival, especially during stress. These 
findings are in line with the previously mentioned study by Wu et al5.

Furthermore, cathepsin D potentially plays a central role in the pathophysiology of 
peripartum cardiomyopathy (PPCM)27. PPCM is a form of idiopathic dilated cardiomy-
opathy characterized by a disease onset during the last trimester of pregnancy or within 
the first months following delivery. Active cathepsin D is released from cardiomyocytes 
into the blood during the onset of PPCM, where its cleavage of prolactin results in an 
anti-angiogenic 16 kDa prolactin fragment27-29. Relatively small studies showed that inhi-
bition of prolactin by the dopamine-D2-receptor agonist bromocriptine prevented PPCM 
progression30,31. However, the present study did not investigate circulating cathepsin 
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D activity. Therefore, we cannot draw conclusions regarding the enzymatic function of 
extracellular cathepsin D.

The present study applied various methods to induce cellular stress responses. While 
TNFα stimulation resulted in the highest levels of cathepsin D in cell medium, we opted 
to continue with a less artificial and well characterized and representative model to study 
the effects of cathepsin D knockdown (i.e. mechanical stretch). Both the present study 
and the study by Wu et al. caused cathepsin D deficiencies in cardiomyocytes and mice 
respectively, which has not yet been proven to be representative for HF patients. It is clear 
that insufficient intracellular levels of cathepsin D is detrimental for stress responses and 
subsequent cardiomyocyte survival. We observed no differences in intracellular cathepsin 
D levels after TNFα or mechanical stretch, while extracellular levels were significantly 
increased.

limitations
Due to the relative nature of the methodology used to determine biomarker levels, no 
absolute cathepsin D levels are known. As a result, it is not possible to determine absolute 
thresholds that can be used for prognostic purposes. Moreover, we cannot draw any con-
clusions regarding the effects of abolished cathepsin D in other cell types based on the 
experiments performed in this study. Notably, Wu et al. studied the effects of cathepsin D 
in ablation in global heterozygous knockout mice after coronary artery ligation. Therefore, 
the observed effects in that study could also arise from detrimental effects on other cell 
types. Endothelial function is closely associated with cardiomyocyte function. The ob-
served adverse effects on cardiac function in the study of Wu et al. could have arisen from 
endothelial damage as opposed to direct myocardial effects. It remains unknown whether 
patients with high levels of circulating cathepsin D concurrent have reduced intracellular 
levels of cathepsin D. However, it is not feasible to determine intracellular cathepsin D 
levels in the heart at the time of venipuncture.

Conclusions
In patients with HF, circulating cathepsin D levels correlate with diabetes mellitus, poor 
renal function, higher levels of NT-proBNP, IL6, and higher rates of mortality and hospi-
talization, which validates cathepsin D as a prognostic biomarker for HF. Cathepsin D was 
found to be protective against cardiomyocyte death as demonstrated with in vitro models 
for cardiac stress.
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SuPPleMentAl MAteRIAl

Supplemental Table 1 - Baseline characteristics of the validation cohort.

1st tertile 2nd tertile 3rd tertile p-value

N 569 569 569

Age (years) 73.4 (10.9) 74.1 (10.8) 73.7 (10.4) 0.570

Female (%) 202 (35.5%) 178 (31.3%) 198 (34.8%) 0.270

HF type (%)

HFrEF 252 (48.4%) 238 (45.7%) 228 (45.4%) 0.860

HFmrEF 131 (25.1%) 136 (26.1%) 128 (25.5%)

HFpEF 138 (26.5%) 147 (28.2%) 146 (29.1%)

BMI 28.8 (6.3) 28.6 (5.9) 29.6 (6.7) 0.015

NYHA

I 6 (1.1%) 9 (1.6%) 1 (0.2%) <0.001

II 272 (47.9%) 245 (43.1%) 187 (32.9%)

III 212 (37.3%) 254 (44.6%) 292 (51.3%)

IV 78 (13.7%) 61 (10.7%) 89 (15.6%)

SBP 126.0 (22.3) 126.9 (23.6) 125.2 (21.9) 0.450

DBP 69.4 (13.7) 69.3 (12.2) 69.2 (13.4) 0.960

LVEF 40.4 (13.0) 41.3 (12.8) 41.8 (13.1) 0.230

HR 71.8 (15.7) 72.9 (15.7) 77.6 (17.3) <0.001

Signs and symptoms

Peripheral edema

Not Present 237 (46.7%) 192 (37.8%) 150 (29.8%) <0.001

Ankle 159 (31.3%) 157 (30.9%) 158 (31.3%)

Below Knee 96 (18.9%) 128 (25.2%) 149 (29.6%)

Above Knee 16 (3.1%) 31 (6.1%) 47 (9.3%)

Elevated JVP

No 376 (75.4%) 333 (68.7%) 299 (63.1%) <0.001

Yes 123 (24.6%) 147 (30.3%) 172 (36.3%)

Uncertain 0 (0.0%) 5 (1.0%) 3 (0.6%)

Hepatomegaly 10 (1.9%) 21 (4.1%) 29 (5.7%) 0.007

Medical history

Atrial fibrillation 242 (42.7%) 248 (44.0%) 263 (46.8%) 0.360

Diabetes 129 (22.8%) 181 (32.0%) 242 (42.8%) <0.001

COPD 99 (17.5%) 111 (19.6%) 98 (17.4%) 0.560

Hypertension 312 (55.1%) 335 (59.1%) 346 (61.0%) 0.120

Peripheral arterial disease 113 (20.1%) 126 (22.9%) 127 (23.0%) 0.420

Stroke 113 (20.2%) 81 (14.3%) 116 (20.5%) 0.010

Medication

Diuretics 562 (98.8%) 560 (98.4%) 565 (99.3%) 0.380

ACE/ARB 427 (75.0%) 411 (72.2%) 367 (64.5%) <0.001

Beta-blockers 409 (71.9%) 418 (73.5%) 410 (72.1%) 0.810

MRA 197 (34.6%) 172 (30.2%) 180 (31.6%) 0.270

Laboratory

Sodium 140.0 (137.0, 141.0) 139.0 (138.0, 141.0) 139.0 (136.0, 141.0) <0.001

Potassium 4.3 (4.0, 4.6) 4.3 (4.0, 4.6) 4.2 (3.9, 4.5) <0.001

NT-proBNP 1139.0 (392.0, 2787.0) 1392.0 (554.0, 3227.0) 1767.0 (589.0, 5116.0) <0.001
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ABStRACt

Background
Peripartum cardiomyopathy (PPCM) is a rare form of heart failure that occurs at the end of 
the pregnancy or in the first months after delivery. PPCM diagnosis is based on exclusion 
and is therefore difficult to diagnose and characterize.

objective
This study aims to determine which underlying pathways are differentially regulated in 
PPCM patients compared to familial controls.

Methods
Cardiomyocytes were generated from three PPCM patient-derived induced pluripotent 
stem cell (iPSC) clones, and from of two iPSC clones derived from her healthy sister. 
Pregnancy-associated wall stress was simulated by the application of equiaxial mechani-
cal stretch for 48 hours on these cardiomyocytes. RNA sequencing was performed on 
cardiomyocytes derived from a PPCM patient and a healthy sister after mechanical stretch 
compared to static conditions. Sequencing results have been replicated in stem cell-
derived cardiomyocytes from a second patient and a familial control using real time qPCR. 
Pathway and transcription factor enrichment analyses have been performed to identify 
affected pathways.

Results
Pathway analysis of differentially expressed genes in patient-derived cardiomyocytes 
widely indicated that major sterol and lipid metabolic pathways were reduced in PPCM, 
regardless of mechanical stretch. Additionally, pathways related to adaptive immune 
response, regulation of multicellular organismal process, and cofactor metabolism were 
significantly affected in PPCM. Further analysis revealed that SP1 and NF-Y were central 
transcription factors involved in nearly all identified pathways related to lipid metabo-
lism. Strikingly, these results could be reproduced in a second patient and in mice with a 
cardiac-specific knockout of the STAT3 gene.

Conclusions
The present study mainly identified pathways related to sterol and lipid metabolism to 
be aberrantly regulated in PPCM. These data provide new insights into the underlying 
mechanisms and are indicative for novel pathways associated with PPCM.
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IntRoduCtIon

Peripartum cardiomyopathy (PPCM) is a rare but severe form of heart failure that occurs 
in the last trimester of pregnancy or in the first 6 months following delivery1. PPCM has a 
varying incidence of about 1:3000 pregnancies in western countries to 1:300 pregnancies 
in Haiti1,2. Various mechanisms have been proposed to lead to PPCM, among which are 
cathepsin D-mediated cleavage of prolactin in the circulation, contributing to angiogenic 
imbalance, and disrupted metabolism due to microRNA-146a production3-9. While this 
disease has been extensively studied, key aspects remain unknown, the most prominent 
of which is the contribution of genetic predisposition to develop PPCM. While mouse 
models were used that harbored conditional deletion of signal transducer and activator 
of transcription 3 (STAT3) or PPARG coactivator 1 alpha (PGC-1a), none of these genetic 
variants have been associated with PPCM in patients3,6,10. A previously published genome-
wide association study identified a polymorphism near the PTHLH gene, but the impact of 
this finding remains ambiguous10. Indeed, identifying specific genetic variations that result 
in PPCM is imperative for improved patient diagnosis and prognosis. To this end, we have 
generated induced pluripotent stem cell-derived cardiomyocytes from a PPCM patient 
and her healthy sister, which we subjected to mechanical stretch in order to simulate 
pregnancy-associated wall stress. By using a familial control, we ensure significant similar-
ity in genetic background. Subsequently, we employed RNA sequencing to determine 
differential gene expression as part of the response to mechanical stretch in control car-
diomyocytes compared to PPCM patient-derived cardiomyocytes. We hypothesize that 
patient-derived cardiomyocytes respond differently to stretch compared to cardiomyo-
cytes derived from a healthy control individual. Ultimately, we expect that this approach 
will provide an unbiased insight into cardiomyocyte-specific PPCM pathogenesis.

