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1 Abbreviations

AP: Action Potential

APD: Action Potential duration

Ca?i: Intracellular Calcium

EAD: early after depolarization

EB: embryoid body

EC: endothelial cell

ECM: extracellular matrix

ES cell: embryonic stem cell

FPD: field potential duration

GPCR: G protein-coupled receptors
iPS cell: induced pluripotent stem cell
INa*: Sodium Current

|Ca?*: Calcium Current

LWO: long wavelength-sensitive cone opsin
LQTS: long-QT syndrome

MEF: mouse embryonic fibroblasts

RTK: receptor tyrosine kinase



2 Introduction
Embryonic stem (ES) cells and induced pluripotent stem (iPS) cells have become attractive

models for studying development and disease mechanisms in vitro.

An extraordinary characteristic of these cells is pluripotency. Pluripotent cells have no
predetermined program; they are in an undifferentiated ground state and can be differentiated
in any somatic cell type and into germ cells of the body, with the exception of extraembryonic
tissues required for the development of the placenta. Pluripotent cells have the remarkable
ability to self-renew and undergo clonal expansion, ensuring a continuous supply of cells in
response to physiological demands or for tissue repair, maintenance and regeneration. In
addition, they can develop and acquire specific functions through cell differentiation (Wray et
al., 2010). This property can circumvent the known issues with cells of the cardiovascular

system that are difficult to differentiate and maintain in culture.

Cardiovascular diseases are the leading cause of death worldwide, and the WHO states in
their report in 2019 that 17.9 million people died from cardiovascular disease, representing
32% of all global deaths. These numbers are increasing further in western countries because
of the higher incidence of these diseases in an aging population. The impact of cardiovascular
diseases extends beyond mortality rates. They also significantly burden healthcare systems
and economies due to the costs associated with diagnosis, treatment, and long-term

management.

My research deals with cardiovascular development and biological characterization of main

components of the cardiovascular system, such as endothelial and cardiac muscle cells.

This work aims to show how the unique property of pluripotency could help basic medical
research in the cardiovascular field. ES and iPS cells enabled me to explore early steps of
cardiovascular development, that occur in the embryo and that are challenging to investigate
due to limited accessibility making it difficult to observe and study these processes directly in

vivo. One aim of the selected papers summarized in the following chapters is to provide insight



into the role of extracellular matrix (ECM) in cardiovascular development. Given that traditional
knock-out mouse models lacking fundamental proteins building the ECM are lethal at the
embryonic stage, | have used instead pluripotent cells to mimic cardiovascular development
and differentiation. | have studied the role of laminin y1 for cardiac muscle because its deletion
in skeletal muscle causes pathologies, such as congenital muscle dystrophy. | therefore
wanted to elucidate the cellular and functional effects of disrupted basement membrane
formation on cardiomyocytes, including ECM abnormalities and impaired electrical signal
propagation (Malan et al., 2009). Other ECM proteins like ILK also have a role as central
mediators of cell-ECM interactions with cytoskeletal components, thus for instance, in
keratinocytes impairing caveolae formation. Therefore, | explored whether the deletion of ILK
in endothelial cells (ECs) will result in defective signaling caused by mislocalization of caveolin
1, potentially affecting EC apoptosis, proliferation, migration, and vascular development (Malan

et al., 2013)

In addition, pluripotent stem cells can be generated with gene defects or from patients with
specific cardiovascular diseases, creating disease-specific cell lines. Pluripotent cells, such as
human iPS and ES cells, are used in clinical trials to replace diseased cells, like in Parkinson's
disease. Additionally, these cells are explored for replacing cardiac muscle cells lost after
myocardial infarction or stroke, aiding in understanding disease mechanisms and testing
potential interventions, including drug effects on cardiovascular function, reducing reliance on
animal models or clinical trials for initial testing (Gydngy®ési et al., 2016, Stoddard-bennett and

Reijo Pera 2019, Attar et al., 2021).

Next, through the differentiation of iPS cell-derived cardiomyocytes, carrying a human mutation
linked to long-QT syndrome 3 (LQTS3), | could replicate disease-specific features, showcasing
their potential for investigating disease mechanisms. The focus then shifted to developing a
scalable purification method for these cardiomyocytes and exploring drug interventions to
correct abnormal phenotypes, demonstrating the applicability of iPS cell-derived models for

drug screening and personalized medicine approaches.



In addition, the new research is focus to broaden insights by applying a new optogenetic tool
to ES cell-derived cardiomyocytes. This involved utilizing optogenetic techniques, coupled with
the expression of long wavelength-sensitive cone opsin (LWO), to achieve instantaneous
modulation of pacemaking activity through activating the Gi signaling pathway. The
combination of optogenetics with ES cell technology aimed to provide deeper insights into the
temporal dynamics and functional consequences of Gi pathway activation in early
cardiomyocytes, contributing to a comprehensive understanding of cardiac physiology and

potential therapeutic interventions.

2.1 Generation of murine and human embryonic stem (ES) cells

Our understanding and biological insight into pluripotent stem cells are based on decades of
basic science work in mouse ES cells. Mouse ES cells were first derived in 1981 from the inner
cell mass of the blastocyst stage embryo of the mouse at 3.5 days post coitum (Evans and
Kaufman, 1981). They possess the remarkable potential to give rise to specialized cell lineages
of all three embryonic germ layers: ectoderm, mesoderm, endoderm, and germ cells (Morrison
et al.,, 1997, Silva et al., 2008, Wray et al., 2010). ES cells are pluripotent but not totipotent
because they can neither generate an entire embryo nor extraembryonic tissue (see Fig. 1).

The great impact of ES cell technology for science and medicine was recognized in 2007 with
the Nobel Prize to three scientists, Martin J Evans, Oliver Smithies, and Mario Capecchi, for
their discoveries on generating and also on using ES cells to create genetically modified mice.
Capecchi and Smithies were the first to use homologous recombination to alter genes in
mammalian cells to correct disease-causing mutations in bone marrow stem cells, using them
to treat certain inherited blood diseases. Evans managed to cultivate embryonic stem cells
from mice and then had the vision to use genetically modified ES cells, creating KO mice. The
gold standard method for mice generation is the tetraploid complementation, which itis
performed using blastocysts with twice the normal number of chromosomes (tetraploid),
putative ES cells are then injected forming whole, non-chimeric, fertile mice. Since 1989, when

homologous recombination in ES cells used to generate gene-targeted mice was first reported,
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nearly 50,000 targeted genetic allele modifications have been created, and knock-out mice
have been generated by homologous recombination in ES cells. This method, has been
instrumental in advancing our understanding of specific signaling pathways, protein alterations,
and the molecular components' roles in disease, differentiation, and cellular/tissue
development (Capecchi, 2005). This significant progress has substantially enhanced our

comprehension of processes underlying disease mechanisms and related phenomena.

The cultivation of Mouse ES cells lays a crucial role in maintaining pluripotency. When cultured
in media with serum and supplements, ES cells are kept on feeder layers of mouse embryonic
fibroblasts (MEF). It was observed that MEF produces the leukemia inhibitory factor, a soluble
glycoprotein of the interleukin (IL)-6 family, which activates transcription of STAT3 signaling
and thereby maintaining pluripotency. Consequently, the removal of MEF or inactivation of
STAT3 promotes differentiation of pluripotent ES cells. Therefore, undifferentiated ES cells are
cultivated in medium supplemented with LIF to activate STAT3. The bone morphogenetic
protein BMP, a molecule also known to trigger so-called “inhibitory-of-differentiation” target
genes, is often added to maintain pluripotency during the expansion culture procedure.
Cultivation on feeder layers of fibroblasts is not always necessary, as it has been shown that
LIF alone is sufficient to maintain pluripotency in serum culture conditions (Wobus and Boheler,
2005). Fascinating studies by Smith and his working group (Ying et al., 2008, Silva et al., 2008)
showed that a real stem cells' ground state, like in the inner cell mass of the blastocyst, is not
dependent on the presence of external cytokine stimuli that leads to STAT3 activation, since it
was possible to create stem cells from blastocysts of mice lacking STAT3. The study shows
that ES cells in their ground state are self-sufficient, thus capable of self-renewal independent
of external signals. Nevertheless, in normal culture conditions, mouse ES cells require STAT3

activation to maintain the ground state characteristics (Wang et al., 2017).

In 1998, James Thomson and coworkers (Thomson et al., 1998) derived the first human
embryonic stem cell line from human blastocysts. The isolation techniques and culture of

mouse ES cells were fundamental for generating and maintaining human ES cells. Human ES
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cells express the markers Oct3/4, Nanog, and telomerase, and they have the capability of
teratoma formation showing the development of all three primary germ layers if transplanted
in immunodeficient mice, thus sharing pluripotency features with mouse ES cells. However,
they also have distinct characteristics, such as specific proteoglycans as cellular markers like
TRA-1-60 and TRA-1-80 and different subtypes of stage-specific antigens like SSEA-3 and -
4, absent in mouse ES cells. A significant difference with mouse ES cells is that LIF cannot
maintain human ES cell pluripotency and prevent differentiation. Some human ES lines
created at the beginning were even missing its receptor (Richards et al., 2004, Wobus, 2005).
Thus, human ES cells resemble mouse ES cells in pluripotency despite a high variability of
stemness markers. The property of self-renewal in human ES is maintained through cultivation
on MEF, human feeder cells, or conditioned media or factors as in mTESR, and E8 media.
Serum and substrate of plating like Matrigel, a complex mixture of ECM proteins isolated from
Engelbreth-Holm-Swarm tumor, further helps to preserve pluripotency. Using animal-derived
products poses the risk of cross-species contamination with non-human antigens like sialic
acid Neu5Gc, against which many humans have circulating antibodies, thus activating the
complement system (Kubikova et al., 2009). Like serum, feeder cells and other animal-derived
products can significantly compromise the clinical application of human stem cells and are best

avoided wherever possible.
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Figure 1 Generation of ES cells. A fertilized egg develops into the blastocyst stage. Isolated cells from
the inner cell mass are cultured in this pluripotent state on mouse fibroblasts, forming colonies and
differentiated in Embryoid bodies (EBs) giving rise to different cell lineages (modified from Gepstein L,
Circulation Research. Volume: 91, Issue: 10, Pages: 866-876).

2.2 Generation of induced pluripotent stem (iPS) cells

In 2006 a landmark report by Shinya Yamanaka revolutionized biomedicine and opened up a
new era in stem cell biology. It was long thought that cell diversity is unidirectional, namely that
primitive cells could differentiate into specialized cells, but the reverse was not plausible. The
contrary was proven by the other Nobel prize laureate, John Gurdon, in 1962 with the first
reprogramming demonstration of somatic cells to the pluripotent state. The generation of
tadpoles was achieved by reprogramming by transplanting nuclei of intestinal epithelial
somatic cells of tadpoles into enucleated unfertilized frog egg cells (Gurdon, 1962). Moreover,
the fusion of somatic cells with ES cells to generate cells expressing pluripotency genes
showed that ES cells possess factors that can reprogram somatic cells (Tada et al., 2001).
Based on this observation, Shinya Yamanaka and Kazutoshi Takahashi conducted conclusive
reprogramming experiments using retrovirus-mediated gene transduction to deliver

reprogramming factors into somatic cells to turn on the expression of pluripotency genes. They
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discovered four “Yamanaka factors” which are the sex-determining region Y box-containing
gene 2 (Sox2), Oct3/4, tumor suppressor Krippel-like factor 4 (Klf4), and proto-oncogene c-
Myc (Takahashi and Yamanaka, 2006). Yamanaka remarkably created a new type of
pluripotent cell termed iPS cells from fully differentiated somatic cells (Takahashi and
Yamanaka, 2006). The fundamental importance of this discovery is further underscored by the
fact that the Nobel Prize for Physiology and Medicine was already awarded six years later.

The morphology, proliferation, and differentiation potential of the generated mouse iPS cells
were comparable to mouse ES cells and characterized by the expression of bonafide
pluripotency markers Oct3/4, Nanog, and SSEA1. Upon differentiation, these iPS cells can,
akin ES cells, generate all the different somatic cell types and germ cells, thus fulfilling the
criteria of pluripotency. For instance, they can differentiate into specific cardiovascular cell
types, like endothelial cells and cardiomyocytes (see Fig. 2). Since the beginning of their
discovery, it was clear that iPS cells have the potential to serve as a valuable alternative to ES

cells in various research and therapeutic applications.

Retrovirus/ Adenovirus Transposon/ RNA Protein
Lentivirus Plasmid =)
<<
. 3 @-
O
| 3 :
+ ﬂ reprogramming factors @
# Cc-Myc ——p kif4 @
_ Sox2 Oct3/4 induced pluripotent
somatic cells stem cells
e mouse reported in 2006
in vitro human reported in 2007

differentiation

iPSC-derived iPSC-derived IPSC-derived
neurons cardiomyocytes endothelial cells

Figure 2 Principle of iPS cell generation: iPS cells can be generated from somatic cells by
overexpression of the four factors Oct4, Sox2, Kif4, and c-Myc with integrating (retro- and lentiviruses)
and non-integrating (adeno- and Sendai viruses) viral vectors, the use of transposons and polycistronic
plasmids, in vitro-derived mRNA molecules or proteins. Both mouse and human iPS were generated
with this method, and through in vitro differentiation, different cell types were obtained (modified from
Friedrichs et al., 2012).
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After the generation of mouse iPS cells, human iPS cells were created just one year later (Yu
et al., 2007, Takahashi et al., 2007, Park et al., 2008). This discovery was another important
breakthrough in stem cell research because for the first time, it was possible to generate
pluripotent stem cell lines that can be patient-specific and serve as disease modeling. Human
iPS cells also enable to investigate early developmental steps in humans. In addition, it was
also proposed that an unlimited amount of syngeneic human tissue or cells could be generated

which could be interesting for therapeutic cell replacement approaches.

Before iPS cell discovery, the prospect of human ES cell research raised in Germany major
ethical and legal discussions, particularly concerning the protection of human embryos. In
Germany the Embryonenschutzgesetz § 8 ESchG “Act on the Protection of Embryos” governs
the use of human ES cells. According to this law an embryo is the already fertilized, viable egg
cell and any totipotent cell removed from it. In line with this definition, German law prohibits the
use of human embryos for the purpose of generating ES cell lines. This means that the use of
surplus embryos from in vitro fertilization procedures to create ES cell lines is also forbidden.
However, an important exception exists within the Embryonenschutzgesetz, as the use of
human ES cells that were generated abroad prior to a certain date for research purposes is
allowed in Germany, provided that these cell lines were obtained from sources that adhered

to the ethical standards and regulations of the country where they were derived.

Considering the ethical and legal issues surrounding human ES cell research in Germany, the
advent of induced pluripotent stem (iPS) cells brought forth crucial distinctions, the primary one
being the source of origin of the cells. The generation of iPS cells through the introduction of
reprogramming factors into somatic cells offers a distinct advantage, notably by circumventing
ethical concerns. Human iPS cells like all pluripotent cells are able to differentiate into cells of
all three germ layers, and mirroring the developmental potential of human ES cells. They can
self-renew maintaining their undifferentiated state allowing for the production of large quantities

of stem cells.
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It has been demonstrated that human ES cells have their own unique genetic identity, whereas
human iPS cells retain the genetic identity of the human somatic cells from which they were
derived. For instance, iPS cells generated from pancreatic islet B cells maintained an open
chromatin structure at key beta cell genes, with a unique DNA methylation signature differing
from ES cells and iPS cells derived from other cell types. Thus, a certain persistence of donor

cells” gene expression remained (Stadtfeld and Hochedlinger 2010, Bar-Nur et al., 2011).

Even if generating iPS cells is technically simple, multiple transgene integration is required to
ensure efficient and successful reprogramming. Each reprogramming factor integrates into the
genome at different genomic loci, and the number of integration events can vary between cells.
The presence of integrated reprogramming factors in the genome of iPS cells allows for stable
and heritable expression of pluripotency-related genes, enabling the cells to maintain their
pluripotent state. However, it is important to note that the integration of reprogramming factors
using viral vectors carries some limitations and potential risks, such as the possibility of
insertional mutagenesis and unpredictable genetic dysfunction potentially affecting their safety

and suitability for therapeutic application (Okita et al., 2007, Takahashi et al., 2007).

When iPS cells are fully reprogrammed and pluripotent undergo silencing of the
reprogramming factors (Ghaedi and Niklason, 2019). Nevertheless, in human iPS, some
residual expression of exogenous factors is still detected in iPS cell lines when reprogrammed
by retroviral transduction. This could cause the induction of improper transcriptional changes
at the end of reprogramming (Papp and Plath, 2011). After Yamanaka discovery, many studies
were conducted to narrow down the use of the four factors, eliminating the oncogenic factor c-
Myc, because offspring of chimeric mice showed tumor formation in 20% of all cases (Okita et
al., 2007). Indeed, c-Myc-free iPS cells showed a reduced tumor risk formation. However, a
difference was noted in the efficiency of pluripotent cell generation, as it was ten times less
efficient (0.002%) when iPS cells were generated with only three factors (Oct3/4, Sox2, and
Klf4) compared to four (Nakagawa et al., 2008, Wernig et al., 2008). Researchers are

continually exploring alternative reprogramming methods to mitigate these limitations and
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concerns and improve the efficiency and safety of iPS cell generation (see Fig 2). Nowadays
the most common delivery methods mRNA and Sendai virus-based offer non-integrating
approaches for introducing reprogramming factors into somatic cells. mRNA-based
reprogramming allows for transient expression of the reprogramming factors. Once the
proteins are synthesized, they perform their function, but the mRNA is rapidly degraded and
eliminated from the cells. Additionally, mRNA-based reprogramming enables precise control
over the levels and timing of reprogramming factor expression. By adjusting the concentration
and duration of mRNA delivery, researchers can optimize the reprogramming process and
increase its efficiency. The Sendai virus is a negative single stranded RNA virus which has
been modified to serve as a vector for the reprogramming factors. The virus does not integrate
into the host genome. Instead, it delivers the reprogramming factors as RNA molecules, which
are eventually degraded and eliminated from the cells. This transient expression reduces the
risk of genomic integration and avoids long-term expression of the reprogramming factors,
which could interfere with cell behavior or introduce genetic abnormalities. As far as
reprogramming efficiency is concerned, mRNA is particularly efficient (2.1%), followed by
Sendai virus (0.1%). Considering the success rates (percentage of samples for which at least
three iPS colonies have been generated), Sendai viruses are by far better (94%) compared
with the mRNA method, in which the success rate was significantly lower (27%). Another clear
advantage of the Sendai virus method vs. the mRNA is the le amount of work, as there is no
requirement for chemical measures to inactivate the innate immune system and for daily
transfections due to the very short half-life of mMRNA (Schlaeger et al., 2015). However, most
methods so far have been proven to be highly time-consuming and of low efficiency in

generating pluripotent ground-state cells (Hou et al., 2013, Prasad et al., 2016).

An alternative approach to speed up the time of generation of specific cell lineages is direct
reprogramming. This technology consists in transiently expressing the Yamanaka factors in
somatic cells such as fibroblasts with different growth factors or signaling pathway modulators,

bringing the cells toward an epigenetically unstable intermediate multipotency stage, thus
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avoiding pluripotency, before re-directing it towards the target cell lineage. This kind of
reprogramming could use the “non-complete” pluripotent status of the iPS cells and their
epigenetic memory to favor the differentiation of cells towards a specific lineage which is
challenging to obtain from iPS cell-based in vitro differentiation approaches. Overall, the idea
behind direct reprogramming challenges traditional concepts of cell fate and offers a more
direct and efficient approach to generate specific cell lineages. One of the potential advantages
of direct reprogramming is the bypassing of the pluripotent stage, which can save time and
potentially accelerate the process of generating functional cells for various applications and
the reduced risk of teratoma formation associated with the pluripotency of iPS cells. However
recent reports show that high methylated regions due to inefficient silencing of the somatic cell

genes could enhance tumorigenicity (Prasad et al., 2016, Erharter et al., 2019).

Moreover, direct reprogramming could retain epigenetic hallmarks of the cell of origin, for
example, ageing hallmarks, making the cells obtained through direct reprogramming more
suitable for modelling ageing-related disease (Carter et al., 2020; Wang et al., 2021). Most
direct reprogramming protocols work out well to generate so-called induced neural stem cells
(called neurospheres) with further differentiation into more mature phenotypes like neurons,
astrocytes and oligodendrocytes (Wang et al., 2013, Kim et al.,, 2011). However, direct
reprogramming of cells into cardiomyocytes, specifically using human cardiac fibroblasts, has
been found to be less efficient compared to reprogramming of other cell types (Yamanaka,
2020). The underlying reasons for the lower efficiency of direct cardiac reprogramming in
human fibroblasts are not yet fully understood. Human cardiac fibroblasts may possess
inherent differences in their gene expression profiles, epigenetic modifications, and cellular
properties compared to mouse fibroblasts. These differences can affect the reprogramming
process and limit the efficiency of cardiomyocyte conversion. Furthermore, the genetic and
molecular networks that govern cardiomyocyte development and maturation might be more
complex and stringent in human cells compared to mice and functional maturation is

challenging and remains a major hurdle in direct cardiac reprogramming. In addition, the
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precise combination and dosage of reprogramming factors, as well as the duration of their
expression, are critical for successful reprogramming in particular of mesodermal origin.
Finding the optimal combination and balance of factors for human cardiac fibroblasts is still an

ongoing research endeavor.

2.3 Stem cell differentiation into cardiovascular cells: endothelial cells (ECs)

The differentiation of stem cells into cardiovascular cells holds great promise for regenerative
medicine and the treatment of cardiovascular diseases. In order to better target pluripotent
cells towards a specific differentiated cell type, it is crucial to understand the principal steps of
lineage segregation during embryonic development. The process begins at the blastocyst
stage, where trophoblast cells constitute the outer layer of the blastocyst and give rise to
extraembryonic tissues. Meanwhile, the inner cell mass differentiates into the epiblast and
primitive endoderm. During gastrulation, the epiblast cells give rise to the three germ layers:
endoderm, mesoderm, and ectoderm, as well as primordial germ cells. Organogenesis will
follow, and each germ layer will develop into different tissues. The neural plate and tube will
form from the ectoderm, while the mesoderm differentiates in lateral and somatic plate
mesoderm. The first develops into the splanchnic mesoderm comprising the heart and blood
islands, the latter segments in somites forming muscle, skeleton, and dermis. The blood
islands contain stem cells called hemangioblasts which can give rise to angioblast or

hematopoietic cells, differentiating subsequently in the endothelial or hematopoietic lineage.

When working with ES or iPS cells, many protocols refer to the formation of embryoid bodies,
which mimic the early stages of embryonic development. After embryoid body formation,
signaling pathways are activated to guide the cells towards the development of one of the three
germ layers. Subsequently, the cells are pushed further along the desired differentiation
pathway. In the context of cardiovascular cells, once the pluripotent cells have been directed
towards the mesodermal lineage, specific protocols can be used to further differentiate them

into various subtypes of cardiovascular cells. These protocols involve the modulation of
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signaling pathways and the provision of appropriate growth factors and culture conditions to
mimic the developmental cues that drive cardiovascular lineage specification. Understanding
the principles of developmental biology and the stepwise processes involved in differentiation
is crucial for guiding pluripotent cells towards specific cell lineages, including those relevant to

cardiovascular development.

The dogma of biology, which stated that ECs could originate only from angioblast during
embryo development, was overturned in 1997 when endothelial progenitor cells (EPC) were
described. Asahara and coworkers first isolated hematopoietic progenitor cells from human
blood, which could be differentiated in ECs (Asahara et al., 1997). The expression of CD34
membrane protein characterized these cells. Subsequent studies confirmed the existence of
EPCs, these were predominantly localized in bone marrow or at an early stage in the peripheral
circulation, which were positive for CD133, CD34, and vascular endothelial growth factor
receptor 2 (VEGFR2) surface markers (Peichev et al., 2000, Quirici et al., 2001, Wahl et al.,
2007). Nevertheless, EPC biology is still not clearly understood, and there is a lack of a unified
definition of EPCs with objective specific markers since many are also expressed in other cell

types, and phenotypical characterization of EPCs remains controversial.

Over the years, many different protocols have been applied to induce the differentiation of
murine and human ES cells into ECs. As mentioned before the most common approach is the
embryoid body (EB) technique which is a very helpful model for studying the developmental
steps of vascular generation and angiogenesis. EB formation through the hanging drop method
is followed by culture in suspension on day three of differentiation and plating on day five in
DMEM media with Fetal Calf Serum (FCS) (Wobus and Boheler, 2005). FCS brings some
concerns due to the presence of unknown factors which could have immunogenic potential
and brings the risk of pathogen transmission. Additionally, it has been reported that patients
who have received cell transplantations with MSCs expanded in FCS exhibit antibodies against
bovine antigens (Antoninus et al., 2015). Recently, alternative approaches using standardized

human platelet derivates showed reproducible and beneficial results for growth and expression
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of functional ECs in vitro meeting safety requirements for in vivo use (Peters et al., 2022).
Sequential application of growth factors such as VEGF alone or in a cocktail with bFGF, IL-6,
EPO, Activin A, or bone morphogenetic protein 4 enhanced the endothelial expression markers
(Festag et al., 2007). Human iPS cell differentiation protocols into EC are mainly based on the
enhancement of mesodermal formation by canonical Wnt signaling pathway activation with
CHIR99021 and BMP4, Activin A, VEGF, followed by vascular specification with VEGF and
TGF-B inhibitor (Orlova et al., 2014, Lian et al., 2014). In addition to the sequential application
of growth factors, cytokines, and small molecules, the overexpression of specific transcription
factors can be utilized to drive stem cells towards the EC lineage, such as ETV2 (also known
as ER71). Overexpression of ETV2 in pluripotent stem cells or other cell types like human

amniotic fluid-derived cells can induce their conversion into ECs (Kim et al., 2023).

Isolation of single ECs from ES or iPS cells is mainly done by fluorescence activated cell
sorting (FACS) and immunomagnetic cell sorting (MACS) using endothelial markers such as
CD31, VE-Cadherin or VEGFR2 (see Figure 3). Cell cultures of isolated ECs are often difficult,
the cells recover poorly from the isolation procedure, and because they are not immortalized
cells, they cannot be maintained and expanded except for a few passages. Immortalized lines
like HUVEC are preferable for experiments that require more stable and mature cells. HUVECs
are known to express more markers such as eNOS, E-selectin, VE-Cadherin and VEGFR2
than EPCs or ECs derived from pluripotent cells, however iPS cell-derived ECs offer the
advantages of patient-specificity, disease modeling, genetic manipulation, and developmental

studies.
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Figure 3 Differentiation of iPS cells into ECs. IPSCs are generated by overexpressing Oct4, Sox2, Kif 4,
and c-Myc. Endothelial differentiation is initiated by culturing human iPS cells for 14 days in
differentiation media supplemented with bone morphogenetic protein 4 (BMP4) and vascular endothelial
growth factor (VEGF). The presence of activin A enhances between days 0 and 3 mesodermal
specification. Cells are then FACS using an antibody directed against CD31. The vascular specification
is initiated by applying VEGF and the transforming growth factor-8 (TGF-B) pathway small-molecule
inhibitor SB431542. Characterization of EC function is achieved by analysis of proliferation, the ability
to generate capillary-like structures (in matrigel), and the ability to incorporate them in a pre-existing EC
network. Other functional tests include the capability of the iPS cell-derived-ECs to incorporate
acetylated-LDL cholesterol and to produce nitric oxide. (Modified from Orlova et al., 2014; Volz et al.,
2012).

2.4 In vitro differentiation of pluripotent stem cells into cardiomyocytes

Just like the differentiation of ECs, cardiomyocyte differentiation also relies on mesodermal
induction as a key mechanism. During embryonic development, the heart is among the first
organs to form, mesoderm cells migrate and position themselves between the ectoderm and
endoderm within the primitive streak. It is through signals from the adjacent cells, particularly
the endoderm, that mesodermal induction is promoted. Factors involved in cardiac
specification expressed in the endoderm include members of the transforming growth factor

superfamily, Wingless/INT (Wnt) proteins, and fibroblast growth factors (FGFs).

Mouse ES cell-derived cardiomyocytes were first obtained after removing self-renewal
components like leukemia inhibitory factor (LIF) or feeder cells through the aggregation of 400-

800 cells into the embryoid bodies (EB) in media with a high content (20%) of fetal calf serum
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(FCS). A variation of this protocol consists of spontaneous aggregation in 3D clumps with the
dilution of cells in medium with 20% FCS placed on a shaker by so-called mass culture. With
this approach higher numbers of cells are obtained Cardiomyocytes can differentiate
spontaneously in this medium, and cardiomyocyte differentiation is stimulated by adding either
DMSO, retinoic acid (Wobus et al., 1997), or small molecules like Dynorphin (Ventura et al.,
2003). Differentiation in EBs was also performed using mouse iPS cells and human ES with

similar medium conditions (Kehat et al., 2001).

The EB-based in vitro differentiation technique as described above proved inefficient for the in
vitro differentiation of human iPS cells. One of the first differentiation protocols from human
iPS cells to cardiomyocytes involved the mechanical passaging of cellular clumps followed by
a co-culture with mouse endoderm-like cells END2. END2 plays an important inductive role in
differentiating cardiogenic precursor cells in the adjacent mesoderm in developing embryos.
This method has therapeutic limits due to the presence of animal cells and the low yield and

purity of tissues (Mummery et al., 2003).

At the beginning of the last decade, the most promising differentiation protocol for
cardiomyocytes took advantage of the Wnt signaling modulation. First, the activation of the
canonical Wnt signaling enhances B-catenin activation and dissociation, having a positive
effect on mesoderm commitment. The activation of the Wnt/3-catenin signaling is achieved by
inhibition of Glycogen Synthase-Kinase 3, Gsk-3[3, by applying CHIR99201 in the medium.
The first mesodermal markers, such as Brachyury and Eomesodermin, activate the cardiac
mesoderm transcription factor 1, Mesp1. Mesp1 is critical, since it induces Dickkopf Wnt
signaling pathway inhibitor 1, which drives cardiac lineage specification. Wnt signaling usually
has a biphasic effect; after an initial mesoderm enhancement at early stages, it represses heart
development. The repressing Wnt signaling effect on heart development at later stages can
be blocked by small molecule inhibitors of Wnt ligand production such as IWP (blocks Wnt
protein secretion and activity) and Wnt antagonists such as C59 (Lian et al., 2012, 2013; Ueno

et al.,, 2007; Zhao et al.,, 2019). Lian and colleagues (Lian et al., 2012) established a
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breakthrough protocol which is precisely based on this biphasic action of Wnt. They
sequentially activated the canonical Wnt signaling by Gsk-3B inhibitor treatment and later
inhibited Wnt pathways for cardiac specification by small molecules like IWR and XAV939
(Lian et al., 2012). Moreover, they observed that the B27 supplement without insulin is
essential to expand the cardiac population (see Figure 4). Later protocols from this group
proposed that the addition of putrescine, progesterone, and sodium selenite instead of albumin
because of animal derivation, combined with the reduction of the CHIR and IWP-2
concentrations enhances cardiac differentiation (Lian et al., 2015). In contrast recent protocols
recommend the addition of albumin in order to achieve a more robust cardiomyocyte
differentiation (Lin and Zou, 2020). Together with the group of Greber (Zhang et al., 2015), we
also worked on this topic and explored essential cardiac differentiation requirements to obtain
bulk expansion, which could be helpful for drug screening and also cell transplantation
approaches. This approach is also based on the modulation of the Wnt signaling pathway with
CHIR99201 as activator, and IWP2 or C59 as inhibitors best applied at days 2-3. In addition,
efforts were made to minimize the presence of expensive additives such as B27 by replacing
them with other serum-free media (Knock-out DMEM) (see Figure 4) providing a high yield of
50 and 75% cells (Zhang et al., 2015). A significant improvement for the generation of large
numbers of cells is achieved by a low seeding of differentiated cardiomyocytes. In this case,
contact inhibition is removed, and the application of CHIR99201 acts as a mitogen, giving
massive cardiomyocyte production with up to 241-fold increase from day 12 to day 42, through

induction of proliferation (Buikema et al., 2020).