MetHodS

Patient selection
Patients at the age of 18 or above were eligible for the study if they have been diagnosed 
with PPCM according to the European Society of Cardiology guidelines 2012 as previously 
described11. A total of 2 patients have been included. A sister or mother of each patient 
were included as control subjects. Both control subjects have been pregnant at least once 
without cardiac complications. All participants have provided informed consent. This 
study was approved by the Medical Ethical Committee of the University Medical Center 
Groningen (application number: METc 2014.104). Patients were additionally screened 
using a genotyping-panel for known genetic variants associated with cardiomyopathies 
(e.g. DCM) to exclude pleiotropy. Next generation sequencing (short-read sequencing; 
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Illumina) was used to screen for genetic variations in any of the following genes: ABCC9, 
ACTC1, ACTN2, ALPK3, ANKRD1, ANO5, BAG3, CALR3, CAV3, CRYAB, CSRP3, CTNNA3, 
DES, DMD, DSC2, DSG2, DSP, DTNA, EMD, FHL1, FKTN, GLA, HCN4, ILK, JPH2, JUP, LAMA4, 
LAMP2, LDB3, LMNA, MIB1, MYBPC3, MYH6, MYH7, MYL2, MYL3, MYLK2, MYPN, MYOZ1, 
MYOZ2, NEXN, PKP2, PLN, PRDM16, PRKAG2, RBM20, RYR2, SCN5A, SGCD, TAZ, TBX20, 
TCAP, TMEM43, TNNC1, TNNI3, TNNT2, TPM1, TTN, TTR, TXNRD2, VCL.

hiPSC generation
Skin biopsies were collected by punch biopsy (4 mm in diameter) from the inside of 
the upper arm. After manually cutting the biopsies to smaller pieces, fibroblasts were 
allowed to grow out of the pieces of skin by culturing in fibroblast medium consisting of 
DMEM supplemented with 15% fetal bovine serum (F7524, Sigma-Aldrich), 10% sodium 
pyruvate (11360070, Thermo Fisher Scientific), 10% non-essential amino acids (11140076, 
Thermo Fisher Scientific), 10% GlutaMAX (35050061, Thermo Fisher Scientific) and 10% 
penicillin/streptomycin (15070063, Thermo Fisher Scientific). Once enough fibroblasts 
were obtained, reprogramming was performed using an Amaxa Nucleofector and a NHDF 
nucleofection kit (VPD-1001, Lonza). Episomal vectors pCXLE-hOCT3/4, pCXLE-hSK, and 
pCXLE-hMLN were obtained from Addgene and were a gift from Shinya Yamanaka (Ad-
dgene numbers 27076, 27078, and 27079 respectively). Vectors were mixed in a 2:3:2 
ratio in a nucleofection mix with 3 μg plasmids in total. Nucleofected fibroblasts were 
cultured in fibroblast medium until cultures reached 70-80% confluency. Then, medium 
was switched to Essential 6 medium (A1516401, Thermo Fisher Scientific). When the first 
hiPSC colonies were observed, 10 ng/ml basic fibroblast growth factor (bFGF; 100-18B, 
Peprotech) was added to the Essential 6 medium. At day 24 after nucleofection, me-
dium was switched to Essential 8 medium (A1517001, Thermo Fisher Scientific). HiPS cell 
colonies were excised from the fibroblast monolayer between days 26-32 after nucleofec-
tion. Newly generated hiPS cell colonies were initially cultured in Essential 8 medium on 
vitronectin-coated surfaces (07180, Stem Cell Technologies). After several passages, the 
culturing surface was switched to Geltrex (A1413301, Thermo Fisher Scientific). Passaging 
was done by accutase-mediated (A6964, Sigma Aldrich) enzymatic dissociation.

Cardiac differentiation
Differentiation to cardiomyocytes was achieved based on a modified protocol as described 
previously12. Briefly, hiPS cells were dissociated with accutase for 3 minutes and plated as 
single cells in Essential 8 medium containing 10 μM Y26732 (S1049, Selleck Chemicals), 
Essential 8 medium (without Y26732) was refreshed daily. Once cultures reached 80% con-
fluency, cells were washed with PBS and differentiation was initiated (day 0) by culturing 
cells in CDM3 medium (as described by Burridge et al.13) supplemented with 5% KnockOut 
Serum Replacement (KOSR; 10828028, Thermo Fisher Scientific), 6 μM CHIR99021 (13122, 
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Cayman Chemical) and 50 ng/ml Activin A (120-14E, Peprotech). At day 2, cells were 
washed with PBS and medium was refreshed with CDM3 medium supplemented with 5% 
KOSR, 2 μM Wnt-C59 (5148, Tocris Bioscience) and 5 ng/ml bone morphogenic protein 
4 (BMP4; SRP3016, Sigma Aldrich). From day 4, medium was changed to CDM3 medium 
and was refreshed every other day as cardiomyocyte maintenance medium. This resulted 
in cultures with >90% spontaneously contracting cardiomyocytes at day 8-10. To further 
enrich these cultures, starting from day 12, differentiated cardiomyocytes were cultured 
in glucose-free RPMI1640-based (11879, Thermo Fisher Scientific) CDM3 medium supple-
mented with 5 mM sodium DL-lactate (CDM3L; L4263, Sigma-Aldrich) for 4 days13. This 
resulted in >99% pure spontaneously beating cardiomyocytes. Experiments were typically 
started at day 28.

Animal experiments
The generation of mice with cardiomyocyte-restricted deletion of STAT3 αMHC-Cretg-/- ; 
STAT3fl/fl mice (STAT3-CKO) was described previously4,14. Echocardiography was performed 
in sedated mice before the first pregnancy and after ending of the second nursing period 
(2% isoflurane inhalation, connected to a rodent ventilator) using a Vevo 770 (Visual Son-
ics) as described4,14,15. Cardiac tissue samples were collected prior to pregnancy or after 
2 pregnancies of STAT3-CKO mice or from wild type (WT) litter mates. All animal studies 
were undertaken in accordance with German Animal Welfare legislation and with the Eu-
ropean Communities Council Directive 2010/63/EU for the protection of animals used for 
experimental purposes. All experiments were approved by the Local Institutional Animal 
Care and Research Advisory Committee and permitted by the relevant local authority for 
animal protection.

Immunocytochemistry
Cells on coverslips were washed twice with cold PBS, and fixed with 4% paraformaldehyde 
on ice during 10 minutes. Fixed cells were washed three times with PBS, followed by 
permeabilization with PBS + 0.3% Triton-X100 (T9284, Sigma-Aldrich) on ice during 5 
minutes. Samples were blocked for 1 hour at room temperature with PBS/Tween (0.1%; 
P1379, Sigma-Aldrich) containing 3% BSA (11930, Serva) and 2% goat serum (G9023, 
Sigma). Cells were subsequently incubated with monoclonal anti-α-actinin IgG1 (1:100; 
A7811, Sigma-Aldrich) and polyclonal anti-cardiac troponin T IgG (1:100; ab45932, Abcam) 
diluted in the blocking mix during 1 hour. After washing, cells were incubated with Alexa 
Fluor 488 donkey-anti-mouse IgG (1:1000; A21202, Thermo Fisher Scientific) and Alexa 
Fluor 555 donkey-anti-rabbit IgG (1:1000; A31572, Thermo Fisher Scientific). Coverslips 
were mounted with Vectashield mounting medium containing DAPI (H-1200, Vector labs) 
and images were obtained with a Leica AF-6000 microscope.
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nt-proBnP determination in medium
Medium samples were collected and centrifuged at 12.000x g to remove cellular debris. 
NT-proBNP was determined in the supernatant by enzyme-linked immunosorbent assay 
(ELISA) according to manufacturer protocols (DY3604-05, R&D Systems).

Application of mechanical stretch
Cyclic equiaxial mechanical stretch was induced according a previously published proto-
col16. Briefly, hiPSC-CM were seeded on Geltrex-coated Bioflex 6-well plates (BF-3001C, 
Flexcell). Mechanical stretch was induced at 15% and 1 Hz for 48 hours using a FX-4000 
(FlexCell). Control hiPSC-CM were cultured on the same plates without applying mechani-
cal stretch.

Quantitative real-time PCR
To analyze gene expression, total RNA was isolated using TRI reagent according to the 
provided protocol (T9424, Sigma). RNA concentrations have been determined with a 
Nanodrop 2000 (Thermo Scientific), and cDNA was synthesized using the QuantiTect 
Reverse Transcription kit (205313, Qiagen). Gene expression analysis was performed by 
qRT-PCR using IQ SYBR Green (170-8885, BioRad). The samples were normalized to the 
reference gene ribosomal protein lateral stalk subunit P0 (RPLP0). The primers used can 
be found in Supplementary Table 1.