The development of the differentiation media went from the use of complex sera and feeder
layers to chemically defined (RPMI/B27) or serum-free media with small molecules which do
not require genetic modification of human iPS cells and have been shown to be effective at
modulating the Wnt/B-catenin pathways (Santoro et al., 2021). The focus for the next
generation of cardiomyocyte differentiation protocols will be to identify conditions that are as

simple to use and as defined as possible (see also Figure 4 summary).
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After cardiac induction, specification, and proliferation, enrichment of cardiomyocytes with a
high purity degree is essential to prevent tumor formation in case of cell therapy purposes or

to prevent false results by contamination of other cell types in case of drug screenings.

Having said this, a problem of cardiomyocyte in vitro differentiation is that a relatively low yield
and mixed cell populations containing different cardiac and other cell types are obtained (Kehat
et al., 2001). Therefore, the need for solid enrichment approaches, primarily based on antibiotic
selection strategies, was investigated. One of the first attempts was made on murine ES
pluripotent cells with the generation of genetically modified ES cells carrying a fusion gene
comprised of a cardiac-specific promoter like aMHC and an antibiotic resistance gene like
neomycin or puromycin (Klug et al., 1996, Friedrichs et al., 2015). When differentiated into
cardiomyocytes, they can be selected by their antibiotic resistance and be purified for a 99%
cardiac population. A more elegant approach for purification is possible in human iPS cells.
This is due to their ability to metabolize lactate via oxidative phosphorylation. In fact, it has
been shown by transcriptome and fluxome analysis that cardiomyocytes can use lactate in
TCA metabolism and survive under glucose-depleted and lactate-abundant conditions using
lactate as an alternative energy source. Importantly, other cell types cannot do this (Tohyama
et al., 2013). When cardiomyocytes differentiated from pluripotent cells are in a glucose-free
and lactate medium, it was found that they were the only ones to survive, giving a 95%
enrichment in cardiomyocytes compared to around 15% when using simple in vitro

differentiation protocols (Tohyama et al., 2013, Kadari et al., 2015).
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Figure 4. Cardiac differentiation scheme summary using a 2D (single cell) (Lian 2012, red) or 3D
(aggregate) (Zhang et al., 2015, black culture). At day 0 (d0), the activation of the Wnt signaling pathway
with CHIR99021 is induced. Different media and concentrations of CHIR are used depending on the
protocol. Lian (Lian et al., 2012, red) uses RPMI B27 - Insulin. Zhang (Zhang et al., 2015) uses KO
DMEM with Insulin Transferrin Selenium. The medium was changed on day 1 or 2, and on day 2 or 3
(d2/3), depending on protocols, small molecules like IWP2, IWP4, or Wnt C59 were added to inhibit the
Wht pathway. After that, cells were maintained in either RPMI/B27 or KO DMEM 2% FCS from day 7
on, where beating cells appeared. Modified from (Lian et al., 2012).

2.5 Pluripotent stem cells as model to investigate early aspects of cardiovascular

development and disease mechanisms.

Pluripotent stem cells, including iPS cells and ES cells, offer a valuable platform for studying
early aspects of cardiovascular development and unraveling the mechanisms underlying
cardiovascular diseases. In my studies summarized in the next chapters | explored whether
pluripotent stem cell models offer a valuable tool to study the impact of specific genetic
alterations on cardiovascular development and disease. | achieved this by analyzing the
electrophysiological properties and signaling pathways in ES cell-derived cardiomyocytes and
EC using different knock-out models of extracellular matrix protein evidencing that deletion of
integrin-linked kinase in ECs leads to defective receptor tyrosine kinase (RTK) signaling,
providing insights into the role of integrin signaling in cardiovascular development (Malan et
al., 2013). Furthermore, lack of laminin y1 in mouse ES cell-derived cardiomyocytes results in
inhomogeneous spreading of the electrical excitation wave despite intact differentiation and
signaling transduction highlighting the importance of extracellular matrix components in

cardiac electrical propagation (Malan et al., 2009).
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2.5.1 Role of Extracellular Matrix in cardiovascular diseases

Many disease processes in the cardiovascular field are linked to complex multicellular
interactions between signaling pathways and ECM proteins as well as cytoskeletal proteins.
The fundamental impact of the research on ECM was finally honored by the recognition of the
Albert Lasker Award for Basic Medical Research in 2022 for the analysis of multicellular
communication by integrin receptors, mediating cell and ECM interactions in physiology and
disease. The ECM is a meshwork of proteins surrounding most cells and organs of multicellular
organisms forming basement membranes. The main protein components of ECM and
basement membrane are proteoglycans (perlecan, aggrecan), collagens, and glycoproteins
(fibronectins, laminins, tenascins, elastin, and thrombospondin). There are several ECM-
affiliated proteins that comprehend secreted factors such as TGFB and cytokines or ECM
regulators such as kinases like integrin-linked kinase (ILK). These proteins constitute the

functional units of the ECM (Naba et al., 2016).

Laminins are essential structural molecules in the basement membranes, which are thin layers
of ECM surrounding cells. Laminin is a multi-domain, heterotrimer glycoprotein made of 1 a, 1
B, and 1 ychains. The C-terminus of the laminin a chain binds to cell surface receptors, such
as integrins, a-dystroglycan, and sulfated glycolipids. In parallel, intermolecular binding
between the adjacent laminins' N-terminus forms a distinct network. Collagen IV self-assembly
builds a second network creating a specific mesh by molecular bridges with nidogen, elastins,
and perlecan, giving tensile strength and structure to the basement membrane (Glentis et al.,

2014, Hohenester and Yurchenco, 2013).

Most ECM macromolecules of the basement membranes can establish highly functional
interactions with the cells of tissue through cell surface receptors such as integrins. Integrins
are heterotrimeric glycoproteins of two subunits a and 3, and are the major receptors for cell
adhesion to ECM proteins. Each subunit crosses the membrane once, with most of the
glycoprotein residing in the extracellular space and two short cytoplasmic domains. At present,

more than ten different § and more than twenty different a subunits have been described. While
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B can join numerous a subunits, the latter generally associate only with one type of B subunit.
All these complex associations lead to the formation of about 30 different integrin variants. The
B1 family of integrins, which we investigated more in detail, constitutes the primary collagen
and laminin receptors, and through inside-out signaling, integrins play pivotal roles in various
cellular processes, including cell growth, division, and survival. By relaying signals from within
the cell to the ECM, integrins influence key events such as angiogenesis and repair
mechanisms, cell adhesion processes fundamental for tumor progression, but also in terminal
maturation and differentiation, intracellular signaling pathways integrity, leukocyte trafficking,

and platelets aggregation (Alday-Parejo et al., 2019; Bloch et al., 2001; Kim et al., 2011Db).

The cytoplasmic region of B1 and B3 integrin also interacts with ILK. Despite being classified
as a serine/threonine protein kinase, ILK lacks key residues necessary for its catalytic activity.
As a result, ILK is often referred to as a pseudokinase. ILK is another component of the ECM
molecule complex which can regulate integrin-mediated signaling transduction. ILK consists of
three structurally distinct regions. At the NH2 terminus, four ANK repeats are found. At the
COOH-terminal of the ANK domain is a pleckstrin-like motif. The C-terminus domain shows
significant homology with other catalytic domains of protein kinases. It binds Paxillin, Parvin,
and Pinch, through which ILK connects to the actin in the cytoskeleton, thus building a direct
connection between the extracellular environment and the cytoskeleton organization. ILK is
localized in the clustering of cytoplasmatic regions called focal adhesions mediating the
interaction with integrins and downstream signaling pathways like Akt/PKB or Gsk-3. Thus, ILK
plays a role in suppressing apoptosis and promoting cell survival (see Figure 5 as a summary

of the complex interaction of ECM and cytoskeleton in the cells).

It has been shown that many congenital and age-related cardiac diseases can arise from
disturbances of structural ECM proteins or their integrin receptors. It is known that ECM
changes significantly after birth, coinciding with the decreased regenerative capacity of tissues.
ECM deposition increase is a hallmark of dilated cardiomyopathy, hypertrophy, and heart

failure. The structural changes and deposition of the matrix in the fibrotic heart cause slow
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conduction areas, triggering life-threatening arrhythmias. The impact of fibrosis in
arrhythmogenesis is governed by the extent to which electrical connections between myocytes
are disrupted. Cardiac arrhythmias are mainly due to reentry and ectopy. In reentry, one or
more waves propagate continuously through the tissue, either in a regular and organized
manner (e.g., atrial flutter) or in a more chaotically and irregularly (e.g., ventricular fibrillation).
In ectopy, a depolarizing current occurs during diastole in sites with abnormal cardiomyocytes

not coupled to healthy cardiomyocytes generating proarrhythmic action potentials.

The role of ECM in signaling pathways regulation and modulation of development through the
connections with integrins and the ILK-cytoskeleton axis was further substantiated by the fact
that ILK-deficient mice die after implantation due to defects in F-actin distribution blocking the
epiblast reorganization (Sakai et al., 2003). Mice with mutations in the paxillin-binding site
showed vasculogenesis and growth deficiencies and died at early embryonic developmental
stages (Moik et al., 2013). Interestingly, B1 integrin deletion in ES cells resulted in defective
vascular development with reduced endothelial differentiation because of impact of integrins
on vascular signaling pathways such as eNOS or AKT (Malan et al., 2010; Morello et al., 2009).
Moreover, in cardiomyocytes, muscarinic signaling is altered due to defective G-protein
coupling, in case that 31 integrin is lacking during development, as integrin deficiency causes
an atypical Gi protein clustering, impairing the function of Gi-associated signaling
microdomains and a disruption of the cytoskeletal integrity (Bloch et al., 2001, Malan et al.,
2010). In addition, human mutations in the ILK gene also showed endothelial defects, namely
dilated vessels, hemorrhages, and heart failure due to disruption of ECs leading to insufficient
oxygen supply and cardiomyocyte defects (Wang et al., 2006, Knéll et al., 2007). Similar
cardiovascular defects were found in laminin o 4 knock-out mice (Knéll et al., 2007). Indeed,
the interactions between laminin a 4, integrin, and ILK play a fundamental role in maintaining
cardiac cell shape and morphology. Several mutations in ILK linked to missense variants
(p-H33N, p.H77Y) causing ILK-pinch disruptions have been reported in family members

suffering from dilated cardiomyopathy or arrhythmogenic cardiomyopathy. Thus, ILK has
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become a relevant gene for genetic diagnosis and counseling patients with hereditary

cardiomyopathy (Brodehl et al., 2019).

The role of ECM proteins in many biological processes and for disease motivated me to
investigate their pathophysiological relevance in the cardiovascular system. Pluripotent stem
cells cultivated in 3D structures, such as EBs or organoids, are highly advantageous for
investigating and analyzing ECM defects in vitro. Unlike traditional 2D cell cultures, 3D models
provide a more realistic environment in which cells can interact with their surrounding ECM
components in a spatially and temporally relevant manner. | could investigate the
consequences of laminin y1 disruption, evaluate its arrhythmogenic potential, and elucidate

how ILK deficiency affects critical vascular signaling pathways and endothelial development.

Collagen
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Figure 5: ECM interaction with cytoskeleton: Laminin a 4 binds collagen and integrin molecules
connected with ILK. ILK links the cytoskeleton via parvin/paxillin, and the activation of laminin-integrin-
ILK pathways modulates AKT kinase activity through receptor tyrosine kinase (RTK). Bidirectional signal
integration plays a crucial role in cell responses like survival adhesion, migration, and differentiation.
From (Kndll et al., 2007).

2.5.2 Pluripotent cells as model for Long QT Syndromes

Human pluripotent cells offer a distinct advantage over animal cells or tissues for disease
modeling, primarily due to the fundamental disparities in physiology, metabolism, and immune
system. Such variations can potentially influence the severity of disease symptoms and hinder
the identification of effective therapeutic compounds. Notably, mice are inadequate models

when studying cardiac ion channel diseases and repolarization-related disorders due to their

30



strongly different action potential characteristics because of differing expression of K* channels
and ion channels related to repolarization. Cardiomyocytes derived from the iPS cells obtained
from a patient should express the same cardiac channels. Such a property was advantageous
in studying monogenetic diseases like long QT syndromes (LQTS), as described later. LQTS
are monogenetic cardiac life-threatening pathologies classified into 17 subtypes based on the
mutations associated with 15 autosomal dominant genes, known as LQT1-15. Each subtype
is associated with mutations in genes coding for ion channels, such as KCNQ1, KCNH2,
SCN5A, ANK2, KCNE1, KCNE2, KCNJ2, CACNA1C, CAV3, SCN4B, AKAP9, SNTAT1,

KCNJ5, CALM1, and 2, respectively (Wallace et al., 2019).

Differentiated cells from patients with monogenetic diseases have the advantage of having
clear readouts reflecting the target cells' pathophysiology. For instance, in LQTS, APs shape,
and electrophysiological properties have a clear phenotype. First, iPS cells helped me to prove
the possibility of creating a cellular model of a specific disease and to investigate the disease-
specific arrhythmia phenotype (Friedrichs et al., 2015; Malan et al., 2011). Second, the findings
contribute to understanding the disease onset and provide insights into potential therapeutic

strategies for LQT diseases (Malan et al., 2016).

The most common LQTS types are LQTS1 and 2 (40-55% and 35—-35% of all LQTS patients,
respectively), caused by loss of function mutations in the repolarizing K* channels. LQTS1
shows a reduction of the slow delayed rectifier Ks channel, with mutations in the KCNQ1 gene
(Shalaby et al., 1997, Gouas et al., 2004, Park et al., 2005, Hedley et al., 2009), whereas
LQTS2 results in the reduction of the rapidly activating delayed rectifier Kr channel, due to the
mutation in the KCNH2 gene (Hedley et al., 2009, Zhou et al., 1998). These mutations cause
trafficking or gating properties alterations or the formation of non-functional channels, therefore
are known as loss-of-function mutations. Most LQTS1 patients experience cardiac events
during exercise, whereas patients with LQTS2 experience it during emotional events or

auditory stimuli.
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Gain-of-function mutations can also cause LQTS in depolarizing channels. The most common
form (2—8% of LQTS cases) is LQTS3, due to the gain of function mutations in the Scn5a gene
encoding the alpha-subunit of cardiac voltage-activated Na* channels (Hedley et al., 2009).
Due to these mutations, Na* and late Na* currents are increased, and faster recovery from
inactivation and reactivation of the Na* current during the late phase of the AP was observed
(Makielski, 2016). These biophysical changes in the channel properties favor a prolonged APD
that is frequency-dependent and stronger at low heart rates. For this reason, lethal arrhythmias
occur in LQTS3 patients preferentially at rest and during sleep (Schwartz et al., 2001). Other
less abundant LQTS are caused by mutations of B-subunits of K* channels, the cardiac Ca*

channel, or even cytoskeletal and structural proteins (LQTS4-13) (Hedley et al., 2009).

Studies on LQTS2 showed that differentiated iPS cell-derived cardiomyocytes depict the
typical phenotype of LQTS with AP duration increase and EADs upon [-adrenoceptor
stimulation. Notably, there was a difference between the cells derived from family members
with the same mutations. In the study that investigated the KCNH2 G1681A (p.Ala561Thr)
mutation (Matsa et al., 2011), the mother did not show any EADs in accordance with the clinical
data which define the mother as an asymptomatic carrier who presents a prolonged QTc in
ECG but does not require therapeutic intervention. In contrast, the daughter needed drug
therapy to prevent arrhythmogenic events. From these data, it becomes obvious that
significant variations in the phenotype occur in family members, possibly due to additional
polymorphisms. In the LQTS2 with a different mutation, the KCNH2 p.Ala614Val mutation
(Itzhaki et al., 2011), iPS cell-derived cardiomyocytes were fundamental to evidence
differences in the induction of the arrhythmic events. In the p.Ala614Val mutation, isoprenaline
was not an inducer of AP duration shortening and EADs, probably due to different mutation
locations in the ion channels. These data evidenced different phenotypes in LQTS2 according
to the mutations and, consequently, a possible different therapeutic approach. The study of
the group of Matsa demonstrated the importance of the LQTS2 iPS-derived cardiomyocytes

as a disease model since 3 blockers in these cardiomyocytes and patient indeed stabilize the
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electrophysiological properties of cardiomyocytes, with less EADs. Moreover, K* channel
activators such as nicorandil and PD118057 rescued prolonged action potential. Notably, the
study showed how combined treatment with PD118057 and 3 blockers could be deleterious,
leading to excessive shortening of AP duration and enhancing EAD events. Overall, these
studies also demonstrated that by using patient-derived cells we can explore the real
physiological condition of the patients and that the genetic background can influence the entity
of the illness. Considering Matsa’s experiments, it was intriguing for us to obtain a cellular
model for LQTS3 that would allow the analysis of the phenotype and drugs to indicate the
appropriate therapy. The peculiarity of LQTS3 is that it manifests mainly during phases of
cardiac bradycardia, but the drug therapy at the time of our studies was still with 3-blockers,
which logically does not seem appropriate because they act on frequency inhibition. LQTS3
syndrome sparked our interest because, at the time, no one had used iPS cells for modeling
that disease, but despite of the fact that cardiac events are less frequent when compared with
LQTS1 and LQTS2, LQTS3 are more lethal with a 20% chance of death in these families. To
test whether iPS cell-derived cardiomyocytes showed the typical features of the Na* channel
gain of function mutation and to generate the disease model, we used and reprogrammed, as
a proof of principle, fibroblasts from heterozygous mice carrying the human KPQ deletion in
the cardiac Scn5a Na* channel. These mice with the KPQ mutation were reported to show
APD prolongation with signs of EADs and development of spontaneous polymorphic
ventricular arrhythmias in vivo. At that time, my working hypothesis was to investigate whether
iPS cell-derived cardiomyocytes could successfully replicate the disease-specific features of
LQTS3 in vitro. At that moment, it remained uncertain whether the phenotype of LQTSS,
characterized by complex arrhythmias occurring at low frequencies, could be accurately
phenocopied after reprogramming and in vitro differentiation in cardiomyocytes due to their

immaturity.
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2.6 Summary of Key Challenges Addressed in the Papers

The following results chapter will summarize the published papers on the importance of ES/iPS
cells as a model to study the development and differentiation mechanisms of cardiovascular
system. | investigated the significance of ECM proteins in development of cardiomyocytes and
EC and their connection to disease. To explore the impact of ECM defects, | utilized the EB in
vitro differentiation approach. These 3D models proved advantageous over traditional 2D
cultures as they more closely mimic the natural environment, allowing for meaningful
interactions between cells and their surrounding ECM components. Through this approach, |
also investigated how the absence of ILK influences crucial vascular signaling pathways and
the development of ECs. Additionally, | studied the effects of disrupting laminin y1 in
developing cardiovascular cells and assessed its potential to cause arrhythmias.
Subsequently, iPS cells were discovered and at the beginning, my working hypothesis was to
investigate whether iPS cell-derived cardiomyocytes could serve as an in vitro model that
recapitulate the specific disease phenotype. The study aimed to assess key disease-related
features such as APD and EADs, thus establishing an in vitro model that captures these

disease-specific characteristics.

In addition, | illustrated how to implement the use of pluripotent cells for screening and
therapeutic purposes using an antibiotic resistance-based purification method to obtain a pure
population of cardiomyocytes. Moreover, in that study we indicated the possibility to generate
non-clonal lines, as a quick method of iPS lines generation. We also tested iPS-derived
cardiomyocytes from patients with different mutations in the Scn5a gene, verifying that the
disease phenotype in cardiomyocytes remains intact in other LQTS3 models. Patient-derived
cardiomyocytes were further used to test specific drugs which may help to find adequate or
alternative therapies for the patients. Thus, | could show that stem cell-derived cardiovascular
cells can recapitulate disease phenotypes in vitro which allows the exhaustive investigation of

the disease's molecular mechanisms and the use of pharmacological screening.

34



3 Results

3.1 Role of extracellular matrix proteins in cardiovascular development using the ES

system:

Malfunctions of the proteins of the ECM are responsible for various diseases in the
cardiovascular field. For instance, in atherosclerosis, but also in cases of vessel aneurysm,
there is a progressive accumulation of disrupted elastins, collagen and lipids that weaken the
vessel walls (lozzo and Gubbiotti, 2018). An interesting molecule belonging to the ECM
component is ILK whose deletion causes the disaggregation of the endothelium of vessels
(Serrano et al., 2013, Noguchi et al., 2013). Interestingly, the ILK direct interaction partner, 1
integrin, show involvement in vascular development, as its deletion causes less development
of ECs and vessel network formation. Also, other ECM proteins, such as laminin a4, can alter
the structural integrity of cardiac and ECs. Mutations of ILK and laminin a4 create structural
defects in cells, which are the basis of dilated or arrhythmogenic cardiomyopathies (Friedrich
et al., 2004, Sasaki et al., 2004, Wang et al., 2006, White et al., 2006, Knéll et al., 2007). At
the time, when | decided to study the role of ECM in cardiovascular development, the available
ILK or laminins knock-out mouse models were mostly general and therefore lethal during
embryonic development. The group of Sakai showed that mice lacking the expression of ILK
die at perinatal stage because the proper polarization of epiblast cells failed during early
embryonic development. Additionally, the study showed that ILK deficiency resulted in the
abnormal accumulation of actin filaments in cells, which disrupted their normal functions (Sakai
et al., 2003). The Cre-loxP system was then employed to selectively delete ILK in ECs. This
was achieved by crossing the ILK-floxed mice with transgenic mice expressing Cre
recombinase under the control of an endothelial-specific promoter, such as Tie2-Cre. As a
result of this genetic manipulation, ILK expression could be specifically abolished in ECs, but
also in these mice embryonic lethality due to placental insufficiency was found (Friedrich et al.,

2004). The laminin a4 knock-out mouse survives embryonic development, but about 20% died
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at perinatal stage and those surviving had increased mortality due to sudden death (Wang et
al., 2006). Many laminins knock-out models, such as for laminin 31 and y1 displayed embryonic
or perinatal lethality due to improper basement membrane formation during embryonic
development (Smyth et al., 1999, Miner et al., 2004).

Hence, mouse models did not allow dissection of the pathomechanisms exerted by these ECM
components on tissues and cells at postnatal stages, as most of these genetic models died
prematurely. Therefore, | took advantage of an ES cell line, in which either ILK or laminin y1
was knocked out to dissect mechanisms of cardiovascular pathophysiology. Moreover, with
the pluripotent ES system, it was possible to get insights into cell interactions and

developmental mechanisms when a specific ECM component like ILK or laminin is deleted.

3.1.1 Deletion of integrin-linked kinase in endothelial cells results in defective RTK
signaling caused by caveolin 1 mislocation. Development. 2013
Mar:140(5):987-95. DOIl: 10.1242/dev.091298. PubMed PMID: 23404105

(IF:6.5).

Aim of the study

This work explores the role of ILK in EC development and function using ILK knock-out (-/-)
mouse embryonic stem cells. In mice, a conditional knock-out strategy with the Tie2-Cre-loxP
system was employed to selectively delete ILK in ECs. Deletion of ILK in ECs resulted in
vascular disruption and impairment (Friedrich et al., 2004). Because the mice die at an early
embryonic stage, it was impossible to get mechanistic insights into the molecular interactions
that lead to the observed delayed vascular development. Hence, we took advantage of ES
cells deficient for ILK (-/-) to study the potential relevance of ILK for EC biology. Our study
revealed a strongly reduced formation of vessel-like structures in ILK (-/-) EBs because of
defective EC signaling. My working hypothesis based on the known role of ILK in regulating
caveolae enrichment into the plasma membrane in keratinocytes. Additionally, given the
known modulation of EC signaling by molecules like RAS, nitric oxide, G-proteins, and growth
factors (e.g., VEGF) localized within caveolae, it suggests a potential role for ILK in governing

signaling regulation through control of caveolae.
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Methods and Results

Several studies showed that caveolin-1, a protein component of caveolae, interacts with ILK
and regulates cell adhesion and migration in the skin. We therefore hypothesized that ILK
modulates the crosstalk between growth factors and their receptors, integrins and signaling

microdomains built by caveolae and connected with cytoskeleton components.

ILK deletion caused a substantial alteration of the morphological characteristics of endothelial
structures in EB development with a higher proportion of single ECs, with fewer clusters and
vessel-like networks in ILK (-/-) than in wild-type EBs. In the absence of ILK, EC properties,
including proliferation, apoptosis, and migration, were strongly altered. Specifically, ILK
deficiency led to increased levels of EC proliferation and apoptosis, as well as impaired
migration during late stages of development. To confirm that these severe EC phenotypic
changes were directly caused by ILK deficiency we performed rescue experiments by ILK re-
expression in the knock-out ES cell line (see Fig 1, page 989, (Malan et al., 2013)). The ILK
dependency of the phenotype was highlighted by a partial rescue in the differentiation of

vessel-like structures.

To study the molecular mechanisms underlying the defective EC development, we investigated
the expression and distribution pattern of VEGFR2, the main receptor for VEGF involved in
vasculo-angiogenesis. ECs were MACS-sorted (M-ECs) with CD31 (PECAM1), a specific
endothelial marker, after in vitro differentiation of ILK (-/-) ES cells and wild-type ES cells.
VEGFR2 is a Tyrosine kinase receptor (RTK) which triggers the recruitment and activation of
phospholipase C gamma (PLCy), an enzyme that cleaves a membrane-bound phospholipid,
phosphatidylinositol 4,5-bisphosphate (PIP2), to generate inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG). IP3 then diffuses to the endoplasmic reticulum (ER), where it binds
to IP3 receptors (IP3Rs) and induces the release of stored calcium ions (Ca?*) into the cytosol.
This results in an increase of cytosolic calcium, which acts as a second messenger to regulate
various cellular processes, including metabolism, gene expression and cell proliferation. The

M-ECs showed similar VEGFR2 expression in both knock-out and wild-type M-ECs, as
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indicated by immunofluorescence and western blot analysis. The phosphorylation of the
receptor, which indicates its functionality, was also preserved. To check the downstream
signaling pathway in wild-type and ILK (-/-) M-ECs, cytosolic calcium (Ca?*) imaging was
performed. The VEGF agonist induced an increase of (Ca?*) in wild-type cells, whereas ILK
(-/-) M-ECs lacked a clear response. The lack of (Ca?*) response was also seen by applying
other tyrosine kinase agonists such as EGF. In contrast, Bradykinin, a Gq protein coupled
agonist, and the direct activation of its downstream signaling target PLCy were still effective
and increased (Ca?+). These results proved that ILK deficiency causes defective tyrosine
kinase signaling, whereas G-protein coupled receptors and signaling remain unaltered. (See

Fig 2 and 3, page 990).

In ECs caveolae are essential and well expressed because they cluster specific signaling
molecules, thus allowing the activation of VEGF/PLCy/Ptdins(4,5)P2 (PIP2) downstream
signaling pathways. The dependency of signaling clusters on functional tyrosine kinase
receptor signaling was corroborated by analyzing lipid rafts disruption by beta-cyclodextrin
incubation. Again, VEGF stimulation on cells with damaged lipid rafts lacked the increase of
(Ca?). In contrast, the activation of Gg-coupled receptors showed the typical increase of
Intracellular Ca?+ and intact function. These experiments indicated that the microdomain for
Gq signaling remained intact despite caveolae disruption. However, the exact clustering of
RTK at the plasma membrane was essential for activating their intracellular signaling pathways

(see Fig 4, page 991).

Caveolin 1 is the main constituent of caveolae and was implicated in the ILK phenotype in
keratinocytes. Therefore, a caveolin 1-egfp construct was created to study caveolae formation
and turnover in ILK (-/-) ECs (see Fig 4, page 991). Fluorescence microscopy analysis of M-
ECs transfected with the caveolin 1-egfp fusion protein confirmed differences in the membrane
localization and therefore clustering alteration between wild-type and ILK (-/-) cells. The
caveolin 1-egfp protein was preferentially close to the plasma membrane in wild-type and

randomly distributed to the center near the nucleus in ILK (-/-) cells. The kinetics of clustering
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and membrane association was further investigated using Live fluorescence imaging, which
showed disruption of the trafficking of caveolin 1-egfp proteins. Most caveolin 1-egfp fusion
proteins in ILK (-/-) were stationary, mainly in the region near the nucleus, and only a few were
able to reach the plasma membrane (Fig 5, page 992). The average velocities of the caveolin
1-egfp protein were slower in the absence of ILK than in wild-type cells. Thus, striking defects
in caveolin 1 dynamics and positioning are due to the lack of ILK structural-functional

regulation.

Because of the importance of ILK in regulating caveolin trafficking to the plasma membrane
and its role in connecting the cytoskeleton with the extracellular environment, we next
investigated whether the defects in caveolin 1 positioning were linked to cytoskeleton
dysregulation. The ILK (-/-) M-ECs showed a different distribution of microtubules, especially
regarding their interaction with cortical actin, as they were distributed in dense packs positioned
in the center and much less in the periphery of the cells. The tips of microtubules did contact
the cortical actin network, and actin per se accumulated in the peripheral areas of the cells.
The exposition to latrunculin, a potential agent to disrupt lipid rafts and caveolae, corroborated
these findings in wild-type cells. Latrunculin disrupts F-actin, and fewer stress fibers were
observed after its application. Furthermore, caveolin 1 molecules redistributed to the center of
the cells, and the actin network accumulated in the periphery of the cells. This specific pattern

recapitulated the ILK (-/-) M-ECs phenotype (Fig 6, page 993).

Thus, the data reveal that the organization of both microtubules and actin networks is disrupted
in ILK (-/-) ECs and that the microtubules do not interact with the cortical actin. Moreover, the

data indicate cortical actin- and ILK-dependent subcellular distribution of caveolin 1.

Conclusion

We discovered a critical role of ILK in EC biology, particularly in vessel formation and
maturation during vasculogenesis. The absence of ILK led to a significant impairment in EC
phenotype, characterized by a failure to mature and continue the process of vasculogenesis.

Our findings demonstrated that ILK directly influences specific cellular signaling pathways, as
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evidenced by the lack of an intracellular Ca?* increase upon activation of VEGFR2 or other
RTKs. This is mediated through ILK's regulation of caveolin 1 movement and positioning, which
in turn impacts the spatial arrangement of caveolae, signaling microdomains, and downstream
signaling components. Additionally, the functional signaling microdomains also strictly depend
on correct actin interactions with the microtubules. In summary, ILK plays a pivotal role in
tyrosine kinase receptor-dependent signaling, exerting a significant influence on EC
development and function by modulating caveolae placement and maintaining the integrity of

actin and tubulin subcellular structures.

40



DEVELOPMENT AND STEM CELLS RESEARCH ARTICLE 987

Development 140, 987-995 (2013) doi:10.1242/dev.091298
© 2013. Published by The Company of Biologists Ltd

Deletion of integrin linked kinase in endothelial cells
results in defective RTK signaling caused by caveolin 1
mislocalization

Daniela Malan', Andrea Elischer?, Michael Hesse', Sara A. Wickstrém3#, Bernd K. Fleischmann™* and
Wilhelm Bloch?*

SUMMARY

Integrin linked kinase (ILK) connects the ILK-Pinch-Parvin complex with integrin adhesion sites. Because of the functional relevance
of integrin-linked signaling for endothelial cell (EC) biology, we have explored this pathway in //k”’~ embryonic stem (ES) cells
differentiated into ECs and vessel-like structures. We have focused in particular on the mechanistic relevance of ILK-Pinch-Parvin
complex-related signaling for EC development and tube formation. Our analysis revealed that the formation of vessel-like structures
was strongly reduced in //k”~ ES cells and that this phenotype could be rescued by re-expression of ILK in ES cells. ECs were MACS sorted
from wild-type (WT) and /lk”~ ES cells and functional analysis using intracellular calcium imaging as the read-out yielded a complete
lack of vascular endothelial growth factor- and epidermal growth factor-dependent responses. The possibility of a caveolin 1-related
defect was investigated by transfecting WT and //k”~ ECs with a caveolin 1-EGFP fusion protein. Time-lapse microscopy showed that
the prominent phenotype is due to altered dynamics of caveolin 1 and to a lack of positioning of caveolin 1 in the vicinity of the plasma
membrane and that it is rescued by re-expressing ILK in the //k”~ ES cells. We also found that the defect is caused by the perturbed
organization of microtubules and cortical actin filaments. Thus, ILK is required as a scaffold to allow actin-microtubule interactions
and correct positioning of caveolin 1 close to the plasma membrane. This is crucial for signaling compartmentalization in ECs and

explains the key role of ILK for EC development and function.