RnA library preparation
RNA sequencing was performed on 24 control samples from two clones and on 34 samples 
from 3 clones from a PPCM patient. Half of all samples were mechanically stretched prior 
to RNA isolation and were compared to unstretched controls. Total RNA was isolated with 
TRI reagent according to the manufacturer protocol (T9424, Sigma). RNA samples ex-
ceeded a minimum RIN of 8. Consequently, 1 μg of RNA was used for 150 bp RNA library 
sequencing (Illumina TruSeq RNA Library Prep Kit and Illumina HiSeq 2000). The RNA 
library preparation and subsequent sequencing has been performed by the sequencing 
facility at the Genetic Laboratory of the Erasmus MC University Medical Center Rotterdam.

Gene expression analysis
Differentially expressed genes were identified using EdgeR before the data was loaded 
into a DGE list17,18, filtered and normalized to the upper quartile. The following model was 
designed: model(~individual + stretch + individual:stretch). A General Linear Model Quasi 
Likelyhood F-test (GLMQLF-test) was performed to identify differentially expressed genes 
for stretched conditions, PPCM conditions, and for genes that were differently affected 
by mechanical stretch between PPCM samples and control samples. Gene Ontology (GO)-
term enrichment analysis was performed with GOrilla and visualized with REVIGO19,20. 
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Transcription factor enrichment analysis was performed with GeneCodis321-23. The FDR 
cutoff value was set to 0.01.

ReSultS

Selection of patient/healthy control pair and disease induction in iPS-
cardiomyocytes
The patient (aged 49) presenting the most characteristic phenotype of PPCM showing 
all classical signs and symptoms of the disease was selected for RNA-sequencing experi-
ments. A healthy sister (aged 47) was included in the study as a control. All clones had 
normal kayotypes (Figure 1A). Two clones of the control and 3 clones of the PPCM patient 
were used to generate individual-specific cardiomyocytes (Figure 1B). Further handling 
of the data is shown in Supplementary Figure S1. All differentiations were divided into 
groups of static or stretched cardiomyocytes; which enabled us to use the subsequent 
data to pair-wise correct for stretch effects. All clones could be differentiated with similar 
efficiencies, resulting in almost homogenous cardiomyocyte cultures.

In order to verify successful differentiation, immunocytochemical staining of iPS cell-
derived cardiomyocytes showed positive staining for the cardiac markers α-actinin and 
troponin T (Figure 1C). Notably, distinct sarcomeric striated patterns typical for cardio-
myocytes were observed. These morphological hallmarks in combination with observed 
spontaneous contractions confirm successful cardiomyocyte generation from the ob-
tained hiPS cells. To verify the effectiveness of mechanical stretch, as a surrogate for the 
increased myocardial wall stress as observed in pregnant women, medium was collected 
after stretching. NT-proBNP levels in the spent cell culture medium were increased by 
1.72-fold in mechanically stretched control cardiomyocytes (SD = 1.18; p = 0.045) com-
pared to a 2.22-fold increase in PPCM cardiomyocytes (SD = 0.67; p = 7.5E-5), implicating 
the induction of cardiac stress (Figure 1D).

Differential gene expression in human iPSC-derived Cardiomyocytes in a 
model for cardiac wall stress
RNA sequencing data for a total of 52 samples was included based on a gene coverage of 
over 1 fragment per million read counts (FPM > 1). 6 samples did not meet this criterion 
and have been omitted. The 15705 Ensembl gene identifiers detected in our samples 
were subjected to a preliminary analysis in order to gain a general view of differentially 
expressed gene distribution over all conditions, which is visualized in a Venn diagram in 
Figure 2A. In addition, a principle component analysis revealed that samples for each 
condition resulted in the clustering of samples within the respective condition (Figure 2B). 
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Figure 1 - experimental overview and model validation. All iPS cells clones had normal karyotypes (A). 
Two clones were used from the control, while three clones were used from the patient. Half of all differentia-
tion cardiomyocytes of each clone (control and patient) were stretched while the other half was used as a 
static control (B). Cardiomyocytes stained positive for α-actinin (green) and cardiac troponin T (red), coun-
terstained for nuclei with DAPI (blue) (C). NT-proBNP levels were compared between static and stretched 
cardiomyocytes and are shown as fold change (D). Scale bars: 25 μm; *p<0.05, ****p<0.0001.
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However, stretched PPCM showed large variation for both components in comparison to 
other conditions.

To determine the eff ects of mechanical stretch as a model for cardiac wall stress, all 
data from the mechanically stretched samples was pooled and a pair-wise analysis was 
performed with a GLMQLF-test. Mechanical stretch was found to be associated with a 
signifi cant upregulation of 488 genes and the downregulation of 1128 genes (Supple-
mentary Figure S2 and a list of identifi ed genes in Supplementary Table 2; available upon 
request). We found a large overlap with a recent study using a similar protocol and path-
way enrichment analyses showed comparable hits (e.g. GDF15, HOPX, RANBP17, HCN1, 
and CAMKK2).16

Diff erential gene expression in human iPSC-derived Cardiomyocytes 
associating with PPCM
Using the model (~patient + condition + patient:condition), we were able to identify 
specifi c diff erences based on patient versus healthy control analyses, due to the pair-wise 
comparison between mechanically stretched samples. We found that the PPCM pheno-
type associated with signifi cant upregulation of 426 genes and downregulation of 373 
genes (Supplementary Figure S3 and Supplementary Table 3; available upon request). 
Interaction analysis of diff erentially expressed genes between mechanically stretched 
conditions and PPCM cardiomyocytes resulted in the identifi cation of a single gene that 
showed a signifi cant interaction. Small nucleolar RNA, C/D box 3A (SNORD3A) was found 
to be regulated in an opposite fashion between PPCM cardiomyocytes and control car-
diomyocytes (Supplementary Figure S4).
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trol samples. All genes that were diff erentially expressed in PPCM were marked by red background shading 
(A). Samples show overlap for component 1 but show diff erentiation for component 2. Stretched PPCM 
samples show a large degree of variation for both components (B).
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Alternatively, we compared PPCM cardiomyocytes to control cardiomyocytes by 
disregarding the generic eff ects in response to mechanical stretch and we found that 
a plethora of key genes involved in sterol and lipid metabolism were diff erentially ex-
pressed in the PPCM associated diff erential expression (Supplementary Table 3; available 
upon request). Moreover, GO term enrichment analysis confi rmed that sterol and lipid 
metabolism (multiple GO terms with p-value in the range: 9.88E-4 to 7E-8 for 120 genes) 
was greatly aff ected in addition to cell diff erentiation processes (p =1.5E-4 for 54 genes), 
double-strand break repair (p = 4.75E-4 for 5 genes), and antigen processing (p =5.17E-4 
for 3 genes) and presentation of endogenous peptide antigen via MHC class I (p =1.34E-4 
for 3 genes). Among the genes related to lipid and sterol metabolism are SREBF1, SCD, 
ACLY, ACAT2, FADS2, and ABCB4 (Figure 3). In addition, a tree map was generated based 
on the GO terms identifi ed by GOrilla using REVIGO to indicate how the various diff erently 
regulated pathways interact and how these are related to other identifi ed pathways (Fig-
ure 4). Half of the GO clusters were associated with sterol and lipid metabolism, whereas 
the other GO clusters were much less represented.
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Figure 3 - Genes associated with sterol and lipid metabolism aff ected in PPCM cardiomyocytes. Ste-
rol Regulatory Element Binding Transcription Factor 1(SREBF1), Stearoyl-CoA Desaturase (SCD), ATP Citrate 
Lyase (ACLY), Acetyl-CoA Acetyltransferase 2 (ACAT2), Fatty Acid Desaturase 2 (FADS2), and ATP Binding 
Cassette Subfamily B Member 4 (ABCB4) were diff erentially expressed in PPCM compared to control car-
diomyocytes. All results pass a signifi cance threshold of p<0.01 of grouped control samples vs grouped 
PPCM samples.
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Finally, GOrilla was used to identify genes that are known to be associated with sterol 
and lipid metabolism and are diff erentially expressed in PPCM. A total of 120 genes (from 
a total of 799 genes) associated with these pathways were selected (Supplementary Table 
3; available upon request). To explore how these genes might be regulated by transcrip-
tion factors, we performed a transcription factor enrichment analysis and found that these 
genes primarily contain binding sequences for SP1 (p < 0.05 for 81 genes) and NF-Y (p < 
0.05 for 39 genes) (Figure 5 and Supplementary Table 4; available upon request).

top hits can be validated in an independent patient and in StAt3 knockout 
mice.
In order to validate these results, hiPSC-CM were generated from a second (independent 
patient). Like the fi rst hiPSC-CM samples, cardiomyocytes from control and the patient 
were compared under static and mechanically stretched conditions. From the RNA se-
quencing results, the genes with the highest fold change and lowest FDR were selected 
as general validation benchmarks. These top genes showed the same expression patterns 
in both patients (Figure 6A). Furthermore, detailed analysis of RNA sequencing data 
implicated lipid and cholesterol metabolism to be abnormal in PPCM cardiomyocytes. To 
confi rm that cholesterol and lipid metabolism is also aff ected in the second patient, we 
selected relevant genes that were diff erentially expressed in PPCM and could be detected 
by qRT-PCR. These genes showed expression patterns similar to the fi rst patient (Figure 
6B).

Additional determination of gene expression levels in STAT3-CKO mice was performed 
in order to further validate the relevance of genes identifi ed by RNA sequencing. Gene 
expression analysis in cardiac tissue of STAT3-CKO mice revealed that the key regulators 
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of sterol and lipid metabolism ELOVL6, FDFT1 and SREBF1 were diff erentially regulated 
(Figure 7A). ELOVL6 expression was signifi cantly increased after pregnancy, whereas FDFT1 
and SREBF1 failed to be induced following pregnancy. Furthermore, multiple top genes 
identifi ed by RNA sequencing were also found to be diff erentially expressed in STAT3-CKO 
mice after pregnancy (Figure 7B). Several of the top identifi ed genes (PWP2, CTSF, and 
SC5D) were not induced after pregnancy while COX7A1 expression levels decreased in 
response to pregnancy.

dISCuSSIon

In this study we set out to characterize genome wide transcriptomic diff erences between 
PPCM patients paired with a healthy close relative by means of RNA sequencing. To further 
stress possible diff erences, we used a model for cardiac wall stress, mimicking the induced 
volume load on the myocardium as seen in pregnancy. Based on our data we propose 
sterol and lipid metabolism as a putative pathway involved in PPCM pathogenesis, with a 
prominent role for the major metabolism transcription factor SREBF1, which encodes the 
protein SREBP1 (as indicated in Figure 3)24.

To study PPCM pathogenesis as unbiased as possible, we included a PPCM patient paired 
with a healthy sister in order to reduce genetic background variation as much as possible. 
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Figure 5 - Transcription factor enrichment analysis of diff erentially expressed genes in PPCM that are 
related to sterol and lipid metabolism. The majority of genes are transcriptionally controlled by NF-Y and 
SP1. Numbers indicate the number of genes that contain binding sequences for one or more transcription 
factor.
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RNA sequencing data analysis suggests that cardiomyocyte stress responses overlap to 
minor extent between mechanical stretch and PPCM (74 differentially expressed genes). 
Moreover, only SNORD3A was regulated in an opposite fashion in response to mechanical 
stretch between control cardiomyocytes and PPCM cardiomyocytes. SNORD3A is a rather 
unknown transcript which has only been associated with prion disease progression25. The 
precise role of SNORD3A in cardiomyocytes and the occurrence of PPCM therefore needs 
further research.

To identify intrinsic disease markers independent of mechanical stretch, the transcrip-
tome of PPCM cardiomyocytes was compared to that of control cardiomyocytes, after 
mathematically disregarding specific stretch effects. Sterol and lipid metabolic pathways 
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Figure 6 - Replication of differentially expressed genes in an independent PPCM patient. Three of the 
most differentially expressed genes in PPCM showed similar expression patterns in a second patient (A). 
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were found to be amongst the most significantly differentially regulated pathways. 
Interestingly, previously identified genes (including cathepsin D) were not identified as 
differentially expressed genes between all conditions. Interestingly, gene expression 
levels for the major transcription factor in sterol and lipid metabolic pathways SREBP1 
was significantly decreased in PPCM cardiomyocytes. SREBP1 has been shown to regulate 
common pathways with various key metabolic transcription factor like PGC-1α, ERRα, 
and PPARγ26. This is in line with a previous study in which PGC-1α was deleted in mice, 
resulting in impaired fatty acid metabolism and increased susceptibility to develop heart 
failure6,27,28.

It has been widely accepted that the heart reverts to glycolysis as a main source of 
energy production when heart failure is developing, while fatty acid oxidation is repressed 
in parallel29. Paradoxically, this suggests the need for PGC-1α-mediated fatty acid metabo-
lism activation to be minor during cardiac stress. Effectively, cardiac metabolism during 
pregnancy is more dependent on fatty acid oxidation than in physiological conditions. 
Notably, cardiac metabolism is atypically regulated during pregnancy. Pregnancy-related 
hormones (e.g. estrogen, progesterone, prolactin, and cortisol) cause symptoms similar 
to insulin resistance observed in type II diabetic patients29,30. Furthermore, glucose utiliza-
tion is progressively reduced in rats during pregnancy while free fatty acid uptake and 
influx is increased31,32. Interestingly, SREBP1 was found to be a pivotal transcription factor 
in the PGC-1α/LXR/ERRα axis33-36. It may therefore be conceivable that sterol and lipid 
metabolism is impaired due to aberrant upstream regulation of SREBP1, having a par-
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Figure 7 - Top genes identified by RNA-sequencing were also differentially expressed in the hearts of 
STAT3-CKO mice. Major genes involved in lipid metabolism were also found to be differentially expressed 
in the hearts of STAT3-CKO mice (A). STAT3-CKO mice demonstrated differential expression in multiple top 
genes identified by RNA sequencing (B). *p<0.05, **p<0.01, ***p<0.001.
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ticularly detrimental role regarding the needs of a heart during pregnancy. Additionally, 
transcription factor enrichment analysis indicated that SP1 and NF-Y were the primary 
transcription factors involved in transcriptional control of various key genes involved 
in sterol and lipid metabolism. While SP1 is involved in various cellular processes, NF-Y 
is mainly linked to lipid metabolism and related processes. A pivotal study previously 
discovered that SREBF1 was found to occupy the promoters of 1141 target genes and 
extensively interacts with SP1 and NF-Y37. Combined, these findings provide a strong sug-
gestion that this interaction between SREBP1, NF-Y, and SP1 is impaired in PPCM patients 
and may cause aberrant regulation of sterol and lipid metabolism at a specific time that 
might cause onset of the disease.

Our study provides detailed insight into how PPCM patient-derived cardiomyocytes 
function at baseline compared to familial control cardiomyocytes. Additionally, we intro-
duced mechanical stretch to mimic wall stress observed during pregnancy. While the cop-
ing mechanisms in response to mechanical stretch seemed to be a conserved mechanism, 
the comparison between the healthy control individual and the PPCM patient resulted in 
great differences at baseline: primarily sterol and lipid metabolism was impaired in PPCM 
cardiomyocytes. The small number of PPCM patients included in the study are a limitation 
and results were only generated in hiPSC-derived cardiomyocytes. Also, it remains unclear 
to what extent these results are representative for the in vivo pathophysiology. Moreover, 
the results obtained through RNA sequencing should be confirmed in more patients.

In conclusion, our data show that cholesterol and lipid metabolism is widely affected 
in PPCM patient-derived cardiomyocytes. These data could generally be confirmed in an 
independent control-patient pair, albeit in less detail. Ultimately, our findings substantiate 
the suggested mechanism related to the importance of metabolism as a causal factor for 
PPCM susceptibility.
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Supplementary Figure S1 - Flow diagram of sample collection, culture conditions and data analysis.
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Supplementary Figure S2 - Heat map of differentially expressed genes after mechanical stretch. All 
stretched samples have been compared to static samples and all conditions of differentially expressed 
genes are mapped. Yellow marks upregulated genes (488) and cyan marks downregulated genes (1128). 
FDR < 0.01.
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Supplementary Figure S3 - Heat map of differentially expressed genes between control and PPCM 
patient. All effects due to stretch have been normalized and all samples of the control were compared to 
PPCM patient samples. Yellow marks upregulated genes (426) and cyan marks downregulated genes (373). 
FDR < 0.01.
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Supplementary Figure S4 - SNORD3A is diff erently regulated in control samples compared to PPCM 
samples. Stretch induced SNORD3A, while SNORD3A downregulation was found in PPCM samples.

Supplementary Table 1 - Primer sequences for quantitative real-time PCR.

Species Primer Forward Reverse

Human HLA-C 5’-TGGTTGTCCTAGCTGTCCTTGG-3’ 5’-AGGCAGCTGTCTCAGGCTTT-3’

NLRP2 5’-CGAGCCTCCAGGTCTTTGAA-3’ 5’-GAAGCGCTCCAGCATTTCG-3’

SV2C 5’-ACACCACTCAGGGCAAGGG-3’ 5’-AGCCTCCTTTCAGTGGTTCAG-3’

ASGR2 5’-ACGGACAGTGATGGCTCTTG-3’ 5’-AGAAGTCATCGTTCCAGCGG-3’

FABP1 5’-TCTCCGGCAAGTACCAACTG -3’ 5’-GATTTCCGACACCCCCTTGA -3’

APOA4 5’-CCACGGTGATGTGGGACTAC-3’ 5’-GTTTGTCCTGGAAGAGGGCA-3’

APOB 5’-AGACCATTTCAGCCTTCGGG-3’ 5’-GTGGCGTAGAGACCCATCAC-3’

APOC3 5’-TTACATGAAGCACGCCACCA-3’ 5’-CCTCAGGGTCCAAATCCCAG-3’

Mouse NLRP2 5’-CGAGCCTCCAGGTCTTTGAA-3’ 5’-GAAGCGCTCCAGCATTTCG-3’

SV2C 5’-ACACCACTCAGGGCAAGGG-3’ 5’-AGCCTCCTTTCAGTGGTTCAG-3’

ASGR2 5’-ACGGACAGTGATGGCTCTTG-3’ 5’-AGAAGTCATCGTTCCAGCGG-3’

FABP1 5’-TCTCCGGCAAGTACCAACTG -3’ 5’-GATTTCCGACACCCCCTTGA -3’

APOA4 5’-CCACGGTGATGTGGGACTAC-3’ 5’-GTTTGTCCTGGAAGAGGGCA-3’

APOB 5’-AGACCATTTCAGCCTTCGGG-3’ 5’-GTGGCGTAGAGACCCATCAC-3’

APOC3 5’-TTACATGAAGCACGCCACCA-3’ 5’-CCTCAGGGTCCAAATCCCAG-3’
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In this thesis, we applied human in vitro disease modeling to overcome the disadvantages 
of non-human preclinical models that are applied in translational research. With suitable 
human in vitro disease models, human diseases can be studied in human cells in a highly 
controllable environment. Consequently, pathogenesis can be studied from a very early 
stage to be followed over time. To this end, we have designed in vitro models to study 
the mechanisms underlying several cardiac pathological processes. In this thesis, we study 
acquired pathologies that arise due to non-genetic causes (part I) and due to a (putative) 
genetic predisposition (part II). Specifically, we have studied the effects of iron deficiency 
and mechanical stress on cardiomyocyte function and adaptation in part I. In part II, we 
have addressed the underlying mechanism of peripartum cardiomyopathy (PPCM) with a 
clinical, bioinformatic and mechanistical approach.