KEY WORDS: Integrin linked kinase (ILK), Endothelial cells, Tyrosine kinase signaling, Mouse

INTRODUCTION
Integrin linked kinase (ILK) is a ubiquitously expressed scaffold
protein that functions as a central component and mediator of cell-
extracellular matrix (ECM) interactions (Novak et al., 1998). ILK
binds the cytoplasmic tail of Bl integrin and consists of three
structural and functional domains (Dedhar and Hannigan, 1996):
five ankyrin repeats at the N terminus, which allow interaction with
PINCH; a Pleckstrin-homology (PH) domain; and a C-terminal
kinase-like domain (Wickstrom et al., 2010b). By targeting of the
PINCH-Parvin complex to integrin adhesion sites, ILK regulates
the engagement and remodeling of the actin cytoskeleton
downstream of integrin adhesion (Wickstrom et al., 2010a;
Wickstrom et al., 2010b). Moreover, there is evidence for direct
interactions of ILK with tyrosine kinase receptors (RTKs) via
PINCH and the NCK2 adaptor protein (Tu et al., 1998). Thus, ILK
links cell-matrix interactions with signals modulating remodeling
of the cytoskeleton and is therefore involved in central cell
biological processes such as cell adhesion, migration, proliferation,
survival and differentiation (Hannigan et al., 2007).

ILK has been also reported to affect endothelial cell (EC)
apoptosis, proliferation and migration as well as vascular
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development in vitro (Friedrich et al., 2004; Vouret-Craviari et al.,
2004). In addition, defects in vascular development were observed
in vivo in ILK-deficient mice (Friedrich et al., 2004). However,
despite the EC-specific deletion of ILK, the mice died at an early
embryonic stage and, therefore, the molecular defects underlying the
observed delay of vascular development could not be determined
(Friedrich et al., 2004). A recent publication in keratinocytes has
provided new mechanistic insight into the cell biological role of ILK
by illustrating its direct involvement in trafficking and its integration
into the plasma membrane (Wickstrom et al., 2010a; Wickstrom et
al., 2010b). Caveolae are present in most cell types, but are
particularly abundant in ECs and are known to play a crucial role in
EC biology (Cho et al., 2004). The principal component of caveolae
in ECs is caveolin 1 and this molecule is known to cluster a great
variety of different signaling molecules, e¢.g. RAS, nitric oxide, G-
proteins and growth factors such as vascular endothelial growth
factor (VEGF) (Krajewska and Maslowska, 2004). Caveolin 1 assists
compartmentalization of signaling pathways by establishing specific
lipid microdomains that act as specialized signaling hubs (Balijepalli
et al., 2006; Saliez et al., 2008). Integrin-based adhesion has been
shown to regulate multiple signaling cascades and to provide
crosstalk with growth factors. Therefore, we hypothesized that the
involvement of ILK in the formation of lipid rafts and/or caveolin 1
microdomains could be important for this crosstalk (Head et al.,
2005; Head et al., 2006). In order to understand the potential
relevance of ILK for EC biology, we have investigated EC
development and function in Z/k”~ embryonic stem (ES) cells. Our
study revealed strongly reduced formation of vessel-like structures
in 7k~ embryoid bodies (EBs) because of defective EC signaling.
This striking alteration is due to perturbed caveolin 1 positioning in
vicinity of the plasma membrane.
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MATERIALS AND METHODS

Cell culture

The mouse ES cell lines D3 (wild type) and I/k”~ were derived and
maintained in culture in hanging drops (Malan et al., 2010). Time after
plating was indicated as (5+7) and (5+14) days.

Immunohistochemistry and detection of endothelial cells and
vessels

EBs were fixed with 4% paraformaldehyde (PFA) and MACS-sorted ECs
(M-ECs) were stained with the antibody rat anti-mouse PECAM-1 (CD31)
(1:800; Pharmingen, San Diego, CA, USA). Other antibodies/markers used
were: rabbit polyclonal anti-collagen IV (1:500; Acris Antibodies), mouse
monoclonal anti-perlecan (1:500; Biotrend, Koln, Germany), mouse
monoclonal anti-fibronectin (1:500; Sigma-Aldrich, Munich, Germany),
polyclonal rabbit anti-laminin (1:500; Sigma-Aldrich), rabbit polyclonal
PLCy1 (1:50; abcam, Cambridge, UK), rat anti-mouse flk-1 (1:100, BD
Pharmingen, Erembodegem Belgium), Alexa Fluor 488 Phalloidin (1:40;
Molecular Probes Invitrogen, Karlsruhe, Germany), mouse monoclonal -
tubulin (1:500; Sigma-Aldrich), rabbit polyclonal anti-caveolin 1 (1:500;
BD Pharmingen), wheat germ agglutinin conjugate Alexa Fluor 488 (1:500;
Molecular Probes Invitrogen). Secondary antibodies were: Cy3- (or Cy2-)
conjugated goat anti-rabbit (or goat anti-mouse) Ig (1:1500 and 1:500;
Dianova, Hamburg, Germany).

Magnet-associated cell sorting (MACS)

Differentiated ES cells (5+7 days) were dissociated with Accutase (PAA
Laboratories, Linz, Austria). The single cells were stained with an
endothelial-specific marker, rat anti-mouse-PECAM-1 (also known as
CD31), and MACS sorted as previously described (Schmidt et al., 2004).
For analysis, the number of cells in 40 defined areas was calculated using
a 40x objective on an Axiophot microscope (Zeiss Microimaging,
Goettingen, Germany).

Proliferation assay and apoptosis assay

Wild-type and //k”~ EBs were fixed and stained with rat anti-PECAM-1 as
described above. Proliferating cells were detected with the primary antibody
rabbit anti-mouse Ki67 (1:150, pAb; Dianova) and apoptotic cells with a
rabbit anti-active caspase 3 (1:500, BD Pharmingen). The number of Ki67-
or caspase 3-positive-cells within 50 randomly chosen vessel-like tubes was
counted as proliferating or apoptotic M-ECs (Miiller-Ehmsen et al., 2006).

Morphological analysis, apotome and confocal microscopy

The distribution pattern of extracellular matrix proteins, caveolin 1 and
cytoskeletal components, as well as live images, were analyzed by confocal
microscopy using the LSM 510 META Zeiss microscope (Zeiss
Microimaging) or by an inverted confocal laser scanning microscope
(Nikon Eclipse Ti). Alternatively, image stacks were acquired with a
fluorescence microscope equipped with the ApoTome (Axiovert 200A,
Zeiss Microimaging). Live images were acquired with the confocal laser
scanning microscope with one image every second for 50 seconds in total.
The analysis of velocity was carried out from the videos with Image J 1.37v
(Plug-In: Particle Analysis/Manual Tracking). For every picture, the same
caveolin 1-EGFP was marked and the distance was measured. The program
assigns to each analyzed particle a random color, which it is not related to
the velocity. The velocity was then analyzed with a Gaussian distribution.
For evaluation of vascular development, PECAM-positive structures in EBs
were counted (Malan et al., 2010). In parallel to the quantification of
endothelial tubes we also analyzed the distribution of different PECAM-
positive structures in four different EBs at early and late stages. We defined
‘endothelial precursors’ as single endothelial cell precursors, ‘clusters’ as
aggregates of endothelial precursors and ‘vessel-like structures’ as a network
of tube-like structures with at least five branches. The whole EB was
screened and results are given as percentage of all PECAM-positive
structures (Malan et al., 2010).

Plastic embedding and electron microscopy

M-ECs were fixed in 4% PFA then treated with 1% uranyl acetate. The
specimens were embedded in Araldite (Serva, Heidelberg, Germany). Semi-
thin sections (500 um) were cut and stained with Methylene Blue. Ultrathin

sections (30-60 nm) for electron microscopic observation were processed on
a microtome with a diamond knife and placed on copper grids. Transmission
electron microscopy was performed using a 902A electron microscope from
Zeiss (Zeiss Microimaging).

Protein detection and western blot analysis

For western blotting, samples were submitted to SDS-PAGE and proteins
were transferred to PVDF membrane and incubated with specific
antibodies. Immunoreactive proteins were detected by the enhanced
chemiluminescence detection system (Amersham Biosciences Europe,
Freiburg, Germany) and normalized to the actin content. VEGF (PAN
Biotech, Aidenbach, Germany) stimulation was achieved by treating the
cells for 6 hours with low serum medium (1%), then 20 ng/ml VEGF
(PAN Biotech) was applied for 4 minutes. We used a concentration that
has been reported to be physiologically relevant in inducing vasculo-
angiogenesis (Schmidt et al., 2005; Hagedorn et al., 2004); this
concentration also induced a clear Ca>* release from the sarcoplasmic
reticulum. Densitometry analysis was carried out using ImagelJ software
(NIH) and normalized to the actin content. Antibodies used were: rabbit
polyclonal anti-caveolin 1 (1:500; Acris Antibodies), rabbit polyclonal
anti-GFP (1:500; Santa Cruz Biotechnology, Heidelberg, Germany),
rabbit polyclonal anti-VEGFR2 and anti-phosphoY 1054-1059VEGFR2
(1:2000; Abcam), mouse monoclonal anti-MAPkinase activated (1:1000;
Sigma-Aldrich), rabbit polyclonal anti-MAPkinase (1:1000; Upstate,
Merck Millipore, Billerica, MA, USA), rabbit polyclonal anti-phospho-
PLCyl (Tyr783) antibody (1:500; Cell Signaling Technology, Danvers,
MA, USA), rabbit polyclonal anti-PLCyl (1:1000; Cell Signaling
Technology), mouse monoclonal anti-actin (1:4000; Chemicon Millipore,
Billerica, MA, USA).

Migration assay

Migration assay was performed in a modified Boyden chamber. The total
number of PECAM-positive migrated cells was counted as well as the
number of migrated M-ECs (n=6) as described previously (Schmidt et al.,
2004).

Generation of transgenic ES cell clones

A pCL-MFG fusion plasmid containing the ILK-EGFP ¢cDNA (provided by
R. Féssler, Max Planck Institute of Biochemistry, Department of Molecular
Medicine, Martinsried, Germany). By cutting the construct with
EcoRI/Notl, the EGFP ¢cDNA was excised and subsequently cloned into
ABD 15-24 pEGFP-N3/B-actin (BD Biosciences Clontech, Heidelberg,
Germany) with ABD 15-24-EGFP excised. The resulting B-actin-ILK-
EGEFP fusion construct was used for electroporation of ILK-ES cells.

Generation of the caveolin 1-EGFP fusion protein

The caveolin 1 cDNA (Homo sapiens, PubMed BC082246) was cloned in-
frame upstream of the EGFP cDNA of the pEGFP-1 plasmid (BD
Biosciences Clontech), in the BamHI restriction site. The CAG promoter
from pDRIVE-CAG (InvivoGen, San Diego, CA, USA) was cloned into
the Smal/Sall restriction site of the caveolin 1 -EGFP fusion plasmid.

Ca?* imaging

M-ECs were loaded with the intracellular calcium ([Ca?'];) indicator Fura
2 am (5 uM; Molecular Probes Invitrogen) for 10 minutes at room
temperature. The bath solution contained: 140 mM NaCl, 5.4 mM KClI, 1
mM MgCl,, 1.8 mM CaCl,, 10 mM HEPES and 10 mM glucose. The
emitted fluorescence was monitored using a charge-coupled device cooled
camera (TILL Photonics, Planegg, Germany) coupled with an inverted
microscope (Axiovert 200M, Zeiss Microimaging). The emission data were
analyzed using the Vision software package (TILL Vision 4.0, TILL
Photonics). Results are displayed as 340 nm/380 nm ratios after background
subtraction. 7 is the number of cells tested. A [Ca®']; increase of <10% was
considered to be ‘no response’. M-ECs were in some experiments treated
with 2% methyl-beta-cyclodextrin (MbetaCD) for 2 hours at 37°C. All
drugs used were from Sigma-Aldrich except for epidermal growth factor
(EGF) and VEGF (both from PAN-Biotech) and the PLC activator m-
3M3FBS (Calbiochem, Merck Millipore, Darmstadt, Germany).
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Statistical analysis

All data are presented as mean+s.e.m. Data analysis was performed using
analysis of variance with Bonferroni post-hoc test and/or Student’s t-test
for paired and unpaired data. Significance was considered at a P-value
<0.05. Calculations of significance were carried out using GraphPad Prism
5 (GraphPad Software, San Diego, CA, USA).

RESULTS

ILK deficiency results in strongly reduced
differentiation into endothelial tube-like
structures

First, we investigated vascular development in wild-type (WT) and
Ik~ EBs based on the morphological characteristics of endothelial
structures at different time points of development. We found a
strongly reduced number of PECAM-positive endothelial tubes in
the /Ik”~ EBs (Fig. 1A) compared with WT controls; //k”’~ ECs were
preferentially assembled in clusters (Fig. 1A, middle). Quantitative
analysis of the main types of vessel structures (Fig. 1B; see
Materials and methods) revealed that WT EBs possessed similar
percentages of cells, clusters and vessel-like structures (25%, 33%
and 41%, respectively) at 5+7 days (5+7d), whereas in //k”~ EBs a
clearly (P=0.002, paired Student’s ¢-test) higher proportion of single
cells (75.3%, 22.2% and 2.5% for cells, clusters and vessels,
respectively) was detected (Fig. 1C). Similarly, at the late
differentiation stage (5+14d) lower numbers of vessel-like structures
(64.9%, 24.7% and 10.4% for cells, clusters and vessels,
respectively) were found in /Ik”~ EBs compared with WT EBs
(19.4%, 2% and 78.6% for cells, clusters and vessels, respectively;
P=0.007, paired Student’s #-test). To prove unequivocally that ILK
deficiency caused this defect of vascular development, we generated
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Fig. 1. ILK deficiency results in strongly reduced development and
differentiation of endothelial tube-like structures. (A) Endothelial
tube-like structures in WT, /lk”~ and ILK-rescued EBs (anti-PECAM staining,
red). Inset shows rare, thin, tube-like structure formation. (B) Schematic of
different PECAM™ structures. (C) Percentage of PECAM® structures at early
(5+7) and late (5+14) stages of development. Scale bar: 20 um.

stable rescue ES cell lines, in which the CAG promoter drives
expression of ILK. In these EBs, the percentage of vessel-like
structures increased (30%, 46.9% and 19.3% for cells, clusters and
vessels, respectively, at 5+7d; and 10%, 37.5% and 52.5% for cells,
clusters and vessels, respectively, at 5+14d), suggesting a partial
rescue (see also Fig. 1A, right-hand panel; Fig. 1C).

In order to understand better the observed differences between
WT and I/k”~ EBs, we assessed the cell biological properties of the
ECs in more detail. We found a significant increase in the rate of
apoptosis in Zlk”~ ECs at 5+7d (WT: 32.2+12.9, n=8 differentiated
EBs; Ilk”": 191.0£38.2, n=8), as well as at 5+14d of development
(WT: 17.243.6, n=8; Ilk": 124.2+33.6, n=8). The proliferation rate
was very similar in WT and /lk”~ ECs at the early stage of
development (WT: 43.8+6.4, n=8; Ilk"": 38.844.2, n=8), whereas
it was increased in the /Ik cells at the late stage (WT: 16.9+4.5,
n=8; Ilk"": 59.8+9.5, n=8). The migration rate did not differ at 5+7d
(WT: 59.246.6, n=4; Ik 65.0£13.1, n=4), whereas in 5+14d EBs
a higher migration of 7/k”~ PECAM-positive ECs was seen (WT:
55.044.7, n=4; Ilk"~: 96.0+16.8, n=4). Thus, our data show that ILK
deficiency results in a striking impairment of vessel formation. The
observed discrepancy between proliferation and apoptosis rates at
the late differentiation stage could explain the decreased vessel
formation in the //k”~ EBs.

VEGF signaling is defective in Ilk”- ECs

It is well known that VEGF signaling plays a key role in EC biology
and vascular development. The observed phenotype in the //k”~ EBs
prompted us to investigate the expression and distribution pattern of
VEGFR2 (KDR - Mouse Genome Informatics) using
immunohistochemistry. This analysis did not reveal obvious
differences between WT and //k”’~ MACS-sorted endothelial cells
(M-ECs) (Fig. 2A). We also quantified VEGFR2 expression by
western blotting and found comparable levels in WT and 77k~ M-
ECs (Fig. 2B) [arbitrary optical density (OD)=0.99+0.002 in WT
and 0.99+0.01 in ILK, n=3]. As normal expression levels of the
receptor cannot exclude functional defects, we next assessed the
phosphorylation of VEGFR2 in response to VEGF (20 ng/ml). We
found that phosphorylation of the receptor occurred in both WT and
Ik~ M-ECs; however, phosphorylation levels before and after
stimulation were higher in the mutant cells compared with WT cells
(relative expression, arbitrary OD=0.7+0.08 in WT and 0.94+0.08
in WT with VEGF; 1.010.07 in k"~ and 1.2+0.04 in Ilk”~ with
VEGE, n=3; *P<0.05), suggesting alterations in the basal regulation
of VEGFR?2 activity (Fig. 2C).

Because of the preserved VEGF-mediated phosphorylation of the
VEGFR2 in IIk"~ M-ECS, we suspected downstream signaling
defect(s) and explored the key pathways, namely ERKI1/2
(MAPK3/1) and PLC-y (PLCG1) activation. Similar to VEGFR2,
ERK /2 was phosphorylated in WT and 7"~ M-ECS (Fig. 2D),
but, again, the latter displayed higher phosphorylation levels prior
to and post VEGF stimulation (arbitrary OD=0.614£0.03 in WT,
0.81:£0.04 in WT with VEGF, 0.78+0.03 in k"~ and 0.98+0.07 in
Il with VEGE, n=3; *P<0.05). The overall levels of ERK1/2
remained stable in all conditions (arbitrary OD=1.02+0.01 in WT,
1.01£0.005 in WT with VEGF, 1.0340.05 in //k”~ and 0.99+0.04 in
Ilk”~ with VEGF, n=3; supplementary material Fig. S3H).

We determined next the downstream signaling pathway in WT
and Ik~ M-ECS using single-cell [Ca®"]; imaging. The majority
(67.1%) of WT M-ECs responded to VEGF (20 ng/ml, applied via
a micropipette) with an increase of [Ca”"]; (Fig. 2E, left-hand panel);
resting [Ca?"]; was augmented by 57.3+5.8% (n=49, Fig. 2E, right-
hand panel). By contrast, almost all (99.1%, n=90) Ik~ M-ECs
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Fig. 2. VEGF signaling is defective in Ilk”- M-ECs. (A) VEGFR2
distribution in WT and /lk”~ M-ECs (anti-VEGFR2 staining, red).

(B-D) Western blots of VEGFR2 (B), its phosphorylated form (pVEGFR2) (C)
and ERK1/2 as well as its phosphorylated form (pERK) (D) in WT and ik~
M-ECs. The densitometric analysis of these western blots is shown below
(n=3, *P<0.05; see also supplementary material Fig. S3H). (E) VEGF (20 nM)
evokes an increase of [Ca2*]; in WT (left) but not /lk”~ (middle) M-ECs,
whereas thapsigargin (TH; T uM) elevates [Ca?'];also in M-ECs (middle);
representative [Ca®']; traces are shown, each color labels the 340/380 nm
ratio in an individual cell over time. Right: statistical analysis of the
percentage increase of [Ca?']; upon drug application. Error bars represent
s.e.m. Scale bar: 5 um.

lacked a clear [Ca®"]; response upon application of VEGF (Fig. 2E,
middle; the average change in [Ca®']; was —4.8+1.1% (n=90,
Fig. 2E, right-hand panel). These data suggest that VEGFR2-
induced signaling is severely impaired in //k”~ M-ECs and we
therefore explored in more detail the underlying defect.

ILK deficiency causes defective tyrosine kinase
signaling

Because of the lack of an increase in [Ca®']; upon VEGF application
in [Ik”~ M-ECs, we wondered whether similar signaling defects also
occurred with other RTKSs in these cells. Indeed, EGF (20 ng) also
failed to augment [Ca2+]i in 7k~ M-ECs in contrast to WT M-ECs;
72.4% of WT cells (n=21) showed an EGF-induced increase of
[Ca®"]; by 52.2+10.8%, whereas 58 out of 59 Ik~ cells did not
respond to EGF and this is also reflected by the marginal average
increase of [Ca®']; by 2.4+0.6% (Fig. 3A). Importantly, we could
also demonstrate that the defective response to VEGF and EGF was
at least partially restored in rescued //k”~ M-ECs (supplementary
material Fig. S1A,B) In fact, the majority of rescued cells (73.3%,
n=33) responded to EGF and a lower percentage (30.7%, n=11) to
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Fig. 3. Tyrosine kinase signaling is defective in Ilk”'~ M-ECs. (A) EGF
(20 nM) evokes an increase of [Ca?*]; in WT but not /lk~ M-ECs.

(B) Bradykinin (Bk, 100 nM) elevates [Ca?*]; in both WT and //k”~ M-ECs.
(C) Direct activation of PLC with m-3M3FBS (25 uM) also augments [Ca”*];
in WT and /lk”"~ M-ECs; each color labels the 340/380 nm ratio in an
individual cell over time. For A-C, statistical analyses of the percentage
[Ca?"]; increase upon drug application in comparison to control
conditions is shown on the right. (D) The cellular distribution of PLC-y
(green) is assessed by immunohistochemistry. (E) Expression analysis of
PLC-y and its phosphorylated isoform (Tyr783) is performed by western
blotting (left) and quantified by densitometry (right). Error bars represent
s.e.m. Scale bar: 40 um. See also supplementary material Fig. S1 and Fig.
S3G.

VEGF; the percentage of [Ca®"]; increase amounted to 60.1+3.1%
(n=33) and 34.1+5.4% (n=11), respectively (supplementary material
Fig. S1C).

Next, we investigated whether other PLC-y-dependent signaling
pathways were also affected by analyzing Gg-coupled agonists.
When stimulating M-ECs with bradykinin (100 nM), most of the
WT (91.4%, n=64) and Ilk"~ (67.4%, n=58) cells responded with a
transient [Ca®"]; response (Fig. 3B) of comparable magnitude.
Similar results were also obtained with acetylcholine (ACh; 10 uM),
which showed preserved activation of the [Ca®"]; response in Jlk~~
M-ECs (WT: 73.5% of responders, n=36; Ilk"": 69.5% of
responders, 7=16). To pinpoint more precisely the signaling defect,
in particular whether it occurred at the receptor level or downstream
of the receptor, we used first the direct PLC activator m-3M3FBS.
Application of this compound led to an increase of [Ca>']; in both
WT and Ilk"~ M-ECs (Fig. 3C), suggesting that PLC-y and its
related downstream signaling components were functional upon
direct activation; the percentage of [Ca®*]; increase was 24.7+1.6%
in WT cells (n=29) and 29.3+4.8% in Ilk”~ cells (n=19) (Fig. 3C,
right-hand panel) (WT: 74.4% of responders; Ik’ 76% of
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responders). We next assessed the PLC-y distribution pattern in WT
and /lk”~ M-ECs by immunocytochemistry and found that it was
unchanged (Fig. 3D). Moreover, protein expression analysis of
PLC-y did not reveal significant differences between WT and 17k~
(Fig. 3E; supplementary material Fig. S3G). In addition, our
experiments revealed that VEGF application lead to the
phosphorylation of PLC-y at the Tyr 783 site in WT and //k”~ M-
ECs, indicating intact activation (arbitrary OD pPLC=1.02+0.18 in
WT and 1.11£0.24 in WT with VEGF; 1.12+0.18 in //k’~ and
1.20£0.22 in //k”~ M-ECs with VEGF; n=4; Fig. 3E); the respective
numbers are also significantly different (paired ¢-test WT versus
WT with VEGF: P=0.0117; Ilk’~ versus Ilk”’~ with VEGF:
P=0.0033). Thus, our experiments showed that ILK plays a crucial
role for RTK-dependent signaling in M-ECs.

Caveolin 1 distribution is altered in Ilk”- M-ECs

ILK has been recently reported to play a key role in caveolae
formation. As the components of the VEGF/PLC-y/PtdIns(4,5)P,
(PIP2) signaling axis are clustered within caveolae in ECs and
earlier experiments underscore the crucial role of the clustering
of signaling components, we explored the subcellular distribution
of components within caveolae. For this purpose, we used double
immunohistochemical analysis with the plasma membrane marker
wheat germ agglutinin and an antibody against caveolin 1.
Caveolin 1 is the main protein component of caveolae in ECs and
is essential for caveolae formation (Drab et al., 2001). The
stainings illustrated that caveolin 1 is associated with the plasma
membrane in WT (Fig. 4A, left-hand panel, see arrow), but not in
Ilk"~ M-ECs (Fig. 4A, right-hand panel). This important finding
was corroborated by electron microscopy. Even though the
absolute number of typical caveolar structures is relatively low in
cultured M-ECs, we could clearly identify these in close vicinity
to the plasma membrane in WT cells, whereas this was not
observed at all in any of the //k”~ M-ECs (60 cells in each
preparation were analyzed; IIk™~: n=3 preparations; rescued /lk'":
n=2 preparations; WT: n=3 preparations) (Fig. 4B). Interestingly,
western blotting experiments showed that the overall expression
level of caveolin 1 did not significantly differ between WT and
Ik~ M-ECs (WT: 1.0120.18 arbitrary OD, n=5; Ilk"": 0.95+0.16,
n=4; P=0.7; Fig. 4D). In addition, even transfection with the
caveolin 1-EGFP fusion protein (see also below) did not change
the overall expression of caveolin 1 in the cells (WT transfected:
1.01+0.06 arbitrary OD, n=7; ILK transfected: 1.02+0.08, n=5;
P=0.7). Because of the lack of caveolin 1 association with the
plasma membrane in /lk”~ M-ECs, we investigated whether
disruption of caveolin 1 assembly and caveolin 1 microdomain
formation in WT M-ECs could reproduce the functional defects
observed in the /lk”’~ M-ECs. For this purpose, we used beta
cyclodextrin (MbetaCD); this compound is a known disruptor of
lipid rafts and acts via depletion of cholesterol causing
malpositioning of membrane protein complexes (Barbuti et al.,
2004; Jang et al., 2001). In agreement with our hypothesis,
MbetaCD (2%) prevented VEGF-induced increase of [Ca®']; in
WT M-ESCs (n=11) (Fig. 4C), whereas, as would be expected (see
also Fig. 3B), the bradykinin response was preserved in the
MbetaCD-treated [k~ M-ESCs (Fig. 4C); the percentage of
[Ca®*]; increase was 55.5+6.2% in WT cells treated with MbetaCD
(n=11) with 42.4% of responders, whereas none of the cells tested
responded to VEGF stimulation. These data suggest that intact
caveolin 1 microdomains in the vicinity of the plasma membrane
are required for functional RTK signaling and that deletion of ILK
leads to defective caveolin 1 positioning and caveolae formation.
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Fig. 4. Caveolin 1 positioning is altered in /lk”~ M-ECs. (A) Caveolin 1
insertion into the plasma membrane in Ik~ (right) and WT M-ECs (left,
arrow) using double staining against wheat germ agglutinin (green) and
caveolin 1 (red). Ext, extracellular side; Int, intracellular side. (B) Electron
microscopy depicts structures typical for caveolae (asterisks) in WT M-ECs;
in Ik~ M-ECs, only small invaginations of the membrane, but no
caveolae, can be detected (arrows, right). (C) VEGF does not evoke an
increase of [Ca?'];in WT M-ECs upon M-B-cyclodextrin (MbetaCD, 2%)
treatment, whereas the response to bradykinin remains intact;
representative [Ca’']; traces are shown, each color labels the 340/380 nm
ratio in an individual cell over time. (D) Statistical analysis of the
percentage of [Ca**]; increase in WT cells treated with MbetaCD (n=11).
(EF) Assessment of caveolin T expression using western blotting (E) and
its densitometric analysis (F). (G) Scheme of the caveolin 1-EGFP fusion
protein under control of the CAG promoter. (H) Immunostaining of native
(red) and transfected (green) caveolin 1in WT (upper) and /lk”’~ (lower)
cells. Error bars represent s.e.m. Scale bars: 0.5 um in A; 4 umin B, left; 5
um in B, right; 20 um in H.

Altered intracellular trafficking and subcellular
distribution of caveolin 1 in Ilk”’~- M-ECs

Because of these findings, we investigated the formation and
subcellular localization of caveolae in more detail. To this end, we
transfected M-ECs with a caveolin 1-EGFP fusion protein
(Fig. 4E). This colocalized with endogenous caveolin 1 in both WT
and 77k~ M-ECs (Fig. 4F, red). We could identify a clear difference
in the localization of the caveolin 1-EGFP fluorescence between
WT and Ik cells; caveolin 1 had membrane localization in WT
cells (Fig. 4H, upper panel, arrows), whereas this was lost in //k™"~
cells (Fig. 4H, lower panel, arrows). This striking difference in the
subcellular distribution of caveolin 1 was also confirmed when
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Fig. 5. Defective localization and movement of caveolin 1 in Ilk™~
M-ECs. (A,B) Snapshots of WT (A) and /lk”~ (B) M=ECs transfected with
caveolin 1-EGFP (green, arrows). (C) lllustration of the movement paths of
the caveolin 1-EGFP-positive vesicles. In WT M-ECs (n=41 vesicles from
four cells), two types of motility are seen: yellow and blue arrows indicate
fast long-distance motility in the periphery between the plasma
membrane and the cytosol (dark-blue arrow), whereas white arrows
indicate slow movement at the center or close to the plasma membrane
(asterisk). In Ik~ M-ECs (n=42 vesicles from four cells), the red arrow
indicates the typical static movement pattern of fusion proteins in the
cytosol and beneath the plasma membrane. (D) Left: average velocities of
fusion proteins in WT, Ik~ and rescue M-ECs. Right: distribution of the
different velocities (0 to 0.8 um/second). Error bars represent s.e.m. The
images shown are snapshots taken from supplementary material Movies
1 and 2. Scale bars: 20 um. See also supplementary material Fig. S2 and
Fig. S3EF.

acquiring with live imaging apotome sections of whole M-ECs.
The caveolin 1-EGFP signal was preferentially close to the cell
membrane in WT (Fig. SA, arrows), but was in the center of cells
in Jlk~ M-ECs (Fig. 5B, arrows). The idea that ILK determines
caveolin 1 formation and its subcellular positioning was further
corroborated by analyzing the caveolin 1-EGFP-transduced ILK-
rescued M-ECs, in which membrane localization of the fusion
protein was similar to that in WT cells (supplementary material Fig
S3A-D, arrows). We next investigated the dynamics of caveolin 1
positioning and their subcellular movements using confocal time-
lapse microscopy. In WT M-ECs, trafficking of the caveolin 1-
EGFP proteins from the cytoplasm to the cell surface was observed
(Fig. 5C, left-hand panel; supplementary material Fig. S2A and
Movie 1). More detailed analysis of the movement of caveolin 1
revealed that it was slower in the center (Fig. 5C, left-hand panel,

white arrowhead) and faster with curvilinear itineraries in the
periphery of M-ECs (see Fig. 5C, left-hand panel, yellow and blue
arrowheads), which is consistent with earlier studies (Mundy et al.,
2002); occasionally retrograde movement of caveolin 1 protein
from the plasma membrane to the center of the cell was observed
(Fig. 5C, left-hand panel, dark-blue arrow; supplementary material
Fig. S2A, green arrow, and Movie 3). Importantly, most fusion
proteins were stationary upon reaching the submembrane
localization (Fig. 5C, left-hand panel, asterisk). In clear contrast, in
Ilk”~ M-ECs the majority of caveolin 1-EGFP molecules were
found to be immobile and remained stationary preferentially in the
perinuclear region (Fig. 5C, right-hand panel; supplementary
material Fig. S2B, red arrowhead, and Movies 2, 4); only very few
caveolin 1-positive vesicles reached the plasma membrane. These
findings were confirmed by quantifying the movement kinetics of
EGFP-tagged caveolin 1. In WT cells, the velocity ranged from
0.06 to 0.72 um/second whereas in /&~ cells it was in the range
0f 0.003 to 0.28 pm/second (Fig. 5D). Thus, the average velocity
of caveolin 1-positive vesicles in 7/k”~ M-ECs was significantly
lower (0.09+0.01 pm/second for n=42 vesicles from four cells)
than in WT (0.29+0.02 pm/second for n=41 vesicles from four
cells). In the rescue M-ECs, movements of the caveolin 1 particles
were similar to those in the WT cells, showing curvilinear
pathways from the periphery to the central areas of the cells and
vice versa (supplementary material Fig. S3F). In addition,
treatment with the ryanodine receptor agonist caffeine (2 mM) did
not strongly disrupt the movements of caveolin 1-positive particles,
excluding the possibility that altered [Ca’']; homeostasis was
responsible for the disturbed caveolin 1 vesicle movement and
positioning. In fact, the average velocity of caveolin 1-positive
vesicles in rescue M-ECs was similar to that of WT (0.31+0.01
pm/second for n=90 vesicles from ten cells) and of caffeine-treated
cells (0.354+0.02 um/second for n=65 vesicles from six cells) (see
also supplementary material Movies 5,6). The range of velocities
in the rescue cells was 0.12-0.64 pm/second with a similar
Gaussian distribution to the WT,; also, caffeine-treated cells
displayed a similar range of velocities (between 0.14 and 0.88
um/second) as did the WT and the rescue cells. Thus, these data
point to striking defects in caveolin 1 dynamics and positioning in
1lk™~ M-ECs.

Deletion of ILK affects the organization of actin
filaments and microtubules

Because of the well-known role of ILK for cytoskeletal integrity
and its importance for the trafficking of caveolin 1 to the plasma
membrane (Wickstrom et al., 2010a; Wickstrom et al., 2010b), we
explored whether this was also in ECs mechanistically linked to an
impaired interaction of microtubules (MTs) with the cortical actin
network. We investigated the distribution of actin and MTs in 7k~
cells and determined whether alterations in the architecture of the
cytoskeleton could be detected. In WT cells, the MTs exhibited a
clear distribution pattern extending from the center of the cells to
sub-plasma membrane regions (Fig. 6A, left-hand panel). By
contrast, the MTs in Ilk”~ cells (Fig. 6A, right-hand panel)
revealed an altered orientation with dense packs of MTs being
positioned in the center of M-ECs; in addition, the peripheral
density of MTs was decreased. Importantly, we also found that the
MT tips in Ik cells were not able to contact and interact with
the cortical actin network (Fig. 6B, right-hand panel), whereas the
well-organized MTs of WT cells extensively aligned with the
cortical actin at the cell periphery (Fig. 6B, left-hand panel,
arrows). Together, these data indicate that the interaction of MTs
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WT (+ Latrunculin)

Fig. 6. Loss of ILK affects the subcellular organization of actin
filaments and of MTs. (A) Confocal sections of WT and /lk”~ M-ECs
stained for tubulin to mark MTs (green). Arrows indicate MT pattern.

(B) Double immunostaining with actin (red) and tubulin (green) in WT
(arrows) and /lk”~ (arrowheads) M-ECs. (C) Analysis of colocalization of
caveolin 1 (red) and actin filaments (phalloidin, green) in WT (left) and
Ik~ M-ECs (middle). Latrunculin (1 M, 30 minutes) treatment of WT M-
ECs results in re-positioning of caveolin 1 (arrowhead) to the perinuclear
area (right). Scale bars: 20 pmin A; 5 um in B, left; 2.5 um in B, right; 40 um
in C, left; 20 um in C, middle and right.

with the cortex is impaired in the absence of ILK. In WT M-ECs,
a typical regular distribution of stress fibers (Fig. 6C, arrow) was
detectable throughout the cell, and caveolin 1 (red in Fig. 6C, left-
hand panel) colocalized with the cortical actin fibers. By contrast,
in 71k~ cells (Fig. 6C, right-hand panel) actin was found to be
disorganized and to accumulate within the peripheral areas of the
cells, whereas caveolin 1 staining displayed a central distribution
similar to the native protein (Fig. 4G; Fig. 5B; supplementary
material Fig. S2B). Thus, these data reveal that the organization of
both MT and actin networks are disrupted in 77k~ ECs and that the
MTs do not interact with the cortical actin. Similar to our
functional experiments, we explored next whether disruption of
F-actin in WT cells reiterates the phenotype found in 7Ik”~ M-
ESCs. For this purpose, we exposed WT cells to latrunculin (1
uM) for 30 minutes and thereafter investigated actin and caveolin
1 distribution. We observed disrupted actin organization with only
a few stress fibers visible and a re-distribution of caveolin 1
molecules to the center of the cells colocalizing with the cortical
actin network. These data are reminiscent of those found in 77k~
M-ECs (Fig. 6C, left-hand panel), indicating a cortical actin- and
ILK-dependent subcellular distribution of caveolin 1.

DISCUSSION

Here, we demonstrate that deletion of ILK results in a strong
reduction of endothelial tube formation. This prominent EC
phenotype is caused by defective trafficking of caveolin 1 to the
plasma membrane resulting in defective VEGF signaling. This
disturbance of RTK signaling is due to changes in MTs and cortical
actin organization giving rise to the destabilization of caveolin 1
microdomains.

Ik~ EBs display a striking reduction of endothelial tube
formation with alterations of EC proliferation, apoptosis and
migration. This phenotype was, as demonstrated by rescue
experiments, clearly related to the ILK deficiency. Because key
events of EC biology are regulated by VEGF signaling, we have
investigated expression and function of VEGF-coupled receptor 2
(VEGFR2) and downstream signaling pathways (Bhattacharya et
al., 2009). Ca* imaging was employed to explore VEGF signaling
in single M-ECs and revealed that there was no VEGF-induced
[Ca®"]; response in mutant cells. This proved to be a more general
defect of RTK signaling as EGF was also unable to mobilize [Ca**];
in these cells. Further experiments revealed that VEGFR2 is
expressed and functional and that the signaling defect resides
downstream. Interestingly, VEGFR2 and ERKI1/2 displayed
increased basal phosphorylation levels and this is in full agreement
with earlier reports on the effects of MbetaCD treatment (Barbuti et
al., 2004) or inhibition of ILK activity (Ruiz-Torres et al., 2006).
Because of the intact phosphorylation of VEGFR2 and of PLC-y
upon VEGF stimulation and the preserved intracellular Ca>"
handling in Z/k”~ cells, we suspect that defective crosstalk between
signaling components, most likely between PLC-y and PIP2,
underlies the observed phenotype. In fact, in ECs these signaling
components are clustered within caveolin 1-enriched microdomains
and their disruption inhibits PIP2 turnover. (Jang et al., 2001; Pike
and Miller, 1998). Recently, it has been also shown that changes in
caveolae density and function, or disruption of the cytoskeletal
integrity perturb the compartmentalization of PIP2 signals (Cui et
al., 2010). Future experiments are needed to explore the signaling
defect in more detail; in particular, activation of PLC-y and its
crosstalk with PIP2 should be assessed using biochemical in vitro
activity assays. Similarly, the distribution and concentration of PIP2
in the plasma membrane also needs to be explored with and without
VEGF activation.

Recently, ILK has been reported to be involved in caveolae
organization in keratinocytes (Wickstrom et al., 2010a). Our present
findings reveal that ILK plays a crucial role for the correct
subcellular positioning of caveolin 1 in close vicinity of the plasma
membrane of M-ECs and illustrate the consequences of its deletion
for cytoskeletal integrity, cellular signaling and EC biology. We also
mimicked the defective VEGF signaling found in //k”~ M-ECs by
the treatment of WT cells with MbetaCD and these experiments
underscore the specific role of lipid rafts in the organization of this
signaling pathway. These findings are in line with earlier reports,
in which PLC-y phosphorylation was found to be preserved despite
the disruption of plasma membrane microdomains, whereas PIP2
function was reported to be strongly dependent on their clustering
and on the integrity of the cytoskeleton (Jang et al., 2001). Although
G protein-coupled receptors are known to be coupled with caveolae
(Razani et al., 2002), these receptors are affected in a different
fashion by caveolar malfunction. In fact, disruption of caveolae by
MbetaCD in adult cardiomyocytes affects the 2- but not the B1-
adrenoceptor-mediated response (Calaghan et al., 2008), possibly
explaining why neither acetylcholine nor bradykinin signaling was
affected in JIk”~ M-ECs.
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As the signaling defects observed in I/k’~ M-ECs were
associated with caveolin 1 microdomains, we subsequently
explored caveolin 1 positioning and caveolae formation using a
variety of cell biological assays. Electron microscopy and high-
resolution fluorescence microscopy revealed that //k”~ M-ECs
lacked caveolin 1 at the plasma membrane and sites of caveolae
formation, respectively. This was corroborated by time-lapse
microscopy of fluorescence-labeled caveolin 1, the central protein
component of caveolae (Drab et al., 2001). We observed a clear
difference in motility of caveolin 1-positive vesicles of Tk~ M-
ECs compared with WT cells. Rapid trafficking of caveolin 1
between the cytosol and the plasma membrane was observed in
WT M-ECs, which is in accordance with previous studies and is
associated with the high turnover of this protein in the cytosol
(Mundy et al., 2002). This was further corroborated in our rescue
M-ECs, in which re-expression of ILK restored caveolin 1 particle
movement to that observed in WT cells. By contrast, a strong
reduction of caveolin 1 transport to the cell membrane could be
observed in Ilk”~ M-ECs. Also, in keratinocytes caveolin 1
distribution was found to be dependent on ILK; in addition, its
impact on MT stability via mDial DIAP1 — Mouse Genome
Informatics) and IQGAP1 has been shown (Wickstrom et al.,
2010a). MTs, in concert with the cortical actin network, are
assumed to act as tracks for caveolin 1-positive vesicles, and MT-
cortical actin crosstalk is required to enable the transfer of caveolin
1 via cortical actin to the plasma membrane, resulting in the
formation of caveolae (Mundy et al., 2002; Wickstrom et al.,
2010a). In Ik~ M-ECs, we found abnormal organization of the
actin cytoskeleton and MT network causing reduced MT-actin
interactions. To confirm that the defects in the transport of
caveolin 1 observed by time-lapse microscopy resulted from
abnormal MT-actin crosstalk, we inhibited actin polymerization
using latrunculin. Treatment of WT M-ECs with latrunculin led
to disruption of the actin cytoskeleton as well as to re-distribution
of caveolin 1 and this was reminiscent of the findings in the 7k
M-ECs. By contrast, depletion of intracellular Ca* stores with
caffeine did not strongly alter subcellular caveolin 1 dynamics.
These data support the view that ILK acts in ECs as a direct
scaffolding protein for actin and MT organization, and that ILK-
dependent maintenance of cytoskeletal integrity is crucial for the
transport, positioning and turnover of caveolin 1 in close vicinity
of the plasma membrane; these findings also support those
recently reported in keratinocytes (Wickstrom et al., 2010a). Thus,
our data demonstrate that ILK in ECs, through its regulation of
caveolin 1 movement and positioning, directly interferes with
specific cellular signaling pathways, in particular RTK-mediated
signaling, and that intact RTK signaling requires the precise spatial
positioning of downstream signaling components.
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Fig. S1. VEGF and EGF signaling are restored in rescue M-ECs. (A,B) Rescue M-ECs show an increase of [Ca2+]

i upon application of VEGF (A) or EGF (B); representative [Ca2+]i signals from single cells are depicted, representative
[Ca2+]i traces are shown, each color labels the 340/380 nm ratio in an individual cell over time. (C) Percentage [Ca2+]i
increase with respect to the control value. Error bars represent s.e.m.
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Fig. S2. Defective localization and movement of caveolin 1 in /K7~ M-ECs. (A,B) Dynamics of caveolin 1-EGFP-
positive vesicles were analyzed by confocal video microscopy in transfected WT (A) and //k”"~ (B) M-ECs. The images
shown are snapshots from supplementary material Movies 3 and 4, acquired at a rate of one image per second for 50
seconds. Arrows indicate appearance and disappearance of caveolin 1 vesicles. In A, the green arrow in WT shows a
caveolin 1 vesicle moving fast in proximity to the plasma membrane. In B, the red arrow in the Ilk” cell depicts the
typical slow and short range motility, whereas the green arrows depict static vesicles. Scale bars: 20 um.
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Fig. S3. Localization and movement of caveolin-1-EGFP transfected rescue M-ECs. (A-D) Snapshots of caveolin-1-
EGFP transfected rescue M-ECs (A-C) and caveolin 1-EGFP transfected rescue M-ECs treated with caffeine (2 mM) for
2-4 minutes (D). Arrows depict the plasma membrane distribution of the fusion protein, which is similar to that observed
in WT cells. (E,F) Dynamics of caveolin 1-EGFP-positive vesicles were analyzed by confocal video microscopy in
transfected rescue M-ECs (E) and transfected rescue M-ECs treated with caffeine for 2-3 minutes (F). The images shown
are snapshots from supplementary material Movies 5 and 6, acquired at a rate of one image per second for 50 seconds.
Arrows indicate appearance and disappearance of caveolin 1 vesicles. Green, blue and light-blue tracks go from the cell
membrane towards the center of the cell. Note also some protein building clusters connecting together and then dividing
in different pathways (rosa, pink, yellow tracks). (F) Blue tracks show caveolin 1 vesicles (white arrows) moving fast
along in proximity to the plasma membrane despite caffeine treatment. (G,H) Densitometric analysis of western blots of
PLC-y (G) and ERK1/2 (H) proteins in M-ECs in control and upon VEGF treatment conditions (H).
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Movie 1 Movie 2

Movies 1 and 2. WT (Movie 1) and /K7~ (Movie 2) M-ECs transfected with the caveolin-1 EGFP construct. Colors
depict the different typical kinetic patterns.

https://journals.biologists.com/dev/article/140/5/987/45953/Deletion-of-integrin-linked-kinase-in-
endothelial#supplementary-data

Movie 3 Movie 4

Movies 3 and 4. WT (Movie 3) and Ik~ (Movie 4) M-ECs transfected with the caveolin-1 EGFP construct. Single
proteins are tracked with different colors showing the typical kinetic patterns.

https://journals.biologists.com/dev/article/140/5/987/45953/Deletion-of-integrin-linked-kinase-in-
endothelial#supplementary-data
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dev.biologists.org/content/vol140/issue5/images/data/987/DC1/Movie3.mov
dev.biologists.org/content/vol140/issue5/images/data/987/DC1/Movie4.mov

Movie 5 Movie 6

Movies 5 and 6. Rescue (Movie 5) and caffeine-treated rescue (Movie 6) M-ECs transfected with caveolin-1
EGFP. The different colors depict the various typical kinetic movement patterns.

https://journals.biologists.com/dev/article/140/5/987/45953/Deletion-of-integrin-linked-kinase-in-
endothelial#supplementary-data
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3.1.2 Lack of Laminin y1 in embryonic stem cell-derived cardiomyocytes causes
inhomogeneous electrical spreading despite intact differentiation and function. Stem
Cells. 2009 Jan;27(1):88-99. doi: 10.1634/stemcells.2008-0335. PubMed PMID:
18927478 (IF:7.7).

Aim of the study

Laminin, a heterotrimeric glycoprotein consisting of a, 3 and y chains, is a critical ECM
component. The laminin y1 chain knock-out mouse displayed embryonic lethality at day 5.5
(Smyth et al., 1999), thus unequivocally showing the fundamental role of laminin in embryonic
development. The y1 chain is ubiquitously present in all basement membranes and highly
expressed in heart muscle. The relevance of laminin in cardiovascular disease mechanisms
was corroborated by mutations in the laminin LAMA2 and LAMA4 genes (Helbling-Leclerc et
al.,, 1995, Kndll et al., 2007, Wang et al., 2006). These mutations caused severe skeletal
muscle pathologies such as congenital muscular dystrophies, and also heart disorders, namely
cardiac hypertrophy and malformation of blood vessels leading to a phenotype reminiscent of
cardiac ischemia. Lack of laminins in the ECM damages the skeletal muscle fibers which can
detach from the surrounding tissues (Smyth 1999). Additionally, laminin helps to regulate cell
signaling pathways that are important for muscle growth and repair, as well as for the
maintenance of muscle function over time. Laminin a4 and ILK mutations are also associated
with dilated cardiomyopathy due to defects in the development of cardiac and ECs (Knéll et
al., 2007). In skeletal muscle, laminins' interaction with the cortical cytoskeleton and integrins
assures bidirectional signaling and determines the structural integrity of the cells building
basement membranes.

The ubiquitously expressed laminin y1 was shown to be critical for embryonic development,
and it is highly expressed in cardiac muscle, therefore we were interested to explore the role

of laminin in the growth, differentiation and function of cardiac muscle cells.

Methods and Results

Due to early embryonic lethality, using the mouse model to study the fundamental mechanisms

of the laminin y1 chain in cardiac development and function was impossible. Thus, as
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alternative the ES cell in vitro differentiation technique with EBs formation efficiently allowed
the investigation of the influence of laminin assembly and basement membrane formation in a
condition similar to the in vivo situation. The laminin y1 (-/-) deletion was produced by two
sequential targeting events in the cells. The heterozygous and homozygous clones have the
same genetic background; therefore, the heterozygous cells were used as control. Using the
3D multicellular EB model, we could study more complex intracellular interactions between
cardiomyocytes and other cells of which the heart is composed. Laminin deletion in fibroblasts
and ECs may also influence the developmental process differently to if only deleted in
cardiomyocytes. Thus, cardiomyocytes were differentiated from the mouse ES cell clones, y1
(+/-) and y1 (-/-), in the EB model. The typical characteristics of cardiac muscle cells, such as
beating, morphology and cross-striation, were similar in both genotypes. Interestingly, y1 (-/-)
derived cardiomyocytes expressed fewer ECM proteins such as collagen IV or Nidogen,
compromising the basement membrane integrity (see Fig 1, page 90, (Malan et al., 2009).

The correct and organized deposition of ECM proteins is essential in creating cellular structure
and integrity but also critical in regulating intra and intercellular communication. The central
role of laminin y1 was assessed by rescue experiments incubating EBs with laminin 111, a
commonly used substrate for ubiquitous laminins. Application of laminin 111 allowed the
recovery of the basement membrane structure with partially restored collagen IV expression
indicating the fundamental relationship between laminin y1 assembly and the proper deposition
of the various components of the extracellular matrix (see Fig 1, page 90). The alteration in
basement membrane deposition could impact the compartmentalization of signaling pathways
and proper receptor functioning and affect cardiomyocyte function. Next, the development and
functionality of the single cardiomyocytes derived from both clones were investigated. The EBs
differentiate into different cardiomyocyte subtypes, namely pacemaker-, ventricular-, and atrial-
like cells, as indicated by analysis of the AP characteristic by the current clamp in whole cell
modus (Fig 3, page 92 and Table 1, page 93). Interestingly, we found significantly more

pacemaker-like cells in the laminin y1 (-/-) EBs compared to the control EBs (+/-). Furthermore,

56



staining with HCN4, a specific channel marker for pacemaker cells, showed an increase in the
ratio of HCN4 positive cells vs. the total number of nuclei of cardiac cells in the laminin y1 (-/-)
EBs (Fig 3, page 92), also indicating an increase of this cellular subtype.

To see if disruption of the basement membrane could affect signaling function, | investigated
the hormonal regulation of cardiomyocytes by measuring the beating frequency of single cells
and the modulation of the L-type calcium current (ICa-L). There was no difference in adrenergic
and muscarinic regulation of frequency and ICa-. between the y1 (+/-) and y1 (-/-)
cardiomyocytes. Muscarinergic stimulation with the agonist carbachol (CCh) decreased the
beating frequency and ICa-. current after 3-adrenergic pre-stimulation, indicating integrity of
basic functional signaling regulation of cardiomyocytes despite laminin deletion (Fig 4 and
Table 1, page 93). To understand whether the ECM can affect the signaling modulation in
three-dimensional structures of cardiomyocytes, a condition more similar to that of the in vivo
situation, we used the MEA system which allows the recording and analysis of field potentials
(FP). The study of electrical impulse generation and conduction velocity propagation on the
MEA system showed a regular and stable frequency and coupling of cardiac cells in laminin
y1 (+/-) control EBs, whereas the laminin y1 (-/-) EBs presented isolated and competing
pacemaker regions. We found several uncoupled beating areas considered independent
pacemaker regions in the laminin y1 (-/-) EBs, but not in the laminin y1 (+/-) control EBs. The
conduction velocity was slower in the homozygous EBs compared to the heterozygous controls
(see Fig 5, page 95). Because changes of conduction velocity can also be due to modification
of connexins, we analyzed their expression. Both western blotting and immunofluorescence
analysis showed no difference in connexin 43 and 45 expressions between the two genotypes.
At the same time, using Van Gieson and collagen VI stainings, we detected a high deposition
of ECM proteins between the cells. Defective ECM assembly causes the aggregation of
proteins, as we observed by electron microscopy. Accumulations of matrix proteins create
electrical isolated areas, potentially leading to the formation of discrete ectopic pacemaking

sites. Additionally, these deposits create gaps between cluster of neighboring cells, impeding
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their connection and contributing to disruptions in the speed of electrical conduction (Fig 6,
page 96).

Conclusion

In this study, we underscore the essential role of laminin y1 in upholding the structural integrity
of the basement membrane throughout the developmental process in cardiomyocytes. Lack of
laminin y1 induced disruption to the basement membrane and alterations in the distribution of
B1 integrins; nevertheless, the differentiation and hormonal regulation of cardiomyocytes
remained intact. Earlier investigations into $1 integrin (-/-) cardiomyocytes indicated a stalling
of development at early stages and a complete absence of muscarinic signaling due to the
spatial displacement of Gai. We then show that laminin y1 affects B1 integrin spatial
arrangement; however, the integrin expression remains apparently sufficient to maintain an
organized receptor-dependent clustering. On the contrary, disturbances in the basement
membrane lead to flawed extracellular matrix assembly, resulting in the accumulation of
collagen VI deposits. These appear to hinder basement membrane proper assembly and
protein deposits create discrete pacemaker regions, often isolated and only partially
connected. These structural changes appear to underlie the disruption of electrical signal
propagation and the occurrence of arrhythmicity within the 3D model of cardiomyocytes

generated from the laminin y1 (-/-) clones.
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ABSTRACT

Laminins form a large family of extracellular matrix (ECM)
proteins, and their expression is a prerequisite for normal
embryonic development. Herein we investigated the role of
the laminin y1 chain for cardiac muscle differentiation and
function using cardiomyocytes derived from embryonic
stem cells deficient in the LAMCI gene. Laminin y1 (—/—)
cardiomyocytes lacked basement membranes (BM), whereas
their sarcomeric organization was unaffected. Accordingly,
electrical activity and hormonal regulation were found to be

intact. However, the inadequate BM formation led to an
increase of ECM deposits between adjacent cardiomyocytes,
and this resulted in defects of the electrical signal propaga-
tion. Furthermore, we also found an increase in the number
of pacemaker areas. Thus, although laminin and intact BM
are not essential for cardiomyocyte development and differ-
entiation per se, they are required for the normal deposition
of matrix molecules and critical for intact electrical signal
propagation. STEM CELLS 2009;27:88-99

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Basement membranes (BM) are thin layers of extracellular
matrix (ECM) that surround individual cells and cell layers.
Laminins, collagen IV, and nidogens are considered critical
structural elements of the BM [1], and an intact BM formation
is a key prerequisite for normal tissue development and function
[2, 3]. Laminin is a heterotrimeric ECM glycoprotein consisting
of a, B, and y chains. Its fundamental importance was unequiv-
ocally proven by targeting the LAMCI gene encoding the vyl
chain, resulting in homozygous embryos with very early em-
bryonic lethality at embryonic day 5.5 [4]. The particular bio-
logical relevance of laminins for muscle development and dif-
ferentiation was underscored by the observation that mutations
in the LAMA?2 and LAMA4 genes cause different types of severe
skeletal muscle pathologies, such as the congenital muscle dys-
trophy or the milder limb girdle type 2I in humans [5-7]. A
LAMA4 mutation was also found to result in alterations of
endothelial and cardiac cell morphology [8]. Furthermore, the

LAMA4 gene appears to be responsible for changes in heart
function due to abnormal cardiovascular ECM, and the resulting
phenotype is reminiscent of cardiac ischemia [9]. Studies in
C2C12 cells addressed the mechanism of action of laminins in
skeletal muscle and revealed that its polymerization and inter-
action with cell surface receptors were necessary and sufficient
to create a cortical cellular architecture wherein the other com-
ponents of the BM were integrated [1]. Because of these find-
ings, we wondered whether the development and differentiation
of cardiac muscle cells, similar to those of skeletal muscle cells,
could be greatly altered by the deletion of the predominant
laminin subtype. For this purpose we have chosen deletion of
laminin 1, as this chain is ubiquitous in BM and particularly
strongly expressed in heart muscle tissue compared with other
types of striated muscle [10]. Indeed, this laminin chain is an
obligatory component in most trimeric laminin forms. Because
of the early embryonic lethality of the LAMCI-deficient mice,
we have chosen the embryonic stem (ES) cell in vitro differen-
tiation technique [11, 12] as a suitable model to study the cell
biological and functional consequences of the laminin y1 dele-
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tion on cardiomyocyte development and differentiation. This
approach appeared preferable to a cardiomyocyte-specific
knockout strategy because the other cell types present in the
heart (i.e., endothelial cells and fibroblasts) also contribute to
laminin formation.

Herein, we demonstrate that cardiomyocyte development
and differentiation are preserved in laminin yl (—/—) cardio-
myocytes despite the complete absence of BM formation. We
also show that disturbed BM formation causes defective ECM
assembly, matrix deposits, and secondary disturbances in the
propagation of the electrical signals.

MATERIALS AND METHODS

ES Cell Preparation

Heterozygous (+/—) and homozygous (—/—) laminin yl chain
ES cells, generated on an R1 background [4, 13], were cultured
and differentiated into spontaneously beating cardiomyocytes as
previously described [14]. Single cardiomyocytes were isolated
from clusters of spontaneously beating areas [15]. The laminin
vl (—/—) deletion was produced by two sequential targeting
events in cells. Thus, (+/—) and (—/—) cells have the same
genetic background, and therefore heterozygous ES cells were
used as control [4].

Microelectrode Array Mapping Technique

Extracellular recordings on beating laminin (+/—) and (—/—) ES cell
clusters were performed using a microelectrode array (MEA) data
acquisition system (Multi Channel Systems, Reutlingen, Germany,
http://www.multichannelsystems.com) [16, 17]. Standard measure-
ments were performed at 2 kHz (bandwidth, 1-5 kHz) in normal
Tyrode solution at 37°C. Data were analyzed off-line with a custom-
ized toolbox programmed with MATLAB (MathWorks, Natick, MA,
http://www.mathworks.com) to detect and characterize field potentials
(FPs) as described earlier [17]. The analysis of the interspike intervals,
measured as readout for the beating frequency, was used to study the
hormonal regulation of the spontaneous electrical activity (also de-
scribed in [17, 18]). Propagation velocities were calculated as reported
earlier [19] (supporting information data).

Electrophysiology

For whole-cell patch-clamp recordings only spontaneously beat-
ing, single cardiomyocytes were used. Patch-clamp experiments
applying the current- or voltage-clamp mode of the whole-cell
configuration were performed as previously reported [20, 21].
Briefly, for measuring peak L-type Ca®" current (I, ), cardi-
omyocytes were held at a holding potential of —80 millivolt
(mV), and depolarizing voltage presteps to —40 mV for 50
milliseconds were applied to inactivate I,. Thereafter, 100-
millisecond voltage steps to 0 mV were applied at a frequency of
0.2 Hz. The pipette solution contained the following (in mM):
120 CsCl, 1 MgCl,, 5 Mg-ATP, 10 EGTA, and 5 Hepes (pH 7.4;
CsOH). The extracellular solution was as follows (in mM): 120
NaCl, 5 KCI, 3.6 CaCl,, 20 tetraecthylammonium-chloride, 1
MgCl,, and 10 Hepes (pH 7.4; tetraethylammonium-hydroxide).
The stimulation or inhibition of I, is reported in terms of the
percentage of the increase or decrease of I, density, respec-
tively. Muscarinic effects on cardiomyocytes were calculated in
terms of percentage of variation with respect to isoprenalin (ISO)
stimulation. Action potential (AP) recordings were obtained in
the current clamp configuration. The pipette solution contained
the following (in mM): 50 KCI, 1 MgCl,, 3 Mg-ATP, 10 EGTA,
80 K™ L-aspartate, and 10 Hepes (pH 7.4; KOH). The extracel-
lular solution was as follows (in mM): 140 NaCl, 5.4 KCl, 1.8
CaCl,, 2 MgCl,, 10 Hepes, 10 glucose (pH 7.4; NaOH).

Immunocytochemistry

Antibodies included rat anti-mouse actinin (1:500; Sigma-Al-
drich, Munich, Germany, http://www.sigmaaldrich.com), rabbit

www.StemCells.com

polyclonal anti-collagen IV (1:500; Acris Antibodies GmbH,
Herford, Germany, http://www.acris-antibodies.com), mouse an-
ti-rat monoclonal perlecan (1:500; Biotrend, Cologne, Germany,
http://www .biotrend.com), rabbit polyclonal anti-nidogen-1 and
-2 (1:1,000 [22]), rabbit polyclonal anti-B81 integrin (1:500;
Chemicon, Temecula, CA, http://www.chemicon.com), rabbit
polyclonal anti-connexin 43 (Cx43) (1:400; Alpha Diagnostics,
San Antonio, http://www.4adi.com), monoclonal anti-laminin 3
(1:1,000, a gift from Dr. Manuel Koch, University of Cologne),
rabbit polyclonal anti-N-cadherin (1:250; Zymed Laboratories,
South San Francisco, http://www.invitrogen.com), monoclonal
antibody for mouse reticular fibroblasts, BM4018 (1:500; Acris
Antibodies), rabbit anti-hyperpolarization-activated cyclic nucle-
otide gated potassium channel 4 (HCN4) (Alomone Labs, Jerusa-
lem, http://www.alomone.com), and rabbit polyclonal collagen
VI (1:2,000; kindly provided by the late Dr. Rupert Timpl, Max
Planck Institute for Biochemistry, Martinsried, Germany).

Morphological Analysis, Deconvolution, and
Confocal Microscopy

The distribution pattern of some proteins was analyzed by de-
convolution fluorescence microscopy (Axiovert 200 M; Carl
Zeiss, Gottingen, Germany, http://www.zeiss.com) or with an
apotome (Carl Zeiss) in laminin yl (+/—) (7 + 6 days of
differentiation) and laminin yl (—/—) (7 + 6 days of differen-
tiation) EBs. Alternatively, where indicated, antibody distribu-
tion was observed by confocal microscopy using the LSM 510
META Zeiss microscope.

Western Blotting

Proteins from 10 EBs were incubated with rabbit polyclonal anti-
serum against 1 integrins (Chemicon), rabbit antiserum against
fibronectin (raised against highly purified human plasma fibronec-
tin), rabbit collagen I (Quartett, Berlin, http://www.quartett.com),
collagen III (Abcam, Cambridge, U.K., http://www.abcam.com),
collagen IV (Acris Antibodies), collagen VI (Fitzgerald Inc., Con-
cord, MA, http://www fitzgerald-Fii.com), a rat monoclonal anti-
body against the nidogen-1 (entactin) G2 domain (MAB 1884;
Chemicon), a rabbit antiserum against Cx43 [23], or a rabbit Cx45
antibody [24].