PARt I

Reviewing the current state of cardiac in vitro disease modeling
In chapter 2 of this thesis, we have reviewed the current means and methods applied to 
model in vitro cardiomyopathies. In vitro disease modeling is a rapidly evolving field of re-
search in which state of the art techniques are introduced and improved constantly. Great 
efforts are made to apply current two-dimensional models in a three-dimensional envi-
ronment through tissue engineering. However, as insights into genetic and epigenetics 
involvement in cellular mechanisms also steadily increase, we become more aware of 
the limitations of in vitro models. The main issues arise when the cause of a disease is 
expected to be genetic, but a specific mutation has not been identified. In contrast, a 
disease could also be caused by an epigenetic aberration, which is nearly impossible to 
study in hiPSC. Once a pathological factor is identified, modern genetic editing techniques 
allow for recapitulation in in vitro and in vivo models to study the associated phenotype. 
Alternatively, the respective phenotype can be repaired by correcting the genetic variation 
in patient-derived hiPSC by employing CRISPR-Cas9-mediated gene editing. All of these 
aspects have to be considered when designing experiments and projects. Based on this 
review of current approaches and available techniques, we concluded that fundamental 
experiments regarding subcellular mechanisms (e.g. studies regarding miRNA/protein ex-
pression, binding targets and kinetics etc.) can be performed in a monolayer-based setup, 
while intercellular experiments that depend on cell-cell interactions can now be studied 
with elegant and feasible tissue engineering methods. Moreover, genetic variations can 
now easily be corrected in hiPSC or, vice versa, can be introduced in standardized cell 
lines.
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The effects of iron deficiency on human cardiomyocytes
Iron status is an important predictor for disease outcome and iron deficiency was found to 
be a major risk factor for a worse prognosis1. Subsequently, administration of intravenous 
iron supplements has been shown to be beneficial for heart failure patients2. To determine 
which cellular processes are reversibly impaired in iron deficient cardiomyocytes, we have 
investigated the subcellular effects of iron deficiency on human cardiomyocytes in chapter 
3. For this model, we have utilized deferoxamine (DFO) to chelate cellular iron. Intracel-
lular iron levels were determined based on ferritin levels, which were gradually reduced 
over 4 days. After 4 days of incubation with DFO, ferritin levels were reduced by 84% and 
genes involved in iron internalization were greatly induced. Notably, these ferritin levels 
were lower than what can be expected in patients. We expected that cellular deficiency 
of such magnitude would critically impair other tissues (e.g. hematopoietic stem cells) 
before cardiac tissue is affected. However, this model provides novel insights into the 
coping mechanisms that are activated in mitochondria-rich cells (i.e. cardiomyocytes) that 
heavily rely upon iron-dependent processes. Previous studies have determined the effects 
of genetic ablation of mediators in iron homeostasis in the mouse heart (e.g. the transfer-
rin receptor, hepcidin, and iron regulatory proteins)3-5. In addition, our findings highlight 
the importance to study cellular iron levels in addition to circulating iron markers such 
as transferrin saturation; i.e. intracellular iron levels provide functional information in ad-
dition to circulating biomarkers. Specifically, our observation pertaining to ER stress and 
Fe-S cluster-based mitochondrial dysfunction contribute to the characteristics of cellular 
iron deficiency. The latter supports the heme-sparing mechanism as was hypothesized 
for heart failure patients. Khechaduri et al. demonstrated that heme levels are maintained 
in the human failing heart, whereas non-heme iron levels were reduced6. Interestingly, 
clinical studies showed that iron supplementation is beneficial for exercise capacity and 
symptoms2,7. After inducing iron deficiency, we have restored intracellular iron levels by 
the supplementation of transferrin-bound iron, which restored most of the parameters 
within the experimental time frame. The observed plasticity of cardiomyocytes to recover 
from such severe iron deficiency substantiates the use of iron supplements during heart 
failure as it may improve exercise tolerance through improved mitochondrial function. 
Therefore, the development of an in vitro model identified previously unconfirmed aber-
rant mechanisms in iron deficient cardiomyocytes that may contribute to the progression 
of heart failure.

Cyclic mechanical stretch to induce in vitro hypertrophy
Cardiac hypertrophy is part of adaptive compensatory mechanisms in response to vari-
ous types of cardiac stress. Under physiological conditions, this process is beneficial and 
reversible. However, once damage has become too severe, this mechanism can become 
maladaptive, resulting in progressive heart failure. Therefore, obtaining more insight into 
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the molecular processes underlying hypertrophy would be beneficial for future treatment 
strategies that address the first stages of HF. In chapter 4, we applied cyclic mechanical 
stretch to hESC-derived cardiomyocytes in order to induce hypertrophy as an in vitro 
model for wall stress. Major hallmarks of hypertrophy were observed, as well as increased 
sarcomere length, cellular stiffness, and decreased contractility. Hypertrophy has been 
studied extensively in various cell types, primarily by addition of phenylephrine, angio-
tensin II, or similar drugs. A recent study by Rupert et al. indicated that phenylephrine 
induced a gain of surface area of cells at the expense of cell height (i.e. cellular volume 
remained the same)8. In the present study, we demonstrated that mechanical stretch also 
resulted in increased surface area, while cellular height remained similar to static control 
cells. Consequently, cell volume increased. After confirmation that mechanical stretch 
induces hypertrophy in cardiomyocytes, we sought to dissect the molecular mechanisms 
involved in hypertrophy by transcriptome sequencing after mechanical stretch. As a result, 
we identified the SP6-FSTL3 pathway as a major mediator of hypertrophy. Short hairpin 
RNA-mediated inhibition of either of these genes nullified the hypertrophic response to 
mechanical stretch. While these findings contribute to the expansion of what is known 
about the mechanisms of hypertrophy, it remains a topic of discussion whether inhibition 
of hypertrophy would be beneficial for the patient. Indeed, hypertrophy is a first mecha-
nism of remodeling in a stressed heart, but at that stage, hypertrophy can be regarded as 
beneficial to cardiac function9,10. Whereas, when stress persists or becomes severe enough, 
maladaptive remodeling occurs. The transitional stage from adaptive to maladaptive 
remodeling has been a subject of research for many years, because it is postulated that 
heart failure might be avoided when this transition can be prevented. However, despite 
the induction of hypertrophy in an in vitro system, it is not possible to compare our model 
to adaptive and maladaptive remodeling as observed in vivo. Our study indicates that 
SP6-FSTL3 pathway may drive hypertrophy, but we cannot conclude whether inhibition 
of this pathway may prevent maladaptive hypertrophy exclusively. Consequently, in vivo 
studies need to be performed to clarify to what extent the SP6-FSTL3 pathway is involved 
in maladaptive vs. adaptive hypertrophy. Following such studies, specific genes of pro-
teins may be targeted to prevent maladaptive hypertrophy specifically. Similar to gene 
silencing by shRNA in vitro, future therapies may include administration of anti-sense 
oligonucleotides that prevent expression of specific genes by premature targeted RNA 
breakdown11,12. Such approaches are currently being tested for neuromuscular diseases 
like Duchenne muscular dystrophy, but could also be applied for other diseases, such as 
gene-driven cardiomyopathies.
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PARt II

underlying mechanisms of peripartum cardiomyopathy
The pathophysiological processes that result in the dilated cardiomyopathy PPCM were 
reviewed chapter 5. In the recently proposed PPCM etiology, aberrant STAT3 function 
results in secretion of cathepsin D from the cardiomyocytes, which cleaves the hormone 
prolactin, the product of which induces neighboring endothelial cells to transfer miR-146a 
loaded exosomes back to the cardiomyocytes13-17. Ultimately, cardiomyocyte metabolism 
is impaired, which leads to cardiomyopathy (i.e. PPCM). Notably, PPCM is diagnosed 
based on exclusion, resulting in a heterogeneous disease group. Various theories regard-
ing PPCM causes have been proposed (e.g. autoimmune disorders18, viral myocarditis19, 
sFLT1-mediated angiogenic imbalance16, familial dilated cardiomyopathy20,21, and TTN 
mutations22), but these may only contribute to the adverse progression of PPCM. While 
the proposed mechanisms are studied in cardiac-specific STAT3-knockout mice, this was 
not confirmed in patient cohorts23. As such, it may be expected that STAT3-related defects 
may not be the cause of PPCM in humans. This is highlighted by the observation that a 
global STAT3 knockout is lethal in the early embryonic phase24. Interestingly, activation of 
STAT3 has protective effects after acute myocardial infarction and pressure overload25,26. 
Moreover, STAT3 levels were found to be reduced in patients with a dilated cardiomyopa-
thy27. These previous studies provided crucial insight into pathophysiological mechanisms 
involved in cardiomyopathy, especially PPCM. However, the previously mentioned findings 
imply that STAT3 is not a cause for PPCM. Moreover, ablation of a pivotal transcription 
factor in cardiomyocytes, like STAT3, is likely to result in susceptibility to develop heart 
failure at times as demanding for the cardiovascular system as childbirth. Defects in STAT3 
levels or function may be a consequence of a cause that remains unknown, but these 
defects will certainly promote disease progression and should be studied in more detail.