Statistical Analysis

Statistical significance of differences between groups was determined
using the paired Student’s ¢ test for the effects of drugs on I, ;, AP,
and FP in the same cells and/or EBs and with the analysis of variance
with Bonferroni post hoc and/or Student’s ¢ test for unpaired data
between the control and laminin y1 (—/—) groups (SPSS 12.0, SPSS
Inc., Chicago, IL, http://www.spss.com). A Fisher exact test was ap-
plied for the analysis of pacemaker cells with GraphPad Prism 5
(GraphPad Software, Inc., San Diego, http://www.graphpad.com). A p
value below.05 was considered statistically significant.

RESULTS

Cardiomyocyte Development and Differentiation

To investigate the influence of BM on the development of
cardiac muscle cells and their differentiation, we used lami-
nin yl (+/—) or laminin yl (—/—) ES cells for the in vitro
differentiation [14, 25]. Both ES cell lines developed spon-
taneous beating areas in EBs, although laminin y1 (—/—)
EBs displayed a lower plating efficiency (approximately
60%). The in vitro differentiation pattern was similar in
laminin y1 (+/—) and laminin y1 (—/—) EBs, start of beating
was regularly observed 3-4 days after plating, and beating
was seen to continue at least for 7-8 days thereafter. Next,
we analyzed the sarcomeric organization of cardiomyocytes
in plated whole EBs by immunostaining with cardiac a-ac-
tinin. In both control and mutant EBs, normal spindle-shaped
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and triangular cardiomyocytes with intact sarcomeric cytoar-
chitecture and myofibrillar orientation were observed (Fig.
1A). These findings indicated that the development and dit-
ferentiation of cardiomyocytes were preserved despite lack of
the laminin vyl chain. In addition, we also investigated
whether quantitative differences in cardiomyocyte differen-
tiation could be found. For this purpose 20 EBs were disso-
ciated, and the cells were replated and stained with cardiac
a-actinin after fixation. We could not detect significant dif-
ferences in the number of cardiomyocytes, as 18.9 £ 0.3
(—/—) (n = 7 experiments) and 21.3 = 1.5 (+/—) (n = 6
experiments) of the 50,000 cells plated from the dissociated
EBs for each experiment were cardiac muscle cells.

Rescue-/-

Figure 1. Laminin yl (—/—) EBs differ-
entiate into cardiomyocytes but lack base-
ment membranes (BM). (A): Embryonic
stem cell differentiation into «-actinin-
positive (green) cross-striated cardiomyo-
cytes in laminin y1 (+/—) (left) and (—/—)
(right) EBs. (B): Laminin yl (—/—) cardi-
omyocytes (a-actinin, green, right panel)
lack the BM protein collagen IV (red),
whereas this protein is strongly expressed
around laminin y1 (+/—) cardiomyocytes
(left panel). (B): Middle: Western blot
analysis revealed lack of collagen IV ex-
pression in laminin yl (—/—) EBs. (C):
Nidogen-1 (red) was disrupted in laminin
vl (—/—) cardiomyocytes (a-actinin,
green, right panel) but was normally dis-
tributed around laminin -yl (+/—) cardio-
myocytes (left panel). (C): Middle: West-
ern blot analysis revealed strong reduction
of nidogen-1 content in laminin yl (—/—)
EBs. (D): Incubation of laminin y1 (—/—)
EBs for 5 days with laminin 111 (25 g/
ml) partially restored collagen IV expres-
sion (a-actinin green, collagen IV, red,
right panel). Control laminin yl (—/—)
EBs without treatment are shown in the
left panel. Videos of image stacks from
(D) for laminin yl (—/—) and rescued EBs
are shown as supporting information
Video 1 and 2. Scale bars = 10 um (A), 5
pum (B), 5 um (C), and 10 wm (D).

BM Formation

As yl-containing laminins are important for BM formation and
architecture [7], we next determined whether BM assembly and
organization occurred normally in laminin y1 (—/—) cardiomyo-
cytes. Since collagen IV is a reliable indicator of the presence
and formation of BM, we studied its distribution in EBs in
vicinity of cardiomyocytes using double immunofluorescence
labeling for cardiac a-actinin and collagen IV. As expected,
collagen IV surrounded cardiomyocytes in control laminin 7yl
(+/—) EBs but was absent in laminin yl (—/—) EBs (Fig. 1B).
This finding was corroborated by Western blotting on isolated
beating areas where no collagen IV was detected (Fig. 1B,
middle panel). Moreover, staining for the BM components ni-
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Figure 2. Upregulation of laminin 3 and N-cadherin and normal coronal cytoskeleton in laminin y1 (—/—) cardiomyocytes. (A, B): Stronger and more
organized staining against laminin y3 (red) was detected around laminin yl (—/—) cardiomyocytes (B) compared with laminin vyl (+/—) cardiomyocytes
(A). Cardiomyocytes were identified by a-actinin staining ([A-D], left panels; [B], green). (C, D): Upregulation of N-cadherin (red) in laminin yl (—/—)
cardiomyocytes (D) versus laminin yl (+/—) cardiomyocytes (C) (green is a-actinin). (E, F): Control cardiomyocytes revealed a close association of 31
integrins (JE], right) with c-actinin ([E], left) in laminin y1 (+/—) cardiomyocytes, whereas in the laminin yl (—/—) cells a less stringent association was
seen ([F], right, B1 integrins; left, a-actinin). (G): Western blot analysis showed similar content of 81 integrins in (+/—) and laminin yl (—/—) EBs. (H):
Talin immunostaining in cardiomyocytes isolated from (+/—) ([H], left) and laminin yl (—/—) ([H], right) EBs; staining at the level of z-line was observed
in mutant and control cells. Scale bars = 10 um (A), 10 um (B), 5 wm (C), 10 wm (D), 10 um (E), 10 wm (F), and 5.5 um (H).

dogen-1 and -2 was disrupted in the laminin yl (—/—) EBs (Fig.
1C), and this correlated well with Western blotting, which
revealed a marked reduction in the nidogen-1 (49% * 6.1% vs.
100% in control) extractable from the matrix surrounding the
cardiomyocytes (Fig. 1C, middle panel). We also quantified
other ECM molecules in Western blots and found, in accordance
with defective BM formation and ECM assembly, an upregula-
tion of fibronectin (150% * 4.5% vs. 100% in control), collagen
1 (100% = 14%), and collagen VI (94% = 1.1%) (supporting
information Fig. 2), as well as the above-reported downregula-
tion of other components. To rule out clonal aberration and to
directly correlate the absence of BM formation with deletion of
the laminin yl chain, we performed reconstitution experiments

www.StemCells.com
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by adding 25 pg/ml laminin 111 protein to laminin y1 (—/—)
EBs. In the reconstituted EBs a partial recovery of collagen IV
and of BM deposits surrounding the cardiomyocytes was de-
tected (Fig. 1D), and this is clearly illustrated in the accompa-
nying stack animations (supporting information Videos 1, 2).
We next analyzed whether compensatory mechanisms could be
responsible for the surprising finding of the apparently normal
cardiac development and differentiation and intact cytoarchitec-
ture of the laminin yl (—/—) cardiomyocytes. One candidate
molecule was the laminin y3 chain, known to be present in
laminin 213, an isoform reported to be expressed in the heart
[26, 27]. Double immunostaining for laminin y3 and cardiac
a-actinin revealed a more organized structure of the y3 chain
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surrounding laminin y1 (—/—) cardiomyocytes, suggesting that
y3-containing laminin molecules could act as a new binding
partner between cell surface molecules and hence induce cy-
toskeletal reorganization. However, this rescue was not suffi-
cient to restore intact BM assembly (Fig. 2A, 2B); the y3 chain
expression could not be quantified, as the antibody did not work
under reducing conditions. Besides the y3 chain, we also inves-
tigated N-cadherin expression and found more intense staining
at the border of the cardiomyocytes in laminin yl (—/—) EBs
compared with controls (Fig. 2C, 2D). These immunohistolog-
ical findings suggest a morphological redistribution of cytoskel-
etal components. Thus, deletion of the laminin vyl chain results
in a complete lack of BM formation, whereas the development
and structure of cardiomyocytes remained intact, presumably
because of the presence of y3-containing laminins and a com-
pensatory upregulation of cadherins [28, 29].

Expression and Distribution of Integrins and
Associated Cytoskeletal Components

Lack or disruption of BM could also affect the distribution and
function of B1 integrins, which we reported to be important for
heart muscle development [12] and function [20]. In fact, our
earlier studies in 1 integrin (—/—) ES cell-derived cardiomy-
ocytes revealed that specifically muscarinic signaling was miss-

Figure 3. Prevalent differentiation of
laminin yl (—/—) cardiomyocytes into the
pacemaker-like subtype. (A, B): Current
clamp recordings revealed differentiation
of embryonic stem (ES) cell-derived lami-
nin yl (+/—) (A) and (—/—) (B) cells into
all major cardiac subtypes. (C): Immunos-
tainings with the cardiac pacemaker
marker HCN4 (green) in cardiac-a-actinin
(red)-positive areas revealed very few pos-
itive pacemaker cells in laminin y1 (+/—)
(left panel) but significantly (p = .0003)
more in laminin yl (—/—) (right panel) EB
slices. Insets: Nuclear staining with
Hoechst dye. Asterisks mark the nuclei of
cells in the immunostaining and in the
nuclear counterstaining. (D): Bar graph of
percentage of pacemaker cells identified
by action potential shape in laminin 7yl
(—/—) versus (+/—) (left) ES cell-derived
cardiomyocytes (left panel). Shown is the
bar graph of ratio of HCN4-positive pace-
maker cells versus total number of nuclei
in cardiac-c-actinin-positive areas of EBs
(right panel). Scale bar = 5 um (C) and
10.5 wm ([C], inset). Abbreviation: HCN4,
hyperpolarization-activated cyclic nucleo-
tide gated potassium channel 4; ms,
milliseconds.

+- £

ing. Therefore, we first analyzed the expression of these key
molecules with immunocytochemistry and Western blotting. In
control cardiomyocytes a close association of 1 integrins with
the z-line was observed, whereas a less defined distribution
pattern was seen in the laminin y1 (—/—) cardiomyocytes (Fig.
2E, 2F). This was caused by a homogeneous redistribution of 81
integrins in the absence of intact BM. The densitometric anal-
ysis of B1 integrin expression revealed only a modest reduction
in laminin y1 (—=/—) EBs (75.6% = 4.3% [1 integrin expres-
sion vs. 100% in control [n = 2; p = .03; Fig. 2G]). The
distribution of talin, a focal adhesion-associated molecule and
member of coronary cytoskeletal proteins, revealed an intact and
stable cytoskeletal organization (Fig. 2H). This differs from our
findings in B1 integrin (—/—) cardiomyocytes [20] and suggests
that laminin assembly and BM organization are independent
processes.

Differentiation into Cardiomyocyte Subtypes

Our findings suggest that cardiomyocyte development is intact
in laminin yl (—/—) ES cells, and we therefore investigated
next whether their differentiation into the different cardiomyo-
cyte subtypes was preserved. For this purpose we determined
key parameters of AP shape and duration using the patch-clamp
technique: maximum diastolic potential (MDP), maximum rate
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Table 1. Cell type and AP morphology
Dv/dt mean? Dv/dt max®
Cell type and AP morphology APD90* (ms) APD50® (ms) MDP¢ (mV) (V/second) (V/second)
Laminin y1(+/—), six differentiations
Atrial-like (n = 3) 102 = 14.5 32.1 £22.0 —48.0 + 44 3713 15.6 = 4.1
Ventricular-like (n = 19) 300.5 = 37.5 208.5 = 26.7 —52.0*22 22 *0.3 109 = 1.1
Pacemaker-like (n = 6) 150.6 = 19.2 70.2 =224 —40.0 £ 3.5 1.5+0.3 32+ 0.9
Laminin y1(—/—), seven differentiations
Atrial-like (n = 3) 71 =27.1 28.6 = 23.1 —43.0 £ 2.6 2.1 +04 12.1 £ 0.5
Ventricular-like (n = 9) 258 = 37.8 198.1 = 23.8 —52.0+3.2 2.1 £0.3 9.8+ 1.7
Pacemaker-like (n = 16) 126 = 12.5 90.7 £22.5 —-41.0 £ 0.3 1.9 +0.3 43 +0.8
“Action potential duration at 90% repolarization.
®Action potential duration at 50% repolarization.
‘Maximum diastolic potential.
9Mean rate of rise of AP.
‘Maximum rate of rise of AP.
Abbreviations: AP, action potential; MDP, maximum diastolic potential; mV, millivolt.

Figure 4. Hormonal regulation is intact
in laminin yl (—/—) cardiomyocytes. (A):
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of rise of the AP (dV/dt), and action potential duration at 50%
and 90% of repolarization. We tested isolated cardiomyocytes
obtained from seven (—/—) and six (+/—) EB preparations
(details also given in Fig. 3A, 3B; Table 1). As established
earlier [14, 30], we could classify the ES cell-derived cardio-
myocytes on the basis of AP shape and duration into three
subtypes: pacemaker-, atrial-, and ventricular-like cells. Inter-
estingly, we found in the laminin yl (—/—) EBs significantly
(p = .0129) more pacemaker-like cells (Table 1; Fig. 3A, 3B,
3D, left panel) compared with control EBs. To corroborate this
important finding with a different methodological approach, we
performed double immunohistochemical stainings on slices of
whole EBs with the cardiac pacemaker marker HCN4 and with
cardiac a-actinin as well as nuclear counterstaining (Fig. 3C).
These experiments yielded a significant (p = .0003) increase of
the ratio of HCN4-positive cells versus the total number of
nuclei in cardiac-a-actinin-positive areas of mutant EBs (0.25 =

www.StemCells.com
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Action potentials recorded from a repre-
sentative laminin yl (—/—) embryonic
stem cell-derived cardiomyocyte (NS).
Perfusion with the muscarinic agonist CCh
(1 uM) had a strong negative chronotropic
effect that could be reversed upon wash-
-/- out (recovery). (B): Left: Time course of
peak I, in a representative laminin <yl
(—/—) cardiomyocyte (numbers corre-
spond with the original traces shown above
the line: 1, NS; 2, ISO (1 uM); 3, CCh (1
uM); 4, recovery; dotted line shows the
holding current). The (B-adrenergic agonist
ISO stimulated I, , the additional appli-
cation of CCh depressed it, and perfusion
of ISO alone restored peak I, ;. (C): Sta-
tistics of the hormonal modulation of I,
revealed similar responses in laminin yl
(+/—) (left) and laminin yl (—/—) (right)

cardiomyocytes. Abbreviations: CCh, car-
bachol; I, ,, L-type Ca>* current; ISO,
isoprenalin; ms, milliseconds; mV, milli-
volt; NS, normal solution; pA, picoam-
pere; pF, picofarad; s, seconds.

NS 1SO 1SOISO
cch

0.03 cells; n = 25 EBs) (supporting information data) compared
with the ratio in control EBs (0.08 = 0.03 cells; n = 35 EBs)
(Fig. 3D, right panel). Higher numbers of pacemaker cells were
also observed with anti-HCN4 3-3'-diaminobenzidene (DAB)
staining (supporting information Fig. 2B).

Hormonal Regulation of Cardiomyocyte Function at
the Single-Cell and Multicellular Level

The lack of BM and the accompanying changes of 1 integrin
distribution prompted us to analyze the hormonal regulation in
laminin vyl (—/—) cardiomyocytes. This was determined by
measuring the frequency of APs as well as the modulation of the
I, at the single-cell level using the patch-clamp technique.
Carbachol (CCh) (1 uM) slowed spontaneous beating by
49.0% = 0.50% (n = 14) in laminin y1 (—/—) cardiomyocytes,
similar to laminin y1 (+/—) cardiomyocytes (48.5% = 0.50%;
n = 9) (Fig. 4A). The known ISO-induced increase of the AP
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frequency [21] was observed to a similar degree in both laminin
(+/=) (61.1% *= 1.4%; n = 10) and laminin (—/—) (66.6% *
1.0%; n = 14) cardiomyocytes. In addition, after ISO pretreat-
ment led CCh to a reduction of the beating frequency in both
laminin (+/—) 24.1% = 0.5%; n = 10) and laminin (—/—)
(24.0% = 0.6%; n = 5) cardiomyocytes, respectively (support-
ing information Table 1). As a standard read-out for muscarinic
and (-adrenergic signaling [15, 21, 31], we further investigated
the regulatory effects of these hormones on I, amplitude.
This yields information concerning the physiological integrity
of cardiomyocytes, since I, ; is a key determinant of the
excitation-contraction machinery. Our experiments showed that
the CCh-mediated inhibition of I, after prestimulation with
ISO was present in laminin y1 (—/—) (Fig. 4B) and laminin vyl
(+/—) (data not shown) cardiomyocytes. Statistical analysis
revealed that the percentage of the inhibition of I, ; by CCh was
almost identical in heterozygous (—28.7% = 4.8%) and homozy-
gous (—24.5% = 3.7%) cells. The ISO-induced stimulation was
comparable in both groups, with 52.6% = 13.6% (n = 8) and
44.1% = 12.9% (n = 8) for heterozygous and homozygous car-
diomyocytes, respectively. Thus, we found at the single-cell level
that adrenergic and muscarinic regulation is preserved in laminin
vl (—/—) ES cell-derived cardiomyocytes. Interestingly, a small
but statistically significant (p = .05) upregulation of the density of
Icar (picoampere/picofarad) was noticed in the laminin y1 (—/—)
cells (12.1 = 2.2, n = 8, for (+/—) and 17.0 £ 5.8, n = 8, for
(—/—), respectively) (Fig. 4C; suppporting information Table 2).

Next we used the MEA system to monitor the hormonal
modulation in intact EBs without enzymatic treatment. For this
purpose, cardiac clusters were plated and differentiated on
MEAs, and the modulation of chronotropy was tested upon CCh
(10 uM) and/or ISO (1 wM) application. Spontaneously occur-
ring FPs showed a typical physiological response to CCh and
ISO, similar to the single-cell AP measurements described
above and in earlier work [16, 32]. The percentage of EBs that
responded to CCh was 71.4% for the laminin yl (+/—) (n = 5)
and 77.7% for the laminin yl (—/—) (n = 7) preparations.
Moreover, laminin yl (—/—) EBs showed a negative chrono-
tropic response to CCh, and this was reversed after wash-out.
CCh reduced the FP frequency to 68% = 10.5% (n = 5) in
(+/—) EBs and to 77% * 104% (n = 7) in (—/—) EBs.
Similarly, muscarinic inhibition slowed after [3-adrenergic pre-
stimulation spontaneous activity to a similar degree in (+/—)
and (—/—) EBs (supporting information Fig. 1; supporting in-
formation Table 3). Thus, the hormonal regulation of chronot-
ropy of cardiac clusters was fully intact.

Electrical Signal Propagation in Beating Clusters

To understand the mechanism(s) whereby laminin disruption
and consequent breakdown of the ECM network change
conduction and crosstalk between cardiomyocytes, we per-
formed a detailed analysis on EBs by measuring electrical
impulse generation and electrical propagation between car-
diomyocytes using MEA recordings. In Figure 5A, two orig-
inal FP traces from different electrodes (26 and 73) show a
representative example of the laminin yl (+/—) EBs (n =
22). The gray shaded areas on the left (Fig. SA-5C) indicate
the total area of the plated EBs, and this proved comparable
in size between control and the mutant EBs. Interestingly,
some of the laminin y 1 (—/—) EBs (~40%) did not adhere
stably to MEAs; for MEA analysis, only the ones with good
attachment providing adequate electrical signals could be
used. In a representative control EB, a single pacemaker area
was found in vicinity of electrode 26, and the signal was
propagated in the direction of electrode 73, as indicated by
the delay between the two electrodes (dotted line). Electrical

65

coupling was proven by the identical frequency and the stable
delay. On the contrary, isolated and competing pacemaker
regions were found in the laminin y1 (—/—) EBs (n = 14;
Fig. 5B): the two representative traces show two electrically
active areas around electrode 23 (areas 1 and 2), one serving
as the pacemaker and one as the driven area as indicated by
the stable delay. However, none of these two signals correlate
with the FPs around electrode 87 (3), suggesting a second
pacemaker area, which was electrically not coupled to the
other pacemaker center. Moreover, we conducted functional
rescue experiments by plating laminin yl (—/—) EBs pre-
treated with laminin 111 (25 pg/ml). In some (two of four) of
the reconstituted EBs a recovery of the wild-type phenotype
was evidenced by the presence of only one pacemaker region
(region 1) demonstrated by the MEA recordings from elec-
trodes 36 and 83 (Fig. 5C). The videos of these recordings
reveal homogeneous contraction in the entire (+/—) rescued
EB, whereas several independently beating areas were seen in
the (—/—) EB (supporting information Videos 3-5). Our
experiments demonstrated that significantly (p < .05) more
pacemaker areas were found in laminin y1 (—/—) (2.9; n =
14) EBs compared with controls (1.27; n = 22) EBs (Fig.
5D); pacemaker regions were calculated according to the
number of independently beating areas of the EB. Next, we
normalized this number with the size of the EBs by dividing
the number of pacemaker regions by the number of electrodes
being covered by the EBs. This analysis again yielded significantly
more pacemaker regions per electrode in laminin y1 EBs (0.16 =
0.03; n = 14) compared with controls (0.06 = 0.007; n = 22; p <
.05) EBs. This finding is depicted in detail in Figure 5D (right
panel), where the approximate path of the spreading of the electri-
cal excitation was determined using FP delay analysis and is
marked with a black line. In the laminin y1 (+/—) EB (left) a
functional syncytium can be identified, whereas in the laminin +yl
(—/—) EB (right) only some areas were electrically coupled (black
circles and line, Fig. 5D left panel), which was proven by the fixed
delay between the pacemaker-related electrodes (also described in
Fig. 5A, 5B). In addition, a higher incidence of isolated pacemaker
areas (black triangles, Fig. 5D left panel) was detected in the (—/—)
EB, as indicated by changes of the delay between the respective
electrodes.

We also found that the conduction of the signal between
individual electrodes was not as homogeneous in the laminin y1
(—/—) as in the laminin y1 (+/—) EBs. The time course shown
in Figure SE depicts strong changes of the delay in the (—/—)
EB (right panel), whereas the delay between respective elec-
trodes remained stable in the (+/—) EB (left panel). This finding
suggests a high presence of electrically isolated and/or partially
coupled pacemaker areas in the laminin y1 (—/—) EBs. In fact,
the pacemaker regions proved to some extent isolated in the
laminin yl (—/—) EBs, when using the FP delay analysis. In
addition, the apparent conduction velocity in cardiomyocyte
clusters of laminin vyl (—/—) EBs was significantly (p = .014)
lower (0.0139 = 0.0022 m/s; n = 11) versus controls (0.025 =
0.0019 m/s; n = 12). Slowing of the apparent conduction
velocity in cardiomyocyte clusters of laminin yl (—/—) EBs
could be due to changes of intracellular conduction, which is
governed by Na™ and/or Ca®" channels. These are reflected in
the upstroke velocity of APs, and we therefore analyzed dV/dt
max (Table 1). This revealed similar values for cardiomyocytes
derived from mutant and control EBs. However, since the av-
erage maximal diastolic potential of our cells was found to be
relatively depolarized and since this could result in voltage-
dependent inactivation of Na™ channels, we determined dV/dt
max in cardiomyocytes with relatively negative (less than —55
mV) MDP. This analysis yielded an average dV/dt max of
147 = 4.4 V/second (n = 5; average MDP, —59 * 4.4) and
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Figure 5. Electrical signal propagation is slowed and the number of pacemaker centers in laminin yl (—/—) EBs. (A): FPs recorded from a
representative laminin yl (+/—) (right panel) EB with microelectrode array (MEA) from the marked electrode sites (left panel). This EB showed a
unique pacemaker region around electrode 26; the stable delay between electrode 26 and 73 is indicated by the dotted lines (1). (B): FPs recorded
from a representative laminin yl (—/—) EB revealed that the pacemaker around electrode 23 was electrically independent from electrode 87 (3), as
no stable delays between these two sites were observed; in contrast, around electrode 23 a stable delay between two electrically active areas (1, 2)
was found. (C): FPs recorded from a representative laminin yyl (—/—) rescued EB pretreated with laminin 111 showed only a single pacemaker region
around electrode 36, with a stable delay at electrode 83 (1). (D): Left panel: Statistics of the number of pacemaker areas in mutant and control EBs;
a significantly (p = .0001) higher number of pacemaker areas was observed in laminin yl (—/—) EBs. (D): Right panels: overview pictures
taken from laminin yl (+/—) (left) and laminin yl (—/—) (right) EBs plated on MEAs. Dark lines with arrows indicate the propagation of the
spontaneous electrical FP wave front; black triangles show uncoupled beating areas. (E): Time course of the FP delay between individual
electrodes allowed to identify the primary pacemaker region in EBs. In the left panel, a laminin y1 (+/—) EB with a homogeneous propagation
of the FP between different electrodes is shown, whereas the laminin yl (—/—) EB (right panel) was characterized by inhomogeneous delays.
The chosen electrodes correspond to the entire area where FPs could be recorded, and these areas are of similar size in these EBs.
Abbreviations: FP, field potentials; s, seconds.
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Figure 6. Defective extracellular matrix (ECM) assembly causes deposits of ECM. (A): Western blot analysis showed similar content of Cx43
(left panel) and Cx45 (right panel) proteins in laminin yl (+/—) and laminin y1 (—/—) EBs. (B): Cx43 immunostaining (red) showed a similar
distribution in laminin yl (+/—) (left panel) and laminin yl (—/—) (right panel) embryonic stem cell-derived cardiomyocytes (cardiac-a-
actinin-positive, green). (C): Van Gieson staining revealed a lower deposition of ECM in a representative laminin yl (+/—) EB (left panel)
compared with a laminin yl (—/—) EB. (D): Van Gieson staining also evidenced high deposition of ECM between beating areas in a
representative (—/—) EB plated on a microelectrode array (MEA); the left panel depicts a representative laminin y1 (+/—), and the right panel
depicts a laminin yl (—/—) MEA EB with the number of electrodes. (E): Electron microscopy detected a high deposition of fibrous collagen
in the laminin y1 (—/—) EB (bigger right panel), causing spacing between adjacent cells (indicated by the white arrows); this was not the case
in the laminin y1 (+/—) EB (bigger left panel). Scale bars = 1.5 um (left) and 0.75 pum (right). 3-3’-diaminobenzidene detection revealed
stronger fibrous collagen VI deposition in the laminin y1 (—/—) EB (smaller right panel) than in control (smaller left panel). (F): Western
blotting for collagen VI confirmed the upregulation of this protein in laminin yl (—/—) beating areas of EBs. Scale bars = 5 um (B), 20 um
(C), 1.5 uwm ([E], bigger left), 0.75 wm ([E], bigger right), and 120 um ([E], inset). Abbreviation: Cx, connexin; el, electrode.

13.5 = 8.1 V/second (n = 5; average MDP, —58 = 6.3) for
control and mutant cardiomyocytes, respectively, ruling out
prominent differences of Na™ currents. Furthermore, differ-
ences in K™ channel expression also appear unlikely because of
the similar MDPs (Table 1).

Besides ion channels being responsible for intracellular
conduction, connexins play a key role for intercellular con-
duction and spreading of the electrical signal. We have

therefore also investigated the most relevant connexin iso-
forms in developing heart muscle cells. There was no obvious
difference in the distribution of Cx43 in laminin y1 (+/—)
and (—/—) EBs (Fig. 6B, arrows); this analysis is somewhat
difficult, as the anisotropic alignment of the cardiomyocytes
is not preserved in the EBs. Nevertheless, our findings are
also supported by the quantitation of connexins using West-
ern blotting, which revealed no differences in expression for
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Cx43 (Fig. 6A, left). Similarly, the expression of Cx45 (Fig.
6A, right), the predominant isoform during early cardiac
development [33], was also found to be unaltered, making it
unlikely that changes in the expression and/or distribution of
connexins underlie the observed alterations. Specific staining
with BM4018 revealed that fibroblasts and reticular fibro-
blasts were similarly distributed in wild-type and knockout
cardiomyocytes (data not shown), excluding the possibility
that interdispersion of electrically isolating cells caused the
observed conduction defect.

To understand whether lack of laminin can mechanisti-
cally account for the observed disturbances of the electrical
signal propagation in the laminin yl (—/—) EBs, Van Gieson
staining was performed. This demonstrated deposition of
ECM between cells (—/—) in EBs (Fig. 6C), presumably due
to the lack of an intact BM. This could lead to the isolation
of electrically active areas, as these deposits correlated with
sites of disturbed electrical spreading on representative
(+/—) (left) and (—/—) (right) EBs (from Fig. 5D) plated on
the MEAs (Fig. 6D). Since it was not possible to quantitate
the matrix interdispersed between cardiomyocytes, we fur-
ther underscored our observation by ultrastructural analysis.
Electron microscopy depicted collagen-like extracellular
structures (Fig. 6E, bigger panel), which caused spacing
between adjacent laminin yl (—/—) cells. Such intercellular
gaps prevent intercellular coupling via gap junctions despite
normal expression of connexins. Furthermore, DAB staining
confirmed enhanced extracellular deposits of matrix compo-
nents, particularly of collagen VI in the knockout EBs (Fig.
6E, inset), and this finding was further corroborated by
Western blotting analysis (Fig. 6F). This increased ECM
deposition was also shown for other matrix proteins (sup-
porting information Fig. 2). Thus, altered BM formation
results in disorganized ECM deposition, leading to disturbed
electrical pulse propagation.

DISCUSSION

The aim of our work was to investigate cardiac cells devel-
opment and function upon deletion of the laminin y1 chain.
The biological relevance of laminins for development has
been unequivocally evidenced by targeting experiments, as
deletion of the laminin «l, B1, and y1 [4, 34, 35] chains
results in BM defects and early embryonic lethality. Since
laminin plays a key role for skeletal muscle biology and since
mutations in laminin genes result in prominent muscle pa-
thologies in humans, we wondered about the cell biological
and functional consequences on cardiac muscle development
and differentiation upon deletion of the laminin y1 chain. We
show that this results in a complete absence of BM (collagen
1V, nidogen) around cardiomyocytes, whereas cardiomyocyte
development and differentiation remain surprisingly unaf-
fected. The observed lack of BM formation is clearly due to
the deficiency of laminin, since our rescue approach with
soluble laminin led to a partial recovery of BM structure/
formation around cardiomyocytes. Our data also demonstrate
that the cytoskeleton of cardiomyocytes is in contrast to
skeletal muscle [1, 2, 7], relatively independent of ECM
structures. This is most likely due to compensatory effects of
the laminin y3 chain. This chain is broadly expressed in
several tissues [26], has the same modular structure as the
laminin y1 chain, and was found to be more organized around
laminin yl (—/—) cardiomyocytes, thereby forming a partial
molecular substitute. We also observed a higher N-cadherin
concentration at the border zones of laminin yl (—/—) car-
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diomyocytes, indicating its contribution to the maintenance
of cytoskeletal anchorage and cell-cell contacts.

Laminin polymerization is essential, first, to induce reor-
ganization of laminin itself into a BM, and then to form a
structured network of the components of the cortical cy-
toskeleton, such as B1 integrin, vinculin, and talin. We
showed in our earlier work that 81 integrin (—/—) cardio-
myocytes did only differentiate into primitive cardiac muscle
cells [12] and that muscarinic signaling was entirely absent
because of spatial displacement of Ge; [20]. However, al-
though the lack of laminin affected the expression and the
distribution of 1 integrins, the function of laminin y1 (—/—)
cardiomyocytes at the single-cell level and in whole EBs was
preserved [20, 36]. This suggests that the presence of S1
integrins, even if not entirely correctly distributed, suffices to
preserve an orderly spatial organization of the receptor-de-
pendent actinin-talin clustering, presumably thereby main-
taining the cortical cytoskeleton in cardiomyocytes.

Alterations in certain laminin genes result in muscular
pathologies but also in severe changes of heart function (i.e.,
disturbances of heart rate variability), impaired conduction
resulting in arrhythmias, and left ventricular failure accom-
panied by progressive accumulation of connective tissue [37—
39]. In line with these observations our MEA results show
that the electrical signal is not appropriately propagated in
laminin yl (—/—) EBs, and this is supported by the reduced
apparent conduction velocity within cardiomyocyte clusters.
There are two mechanisms potentially responsible for this
disturbed conductance, intracellular and intercellular. We
could not detect a significant lowering of Na™ (dV/dt max
measurements), I, ;, and/or K™ (MDP) channels, thereby
ruling out the possibility that changes of the intracellular
conduction caused the observed slowed conduction in the
laminin yl chain (—/—) cardiomyocyte clusters. The inter-
cellular conduction is mediated by connexins, and we there-
fore investigated cardiac connexins with Western blotting
and immunostaining. The experiments yielded no apparent
differences in their expression and localization. Furthermore,
we could not find an increase in potentially electrically
isolating cells interspersed between the cardiomyocytes, a
finding supported by the relatively little reduction in apparent
conduction velocity in the mutant cardiomyocyte clusters. In
fact, in the case of cardiomyocyte-fibroblast coupling the
apparent conduction velocity would strongly drop [40].
Rather, we found deposits of ECM between adjacent cells,
which presumably caused altered spacing between the cells
(also described in Fig. 6E, right) resulting in defective inter-
cellular coupling via gap junctions despite their normal ex-
pression pattern. Furthermore, we found in single-cell exper-
iments and in EBs more pacemaker-like cardiomyocytes and
ectopic centers, respectively. This suggests that the mainte-
nance of spontaneously active, pacemaker-like cells is en-
hanced in electrically silent and/or uncoupled areas and/or
that there is a compensatory mechanism to overcome the
uncontrolled ECM deposition and the alteration of the prop-
agation of electrical excitation. We propose that this mech-
anism underlies the increased number of pacemaker-like cells
rather than the lack of laminin yl expression directly mod-
ulating the subtype differentiation of early cardiomyocytes.

The clearly higher deposits of several ECM proteins (colla-
gen I and VI and fibronectin, among others) in laminin 7yl
(—/—) EBs because of disturbed BM formation (downregulation
of collagen IV, nidogen-1, and 1 integrins), fit nicely into the
pathophysiological sequelae of cardiomyopathies, where re-
modeling of the heart is followed by deposition of ECM mol-
ecules or, eventually, calcifications as well. Our data demon-
strate that such deposits can hinder normal spreading of the
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electrical signal and consequently result in the in vivo situation,
with a propensity toward potentially life-threatening ventricular
arrhythmias [41-43].

SUMMARY

Our study demonstrates that the differentiation and function
of laminin yl (—/—) cardiomyocytes are intact despite the
complete absence of BM. However, disruption of normal BM
formation and the resulting deposits of ECM hinder physio-
logical spreading of the electrical propagation wave, leading
to slowing of the apparent conduction velocity and an in-
crease of the number of pacemaker areas. Thus, even though
laminin is not involved directly in heart muscle development
and cardiomyocyte signaling, it plays a key role in the
organization of the ECM and hence in the orderly propaga-
tion of electrical signals.
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3.2 Cardiomyocytes differentiated from iPS cells as a model for studying monogenic

heart disease:

3.2.1 Cardiomyocytes obtained from induced pluripotent stem cells with Long-QT
syndrome 3 recapitulate typical disease-specific features in vitro. Circ Res.
2011 Sep 30;109(8):841-7. DOI: 10.1161/CIRCRESAHA.111.243139. Epub
2011 Jul 28. PubMed PMID: 21799153 (IF:9.48).

Aim of the study

The discovery of iPS cells has opened new horizons in using pluripotent stem cells, as a model
for studying congenital diseases in the culture dish in vitro. Cells derived from iPS cells carry
the gene mutation responsible for the illness but also the genetic background of the patient.
This aspect confers better prediction and accuracy of the mechanisms that cause the disease.
In addition, iPS cells have the advantage of ensuring a continuous source of cells. They are,
therefore, essential in screening for effective drugs for treating the disease.

Monogenetic diseases are due to mutations in one specific gene which cause in to a specific
cell, changes in the function or properties. The cells in culture should exhibit the phenotype
expected from the patient and give clear, defined readouts reflecting the disease. Diseases
arising from ion channelopathies, characterized by mutations in specific ion channel-encoding
genes, present a compelling opportunity for replicating phenotypes within monotypic cell
cultures derived from patient-specific iPS cells. The genetic simplicity provides a clear cause-
and-effect relationship between the genetic alteration and the resulting disease phenotype.
LQTS are monogenetic diseases causing a delayed repolarization of the membrane potential
of cardiomyocytes, which leads to long APD resulting in a prolongation of the QT interval in
the ECG. Several mouse models for LQTS were generated. Particularly interesting was the
mouse expressing the delta KPQ mutation (Scn5aA/+), which consists of the deletion of the
amino acids, lysine-proline-glutamine, in the intracellular loop between domain Il and IV of the
cardiac Na* (Nav1.5, Scn5a) channel (Nuyens et al., 2001). This is the most common gain of
function mutation in humans, causing LQTS3, resulting in QT prolongation and arrhythmic

events with sudden death during bradycardia in patients. In the Scn5aA/+ mouse model, it was
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possible to detect the mutation-induced phenotype, namely a prolongation of the AP and a
propensity for arrhythmias, as well as a specific dependence of QT prolongation at lower
beating frequencies.

The primary motivation of the study on disease-specific cardiomyocytes from iPS cells derived
from the fibroblasts of the LQTS3 mouse, was to evaluate whether, following the
reprogramming process and subsequent in vitro differentiation, these cells could faithfully
reproduce the characteristic phenotype exhibited by the LQTS3 mouse harboring the human
mutation. Therefore, after generation as proof of principle disease-specific cardiomyocytes we
then looked for the electrophysiological hallmarks of LQTS 3 cardiomyocytes in vitro.

Methods and resulis

Generation of iPS cells was achieved by retroviral transduction of murine embryonic fibroblasts
from heterozygous (Scn5aA/+) and wild-type mice with the three factors Oct4, Sox-2 and Kif4,
or additionally with the fourth factor c-Myc. Successful reprogramming was confirmed, showing
pluripotency characteristics such as positive staining for the pluripotent markers Oct4 and
SSEA1, and teratoma formation in SCID mice (Fig 1, page 842, (Malan et al., 2011). In vitro
differentiation of iPS cells was obtained via EB formation using the hanging drop method,
enabling the generation of cells of all three germ layers and then the differentiation of
spontaneously beating cardiomyocytes. Gene expression analysis revealed, as expected, a
reduced expression of the pluripotency marker Nanog and Oct4 during differentiation. In
contrast, the level of cardiac muscle structural and functional genes (Myl2, Myl7, Myh6, Myh?7,
Hcn4 and Scnb5a) increased in both wild-type and Scn5aA/+ cells after 14 days of cultivation
(Fig 2, page 843). These data indicated that generation of cardiomyocytes was possible.

By the enzymatic dissociation of beating areas of EBs, we obtained single cardiomyocytes of
wild-type and Scn5aA/+ iPS cells. We found similar Scn5a channel distribution patterns in both
clones using immunostainings, and equal peak sodium currents using the patch clamp
technique. However, biophysical characterization of the sodium current yielded a significantly
faster recovery from inactivation in Scn5aA/+ cardiomyocytes. Furthermore, the TTX-sensitive

late sodium current was also significantly larger in Scn5aA/+ than in wild-type cardiomyocytes
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(see Table 1, page 845, and Fig 3, page 844). Analysis of AP shape at various pacing
frequencies showed a prolonged APD in Scn5aA/+ cardiomyocytes at low pacing rates (<0.5
Hz). For quantitation, the relationship between the pacing period and APD was determined for
each cell by linear regression analysis. This relationship yielded a flat slope in wild-type
cardiomyocytes but a steep positive slope in Scn5aA/+ cardiomyocytes, indicating a correlation
between the APD and the frequency of pacing, specifically with prolonged APD at lower pacing
frequencies (see Table 2, page 845 and Fig 4, page 846). Furthermore, at low pacing rates
EADs were observed in about half of Scn5aA/+ cells (53.8%), but never in wild-type
cardiomyocytes. The electrophysiological hallmarks were typical of the LQTS gain of function
delta KPQ mutation of the Scn5a Na* channel. Most importantly, the electrophysiological
results were similar to those that were obtained from the LQTS3 mouse and patients carrying
this mutation.

Conclusion

In this study, we provide evidence that cardiomyocytes derived from iPS cells obtained by
reprogramming fibroblasts of a mouse model of a human LQTS3 mutation can recapitulate the
typical pathophysiological features in cardiomyocytes upon reprogramming and in vitro
differentiation. Most importantly, we observed a prolonged AP at low frequencies with EADs,
all typical signs of LQTS3. This data further confirmed the possibility of using iPS-derived
cardiomyocytes in the analysis of monogenetic disease mechanisms even though they are not
at a terminal maturation stage.

Contribution: designed, performed, and analyzed patch clamp experiments, discussion, and

analysis of the data, coauthored the manuscript.
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Cardiomyocytes Obtained From Induced Pluripotent Stem
Cells With Long-QT Syndrome 3 Recapitulate Typical
Disease-Specific Features In Vitro

Daniela Malan,* Stephanie Friedrichs,* Bernd K. Fleischmann, Philipp Sasse

Rationale: Current approaches for the investigation of long-QT syndromes (LQTS) are mainly focused on identification
of the mutation and its characterization in heterologous expression systems. However, it would be extremely helpful to
be able to characterize the pathophysiological effects of mutations and to screen drugs in cardiomyocytes.

Objective: The aim of this study was to establish as a proof of principle the disease-specific cardiomyocytes from a
mouse model with LQTS 3 by use of induced pluripotent stem (iPS) cells and to demonstrate that the mutant
cardiomyocytes display the characteristic pathophysiological features in vitro.

Methods and Results: We generated disease-specific iPS cells from a mouse model with a human mutation of the cardiac
Na™ channel that causes LQTS 3. The control and LQTS 3—specific iPS cell lines were pluripotent and could be differentiated
into spontaneously beating cardiomyocytes. Patch-clamp measurements of LQTS 3—specific cardiomyocytes showed the
biophysical effects of the mutation on the Na™ current, with faster recovery from inactivation and larger late currents than
observed in controls. Moreover, LQTS 3-specific cardiomyocytes had prolonged action potential durations and early
afterdepolarizations at low pacing rates, both of which are classic features of the LQTS 3 mutation.

Conclusions: We demonstrate that disease-specific iPS cell-derived cardiomyocytes from an LQTS 3 mouse model with a
human mutation recapitulate the typical pathophysiological phenotype in vitro. Thus, this method is a powerful tool to
investigate disease mechanisms in vitro and to perform patient-specific drug screening. (Circ Res. 2011;109:841-847.)

Key Words: cardiac electrophysiology m cell culture m induced pluripotent stem cells m long QT syndrome m SCN5SA

Long—QT syndrome (LQTS) is a severe disorder of the
electric activity of the heart. It is caused by delayed
repolarization of cardiomyocytes, which leads to abnormally
long action potential (AP) durations that result in a prolonged
QT interval in the ECG.! The lifespan of patients with LQTS
is often limited because of the development of ventricular
tachycardia and sudden cardiac death.!> Generally, LQTS are
caused by loss-of-function mutations, but they can also be
caused by gain-of-function mutations, the most common
being LQTS 3. The most frequent LQTS 3 mutation is the
deletion of the amino acids lysine-proline-glutamine (AKPQ)
in the intracellular loop between domains III and IV of the
cardiac Na™ channel.!® This results in reactivation of Na™
channels during the late phase of the AP, which leads to
prolongation of the AP duration and QT interval, as well as
dangerous early afterdepolarizations (EADs) at slow heart
rates.> Because of the strong frequency dependence of this
effect, patients with LQTS 3 have lethal arrhythmias prefer-
entially at rest and during sleep.!?

The common pathophysiological feature of LQTS is the
prolonged AP duration in cardiomyocytes. This cannot be

investigated directly in vitro because sufficient numbers of
human ventricular cardiomyocytes cannot be harvested from
patients. Therefore, the properties of mutated ion channels are
preferentially investigated in heterologous expression sys-
tems that lack the typical cell biological and physiological
features of cardiomyocytes.>*

Induced pluripotent stem (iPS) cells can be propagated to
an unlimited extent and have been shown to serve as a source
of cardiomyocytes in vitro.> Moreover, it has been shown
recently that iPS cells derived from patients with LQTS 1 or
2 can be used to obtain disease-specific cardiomyocytes.®’ In
the present study, we provide evidence that cardiomyocytes
differentiated from disease-specific iPS cells do recapitulate
the typical frequency-dependent features of the LQTS 3
phenotype in vitro.

Methods

An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

iPS cells were generated by retroviral transduction of murine
embryonic fibroblasts (MEFs) from Scn5aA/+ mice (mice heterozy-
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Non-standard Abbreviations and Acronyms

AP action potential

APDg, action potential duration at 90% of repolarization
EAD early afterdepolarization

EB embryoid body

ES cells embryonic stem cells

iPS cells induced pluripotent stem cells

MEF murine embryonic fibroblast

Scn5aA/+  mice heterozygous for KPQ deletion of Scn5a

gous for the KPQ deletion of Scn5a) and wild-type littermates
either with the 3 factors Oct4, Sox2, and Klf4 or additionally with
the fourth factor c-Myc, as described previously.’® Teratoma
assay was performed by injection of undifferentiated iPS cells
into SCID mice. For in vitro differentiation of iPS cells, the
hanging drop method was used to generate embryoid bodies as
described previously.!® Immunostainings were performed accord-
ing to standard protocols,'? and TagMan assays (Applied Biosys-
tems, Foster City, CA) were used for quantitative polymerase
chain reaction.

A Wild-type Scn5aA/+ B
P— - =
WT: 2.4 kb —

Scn5aA: 1.7 kb —

Scn5aA: 0.6 kb —

ScnbaA/+

Na* currents were recorded and biophysically characterized from
differentiated cardiomyocytes by use of the patch-clamp technique as
described previously.>#10.11 For recording of frequency-dependent AP
durations, APs were evoked at various pacing periods, and the slope of
the AP duration at 90% of repolarization (APD,,)—pacing period
relationship was analyzed for each individual cell by a linear regression.

Results

Generation of Disease-Specific iPS Cell Lines

iPS cells were generated from MEFs derived from wild-type
and Scn5aA/+ littermates. For this purpose, MEFs were
prepared from single embryos, genotyped (Figure 1B), and
infected with retroviruses to express specific “stemness”
factors.® Reprogramming efficiency was enhanced by the
addition of extracellular signal-regulated kinase and glycogen
synthase kinase 3 inhibitors.” Embryonic stem (ES) cell-like
colonies appeared after 14 days and were selected on the basis
of their ES cell-like morphology. Wild-type and Scn5aA/+
iPS cell lines were propagated on irradiated MEF layers and
retained the morphology of undifferentiated ES cells (Figure
1A). Both wild-type and Scn5aA/+ iPS cells expressed the
stem cell markers Oct4 and SSEA1 (Figure 1C). As expected,

Figure 1. Generation of LQTS 3-spe-
cific iPS cell lines. A, Phase-contrast
images of wild-type (left) and Scn5aA/+

Wild-type

(right) iPS cell lines. B, Genotyping of
MEFs from wild-type and Scn5aA/+
embryos (left) used for generation of iPS
cell lines and genotyping of established
iPS cell clones (right). C, Immunostain-
ings of wild-type and Scnb5aA/+ iPS cell
colonies for the pluripotent markers
SSEA1 (upper row, white) and Oct4
(lower row, red). D, Teratoma derived
from wild-type (left) and Scn5aA/+
(right) iPS cell lines with cell types from all
3 germ layers: skeletal muscle (l), neurons
(I1), squamous epithelium (left 1ll), retinal
epithelium with pigment (right 1ll), and
glandular tissue (IV). Nuclei are shown in
blue. Scale bars: 100 um (A and D),

T e L
= ,\-" \"',:-“ Koot @
‘V,,‘\'u‘.\ 2

20 um (C).
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Figure 2. Differentiation potential of iPS cells. A, Wild-type (top) and Scn5aA/+ (lower) iPS cells were differentiated for 10 days and
stained for specific markers (red). PECAM-1 indicates platelet endothelial cell adhesion molecule-1. B and C, Relative gene expression
of the stem cell markers Oct4 and Nanog (B) and of cardiac markers (C) in wild-type (WT) and Scn5aA/+ undifferentiated iPS cells (0)
and differentiated embryoid bodies at day 9 (9) and day 14 (14). Nuclei are shown in blue. Scale bars, 50 um; error bars, SD.

genotyping of iPS cell lines revealed the mutation in the
Scn5aA/+ but not in the wild-type iPS cells (Figure 1B).

Pluripotency of Wild-Type and ScnSaA/+

iPS Cells

The pluripotency of established iPS cell lines was proven by
in vivo teratoma formation and in vitro differentiation. After
injection of wild-type and Scn5aA/+ iPS cells into SCID
mice, teratoma developed with tissues from all 3 germ layers
(Figure 1D). We also analyzed the in vitro differentiation
characteristics and stained embryoid bodies at day 10 for
markers of cells from the 3 different germ layers. Both
wild-type and Scn5aA/+ iPS cell lines showed Troma-1—
positive cells, which indicates endodermal differentiation
(Figure 2A). Mesodermal differentiation (Figure 2A) was
proven on the basis of platelet endothelial cell adhesion
molecule-1—positive endothelial cells and a-actinin—positive
cardiomyocytes. The presence of nestin- and SII-tubulin—
positive cells highlighted ectodermal differentiation (Figure
2A). Wild-type and Scn5aA/+ embryoid bodies showed
typical spontaneous beating areas starting around day 7 of
differentiation (supplementary Videos I and II). Relative gene
expression analysis by quantitative polymerase chain reaction
revealed a similar expression of stem cell markers (Oct4 and
Nanog) in wild-type and Scn5aA/+ iPS cells that decreased
on differentiation (Figure 2B). Expression of the cardiac-
specific markers a-myosin heavy chain (Myh6), Na,1.5 Na*
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channel (Scn5a), hyperpolarization-activated cyclic nucleo-
tide-gated channel 4 (Hcn4), K,2.1 delayed rectifier K™
channel (Kenb1), Ca, 1.2 L-type Ca*>* channel (Cacnalc), and
o2-actinin (Acnt2) increased to a similar extent during
differentiation of wild-type and Scn5aA/+ iPS cells (Figure
20). Interestingly, expression of the Na™ channel (Scn5a)
further increased with ongoing differentiation from day 9 to
day 14.

Biophysical Characterization of Na* Currents in
Disease-Specific and Wild-Type Cardiomyocytes
From iPS Cells

To measure Na* currents and APs in single wild-type and
Scn5aA/+ iPS cell-derived cardiomyocytes, single cells were
isolated from beating areas of embryoid bodies and investigated
by use of the patch-clamp technique. Cardiomyocytes from both
lines were spontaneously beating and showed similar Na™
channel distribution and well-organized sarcomeric structures
with Scn5a and «-actinin staining (Figure 3A).

Because LQTS 3 is caused by mutated Na™ channels, we
investigated the functional expression of the voltage-
dependent Na™ current at early (day 12) and late (late
developmental stage, days 19 to 22) stages of differentiation
using voltage ramps (data not shown). The percentage of cells
with Na* currents was lower in the early developmental stage
(66.6% of wild-type [n=12] and 66.6% of Scn5aA/+ [n=15]
cells) than in the late developmental stage (92.8% of wild-
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Figure 3. Na* currents in LQTS 3-specific and wild-type cardiomyocytes. A, Inmunofluorescence images of Scn5a Na* channel
distribution (green) and sarcomeric a-actinin structure (red) in a wild-type and Scn5aA/+ cardiomyocyte. B and C, Na™ currents (B) and
average current densities (C) in wild-type (WT) and Scn5aA/+ iPS cell-derived cardiomyocytes. D and E, Averaged steady state activa-
tion (ss,ey) and inactivation (ss;,..;) curves for wild-type and Scn5aA/+ cardiomyocytes (D) and statistical analysis of the potential of
half-maximal (Half-max) activation and inactivation (E). F, Analysis of recovery from inactivation in a representative wild-type and
ScnbaA/+ cardiomyocyte (monoexponential fit shown by dashed lines). G, Statistical analysis of the time constants of recovery from
inactivation. H, Representative traces of late Na* current before and after tetrodotoxin (TTX) application (20 wmol/L) in a wild-type (top)
and an Scn5aA/+ (lower) cardiomyocyte. |, Statistical analysis of TTX-sensitive late Na™ current densities. Nuclei are shown in blue.
Scale bar, 20 um. Dotted lines indicate zero current; error bars, SEM. *P<0.05.

type [n=14] and 76.4% of Scn5aA/+ [n=17] cells). This is
in line with gene expression data of the Na™ channel (Figure
2C), and therefore, only cardiomyocytes from the late devel-
opmental stage were investigated further. The capacitance of
these cells was very similar (Table 1), which excludes the
possibility that functional differences were related to cell size.
Na™ current density at —10 mV was similar in wild-type and
Sen5aA/+ cells (Figures 3B and 3C; Table 1). We also did
not observe differences between genotypes in the steady state
activation and inactivation of the Na™ current (Figure 3D) or
in the potential for half-maximal activation and inactivation
(Figure 3E; Table 1). The time constants for the kinetics of
deactivation did not differ at —40 mV and at 0 mV between
wild-type and Scn5aA/+ cardiomyocytes (Table 1). How-
ever, recovery from inactivation of the Na™ current was
significantly faster in Scn5aA/+ than in wild-type cells
(Figures 3F and 3G; Table 1). Similarly, the tetrodotoxin-
sensitive late Na™ current was significantly larger in Scn5aA/+
than in wild-type iPS cell-derived cardiomyocytes (Figures 3H
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and 31; Table 1). These data revealed that the classic biophysical
features of the mutated Scn5a Na™ current could be observed in
iPS cell-derived late-stage cardiomyocytes.

Characterization of APs From Wild-Type and
Scn5aA/+ iPS Cell-Derived Cardiomyocytes
Because prolonged duration of APs, especially at low fre-
quencies, is the typical hallmark of LQTS 3, we evoked APs
in the current clamp mode and focused primarily on AP
duration at different pacing frequencies. Amplitude, upstroke
velocity, and resting membrane potential were similar in both
genotypes (Table 2); however, clear differences were ob-
served when we analyzed frequency-dependent AP durations.
Wild-type cardiomyocytes had similar AP durations at fast
and slow pacing rates (Figure 4A). In contrast, Scn5aA/+
cardiomyocytes showed prolonged AP durations when paced
at slower rates (Figure 4B).

Because of the high variability of AP duration at APDg,
between individual cells, only a tendency toward prolonga-


http://circres.ahajournals.org/

9T0Z ‘0z Jequiada uo 1sanb Aq /6.10°sfeulno feye'saolio)/:dny woly papeojumoq

Malan et al

Table 1. Biophysical Parameters of Na* Currents

Parameter Wild Type Scn5aA/+ P
Capacitance, pF 54.6+8.4,n=33 49.8+7.1,n=27 0.66
Iva PeAK, pA/pF 23.3+x4.4,n=9 21.2+46,n=7 0.75

SSaet V172, mV
SSinact V1/2, mV
7 Deact —40 mV, ms

—443+24,n=15 —413+1.0,n=7 0.26
—67.8+3.5,n=12 —62.6+3.0,n=11 0.27
3.63+0.95,n=14  3.47=1.17,n=8 092
2.43+0.60,n=13  2.07*=0.72,n=6  0.71
7 Recovery, ms 8.23+1.67,n=7 3.90+0.96, n=7 0.0496
Iva late, pA/pF 1.380.56, n=7 3.86+0.67,n=8 0.0144

Ia PeaK indicates Na* current density at —10 mV; SS,, v1/2, half-maximal
voltage of steady state activation; SS;,..; v1/2, half-maximal voltage of steady
state inactivation; = Deact, time constant of the kinetic of deactivation at —40
mV and 0 mV; = Recovery, time constant of recovery from inactivation; and /y,
late, current density of tetrodotoxin-sensitive late Na™ current.

Values are mean==SEM.

P determined by Student t test.

7 Deact 0 mV, ms

tion of averaged APD,, was noted in Scn5aA/+ cells (Figure
4C). Because of the cell-to-cell variability, we quantified the
dependency of AP duration of pacing periods (APDy,—pacing
period) in individual cardiomyocytes using linear regression
analysis (examples in Figure 4D). In wild-type cells, APDy,,
was hardly affected by pacing frequency, therefore yielding a
flat slope in the APDgy—pacing period relationship (Figure
4E; Table 2). In contrast, this was significantly different in
Scn5aA/+ cardiomyocytes, in which the slope was steeply
positive (Figure 4E; Table 2). In addition, approximately half
of the Scn5aA/+ cardiomyocytes developed EADs at low
pacing rates (Figures 4F and 4G), which were not observed in
any of the wild-type cells (Figures 4F and 4G).

Discussion
The aim of the present study was to investigate whether
reprogramming of fibroblasts harvested from a representative
LQTS 3 model enabled reproduction of the characteristic
electrophysiological features of the disease in vitro. For this
purpose, we used a well-established LQTS 3 mouse model
carrying the human AKPQ mutation of the Na* channel
(Scn5aA/+) that is known to display typical electrophysio-

Table 2. AP Parameters

Parameter
RMP at 1 Hz, mV

Wild Type ScnbaA/+ P
—80.0+3.5,n=6 —83.0+3.3,n=7 0.55

APA at 1 Hz, mV 96.7+49,n=6 110.0+3.8,n=7  0.06
Vmax at 1 Hz, V/s 646+11.3,n=6  88.6+9.2,n=7 0.13
APD,, at 2 Hz, ms 48.0+9.7,n=5 832+18.0,n=7 0.12
APDg, at 1 Hz, ms 60.5+12.7,n=6 84.8+216,n=7 0.36

63.6+13.2,n=5 113.7+x24.8,n=6 0.12
Slope, ms/s —2.92+127,n=9  9.08+3.60,n=11 0.0178
% Cells with EAD 0%, n=10 50%, n=12 0.0152*

RMP indicates resting membrane potential; APA, AP amplitude; Vmax,
maximal upstroke velocity; and slope, slope of linear relationship between
APDg, and pacing period.

Values are mean=SEM. P determined by Student ¢ test except *, which was
analyzed by Fisher exact test.

APD,, at 0.17 Hz, ms

Cardiomyocytes From LQTS 3-Specific iPS Cells 845

logical features of LQTS 3, including specific frequency-
dependent changes of the AP duration.?!'?

We demonstrated that iPS cells can be generated from
wild-type and Scn5aA/+ MEFs. The pluripotency of iPS clones
was confirmed by gene expression analysis, teratoma formation,
and in vitro differentiation assays. Most importantly, wild-type
and Scn5aA/+ iPS cells could be differentiated into functional
intact cardiomyocytes. We investigated different stages of iPS
cell differentiation and found that compared with cells in the
early developmental stage, late developmental stage cells have
higher Scn5a gene expression, and a larger percentage of late
developmental stage cardiomyocytes expressed functional Na™
currents, which is similar to ES cell-derived cardiomyocytes.!!
Therefore, late developmental stage spontaneously beating sin-
gle cardiomyocytes were analyzed, and the biophysical proper-
ties between wild-type and Scn5aA/+ cardiomyocytes were
compared. Cell capacitance, Scn5a channel distribution, and
Na™ peak current densities were similar between the 2 geno-
types; however, in Scn5aA/+ cardiomyocytes, Na* currents had
faster recovery from inactivation and larger amplitudes of the
late component of the Na™ current. These biophysical properties
are typical of the AKPQ mutation and have been described
previously in heterologous expression systems* and in cardio-
myocytes from the LQTS 3 mouse model.> Other biophysical
features of the Na™ current, such as steady state activation and
inactivation, were unaltered, which is in accordance with previ-
ous reports on the AKPQ mutation.>* When measuring APs, we
observed a tendency toward longer APDy, in Scn5aA/+ cardio-
myocytes, but this did not reach statistical significance because
of high intercellular variability. This variability is most likely
because in contrast to investigations of the adult heart in
previous studies,> the developmental stages of iPS and ES
cell-derived cardiomyocytes is not identical between individual
cells. We therefore determined the APD,,, at different pacing
rates in the same cell and found that all Scn5aA/+ iPS-derived
cardiomyocytes had prolonged APD,, at lower stimulation rates
and a high incidence of EADs. Thus, cardiomyocytes with the
AKPQ mutation were characterized by a steep APDgy,—pacing
period ratio, and this clearly differed from iPS cell-derived
wild-type cardiomyocytes. The steep positive frequency depen-
dence of AP or QT duration is, in contrast to LQTS 1 and 2, a
phenotypic hallmark of LQTS 3 and has been reported in mice?
and patients.!?

We were able to analyze APD,, in LQTS3-specific iPS
cell-derived cardiomyocytes within a broad range (0.5 to 6
seconds) of pacing periods. Although these were substantially
lower rates than observed in adult mice, the large pacing
range enabled investigations of the frequency-dependent
adverse effects of ion channel mutations and of novel
compounds, in particular with the use-dependent block of ion
channels.

The generation of disease-specific cardiomyocytes from
iPS cells represents an important step, because human car-
diomyocytes cannot be harvested and expanded in sufficient
numbers from patients. Because of this limitation, previous
investigations of LQTS used heterologous expression in
noncardiomyocytes to unravel the consequences of a muta-
tion on the biophysical properties of the affected ion channel.
However, because these cells lack the potential for AP


http://circres.ahajournals.org/

9T0Z ‘0z Jequiada uo 1sanb Aq /6.10°sfeulno feye'saolio)/:dny woly papeojumoq

846 Circulation Research September 30, 2011

A 2 Hz Wild-type

0.6 Hz

Scnb5aA/+

Figure 4. AP characteristics of LQTS
3-specific and wild-type cardiomyo-
cytes. A and B, Representative traces of
APs from wild-type (A) and Scn5aA/+ (B)
cardiomyocytes at high and low pacing
frequencies. C, Statistical analysis of
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generation, such systems can only predict the possible con-
sequences related to AP shape and duration in cardiomyo-
cytes.*!3 In addition, heterologous systems do not reflect the
influence of potential compensatory pathways, the impact of
known and unknown accessory channel subunits, and the
variability of cell-specific trafficking aspects, all effects that
may be present in functional cardiomyocytes. Although
mouse models displaying human LQTS have been generated
with success and recapitulate at least in part the phenotype in
cardiomyocytes,>> they are of limited relevance because of
striking differences in heart rate> and because they cannot be
used to generate unlimited amount of cardiomyocytes for
high-throughput screenings in vitro.

Recently, LQTS 1 and 2 disease—specific cardiomyocytes
were obtained from reprogrammed fibroblasts of patients.®”
Here, we provide evidence that LQTS 3 disease—specific iPS
cells can also be generated and differentiated into cardiomyo-

80

APDg, at different pacing periods for
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cytes that maintain the functional hallmarks of the mutation in
vitro. This outcome could not be predicted by previous studies,
because iPS-derived cardiomyocytes are not terminally differ-
entiated. At the early developmental stage, ES cell-derived
cardiomyocytes have primarily Ca”>"-driven APs, and only at
later stages of differentiation does the functional Na™ current
density increase and the AP become Na® dependent.!! In
addition, beating frequencies of iPS- and ES-derived cardiomyo-
cytes are similar to fetal hearts, which are characterized by much
lower beating rates than adult cardiomyocytes. It was therefore
unclear whether the functional phenotype of the AKPQ mutation
could be reproduced despite these obvious physiological differ-
ences between adult mouse and iPS cardiomyocytes. The pres-
ent data clearly demonstrate that the pathognomonic functional
features of the AKPQ mutation, namely, the long AP duration at
slower pacing rates and the occurrence of EADs, are identified
in LQTS 3-specific iPS-derived cardiomyocytes. In future
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studies, it should be possible to measure these effects with a
high-throughput patch clamp or extracellular field potential
recordings. Such approaches could enable pharmacological
screening in vitro on cardiomyocytes, sparing animal experi-
ments. Moreover, it is very likely that the use of iPS cells will
allow functional analysis and patient-specific drug development
even in patients in whom the specific mutation underlying the
disease has not yet been identified. The feasibility of generating
iPS cells from skin biopsy samples, keratinocytes, or somatic
cell types of humans will enable the establishment of a wide
range of relevant human disease models in the culture dish.
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What Is Known?