Cathepsin D release is not specific to peripartum cardiomyopathy
Based on previous data regarding the central role of cathepsin D release in the patho-
physiology of PPCM, we have investigated the specificity of cathepsin D release in heart 
failure patients in chapter 6. Interestingly, previously published clinical trials studying 
the protective effects of prolactin inhibition by bromocriptine administration were found 
to be (partially) successful28,29. In the study by Sliwa et al., small groups of PPCM patients 
were treated with bromocriptine for 8 weeks versus patients that received only standard 
treatment28. The study by Hilfiker et al. studied the effects of short term or long term bro-
mocriptine administration29. The former study indicated a potential role for bromocriptine 
in PPCM, but 4 of 10 patients who were not treated with bromocriptine died during the 
study; the latter study lacked a control group (without bromocriptine administration). 
While promising results were obtained, decisive conclusions remain to be drawn. How-
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ever, the role of cathepsin D in PPCM pathophysiology is believed to be pivotal for disease 
development. In light of this, we have studied circulating cathepsin D levels in a general 
heart failure patient population. We found that cathepsin D is released in a general popu-
lation of heart failure patient. Cathepsin D serum levels were found to be associated with 
diabetes mellitus, CKD and higher levels of interleukin 6 and NT-proBNP. Moreover, high 
levels of circulating cathepsin D were found to be associated with adverse outcome in 
heart failure patients. While this observation does not disprove the currently accepted 
model for PPCM, it does indicate that cathepsin D release is not exclusive to PPCM etiol-
ogy, while other steps in its complex pathophysiology may still be unique to PPCM. We 
have demonstrated that cathepsin D release occurred in response to mechanical stretch, 
which has been used to model wall stress as seen in heart failure patients, but also in 
pregnant women. In PPCM pathophysiology, the direct effect of cathepsin D release from 
affected cardiomyocytes is the cleavage of prolactin present in the blood to a 16 kDa 
fragment. More specifically, cathepsin D can produce four types of 16 kDa prolactin30. All 
four of these products are members of an antiangiogenic class of molecules known as 
vasoinhibins, which can be produced by various enzymes, an attribute not exclusive to 
cathepsin D. For example: matrix metalloproteases are abundantly expressed enzymes 
that also produce a form of 16 kDa prolactin31. Moreover, plasma levels of cathepsin D 
correlated with fatty liver disease severity and was demonstrated to be a robust biomarker 
for hepatic inflammation32,33. The role of cathepsin D in PPCM etiology is complex and we 
have demonstrated that circulating cathepsin D levels are associated to multiple comor-
bidities and to adverse outcome. We were unable to determine serum levels of cathepsin 
D in PPCM patients compared to other heart failure patients or healthy pregnant women. 
Therefore, we cannot conclude whether PPCM is the result of cathepsin D levels above a 
certain threshold in the presence of prolactin.

In vitro experiments indicated that cathepsin D is primarily released following mechani-
cal stretch and in response to TNF-α. The former is a clear indication that volume and 
pressure overload results in cathepsin D release, and the latter suggests that events with 
an inflammatory component result in increased cathepsin D secretion. Remarkably, intra-
cellular cathepsin D levels were decreased during hypoxia, but not in other conditions. 
This supports the protective role of cathepsin D as was seen during myocardial ischemia34. 
Interestingly, cathepsin D knockdown during stretch result in a striking increase of TnT 
levels in the cell medium following mechanical stretch, which is an indication of increased 
cardiomyocyte death. In addition to previous studies, we demonstrated that cathepsin D 
is essential for cardiomyocyte coping mechanisms, while cathepsin D deficiency impairs 
cardiomyocyte survival after stress.
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elucidating PPCM pathophysiology using RnA sequencing in a familial 
case-control study
PPCM has been the subject of various studies using different approaches. In chapter 7, we 
studied PPCM pathophysiological molecular mechanisms in a patient with a typical diag-
nosis of PPCM, which was compared to a sister who went through multiple pregnancies 
without complications. We generated iPSC-derived cardiomyocytes from these individu-
als and applied mechanical stretch to these cardiomyocytes in order to reproduce wall 
stress, as observed during pregnancy. We performed transcriptome sequencing on these 
samples and found that sterol and lipid metabolism was impaired in PPCM cardiomyo-
cytes. Interestingly, our observations so far are in line with the previous findings regarding 
the involvement of PGC-1α-mediated sterol and lipid metabolism-related pathways in the 
pathogenesis of PPCM16. However, it remains unknown how apparently constitutively im-
paired sterol and lipid metabolic pathways result in PPCM at the characteristic time seen in 
patients. It has been reported that glycolysis is inhibited in pregnant women, whereas fatty 
acid oxidation rates had almost doubled in various animal models35. It is known that preg-
nancy induces insulin resistance to a degree similar to diabetes mellitus, which indicates 
that the body has to activate coping mechanisms in order to endure reduced glycolysis 
during pregnancy36. Insulin resistance is most severe during the last trimester36. The time 
around delivery involves highly complex regulatory (hormone-based) mechanisms that 
drive the reversion from a pregnant state to a non-pregnant state of homeostasis. Since 
glycolysis is not a sustainable energy source for the heart, the heart needs to revert to fatty 
acid metabolism. We hypothesized that during this time, PPCM patients cannot revert ef-
fectively due to disrupted sterol and lipid metabolism. Consequently, metabolic pathway 
regulation may become dysfunctional and will ultimately lead to impaired cardiomyocyte 
function and heart failure (i.e. PPCM). Ultimately, the mechanisms found and described in 
this thesis may imply that PPCM pathogenesis is not a process that is exclusive to women, 
since impaired metabolism of sterol and lipids might also occur in men, albeit unrelated 
to pregnancy. In that scenario, our understanding and models regarding PPCM need to 
be adjusted. Importantly, these results were obtained from RNA sequencing of cardio-
myocytes from a single PPCM patient. To validate these findings, cardiomyocytes were 
generated from a second patient and a familial control and genes involved in major sterol 
and lipid metabolic pathways were also found to be differentially expressed. Moreover, 
several of the top 10 genes (based on significance and fold change) were also validated 
by means of qRT-PCR. To further validate our findings, we determined expression levels 
of identified genes in mice with a cardiac-specific knockout for STAT3. Again, most of the 
genes were differentially expressed in STAT3 conditional knockout mice, confirming our 
findings in an independent model. Interestingly, the majority of affected pathways are 
related to sterol and lipid metabolism and SREBF1 was among the differentially expressed 
genes in PPCM. SREBF1 is a key regulator of lipid metabolism and was also affected in 
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mice with cardiac STAT3 ablation. This is a clear indication that fatty acid metabolism may 
be widely affected via defective regulation of involved pathways. A next step in this study 
could be to investigate the metabolic differences between cardiomyocytes derived from 
a PPCM patient and a healthy control and to determine whether these cells also show 
contractile dysfunction. Currently, further investigation is needed to determine the cause 
of PPCM, but we have shown that iPSC-derived cardiomyocytes obtained from PPCM 
patients show a gene expression profile that is common between two patients and an 
established mouse model.

FutuRe PeRSPeCtIveS

Cardiac in vitro disease modeling
In this thesis, we have presented studies that highlight the applicability and feasibility of 
in vitro disease modeling related to cardiomyocyte dysfunction. Importantly, it is impera-
tive to take the artificial nature of these models into account when designing an in vitro 
disease model. The degree of flexibility of study design in vitro experiments is considered 
to be an advantage as almost all conditions can be adjusted. A pivotal aspect of the ap-
plied (and discussed) methods in this thesis, is the use of two-dimensional cardiomyocyte 
cultures. As discussed in the introduction, culturing cardiomyocytes in three-dimensional 
format was demonstrated to improve various aspects of cardiomyocyte function, includ-
ing alignment, sarcomeric organization, and contractility. Moreover, three-dimensional 
culturing is more representative to in vivo settings as engineered tissues consist of mul-
tiple cell types in a more physiological environment. The main motive to culture cardiac 
cells in engineered tissues is to improve cardiomyocyte maturity. However, the lack of a 
clear definition of cardiomyocyte maturity and unambiguous results has rendered it a 
popular topic of research. This issue is perpetuated by the unavailability of mature and 
healthy human cardiac tissue suitable for further investigation. It is expected that this 
issue will remain a major hurdle in the field of cardiac maturation, but resolving this issue 
can propel preclinical research to new frontiers by improving in vitro disease modeling. 
An interesting aim could be to develop new techniques to generate organoids, similar 
to what is currently being done in the field of neurology, nephrology, hepatology and 
gastroenterology37-43. In contrast, it has proven to be difficult to obtain representative car-
diac organoids. Recently, the group of prof. Kenneth Chien has demonstrated a method 
to generate cardiac tissues that include the cardinal cell types observed in the mature 
heart as these cells spontaneously migrate into the formed tissue44. While very promis-
ing, this method relies on the generation of ventricular progenitor cells, similar to widely 
used cardiomyocyte differentiation protocols, as well as engraftment into the kidney of 
a mouse. Ultimately, the current state of in vitro cardiomyocyte differentiation is highly 
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dependent on directed differentiation protocols, artificial culturing conditions, and often 
harsh purification protocols. Advanced techniques that could depend on self-assembly 
and less stringent protocols might result in more representative in vitro models that can 
be used to study cardiomyopathies.

unraveling the human pathophysiology of peripartum cardiomyopathy
PPCM is a rare disease with possibly severe consequences. Many studies focusing on 
various aspects of the disease have been published, but the underlying mechanism caus-
ing the disease remains unknown. As opposed to previously proposed models, we have 
opted for an unbiased approach by performing expression analyses in two patients and 
an established mouse model. The results are intriguing and provide more insight into how 
PPCM may have developed and how specific pathways contribute to the susceptibility 
to developing the disease. It is a heterogeneous disease and our findings remain to be 
confirmed in other patients and possibly in larger cohorts of patients or patient databases. 
A next step towards elucidation of the underlying pathophysiology of PPCM may be to 
genetically screen multiple patients for the aberrations found in our primary patient and 
screening for commonalities between patients. Crucially, after hiPSC have been generated 
from these additional patients, the putative mutations could be corrected and specific 
mutations can directly be linked to PPCM etiology. Additionally, mouse models can be 
generated based on the results of in vitro studies. Alternatively, PPCM may be a disease of 
multiple cell types. It may therefore be plausible that complex multi-organ mechanisms 
cannot be studied in vitro and mouse models need to be generated. However, no single 
mutation has been identified. Therefore, it is not possible to generate a representative 
mouse model, resulting in a status quo. Interestingly, clinical observations indicated that 
the involvement of the coagulation cascade may play a pivotal role in PPCM development 
as a large percentage of PPCM patients showed ischemic events (e.g. stroke). This path-
way might be closely linked to the previously suggested role of vasoinhibins and other 
anti-angiogenic mechanisms, and may be a detrimental event that has been overlooked 
in PPCM etiology. Specifically, it was recently published that the key coagulation factor 
PAI-1 facilitates 16 kDa prolactin uptake in endothelial cells45. In that respect, pregnancy 
may induce aberrant plasma levels of PAI-1, which in turn facilitates vasoinhibin-mediated 
anti-angiogenic effects. Indeed, fluctuating plasma levels of cathepsin D or 16 kDa pro-
lactin may not result in the development of PPCM, while acutely increased levels of PAI-1 
might be the triggering event. A complex mechanism combining these factors is also 
feasible.

Overall, while the molecular mechanisms leading to heart failure are steadily elucidated, 
it actual cause that starts these mechanisms remains unknown. The STAT3 and PGC1α 
genes are assumed to be involved, but without conclusive evidence for an actual causal 
role14,16. These genes are major regulators of cardiac metabolism. Taken together, these 
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observations support our findings that aberrant cardiac metabolism may cause PPCM. 
Cardiac metabolism is a key field of research within cardiology and such methods may 
be detrimental to obtaining representative results. While this is beyond the scope of this 
thesis, there is a great need to elucidate these metabolic effects in the future. Metabolic 
pathways should be studied in PPCM patients immediately after diagnosis and should 
ideally be linked to defective gene expression levels and function parameters. However, 
as diagnosis is based on exclusion, means for PPCM diagnosis have to be improved 
greatly before patient selection will be reliable. Once the gene or pathway driving PPCM 
development has been discovered, a representative mouse model can be generated, 
putative drugs can be screened and selected. With an increased understanding of PPCM 
pathophysiology, a potential therapy can be designed.
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nedeRlAndSe SAMenvAttInG

Hartfalen is een syndroom dat wordt vastgesteld wanneer het hart niet in staat is om 
voldoende bloed uit te pompen om aan de behoeften van de weefsels te voldoen. De 
voornaamste modellen die worden gebruikt om hartfalen te bestuderen hebben door-
gaans betrekking op proefdiermodellen, primaire cellen of geïmmortaliseerde cellijnen. 
Deze methodes weerspiegelen het (moleculair) functioneren van humane cardiomyocyten 
(hartspiercellen) slechts beperkt. Dit proefschrift beschrijft cardiale in vitro ziektemodellen 
waarmee verschillende beperkingen van preklinische niet-humane modellen kunnen wor-
den omzeild. Aan de hand van deze nieuwe modellen kunnen enerzijds ziekteprocessen 
als anderzijds de werking van geneesmiddelen nauwkeuriger worden bestudeerd. In het 
eerste deel van dit proefschrift worden modellen voor verworven aandoeningen bestu-
deerd en in het tweede deel worden verschillende aspecten van een specifiek ziektebeeld 
bestudeerd.

deel I

verschillende cardiale in vitro ziektemodellen
In hoofdstuk 2 hebben we de huidige stand van zaken rondom cardiale in vitro ziektemo-
dellen uiteengezet. Voor het ontwikkelen van in vitro ziektemodellen worden innovatieve 
technieken toegepast waardoor de modellen constant worden verbeterd. Binnen de 
cardiologie wordt tegenwoordig veel gebruik gemaakt van humane embryonale stamcel-
len waarmee cardiomyocyten kunnen worden gedifferentieerd. Tevens zijn geïnduceerde 
pluripotente stamcellen (iPSC) sterk in populariteit toegenomen en worden deze ook 
steeds vaker voor dit doeleinde gebruikt. Op dit moment wordt er veel aandacht besteed 
aan de overgang van de huidige tweedimensionale kweekmethodes van cardiomyocyten 
naar een driedimensionale kweekomgeving door middel van tissue engineering. Voor 
dit doeleinde worden creatieve methodes toegepast om kleine hartweefsels te maken 
(bijvoorbeeld het gebruik van gedecellularizeerde harten of spinaziebladeren en verschil-
lende matrices en mallen). Tevens wordt het steeds duidelijker welke rollen genetische 
en epigenetische factoren spelen bij het ontstaan van cardiale ziektes, zo wordt ook 
duidelijker in welke maten in vitro ziektemodellen te kort schieten om deze aspecten na te 
bootsen. Op basis van deze bevindingen kunnen er steeds beter keuzes gemaakt worden 
wat betreft de toepasbaarheid van elk model. Zo zijn embryonale stamcellen erg geschikt 
voor modellen waarbij er slechts een geringe kans is dat een ziekte wordt veroorzaakt 
door een afwijkende genetische factor, terwijl iPSC juist geschikt is voor ziektes waarbij 
genetische factoren een grote rol spelen. Ontwikkelingen met betrekking tot methodes 
waarmee het genoom kan worden aangepast (bijvoorbeeld CRISPR-Cas9) bieden de mo-
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gelijkheid om nu ook iedere gewenste genetische afwijking aan te brengen in (gezonde) 
gestandaardiseerde embryonale stamcellen of om deze juist te herstellen in iPSC van 
een patiënt. Het voornaamste probleem ontstaat wanneer wordt verwacht dat een ziekte 
wordt veroorzaakt door een mutatie, terwijl de specifieke genetische afwijking nog niet 
is geïdentificeerd. Een ziekte kan namelijk ook ontstaan door epigenetische afwijkingen, 
welke nagenoeg onmogelijk zijn te bestuderen aan de hand van iPSC.

De effecten van ijzertekort op humane cardiomyocyten
IJzerstatus is een belangrijke voorspeller voor het ziekteverloop van hartfalenpatiënten 
en ijzertekort is een grote risico factor voor een slechtere prognose. Het intraveneus toe-
dienen van ijzer is tevens voordelig gebleken voor hartfalenpatiënten met een ijzertekort. 
Hoofdstuk 3 staat in het teken van de cellulaire processen welke zijn aangedaan in ijzer-
deficiënte cardiomyocyten. Cardiomyocyten zijn verkregen door deze te differentiëren 
uit humane embryonale stamcellen. Om ijzertekort in cardiomyocyten te bestuderen, 
hebben we deferoxamine gebruikt waarmee het ijzer in de cellen wordt verwijderd. We 
hebben de ijzerstatus van cardiomyocyten bepaald door (verzadigde) ferritine niveaus te 
meten. We ontdekten dat een incubatietijd van 4 dagen met deferoxamine voldoende 
was om ijzertekort te veroorzaken in humane cardiomyocyten. IJzerdeficiëntie werd ge-
kenmerkt door het geactiveerde genprofiel ter bevordering van ijzeropname, verlaagde 
ATP-niveaus, verhoogde niveaus van HIF1α (een bekend kenmerk voor zuurstoftekort) en 
verminderde mitochondriële respiratie. Bij nadere inspectie bleken enkel mitochondriële 
complexen I, II en III een verminderd actief te zijn, maar niet complex IV of V. De bevinding 
dat het toedienen van ijzer bevorderlijk werkt in ijzerdeficiënte hartfalenpatiënten kon 
worden bevestigd door in dit in vitro model ook ijzer toe te dienen: ferritine verzadi-
ging herstelde, evenals het genprofiel, ATP-niveaus en de mitochondriële respiratie. De 
voornaamste functionele maatstaaf van cardiomyocyten is de contractiele functie. We 
konden meten dat cardiomyocyten met een ijzertekort minder krachtig samentrokken 
en eveneens vertraagd relaxeerden. Na toedienen van ijzer trokken herstelde cardiomyo-
cyten weer net zo krachtig samen als de onaangetaste cardiomyocyten. De relaxatie was 
niet volledig hersteld, maar wel significant verbeterd. Aan de hand van deze resultaten 
hebben we aangetoond dat ijzerdeficiëntie in cardiomyocyten een rol speelt in vermin-
derde contractiliteit, mogelijk door beperkte mitochondriële respiratie. Tevens hebben 
we kunnen bewijzen dat de mitochondriële functie voornamelijk is aangedaan door de 
verminderde activiteit van de complexen I-III. Deze complexen functioneren op basis van 
ijzer-sulfer-clusters, in tegenstelling tot complexen IV-V welke heemafhankelijk zijn. Deze 
bevindingen onderbouwen het argument dat het herstellen van intracellulaire ijzerniveaus 
bevorderlijk is voor hartfalenpatiënten.
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Het cyclisch oprekken van cardiomyocyten leidt tot hypertrofie.
Cardiale hypertrofie is een algemene respons van het hart op (hemodynamische) stress 
waardoor langdurig meer pompkracht vereist is. Tijdens fysiologische omstandigheden is 
dit proces voordelig en omkeerbaar zodra de stressvolle stimulus verdwijnt. Wanneer de 
stress aanhoudt of verergert, kan deze hypertrofie omslaan tot een pathologisch fenomeen. 
In dat geval leidt het tot foutieve aanpassingen in de cardiale structuur en uiteindelijk tot 
progressief hartfalen. We hebben het ontstaan van hypertrofie bestudeerd in hoofdstuk 
4 door humane cardiomyocyten herhaaldelijk op te rekken. We konden bevestigen 
dat het oprekken voor hypertrofie zorgde op basis van de waargenomen toename van 
celomvang en celoppervlak (met behoud van celhoogte), toegenomen sarcomeerlengte, 
verhoogde stijfheid en verminderde contractiliteit. We zijn verder ingegaan op dit proces 
door de betrokken genen te profileren door middel van RNA sequencing. We ontdekten 
dat een specifiek mechanisme werd geactiveerd bij het ontstaan van hypertrofie door de 
verhoogde expressie van de verwante genen SP6 en FSTL3. Door de expressie van elk gen 
te blokkeren, kon zodoende het ontstaan van hypertrofie ook worden voorkomen. Deze 
bevindingen hebben de basis gelegd voor een relatief eenvoudig en elegant model voor 
volume overbelasting. Op basis hiervan zijn vervolgstudies mogelijk om te onderzoeken 
welke aspecten van hypertrofie nog bijdragen aan de hartfunctie en wanneer hypertrofie 
beter kan worden gestopt.