* The pathophysiological consequences of ion channel mutations that
cause long-QT syndrome (LQTS) cannot be analyzed directly in
cardiomyocytes from patients.

e |nduced pluripotent stem (iPS) cells can be generated from skin
biopsy samples of patients and differentiated into cardiomyocytes.

What New Information Does This Article Contribute?

e Disease-specific iPS cells can be generated from murine fibroblasts that
carry a human mutation of the Na™ channel that causes LQTS 3.

o Cardiomyocytes can be differentiated in the culture dish from LQTS
3-specific iPS cells and show the known biophysical features of
the cardiac Na* channel mutation.

e Action potential durations of LQTS 3 cardiomyocytes were found to be
prolonged at slow heart rates, which is the pathognomonic feature of
LQTS 3.

LQTS are characterized by severe, potentially life-threatening
cardiac arrhythmias and are caused by ion channel mutations

that

Novelty and Significance

lead to prolongation of the cardiac action potential duration. The
pathophysiological features of LQTS have been investigated by
identifying the underlying mutation, analyzing mutated ion
channels in nonexcitable cells, and predicting the functional
consequences on action potential duration in cardiomyocytes. A
much more promising approach would be the direct analysis of
cardiomyocytes from LQTS patients. Because it is technically
not feasible to harvest sufficient numbers of cells from cardiac
biopsy samples, we suggest an alternative approach using
cardiomyocytes differentiated from iPS cells that can be
obtained from skin biopsy samples by reprogramming. We
demonstrate as a proof-of-principle that iPS cell-derived
cardiomyocytes can be harvested from a mouse model with a
human Na+ channel mutation that causes LQTS 3. Most
importantly, for the first time, we analyzed action potentials of
LQTS 3-specific cardiomyocytes from iPS cells and identified
prolonged action potential durations  and early
afterdepolarizations at low pacing rates, which is the typical
feature of LQTS 3. We suggest that cardiomyocytes
differentiated from disease-specific iPS cells are a powerful tool
for the investigation of disease mechanisms in vitro and for
patient-specific drug screenings.
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SUPPLEMENTAL MATERIAL

Malan et al.: Cardiomyocytes from LQTS 3-specific iPS cells

Detailed Methods:

Generation of iPS cells

To obtain ScnbaA/+ and wild-type mouse embryonic feeder cells (MEFs) Scn5aA/+ and wild-
type littermates were mated and embryos harvested at embryonic day 13.5. MEFs were
generated from individual embryos by Trypsin-digestion as reported earlier." MEFs were frozen
directly after harvesting and the head of each embryo was used for genotyping (see below).

For iPS cell generation, MEFs with the desired genotype were thawed and cultured in MEF
medium (DMEM, 15% FCS, 0.1 mmol/L MEM nonessential amino acids, 0.1 mmol/L 2-
mercaptoethanol, 100 U/mL penicillin, and 100 mg/mL streptomycin, all from Invitrogen) for less
than three passages and seeded at a density of 5 x 10* cells per well of a 6-well plate one day
before transduction. Reprogramming was initiated by transduction with ecotrophic retroviruses
either expressing the three factors Oct4, Sox-2, and Klf4, or additionally c-Myc, as previously
described.” Therefore MEFs were incubated with virus-containing supernatants (250-500 pl of
each virus) supplemented with 6 ug/mL protamine sulphate (Sigma) for 24 h (day 0 of
reprogramming). The next day, the medium was replaced with fresh MEF medium. At day 4
cells were passaged once and from this time on further maintained in mouse ES cell medium
(MEF medium supplemented with 1000 U/mL leukemia inhibitory factor (Chemicon), 3 umol/L
CHIR99021 and 1 ymol/L PD184352 (Axon Medchem)). The iPS cell colonies with ES cell-like
morphology were mechanically isolated from day 14 onwards, dissociated with Trypsin, and re-
plated on irradiated MEF layers in mouse ES cell medium. Genotyping of Scn5aA/+ embryos,
MEFs and iPS cells was performed as reported earlier.?

For retrovirus production pMXs-based retroviral vectors' (kindly provided by S. Yamanaka
through Addgene) encoding the mouse cDNA of Oct4, Sox-2, Kif4 and c-Myc was used. Each
retrovirus was produced individually. Therefore HEK 293 FT cells (Invitrogen) grown to ~70%
confluence on a 10 cm dish were co-transfected with a pMXs vector (2 pg) and a packaging-
defective ecotrophic helper plasmid (2 pg, pCL-Eco, kindly provided by |I.M. Verma through
Addgene) using Fugene 6 transfection reagent (12 ul, Roche) according to manufacturer’s
recommendations. Virus supernatants (10 ml each 10 cm plate) were harvested 48 h after
transfection and passed through a 0.45-um filter. Retrovirus production and infection was

controlled using a pMXs-GFP control virus in parallel.
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Culture and differentiation of iPS cells

The iPS cells were cultured in mouse ES cell medium (see above) on irradiated MEF layers and
passaged every 2 to 3 days. For cardiomyocyte differentiation the hanging drop method was
performed to initiate embryoid body (EB) formation (day O of differentiation) as previously
described.? Briefly, EBs were generated by aggregation of 400 cells in 20 pL of differentiation
medium for 2 days and subsequent cultured for another 5 days in differentiation medium
(Iscove’s modified Dulbecco’s medium, 20% FCS, 0.1 mmol/L MEM nonessential amino acids,
0.1 mmol/L 2-mercaptoethanol, 100 U/mL penicillin, 100 mg/mL streptomycin, all Invitrogen). At
day 5 or day 7, EBs were plated on glass cover slips or 6-well plates and used for
immunocytochemistry at day 10 or dissociated into single cardiomyocytes at early (day 12) and
late (day 19-22) developmental stages for patch clamp analysis. Most of the WT and Scn5aA/+
iPS clones had comparable cardiac differentiation capabilities and clones #7 (WT) and #6

(Scn5aA/+) were used for differentiation experiments in this study.

Genotyping of MEFs and iPS cells

To examine the genotype of the Scn5aA/+ MEFs and iPS cells, the Scn5a locus was amplified
from genomic DNA using forward (5-GCAGTGGGAGGACAACCTCTACATG-3") and reverse
(5"-GTTCCAGCTGTTGGTGAAGTAATAGTGG-3") primers as previously described.? PCR
products were subjected to EcoRV digestion which cuts a silent mutation in the mutated Scnba
allele and results in 1.7 kb and 0.7 kb fragments in contrast to the 2.4 kb fragment of the wild-

type allele.?

Teratoma assay

Teratoma assays were performed for each genotype. Undifferentiated murine iPS cells were
obtained by trypsin dissociation. Preplating was performed on 0.1% gelatin-coated dishes for 45
min to obtain a pure iPS cell suspension without feeder cells. We injected 100 ul cell
suspensions with 1x10° iPS cells subcutaneously into the hind limbs of SCID mice. Four weeks
after the injection, tumors were surgically dissected, fixed over night in Z-Fix (Anatech LTD),

and embedded in paraffin. 6 um sections were cut and stained with haematoxylin and eosin.

Immunocytochemistry
Immunostainings were performed on colonies of undifferentiated iPS cells and EBs at day 10 of
differentiation after fixation with 4% paraformaldehyde (Fluka) for 30 min. Cells and EBs were

permeabilized with 0.2 % Triton X-100 (Fluka) for 10 min, blocked with 5% normal donkey/goat
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serum (Jackson ImmunoResearch) for 30 min, incubated with primary antibodies diluted in 0.5
% normal donkey/goat serum for 2 h and subsequently incubated with secondary antibodies
diluted in Hoechst (1 ug/mL; Sigma) for 1 h. Samples were embedded in Polyvinyl alcohol
mounting medium (Fluka) and analyzed using an AxioObserver Z1 microscope equipped with
an ApoTome optical sectioning device and the AxioVision software (Zeiss). Colonies of iPS cells
were stained against Oct4 (rabbit polyclonal IgG, 1:100; Santa Cruz Biotechnologies) and
SSEA1 (mouse, 1:80; Developmental Studies Hybridoma Bank). Differentiated EBs were
stained against BllI-Tubulin (mouse, 1:100; Sigma-Aldrich), Nestin (mouse, 1:100; Chemicon),
Troma1l (rat, 1:100, R. Kemler, Freiburg), platelet endothelial cell adhesion molecule-1
(PECAM-1,rat, 1:800; Becton Dickinson), a-Actinin (mouse, 1:400; Sigma) and anti Nav1.5
(rabbit, 1:200; Alomone). Secondary antibodies used in this study were: donkey anti-mouse IgG
Cy2-labeled, donkey anti-mouse IgG Cy3-labeled, donkey anti-rat Cy3-labeled, donkey anti-
rabbit Cy3-labeled (all 1:400; all from Jackson ImmunoResearch) and goat anti-mouse IgG
Alexa647-labeled (1:500; Invitrogen).

Quantitative gene expression analysis

Gene expression was quantified by real time PCR. Total RNA was extracted using the RNeasy
plus mini kit (Qiagen) from undifferentiated iPS cells and differentiated EBs at day 9 and day 14
and 300 - 800 ng RNA was reverse transcribed into cDNA with the SuperScript VILO cDNA
Synthesis Kit (Invitrogen). Quantitative polymerase chain reaction was performed in triplicates
using Tagman Assays and Gene Expression Master Mix (Applied Biosystems) according to
manufacturer’s instructions on a Rotorgene 6000 realtime polymerase chain reaction machine
(Corbett). The following assays were used: Oct4: Mm00658129 _gH, Nanog: Mm02019550_s1,
Myh6: MmO00440354_m1, Scn5a: MmO00451971_m1, Hcn4: MmO01176086_m1, Kcnb1:
MmO00492791_m1, Cacnalc: MmO00437917_m1, Acnt2: MmO00473657_m1, Gapdh:
Mn99999915 g1. Raw data were analysed with the Rotor-Gene Q Series Software 1.7. Cycle
threshold (C+1) was calculated during the exponential phase at identical threshold values for all
runs. Ct values of target genes were subtracted by the Ct value of the housekeeping gene
Gapdh to obtain AC; and relative expression was calculated as 2°°". Each analysis was
performed with three independent biological replicates from independent differentiations.
Relative expression values were normalized to the mean of wild-type undifferentiated iPS cells
(for Oct4 and Nanog) or to the mean of wild-type differentiated EBs at day 14 (for all other

genes).
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Single cardiomyocyte isolation and electrophysiology

For patch-clamp experiments single beating cardiomyocytes from EBs were used at early (day
12) and late (day 19-22) developmental stages of differentiation. Therefore beating areas of 20-
40 EBs were dissected under a microscope, collected in PBS and dissociated with 1mg/mL
collagenase type B (Roche) for 25 min at 37°C under shaking conditions. Single cells were
plated at low densities on gelatine-coated (0.1%) coverslips in differentiation medium in order to
obtain isolated single cells. Patch-clamp experiments were performed after 48-72 h on single
beating cardiomyocytes using an EPC10 amplifier (Heka) in the whole cell configuration as
reported earlier® with continuously superfusion with extracellular solution at 37°C.

Na® current was measured in the voltage clamp mode. For recording of peak and recovery from
inactivation Na* current (Figure 3 B-E) the pipette solution contained (in mmol/L) 3 NaCl, 133
CsCly, 2 MgCl,, 2 NaATP, 2 TEACI, 10 EGTA and 5 HEPES (pH7.3 CsOH) and the external
solution: 7 NaCl, 133 CsCl,, 1.8 CaCl,, 1.2 MgCl,, 5 Hepes, 11 glucose, 0.005 nifedipine, pH
7.4 (CsOH). Liquid junction potential of these solutions was 0.2 mV and therefore neglected. For
the recovery of inactivation kinetics the peaks Na* current in response to pairs of depolarization
pulses from -100 mV to 10 mV were recorded with increasing delays between the two pulses
from 1.5 ms to 57 ms). For quantification the Na* current amplitude from the second pulse was
normalized to those from the first pulse, plotted against the delay and these values were fitted
with a mono-exponential growth (examples see Figure 3 D). The current densities for the peak
Na® current were measured from the first pulse of the recovery from inactivation protocol, in
response to a -10 mV depolarizing pulse of 40 ms from a holding potential of -100 mV. Steady
state fast activation was measured by application of 30 ms pluses of increasing amplitude
(10mV steps) from -90 mV to 0 mV from a holding potential of -100 mV. Peak currents were
divided by the respective driving force for Na* to obtain the Na* conductance (gna = Ina / [Vim -
Veq]). Data from of each individual cell was normalized to maximum conductance and fitted
using a Boltzmann distribution to obtain the half maximal voltage of activation. To calculate the
time constants of Na* current deactivation, currents at -40 mV and -10 mV were fitted with
single exponential function. Steady state inactivation was measured by a double pulse protocol
from a holding potential of -100 mV consisting of a 200 ms pulse of increasing amplitude from -
120 mV to 0 mV (10 mV steps) followed by a test pulse of 25ms to 0 mV. Na* currents were
normalized to the maximum current and each individual cell was fitted with a Boltzmann
distribution to obtain the half maximal voltage of inactivation.

Late Na* current was measured using an external solution containing (in mmol/L): 135 NaCl, 5.4
KCI, 1.8 CaCl,, 1 MgCl,, 10 Hepes, 10 glucose, 0.005 nifedipine, pH 7.4 (NaOH). The late
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tetrodotoxin-sensitive Na* current density was measured at the end of a 100ms test pulse to -
10mV and 20 sweeps before and after tetrodotoxin (20uM) application were averaged and
subtracted. Currents were normalized to the cell capacitance and expressed in pA/pF.
Recording of membrane potential was performed in the current clamp mode and with a pipette
solution containing (in mmol/L) 50 KCI, 80 K-Asparatate, 1 MgCl,, 3 MgATP, 10 EGTA, 10
HEPES, pH 7.4 (KOH) and an external solution containing 140 NaCl, 5.4 KCI, 1.8 CaCl,, 1
MgCl,, 10 Hepes, 10 glucose, pH 7.4 (NaOH). Spontaneous membrane potential without current
injection was not significantly different between wild-type (-72.2+2.7 mV, n=13) and Scn5aA/+ (-
69.5+5.6 mV, n=15) cardiomyocytes. In cells with resting membrane potential >-70 mV and/or
spontaneous action potential (AP) generation, current injection was used to obtain a resting
membrane potential of ~ -80 mV. The required current to achieve this and the resulting resting
membrane potential (Table 2) was not significantly different between wild-type (14.2+7.1 pA,
n=13) and Scn5aA/+ (23.2+8.3 pA, n=15) cardiomyocytes. APs were elicited by a 2.5 ms current
injection pulse though the patch pipette and the strength of the pulse was increased stepwise
until a stable action potential with an explicit peak was established. The stimulation frequency
was controlled by an external Stimulator (Model 2100, A-M Systems) attached to the EPC10
amplifier. To quantify the frequency-dependent AP duration, cardiomyocytes were stimulated at
pacing periods between 0.5s and 6s and at each period the average APD at 90% of
repolarization was determined. For each individual cell the APD90 values were plotted against
the periods and a linear regression analysis was used to determine the slope of this relationship
(examples see Figure 4C).

Data were acquired at a sampling rate of 10-20 kHz (voltage clamp) or 5 kHz (current clamp),
filtered at 1 KHz, digitized with the Patchmaster software (HEKA) and analyzed offline using the
Fitmaster (HEKA) or the Labchart software (AD Instruments). Membrane potentials were not
corrected for liquid junction potentials. AP parameters were analyzed with the cardiac action
potential analysis module of Labchart. The maximal AP upstroke velocity was determined in the
region from 30% to 100% of action potential amplitude in order to minimize the current injection
effects in the initial phase of the AP. APD90 was calculated from the peak of the AP to the point
where the AP has dropped by 90% of its amplitude.

Statistical tests were performed using unpaired Student’s t-Test for all data expect percentage
of cells with early afterdepolarizations which was analyzed by Fisher’s exact test. A P-value of
<0.05 was considered significant and is indicated by a * in the figures. All data is expressed as

mean+SEM.
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Legends for Movie files
Supplementary Movie 1. Movie of a representative embryoid body derived from wild-type iPS

cells with a spontaneous beating area. Recording and playback speed is 15 fps.

Supplementary Movie 2. Movie of a representative embryoid body derived from Scn5aA/+ with

a spontaneous beating area. Recording and playback speed is 15 fps.
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3.2.2 Scalable electrophysiological investigation of iPS cell-derived cardiomyocytes
obtained by a lentiviral purification strategy. J. Clin. Med. 2015, 4(1), 102-123:
doi:10.3390/icm4010102 (IF:1.10)

Aim of the study

In the previous study, we demonstrated the generation of cardiomyocytes from murine
fibroblasts that carry the human AKPQ mutation of the Scn5a Na* channel causing LQTSS.
The main message of the study is that the derived cardiomyocytes take on the phenotypic
characteristics of the mutation, and analysis of their AP provides a clear interpretation of the
pathology.

However, the production of cardiomyocytes for use in a mid- to high- throughput setting
requires specific qualities. Firstly, many cells are needed, therefore demanding upscaling
methods. Further, the procedure to obtain several individual clones require intensive, laborious
picking and the characterization of each clone. Also needed is the production of a pure
cardiomyocyte population, because other cells are also generated during differentiation. Purity
is critical in the screening of drug compound libraries that require the use of automated assays.
Automated planar patch clamp methods have been developed in the field of
electrophysiological analysis, which is necessary for screening substances acting at the level
of ion channels or signal pathways. A fast and efficient system to obtain iPS cells and a pure
cardiomyocyte population would be essential for phenotype-specific characterization and
pharmacological screening using automated assays. This study aimed to establish a novel
strategy to obtain iPS cells without clone picking, using lentivirus gene transfer, promoting a
neomycin selection, the maintenance of undifferentiated iPS cells and a puromycin selection
for purification of cardiomyocytes from iPS cell lines reproducing a cardiac disease.

Methods and results:

The strategy to generate non-clonal murine iPS cell lines and thereafter a pure cardiomyocyte
population consisted of infection of undifferentiated iPS cells with a lentiviral plasmid (aPaG-
RexNeo), with a neomycin resistance gene expressed under the control of the pluripotency
promoter Rex-1. After infection of murine wild-type and LQTSS3 carrying the KPQ mutation iPS
cells, undifferentiated stem cells with stable integration of the lentivirus can be selected by
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cultivation in the presence of neomycin. The time of generation of patient-specific disease iPS
cell lines should be optimized if we consider patient-tailored medicine. Therefore, we decided
to develop a strategy in which we pooled all iPS cells that survived the neomycin selection,
and generated non-clonal iPS cell lines. This avoids the selection of single-cell clones, which
is very time-consuming. In addition, the lentiviral plasmid contained a short version of the
cardiac-specific alpha myosin heavy chain (a-MHC), driving a puromycin resistance gene and
the green fluorescence protein. The introduction of the 2A self-cleaving peptide sequence
achieved the parallel expression of both promoter and fluorescence protein to visualize
cardiomyocyte formation. The a-MHC promoter was expressed when cardiomyocytes
differentiated and they could be selected due to the puromycin resistance (see Fig 1, pages
108-9, (Friedrichs et al., 2015). Application of puromycin to differentiated iPS cells led to the
death of non-cardiomyocytes and resulted in a nearly pure cardiomyocyte population (Fig 2,
page 110). Purified LQTS3-specific cardiomyocytes were electrophysiologically characterized
by manual patch clamp and showed, as did the original clones from the previous paper (Malan
et al., 2011), prolonged APDs and EADs at low pacing rates (Fig 3 c-e, page 111). These
electrophysiological features were not detected in the purified wild-type cardiomyocytes. Thus,
the disease phenotype's hallmarks were maintained despite genetic modification of the original
iPS cells, the non-clonal pool of iPS and puromycin selection.

To prove that this pure population of cardiac cells could be used for drug screening, we tested
these cells in two automated assays which have the potential for higher throughput analysis
compared to manual patch clamp: the planar patch-clamp technique and microelectrode arrays
(MEA). The planar patch clamp (Patchliner, Nanion Technology) involves a chip with a small
hole in it, and when cells placed by a robot arm are aspirated into the chip, a gigaseal is formed.
The system can record up to 384 cells simultaneously, making it a high-throughput method for
ion channel screening, drug discovery and faster data collection and analysis. MEA is a
technique that allows for the measurement of the electrical activity of cells placed on multiple

electrodes. The electrical signals give origin to field potentials which can be correlated to AP
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recordings. MEA is also a powerful tool for drug discovery and the study of cardiac disease as

it allows for the rapid and high-throughput screening of compounds or therapies.

We were able to measure APs automatically with enzymatically dissociated cardiomyocytes in
suspension using an automated stimulus finder for the current injection needed to elicit the AP
(Fig 4b, page 114). The automatic planar patch clamp analysis with purified wild-type and
LQTS3-specific cardiomyocytes showed typical inward and outward currents when applying
voltage ramps (see Fig 4a, page 114). We also performed some pharmacology by testing the
effect of 4-Aminopyridine (2mM). This drug inhibits repolarizing K* channels, and, as expected,
led to a prolongation of the APD90, thus confirming the reliability of the automated
measurements (Fig 4 d-e, page 114). Next, we recorded APs of purified wild-type and LQTS3
cardiomyocytes at different pacing frequencies to prove the capability of automated assays to
detect the specific LQTS3 phenotype. Indeed, APs showed the characteristic prolongation at
low heart rates and EADs (Fig 5, c-e, page 115). The possibility of using purified
cardiomyocytes from antibiotic selection in scalable screening methods has been proven by
analysis with MEA. The field potential, which can be compared to the AP, is recorded with this
assay using a monolayer of cardiomyocytes. We tested the capability of this technique to
detect the phenotypical features of diseased cardiomyocytes using simultaneous 6-well
recordings of the field potential. Two different frequencies were induced by changing from room
temperature to 37°C, which increased the spontaneous beating frequency from 1Hz to 1.6 or
1.8 Hz, for wildtype and LQTS3, respectively. As expected, field potentials depicted a
prolongation of the QT-Interval at lower frequencies only in LQTS3-specific cardiomyocytes
(Fig 6 c-d, page 116). Thus, the disease-specific principle of the frequency dependence of the
field potential duration was observed in purified cardiomyocytes with a scalable screening
method.

Conclusion:

LQTS3-specific cardiomyocytes can be purified from disease iPS cells with a lentiviral non-

clonal gene transfer strategy by antibiotic selection. The non-clonal approach could be applied
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to speed up the generation of cardiomyocytes from different somatic cell sources. Importantly
cardiomyocytes generated by these genetically modified iPS cell clones maintain the specific
cellular hallmarks of the disease. Thus, they are suitable for automated drug screening like
planar patch clamp analysis and scalable microelectrode array technologies.

Contribution: designed the study, performed the single cell and automated patch clamp

experiments, analyzed the data, wrote the manuscript.

92



J. Clin. Med. 2015, 4, 102-123; doi:10.3390/jcm4010102

Journal of

Clinical Medicine

ISSN 2077-0383
www.mdpi.com/journal/jcm

Article

Scalable Electrophysiological Investigation of iPS Cell-Derived
Cardiomyocytes Obtained by a Lentiviral Purification Strategy

Stephanie Friedrichs %, Daniela Malan ', Yvonne Voss !> and Philipp Sasse '-*

' Institute of Physiology I, Life and Brain Center, University of Bonn, Bonn 53127, Germany;

E-Mails: sfriedri@uni-bonn.de (S.F.); dmalan@uni-bonn.de (D.M.);
voss@chemie.uni-siegen.de (Y.V.)
Physical Chemistry I, University of Siegen, Siegen 57076, Germany

These authors contributed equally to this work.

* Author to whom correspondence should be addressed; E-Mail: philipp.sasse(@uni-bonn.de;
Tel.: +49-228-6885-200; Fax: +49-228-6885-201.

Academic Editor: Michael J. Edel

Received: 20 August 2014 / Accepted: 9 December 2014 / Published: 7 January 2015

Abstract: Disease-specific induced pluripotent stem (iPS) cells can be generated from
patients and differentiated into functional cardiomyocytes for characterization of the
disease and for drug screening. In order to obtain pure cardiomyocytes for automated
electrophysiological investigation, we here report a novel non-clonal purification strategy
by using lentiviral gene transfer of a puromycin resistance gene under the control of a
cardiac-specific promoter. We have applied this method to our previous reported wild-type
and long QT syndrome 3 (LQTS 3)-specific mouse iPS cells and obtained a pure
cardiomyocyte population. These cells were investigated by action potential analysis with
manual and automatic planar patch clamp technologies, as well as by recording extracellular
field potentials using a microelectrode array system. Action potentials and field potentials
showed the characteristic prolongation at low heart rates in LQTS 3-specific, but not in
wild-type iPS cell-derived cardiomyocytes. Hence, LQTS 3-specific cardiomyocytes can
be purified from iPS cells with a lentiviral strategy, maintain the hallmarks of the
LQTS 3 disease and can be used for automated electrophysiological characterization and
drug screening.
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1. Introduction

Long QT syndrome (LQTS) is an inherited cardiac disease caused by mutations of cardiac ion
channels or accessory subunits, which leads to the loss of function of repolarizing currents or the gain
of function of depolarizing currents. Clinically, this disease is characterized by abnormal prolonged
QT intervals in the ECG, and the patients affected can develop Torsades de Pointes ventricular
tachycardia, which causes syncope and sudden cardiac death [1]. One of the most common LQTS gain
of function mutations in humans is the deletion of three amino acids (AKPQ) in the a-subunit of the
cardiac sodium channel (SCN5A) [2], which is classified as LQTS Type 3 (LQTS 3). This mutation
results in faster recovery from inactivation of the sodium current and enhanced late sodium currents,
which both lead to prolonged action potentials (APs) and early afterdepolarizations (EADs). Because
the impact of this mutation is strongest at a low heart rate, lethal cardiac events mostly occur at rest or
during sleep [1].

In the past, LQTSs were studied on heterologous expression systems that lack the typical cell
biological and physiological features of cardiomyocytes and that do not generate APs [3,4]. Recently,
we have shown that LQTS 3-specific cardiomyocytes can be generated from mouse iPS cells carrying
the human AKPQ mutation and recapitulated the disease-specific biophysical effects of the mutation,
as well as prolonged APs and EADs at low heart rates [5]. Furthermore, other groups have successfully
generated iPS cells from LQTS 1, 2 and 3 patients, and the cardiomyocytes differentiated from these
cells recapitulated the typical characteristics of the respective disease [6—11]. Therefore, human iPS
cell-derived cardiomyocytes are a great advance for the understanding of LQTS, especially because
“real” cardiomyocytes provide a model that is close to the patient’s heart cells.

The unlimited proliferation of personalized iPS cells and the differentiation into cardiomyocytes
would allow disease- or even patient-specific drug testing. In order to find new drugs to treat LQTS,
pharmaceutical compound libraries have to be screened with scalable automatic assays. Potential
automatic electrophysiological screening methods are planar patch clamp systems [12] or microelectrode
array technologies [13]. One big challenge for all automated assays is the generation of a pure cardiac
population, because during iPS cell differentiation, also non-cardiomyocytes are generated.

To date, several purification methods have been used to enrich cardiac cells. Fluorescence-activated
cell sorting of cardiomyocytes with cardiac-specific GFP expression or after labeling with mitochondrial
dyes can be used, but these methods result only in low amounts of pure cardiac cells and are difficult
to scale up [14,15]. Better yields are achieved with scalable antibiotic selection of cardiomyocytes,
which express a resistance gene under a cardiac-specific promoter [16,17]. For antibiotic selection,
cells must be genetically modified, and here, we report a highly efficient and straightforward lentiviral
gene transfer for the selection of cardiomyocytes by an antibiotic resistance gene without a
time-consuming screening of individual clones. We have applied this method to obtain pure
populations of cardiomyocytes from LQTS 3-specific iPS cells with the human AKPQ mutation and

94



J. Clin. Med. 2015, 4 104

wild-type controls. Furthermore, we proved that purified cardiomyocytes showed the typical features
of LQTS 3 in manual patch clamp, automatic planar patch clamp and scalable microelectrode array
recording technologies.

2. Experimental Section
2.1. Generation of the Lentiviral aPaG-RexNeo Plasmid and Lentivirus Production

The lentiviral aPaG-RexNeo plasmid is based on a pRRLSIN lentiviral backbone from
pRRLSIN.cPPT.PGK-GFP.WPRE (kindly provided by Didier Trono through Addgene #12252).
Multiple cloning steps according to standard procedures were used to create an insert containing a
short version of the cardiac-specific alpha myosin heavy chain (a-MHC) promoter, a puromycin
resistance gene, the green fluorescence protein (GFP) and a fragment with the Rex-1 promoter driving
a neomycin resistance gene. The short a-MHC promoter was excised from the a-MHC-pBK plasmid
(kindly provided by Jeffrey Robbins) and contained 1745 bp from the 3’ part of the full a-MHC
promoter. Parallel expression of puromycin and GFP was achieved by the introduction of the 2A
self-cleaving peptide sequence (APVKQTLNFDLLKLAGDVESNPGP) [18] that was generated by
annealing and in-frame ligation of appropriate oligonucleotides (MWG-Biotech, Ebersberg, Germany).
The Rex-1-neomycin sequence was cut from the a-MHC-puro Rex-neo plasmid (kindly provided by
Mark Mercola through Addgene #21230). Successful cloning was confirmed by restriction enzyme
digestion and DNA sequencing (MWG-Biotech, Ebersberg, Germany). All enzymes for cloning were
from Life Technologies (Darmstadt, Germany) and Thermo Scientific Fermentas. For the preparation of
lentivirus, 40 pg of the aPaG-RexNeo plasmid, 8.5 pg of the pMD?2.G plasmid (for the VSV-G envelope,
Addgene #12259), 16 pug of the pMDLg/pRRE plasmid (for Gag/Pol expression, Addgene #12251) and
7 png of the pRSV-Rev plasmid (for Rev expression, Addgene #12253, all kindly provided by
Didier Trono through Addgene), were cotransfected into 7 x 10° HEK293FT cells (ATCC) in a T75
culture flask, as previously described [19]. After 24 h, the medium was changed with fresh HEK cell
medium that consisted of Dulbecco’s Modified Eagle Medium (DMEM), 15% fetal calf serum (FCS),
0.1 mmol/L MEM nonessential amino acids, 0.1 mmol/L 2-mercaptoethanol, 100 U/mL penicillin and
100 mg/mL streptomycin (all from Invitrogen/Bernardi). Virus-containing supernatants were collected
at Days 3 and 4 after transfection, passed through a 0.45-um filter (Sigma-Aldrich, Taufkirchen,
Germany) and concentrated by ultracentrifugation at 19.400 rpm for 2 h at 17 °C using an Optima
L-90K ultracentrifuge with an SW 32 Ti rotor (Beckman Coulter, Krefeld, Germany). The pellet was
resuspended in 50 uL HBSS without Ca?>" and Mg?" (Life Technologies, Darmstadt, Germany) and
stored frozen at —80 °C.

2.2. Cell Culture and Lentiviral Gene Transfer of iPS Cells

The iPS cells were cultured as reported before [5] on irradiated mouse embryonic feeder (MEF)
layers (PMEF-NL; Millipore, Schwalbach, Germany) in iPS cell medium containing DMEM, 15%
FCS, 0.1 mmol/L nonessential amino acids, 0.1 mmol/L 2-mercaptoethanol, 100 U/mL penicillin,
100 mg/mL streptomycin (all from Invitrogen/Life Technologies), 1000 U/mL leukemia inhibitory
factor (Chemicon/Millipore), 3 umol/L CHIR99021 and 1 pmol/L PD184352 (Axon Medchem,
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Groningen, The Netherlands). Every 2 to 3 days, iPS cells were passaged and seeded at a density of 0.1
to 0.2 x 10° cells in a T75 culture flask.