deel II

oorzaken voor het ontstaan van peripartum cardiomyopathie
Peripartum cardiomyopathie (PPCM) is een zeldzame ziekte die tijdens de periode rond 
de bevalling een acute vorm van hartfalen kan veroorzaken. De ziekte is lastig te diagnos-
ticeren, slecht te behandelen en de oorzaken zijn grotendeels onbekend. Hoofdstuk 5 
geeft een overzicht van wat bekend is over het ontstaan van PPCM. Recente onderzoeken 
hebben aangetoond dat muizen zonder cardiale activatie van het STAT3-gen een soort-
gelijke ziekte krijgen. Hierbij zijn de cellulaire signalen nauw bestudeerd. De conclusies 
tot op heden zijn dat afwijkingen in STAT3-genactiviteit in cardiomyocyten leidt tot 
verhoogde aanmaak van zuurstofradicalen. Hierop reageren cardiomyocyten door een 
lysosomaal enzym (cathepsine D) aan het bloed af te geven dat hier interacties aan kan 
gaan met aanwezige eiwitten, zoals prolactine. Dit eiwit functioneert als hormoon dat 
vrouwen aanzet tot melkproductie. Het gevolg van deze interactie is dat prolactine wordt 
afgebroken tot onder andere een fragment van 16 kDa. Wanneer omliggende cellen van 
het bloedvat in contact komen met dit fragment volgt een respons dat veel overeenkomst 
heeft met geprogrammeerde celdood in deze endotheelcellen. Zodoende maken endo-
theelcellen microRNA-146a aan en worden hiermee geladen exosomen overgedragen 
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aan de omliggende cardiomyocyten, waar microRNA-146a vrijkomt in de cel. Het effect 
van dit microRNA is met name het remmen metabole processen. Het algemene resultaat 
is een sterke afname van cardiale functie met hartfalen of sterfte tot gevolg. De moge-
lijkheden om dit proces tegen te gaan worden momenteel uitgebreid onderzocht waarbij 
het verlagen van prolactineniveaus in het bloed en het tegengaan van de werking van 
microRNA-146a potentiele behandelingen lijken te zijn.

verhoogde afgifte van cathepsine d is niet exclusief betrokken bij 
peripartum cardiomyopathie
De voorgestelde rol van cathepsine D in het ontstaan van PPCM is slechts deels bevestigd 
in patiënten. We hebben de retrospectieve BIOSTAT-CHF-cohort studie genomen om de 
bloedwaarden van cathepsine D in een algemene patiëntenpopulatie met hartfalen te 
bestuderen, zoals beschreven in hoofstuk 6. We hebben aangetoond dat verhoogde 
bloedwaarden van cathepsine D vaker gepaard gingen met diabetes mellitus, chronische 
nierziekte en verhoogde bloedwaarden van IL-6 (ontsteking) en NT-proBNP (ernst van 
hartfalen). Hieruit was tevens af te leiden dat een hogere bloedspiegel van cathepsine D 
gerelateerd was aan een slechter ziekteverloop. Deze bevindingen waren een reden om 
te onderzoeken waarom de cathepsine D bloedwaarde stijgt bij hartfalen. Om deze reden 
hebben we wederom embryonale stamcellen gebruikt voor het verkrijgen van humane 
cardiomyocyten. We hebben deze cardiomyocyten blootgesteld aan specifieke stimuli 
waarmee inflammatie (TNF-α), hemodynamische stress (cyclische rek) en ischemie (hypo-
xie) worden nagebootst. Hieruit bleek dat TNF-α en cyclische rek een verhoogde afgifte 
van cathepsine D veroorzaakten. De beschermende rol van cathepsine D tijdens de reactie 
op deze stimuli werd bevestigd door de resultaten waaruit bleek dat cardiomyocyten 
sneller stierven door cyclische rek wanneer cathepsine D was geblokkeerd. Tot slot con-
cludeerden we dat cathepsine D afgifte door cardiomyocyten een algemeen fenomeen is 
dat voorkomt tijdens een stressrespons en toename hiervan hangt samen met de ernst 
van hartfalen.

de pathofysiologie van peripartum cardiomyopathie ontrafelen aan de 
hand van iPSC
Gezien de beschikbare informatie rondom het ontstaan en het verloop van PPCM, is de 
oorzaak van deze ziekte nog steeds onduidelijk. Enkele bevindingen suggereren dat er 
een (nog onbekende) genetische factor een belangrijk rol speelt. In hoofdstuk 7 hebben 
we huidcellen afgenomen van twee patiënten met een duidelijke diagnose van PPCM, 
maar ook van een gezond (vrouwelijk) familielid. Deze huidcellen hebben we opgekweekt 
tot geïnduceerde pluripotente stamcellen, die vervolgens zijn gedifferentieerd tot car-
diomyocyten (met de genetische informatie van de patiënten of gezonde familieleden). 
De genprofielen van deze specifieke cardiomyocyten hebben we vergeleken aan de hand 
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van data verkregen met RNA-sequencing. Er bleken grote verschillen te zitten tussen de 
patiënten en hun gezonde familieleden. Het grootste verschil zagen we in veel genen 
die betrokken zijn bij vetzuurhuishouding in het kader van cellulaire energievoorziening. 
Deze genen kwamen niet goed tot expressie in de PPCM-cellen. Deze resultaten konden 
worden bevestigd in het (standaard) PPCM-muismodel met een afwijking in het STAT3-
gen. Vetzuurmetabolisme was tevens foutief gereguleerd in deze muizen. Dit is een 
nieuwe ontdekking in het ontrafelen van de oorzaak van PPCM en kan mogelijk verklaren 
waarom de muizen na enkele zwangerschappen sterven. Dit onderzoek is nog niet afge-
rond, maar heeft wel al tot belangrijke nieuwe inzichten geleid. Zo kunnen we stellen dat 
endotheelcellen niet essentieel zijn om verschillen te meten tussen cardiomyocyten van 
patiënten en gezonden personen. Bovendien zijn deze cardiomyocyten gekweekt zonder 
toegevoegd prolactine en kunnen we effecten die hieraan verbonden zijn ook uitsluiten. 
Er is dus mogelijk een factor in de cardiomyocyten zelf waardoor deze ziekte ontstaat. 
Dit is belangrijke informatie waarmee toekomstige medicijnen en therapieën gerichter en 
sneller ontwikkeld kunnen worden om PPCM mogelijk te kunnen genezen.
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Heart failure is a complex syndrome characterized by the inability of the heart 
to pump enough blood to meet the needs of the body and can be caused by 
various cardiac diseases. Representative models are essential to understand 
the nature of these diseases. To that end, recapitulating cardiac diseases 
in vitro provides an accessible platform to study cell autonomous molecular 
mechanisms. We have employed human pluripotent stem cells to generate 
(patient-specific) cardiomyocytes. Consequently, we have demonstrated that 
cellular iron deficiency impairs both mitochondrial respiration and contrac-
tile function in human cardiomyocytes. Also, a specific signaling pathway in 
cardiac hypertrophy was identified, and inhibition of this pathway prevented 
hypertrophy altogether. In addition, we studied aspects of peripartum cardio-
myopathy, a severe pregnancy-related cardiac disease. This intricate disease 
is believed to be the result of a complex interplay between genetic factors, 
cathepsin D, prolactin, multiple cell types and a specific microRNA. We estab-
lished that increased levels of circulating cathepsin D are not only associated 
with peripartum cardiomyopathy, but also correlated with heart failure severity 
in large European population of heart failure patients. Moreover, we provide 
evidence that cathepsin D is protective for the heart during stress. Finally, 
through induced pluripotent stem cells, we generated peripartum cardiomy-
opathy patient-specific cardiomyocytes. Transcriptome sequencing revealed 
aberrant metabolic regulation in patient-specific cells. These studies signify in 
vitro cardiac disease models as a valuable tool to study afflictions of the heart 
in great detail to accelerate the progress of future treatment development.