For gene transfer of aPaG-RexNeo, 0.2 x 10° iPS cells were plated on a T25 culture flask on
irradiated MEFs, and 24 h later, the aPaG-RexNeo lentivirus from the production described in section
2.1 was added in 5 mL of iPS cell medium in the presence of 6 ug/mL protamine sulfate
(Sigma-Aldrich) to enhance infection. The next day, fresh iPS cell medium was applied, and the
selection of iPS cells with lentivirus integration was initiated 24 h to 48 h later by the addition of
300 pg/mL neomycin (G418, Invitrogen/Life Technologies). The genetically-engineered wild-type and
Scn5aA/+ iPS cells were further cultivated and passaged in iPS cell medium in the presence of
300 pg/mL neomycin to avoid lentivirus silencing.

2.3. Differentiation of iPS Cells and Purification of Cardiomyocytes

Cardiomyocyte differentiation was induced using embryoid body (EB) formation with the hanging
drop method in combination with a suspension protocol, as previously described [16]. Briefly, EBs
were generated by aggregation of 400 cells in 20 pL differentiation medium for 2 days and
subsequently cultured in suspension in 10-cm bacteriological dishes on a horizontal shaker in
differentiation medium containing Iscove’s Modified Dulbecco’s Medium, 20% FCS, 0.1 mmol/L
MEM nonessential amino acids, 0.1 mmol/L 2-mercaptoethanol, 100 U/mL penicillin, 100 mg/mL
streptomycin (all from Invitrogen/Life Technologies). EBs started to beat at day 10 to 12 of
differentiation and 10 pg/mL puromycin (Sigma-Aldrich) was added at that time point to initiate the
selection of cardiomyocytes. One day later, EBs were pooled, washed with PBS and dissociated with
1 mg/mL collagenase B (Roche Diagnostics, Mannheim, Germany) in 1.6 mL in a 50-mL falcon tube
for 60 min at 37 °C under shaking condition. The enzymatic reaction was stopped with the addition of
30 mL of differentiation medium. In order to avoid a centrifugation step that was found to be lethal for
the freshly-dissociated cardiomyocytes, a subsequent passive sedimentation step was performed for
60 min in the incubator. The supernatant was removed except ~10 mL, in which the cardiomyocytes
were resuspended and collected. For further selection and cultivation, cells were seeded on 0.01%
fibronectin-coated (Sigma-Aldrich) 10-cm cell culture dishes in differentiation medium supplemented
with 2.5 to 5 pg/mL puromycin. To obtain a more mature stage for electrophysiological analysis,
single purified cardiomyocytes were kept in culture for an additional 6 to 10 days, because we have
shown that longer differentiation leads to more cells with functional Na* currents [5].

2.4. Immunocytochemistry

For immunostainings, cells were fixed with 4% paraformaldehyde for 30 min, permeabilized
with 0.2% Triton X-100 for 10 min (both from Sigma-Aldrich) and blocked with 5% donkey or goat
serum for 30 min (Jackson ImmunoResearch, Suffolk, England). The primary antibodies were diluted
in 0.5% donkey or goat serum, and cells were incubated for 2 h. Colonies of iPS cells were stained
against Oct3/4 (rabbit, 1:100; Santa Cruz Biotechnology, Heidelberg, Germany) and SSEA1 (mouse,
1:80; Developmental Studies Hybridoma Bank, Iowa, USA). Single cardiomyocytes were stained
against a-actinin (mouse, 1:400; Sigma-Aldrich) and the cardiac Na* channel (Navl.5, rabbit, 1:400;
Alomone Labs, Jerusalem, Israel). The appropriate fluorescence-conjugated secondary antibodies,
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donkey anti-mouse Cy2-labeled, donkey anti-rabbit Cy3-labeled (both 1:400; Jackson
ImmunoResearch) and goat anti-mouse Alexa647-labeled (1:500; Invitrogen/Life Technologies), were
diluted in 1 pg/mL of Hoechst 33342 (Sigma-Aldrich) and applied for 1 h. Samples were embedded in
polyvinyl alcohol mounting medium (FLUKA; Sigma-Aldrich) and analyzed using an AxioObserver
Z1 microscope equipped with an ApoTome optical sectioning device and the AxioVision software
(Zeiss, Jena, Germany).

To analyze the purity of iPS cell-derived cardiomyocytes, purified cells at Days 13 to 15 of
differentiation from 4 to 5 independent biological replicates were stained against a-actinin. The ratio of
a-actinin-positive cells to the total cell number analyzed by nucleus labeling was quantified from large
overview pictures that were acquired with the MosaiX function of the AxioVision software (Zeiss).

2.5. Conventional Manual Patch Clamp Analysis

Purified wild-type and Scn5aA/+ cardiomyocytes were dissociated and replated for 48 to 72 h at
low densities on fibronectin-coated (0.01%) coverslips. Patch clamp experiments were performed after
48 to 72 h using an EPC10 amplifier (HEKA Elektronik, Lambrecht, Germany) in the whole cell
configuration and the current clamp mode, as reported earlier [5], with continuous superfusion with
extracellular solution at 37 °C containing (in mmol/L) 140 NaCl, 5.4 KCI, 1.8 CaClz, 1.2 MgCl, 10
Hepes and 10 glucose, pH 7.4 (NaOH), and an internal solution containing (in mmol/L) 50 KClI,
80 K-aspartate, 1 MgCl, 3 MgATP, 10 EGTA and 10 HEPES, pH 7.2 (KOH) (all from
Sigma-Aldrich). APs were elicited by 2.5 ms-long current injections, and the strength of the pulse was
increased stepwise until a stable action potential with a peak over the 0 mV line was reached. The
stimulation frequency and amplitude was controlled by an external stimulator (Model 2100, A-—M
Systems) attached to the EPC10 amplifier.

2.6. Automated Planar Patch Clamp Analysis

For automated planar patch clamp measurements, single dissociated cardiomyocytes are required
in suspension without damage of the cell membrane or transmembrane ion channels. Therefore,
purified wild-type and Scn5aA/+ cardiomyocytes in a 10-cm cell culture dish were washed with 5 mL
PBS containing EDTA (2 mM) and stored for 10 min at 4 °C in order to facilitate the detachment of
cells by subsequent incubation with 2 mL 0.05% Trypsin in 4 mM EDTA (Gibco/Life Technologies)
for 3 to 8 min. Cells were collected in 10 mL of differentiation medium, gently centrifuged for 3 min at
500 rpm, resuspended in 200 to 500 pL external solution and incubated at room temperature for at least
2 h to recover from dissociation. Automated electrophysiological recording was performed with a
planar patch clamp robot (Patchliner, Nanion Technologies, Munich, Germany) equipped with an
EPC-10 quadro patch clamp amplifier (HEKA Elektronik) for parallel recording of 4 cardiomyocytes
in the whole cell configuration. Single-use borosilicate glass chips with medium resistance (1.8 to
3 MQ, NPC-16, Nanion Technologies) were used for all recordings. The PatchControlHT software
(Nanion Technologies) in combination with the PatchMaster software (HEKA Elektronik) was used for
cell capture, seal formation, whole-cell access and subsequent recording of voltage ramps, automated
determination of AP stimulus thresholds and AP measurements at different stimulation frequencies.
The internal solution used contained (in mmol/L) 50 KCI, 60 K-fluoride, 10 NaCl, 20 EGTA and 10
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HEPES, pH 7.2 (KOH), and the external solution 140 NaCl, 4 KCI, 2 CaClz, 5 Glucose and
10 HEPES, pH 7.4 (NaOH) (all from Sigma-Aldrich). A seal enhancer solution containing (in mmol/L)
80 NaCl, 3 KCIl, 10 MgCl2, 35 CaCl. and 10 HEPES (Na' salt), pH 7.4 (HCI) (all from
Sigma-Aldrich), was automatically applied to the extracellular channel after cell capture in order to
achieve better GQ-seals and replaced with external solution when the whole cell configuration
was established.

In order to identify mature cardiomyocytes, depolarizing voltage ramps (—100 mV to +60 mV in
250 ms) were applied, and the responding current was analyzed to identify the fast spike of Na”
currents. APs were recorded in current clamp mode and to avoid spontaneous activity, and to record
APs from a stable resting potential, the membrane potential was adjusted to —70 mV by current
injection using the low frequency voltage clamp circuit of the amplifier. Before each AP recording,
the low frequency voltage clamp was switched off, and the actual current was continuously injected to
maintain the resting membrane potential. To determine the current injection threshold for AP
generation for each cell individually, an automated macro was programmed and executed. This
generated a 2-ms current injection of stepwise (100 pA) increasing intensities and automatically
monitored the voltage responses. Leak subtraction was used to subtract the passive capacitive
responses to the stimulus. Once the stimulus generates voltage responses with an amplitude of >30 mV
above the resting membrane potential, this value was used, and 80 pA was added for safety.
Subsequently, APs were automatically evoked and recorded for 30 to 60 s at 0.5 Hz, 1 Hz and 2 Hz
by a protocol in the Patchmaster software (HEKA Elektronik).

Data from both conventional and planar patch clamp were acquired with the Patchmaster software
and analyzed offline using the Fitmaster (HEKA Elektronik) and the Labchart software (AD Instruments,
Oxford, England). The action potential duration at 90% of repolarization (APD90) was analyzed with
the peak analysis module of Labchart software (AD Instruments). To quantify the frequency-dependent
AP duration, cardiomyocytes were stimulated at different pacing periods (0.5 to 6 s for manual patch
clamp and 0.5 to 2 s for automatic patch clamp), and at each period, the average APD90 was
determined. For each individual cell, the APD90 values were plotted against the period between
stimulation (1/frequency), and a linear regression analysis was used to determine the slope of
this relationship.

2.7. Microelectrode Array Analysis

For the microelectrode array (MEA) measurements, purified cardiomyocytes from wild-type and
ScnSaA/+ 1PS cells were detached with 0.05% Trypsin in 0.5 mM EDTA (Gibco/Life Technologies)
for 5 min at 37 °C, centrifuged for 5 min at 1000 rpm and resuspended in differentiation medium.
Then, 20,000 to 40,000 cells were plated in each well of a 6-well MEA (60-6wellMEA200/30iR-Ti-tcr,
Multi Channel Systems, Reutlingen, Germany) coated with 0.01% fibronectin (Sigma-Aldrich). After
24 to 72 h, the medium was replaced with external solution (see Section 2.5), and field potentials were
recorded at a sampling rate of 10 kHz with the MC-Rack software at room temperature (22 °C) and at
37 °C by switching on the TC02 2-channel temperature controller (both from Multi Channel Systems).
Triggered field potentials were averaged over 50 s, and the mean of all 9 electrodes in one well was
calculated (OriginPro8G, OriginLab) to obtain one averaged field potential for further analysis. The
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field potential duration was manually measured from the minimum of the sharp negative spike to the
following maximum (Figure 6c, right).

2.8. Statistics

Data are expressed as the mean + S.E.M. Statistical tests were performed using appropriate unpaired
or paired Student’s ¢-test with Welch’s correction for data with unequal variance using Prism
(GraphPad software). A p-value of <0.05 was considered significant and is indicated by an asterisk (*)
in the figures. Because of high variations in temperature-induced frequency between Scn5aA/+ and
wild-type cardiomyocytes using MEA recordings (Scn5aA/+: high 1.4-1.8 Hz, low 0.7-1.0 Hz;
wild-type: high 1.6-4.7 Hz, low 1.0-3.5 Hz), in these experiments, only paired Student’s #-tests within
individual genotypes were performed (Figure 6d).

3. Results
3.1. Lentiviral Strategy for Purification of iPS Cell-Derived Cardiomyocytes

In order to obtain a pure cardiomyocyte population from iPS cell differentiation, we have modified
a previously-reported antibiotic resistance strategy [16] and used high efficiency lentiviral gene
transfer [17]. Therefore, we have generated a lentiviral plasmid (aPaG-RexNeo) for the expression of
a puromycin resistance gene and the green fluorescent protein (GFP) reporter gene under the control of
a short (1.7 kb) version of the cardiac-specific alpha myosin heavy chain (a-MHC) promoter (Figure 1a).
In addition, the plasmid contained a fragment with a neomycin resistance gene expressed under the
control of the pluripotency promoter Rex-1 [20]. After infection of cells with this lentiviral plasmid,
undifferentiated stem cells with stable integration of the lentivirus can be selected by cultivation in
the presence of neomycin [17]. Upon differentiation, cardiomyocytes can be purified by puromycin
application and used for electrophysiological investigations (Figure 1b). To test this strategy for the
investigation of a clinically relevant cardiac disease, we have purified LQTS 3-specific
cardiomyocytes from previously-reported Scn5aA/+ iPS cells [5] with the human AKPQ mutation in
the cardiac sodium channel.
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wild-type Scn5aA/+ wild-type ScnSaA/+

Figure 1. Lentiviral strategy for the purification of iPS cell-derived cardiomyocytes.
(a) The lentiviral construct contains a puromycin resistance gene (PurR) and a GFP
reporter gene separated by a 2A self-cleaving peptide sequence (2A) under the control of
the cardiac a-MHC promoter, as well as a neomycin resistance gene (NeoR) under the
control of the Rex1 promoter; (b) strategy of lentivirus gene transfer into iPS cells and
purification of cardiomyocytes for electrophysiological analysis; (c,d) after lentiviral gene
transfer and selection, wild-type and Scn5aA/+ iPS cell lines maintained the characteristic
embryonic stem cell-like morphology (¢) and expressed the embryonic stem cell-specific
markers, Oct3/4 (d, green) and SSEA1 (d, red). Nuclei are shown in blue. Scale bars: 50 um.

Therefore, a monolayer of undifferentiated Scn5aA/+ and wild-type iPS cells were infected with the
aPaG-RexNeo lentivirus and further kept under neomycin selection for the isolation of cells with a
stable integration. The surviving iPS cells were collected and pooled for each genotype. Although this
non-clonal strategy results in a mixture of individual cell clones with uncontrolled variations in the
number and location of lentiviral integrations, it does not require the very laborious picking and
characterization of several individual clones. Importantly, after aPaG-RexNeo gene transfer and
selection, we found that both wild-type and LQT 3-specific iPS cells maintained their characteristic
embryonic stem cell morphology (Figure 1¢) and expressed the stem cell-specific markers Oct3/4 and
SSEAT1 (Figure 1d).

3.2. Purification of aPaG-RexNeo iPS Cell-Derived Cardiomyocytes

In vitro differentiation of aPaG-RexNeo wild-type and Scn5aA/+ iPS cells was performed using the
hanging drop method for embryoid body (EB) generation [21] followed by a mass culture protocol
(Figure 2a) [16]. EBs showed spontaneously beating areas at Days 10 to 12 of differentiation with
weak GFP signals. At this stage, cardiomyocyte selection was started by puromycin application for one
day, and single cells were re-plated on fibronectin-coated culture dishes. Longer selection at the EB
stage was inefficient, because dissociation of older and more compact EBs with enhanced extracellular
matrix failed, resulting in a low number of single cardiomyocytes. Single dissociated cardiomyocytes
were spontaneously beating and weakly GFP-positive (Figure 2b).
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Figure 2. Purification of iPS cell-derived cardiomyocytes. (a) The cardiac differentiation

protocol used in this study; (b) single dissociated cardiomyocytes were GFP-positive and

beating, but some non-contracting and GFP-negative cells remained (arrows) after the
puromycin selection for 24 h; (c¢) after further purification of single cells, mostly
a-actinin-positive cardiomyocytes survived (red); (d) cell counting at Days 13 to 15 of

differentiation showed the very high purity of wild-type and Scn5aA/+ cardiomyocytes.
Scale bars: 50 um. Error bars: S.E.M. EB, embryoid body.

Because cells without GFP expression or contractions were still present (Figure 2b, arrows),

cultures were maintained under a low dose of puromycin selection, which led to further purification.

Subsequently, the purity of cardiomyocytes was assessed by staining against cardiac a-actinin and cell

nuclei (Figure 2¢), and quantitative cell counting showed an almost pure population of cardiomyocytes
(Figure 2d) from wild-type (92.8% + 6.2%, n = 5) and Scn5aA/+ iPS cells (87.7% = 9.7%, n = 4).

3.3. Phenotyping of Purified LOTS 3-Specific Cardiomyocytes from Scn5aA/+ iPS Cells

Purified cardiomyocytes from wild-type and Scn5aA/+ iPS cells showed no obvious difference in

cardiac sodium channel distribution or sarcomeric structure (Figure 3a). To exclude that the lentivirus
integration, the non-clonal strategy or the purification affect the LQTS 3-specific phenotype we

characterized purified cardiomyocytes by classical manual patch clamp techniques.
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Figure 3. Patch clamp analysis of purified iPS-derived cardiomyocytes. (a) Cardiomyocytes
from wild-type and Scn5aA/+ iPS cells showed a similar cardiac sodium channel
distribution (green) and sarcomeric a-actinin pattern (red); (b) representative examples of
action potentials (APs) from purified wild-type and Scn5aA/+ cardiomyocytes at high and
low pacing frequencies; (c¢) relationship between action potential duration at 90% of
repolarization (APD90) and pacing period from a representative wild-type and Scn5aA/+
cardiomyocyte with the analysis of the slope by linear fit (dashed lines); (d) statistical
analysis of the slope of APD90 to the pacing period relationship from individual wild-type
(WT) and Scn5aA/+ cardiomyocytes (A/+); (e) typical long QT syndrome 3 (LQTS 3)-specific
early afterdepolarizations (EADs) observed in a ScnS5aA/+ cardiomyocyte. Scale bar:
20 pm. Error bars: S.E.M. Dotted lines indicate 0 mV.

APs were evoked at various frequencies by current injection, and the frequency-dependent action
potential duration at 90% repolarization (APD90) was analyzed. In Scn5aA/+ cardiomyocytes, but not
in wild-type cells, we found a prolongation of APD90 at lower heart rates (Figure 3b, Table 1), which
did not reach statistical significance because of the high variability of APD90 between individual cells.
The high variability was not due to the non-clonal purification approach, because it was similarly
observed in non-purified cardiomyocytes from the original iPS cell clones [5]. To compensate for this
variability, we performed a longitudinal analysis for each individual cell and determined the slope of
the relationship between APD90 and basic cycle length (APD restitution) using a linear fit (examples
shown in Figure 3c), as reported before [5,22]. This analysis showed almost no influence of cycle
length on APD90 in purified wild-type cardiomyocytes yielding flat slopes of APD restitution
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(—1.85+0.73 ms/s, n = 10, Figure 3d). In contrast, purified Scn5aA/+ cardiomyocytes had a significant
different positive slope (7.94 + 4.05 ms/s, n = 18, Figure 3d) highlighting the prolongation of APD90
with a longer cycle length. This is the characteristic feature of LQTS 3 in patients [22] and is fully in
line with previous reports on non-purified cardiomyocytes from Scn5aA/+ iPS cells [5], as well as on
cardiomyocytes from the AKPQ LQTS 3 mouse model [23]. Importantly, these slope values are almost
identical to those obtained from the non-purified original iPS cell clones (wild-type: —2.92 £ 1.27 ms/s;
ScnSaA/+: 9.08 + 3.60 ms/s; see Table 2 in Malan et al. [5]). Moreover, we detected EADs in
some purified Scn5aA/+ cardiomyocytes (10.5%, n = 19, Figure 3e), but never in wild-type cells
(0%, n = 10). Resting membrane potential, action potential amplitude and maximum upstroke velocity
were not different between wild-type and Scn5aA/+ cardiomyocytes (Table 1).

Table 1. Action potential parameters determined by manual and automated planar patch

clamp analysis. RMP, resting membrane potential; APA, action potential amplitude;

Vmax, maximum upstroke velocity; APD90, APD at 90% of repolarization; Slope, slope of

the linear relationship between APD90 and the pacing period. Values are the

means + S.E.M.

Method Manual Patch Clamp Automated Planar Patch Clamp
Genotype Wild-Type Scn5aA/+ p-Value Wild-Type ScnSaA/+ p-Value
RMP at 1 Hz -774+49 -747+£35 -69.4+64 -782+3.0
0.6589 0.2040
(mV) n=10 n=17 n="17 n=9
APA 1 Hz 1062+57 103.3+5.7 81.1£13.2 858=+10.1
0.7207 0.7746
(mV) n=10 n=17 n="17 n=9
+ + + +
V max at 1 Hz 93.7+11.1 71.6+9.6 0.1484 56.6+155 52.6+10.2 0.8248
(V/s) n=10 n=17 n=7 n=9
APD90 at2 H 2+3. S+5.1 .0 +28. 49+17.1
90 a z 36 3.5 39.5+5 0.6004 78.0+28.7 649+17 07019
(ms) n=10 n=14 n=7 n="7
APD90 at 1 H S+3. 45.8+6. 1+ 26. 7+204
90 a z 355+£33 5.8+6.8 0.1913 70 6.6 76.7+20 0.8454
(ms) n=10 n=15 n=7 n=9
APD 2H 1 JT£22 46.8 £ 6. .6+ 24, 1.5+25.
90 at 0.2 Hz (manual) 39.7 6.8 +6.7 0.1761 69.6 3 91.5+£25.0 0.5440
or 0.5 Hz (automated) (ms) n=>5 n=>5 n=7 n=_8
1 -1.85+0. 94+ 4, —-539+482 4.13+£1.2
Slope 85+0.73 7.9 05 0.0287 539+48 3 0 0.0494
(ms/s) n=10 n=18 n=7 n=9

Importantly, we did not find differences in action potential parameters between early and late
passages of the non-clonal iPS cell clones (Table 2).
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Table 2. Action potential parameters at early (P12-P18) and late (P19-P35) passages
determined by manual patch clamp recordings (the abbreviations are as in Table 1).

Genotype Wild-Type ScnSaA/+
Passage Early Passage Late Passage p-Value Early Passage Late Passage p-Value
RMP at 1 Hz =71.8+2.3 —68.3+9.7 =71.5+7.3 —-67.3+5.6
0.7061 0.6593
(mV) n=4 n=3 n=4 n="7
APA 1Hz 105.5+6.9 99.7+16.5 97.3+9.0 91.3+8.1
0.7312 0.6513
(mV) n=4 n=3 n=4 n=7
V max at 1 Hz 98.8+6.8 88.3 £31.7 81.8+15.6 59.6+17.6
0.7215 0.4230
(V/s) n=4 n=3 n=4 n="7
APD 1H d£3. 7+£0. d+£15. L+ 11.
90 at 1 Hz 33.1+£3.6 27.7+0.7 02657 49.1+15.7 52.8+11.3 0.8499
(ms) n=4 n=3 n=4 n="7
Slope -1.10+0.32 -1.10+0.57 14.75 £ 13.12 8.94 £ 6.68
1.00 0.7106
(ms/s) n=4 n=3 n=4 n=2_8

3.4. Automated Electrophysiological Investigation and AP Measurements of Purified Cardiomyocytes
with a Planar Patch Clamp System

In order to implement the use of purified wild-type and Scn5aA/+ cardiomyocytes for automated
screenings, we performed electrophysiological analysis with a planar patch clamp robot (Patchliner,
Nanion Technologies). For this technique, freshly dissociated single cells in suspension are required.
Therefore, a new and gentle dissociation procedure was used to minimize cell stress and to avoid
partial digestion of ion channels, which are required for intact AP generation. Dissociation was
facilitated by removal of Ca®" and cooling of cells at 4 °C, which allowed subsequent dissociation with
the very short application of Trypsin. After dissociation, cells were gently centrifuged and carefully
resuspended in external solution. In order to let cardiomyocytes recover from the dissociation process,
cells remained at least 2 h at room temperature before planar patch clamp experiments were performed.
To verify the dissociation efficiency, single cells were counted, and the cell concentration was adjusted
to 0.1 to 1 x 10° cells/mL to ensure a good catch rate by the planar patch clamp robot. For planar patch
clamp measurements, 20 pL containing 2000 to 20,000 purified cardiomyocytes, was automatically
pipetted into each recoding unit of the planar patch clamp chip. Once a cell was caught, a negative
pressure was automatically applied and a seal enhancer was injected to form a good G€2-seal for stable
recording without leaks.

To estimate the quality of recording and the differentiation stage of cardiomyocytes, depolarizing
voltage ramps were applied in the voltage clamp mode. This allowed determination of the intact seal
without major leak conductance, as well as the detection of typical inward and outward currents of
voltage-dependent ion channels (Figure 4a). Voltage ramps were also used to classify cardiomyocytes
in immature cells with a slow inward Ca*" current peak (Figure 4a, left, arrow) and in more mature
cells with an additional fast Na“ current component (Figure 4a, right, arrow). Because we wanted to
characterize a disease based on a Na" channel mutation, only cardiomyocytes with a clear Na* current
peak were subsequently used to record APs. APs were evoked by current injection in the current clamp
mode (Figure 4c). To identify the minimal current required, a special protocol was executed by the
PatchControlHT software (Nanion Technologies). Briefly, stepwise (100 pA steps) increasing
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2 ms-long current stimuli were applied, and the voltage responses were analyzed (Figure 4b). As soon
as the resulting amplitude was >30 mV above the resting membrane potential, the applied current was
defined as the threshold-current and 80 pA was added for safety.
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Figure 4. Automated planar patch clamp analysis of purified wild-type iPS-derived
cardiomyocytes. (a) Examples of voltage ramps of an immature cardiomyocyte with Ca*"
current (left, arrow) and of a more mature cell with an additional fast Na* current (right,
arrow); (b) Representative membrane potential changes in response to stepwise increasing
current pulses during the protocol for finding the AP threshold; (¢) Example of automated
AP recording at fixed pacing rate (left) with magnification (right); (d) representative APs
before (black) and after blocking of K* channels with automated application of 4-AP (red);
(e) Statistical analysis of APD90 measured under control conditions and after 4-AP
application. Error bars: S.E.M. Dotted lines indicate 0 mV or 0 pA.

To determine if AP recordings with a planar patch clamp system are useful to investigate LQTSs
that mainly affects cardiac repolarization, we inhibited the repolarizing K channels by automated
application of 4-aminopyridine and measured the effect on APD90. As expected, we found AP
prolongation in purified wild-type cardiomyocytes from 120.1 = 30.5 ms to 188.9 + 24.0 ms (n = 4,
AP evoked at 2 Hz, Figure 4d,e).

3.5. Automated Phenotypic Characterization of LOTS 3-Specific Purified Cardiomyocytes from
ScnSalA/+ iPS Cells with a Planar Patch Clamp Robot

To proof the feasibility to characterize LQTSs with automated electrophysiological analysis, we
recorded APs from purified cardiomyocytes using the planar patch clamp system. Frequency dependence
was determined with APs elicited at 2, 1 and 0.5 Hz pacing frequencies using the automatically
determined current threshold (see the above Section 3.4). Similar to the results from manual patch
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clamp recordings (Figure 3), we found prolonged APs at low heart rates in Scn5aA/+ cardiomyocytes,
but not in wild-type cells (Figure 5a,b). Furthermore, the longitudinal analysis of APD restitution in
individual cells (examples shown in Figure 5¢) showed a positive slope in Scn5aA/+ cardiomyocytes
(413 £ 120 ms/s, n = 9) and a significant different negative slope in wild-type cells
(—5.39 + 4.82 ms/s, n = 7, Figure 5d, Table 1). Finally, we observed EADs in 30% of purified
Scn5aA/+ cardiomyocytes (Figure 4e, n = 10), but none in wild-type cells (n = 7).
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Figure 5. Automated characterization of LQTS 3-specific cardiomyocytes by planar patch
clamp. (a,b) Representative traces of APs from wild-type (a) and Scn5aA/+ (b)
cardiomyocytes at high and low pacing frequencies; (¢) relationship between APD90 and
the pacing period from a representative wild-type and a Scn5aA/+ cardiomyocyte with
analysis of the slope by linear fit (dashed lines); (d) statistical analysis of the slope of
APDO90 to the pacing period relationship from individual wild-type (WT) and ScnSaA/+
cardiomyocytes (A/+); (e) typical LQTS 3-specific EADs observed in a ScnSaA/+
cardiomyocyte (arrow). Error bars: S.E.M. Dotted lines indicate 0 mV.

3.6. Analysis of Field Potentials from Purified iPS Cell-Derived Cardiomyocytes with
Microelectrode Arrays

The duration of APs can not only be determined by patch clamp analysis, but can also be estimated
indirectly from extracellular field potential recordings with microelectrode arrays, because of the good
correlation of field potential duration to APD [24]. To prove the functionality of this technology for the
characterization of LQTS 3, we plated purified cardiomyocytes obtained from wild-type and Scn5aA/+
iPS cells on six-well microelectrode arrays on which they formed a monolayer of synchronously
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beating cells (Figure 6a). This allowed recordings of field potentials from nine electrodes in six
individual wells (example recording in Figure 6b). To determine frequency-dependent field potential
duration, measurements were performed at 22 °C and at 37 °C, which accelerated the spontaneous
beating frequency.

Field potential duration was analyzed after trigger-based averaging over 50 s and calculation of the
mean field potential from all nine electrodes (for details, see Section 2.7), resulting in one averaged
field potential for each well (examples in Figure 6¢). Scn5aA/+ cardiomyocytes showed a significantly
(p = 0.011) longer field potential duration at low frequencies (132.4 + 25.2 ms, n = 3) compared to
high frequencies (88.0 = 22.6 ms, n = 3, Figure 6d). Importantly, such a frequency-dependent
effect was not observed in wild-type cardiomyocytes (low frequency: 45.5 £ 9.5 ms, n = 3;
high frequency: 42.1 + 10.5 ms, n = 3; p = 0.78). Thus, also field potential analysis with a
microelectrode array showed the disease-specific frequency dependence of prolonged AP durations in
purified Scn5aA/+ cardiomyocytes.
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Figure 6. Field potential analysis with microelectrode arrays. (a) Image of the recording
electrodes of a six-well microelectrode array with a monolayer of purified cardiomyocytes;
(b) overview of field potential recordings from three wells with purified wild-type
(bottom) and three wells with Scn5aA/+ cardiomyocytes (top); (¢) examples of averaged
field potentials with slow beating at 22 °C (black) and faster beating at 37 °C (grey) from
purified wild-type and Scn5aA/+ cardiomyocytes. The analysis of the field potential
duration is shown in the Scn5aA/+ recording; (d) statistical analysis of the field potential
durations at low and high spontaneous beating frequencies from wild-type and Scn5aA/+
cardiomyocytes. Scale bar: 200 um. Error bars: S.E.M. NS, not significant.
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4. Discussion

In this study, we present a novel, simple and fast lentiviral strategy for the purification of
cardiomyocytes from iPS cells and show the feasibility of using these cells for automated
electrophysiological investigations. The adverse effects of the random lentivirus integration, the
non-clonal cell selection and the antibiotic purification on the pluripotency of iPS cells or the
electrophysiological characteristics of cardiomyocytes were not detected. Importantly, purified
cardiomyocytes had fast depolarizing Na® currents, AP generation and intact repolarization by K"
currents and, therefore, were well suited to investigate LQTS in which these parameters are affected.
We have proven this by showing the intact electrophysiological phenotype of purified LQTS 3-specific
cardiomyocytes from previously published Scn5aA/+ iPS cells [5]. Furthermore, we have characterized
purified cells with the automated planar patch clamp recordings and scalable microelectrode array
analysis, which highlights the usefulness of these technologies for drug screening. Following, we
discuss the achievements so far and the hurdles to overcome for large-scale purification and
electrophysiological screening of cardiomyocytes.

4.1. Lentiviral Non-Clonal Gene Transfer Strategy

We have chosen cardiac-specific expression of an antibiotic resistance gene in order to kill all
non-cardiomyocytes by antibiotic application. In contrast to low throughput single-cell sorting of
labeled cardiomyocytes [14,15], this strategy enables the large-scale purification of cells. Because
transfection of plasmid with common chemical, electroporation or lipofection methods suffers from poor
efficiency in undifferentiated iPS cells, viral gene transfer methods are suitable alternatives [25,26].
We have used a lentivirus strategy that allows not only high efficient gene transfer, but also stable
integration into the genome [25]. In addition to the cardiac-specific antibiotic resistance, we have
employed a neomycin resistance gene under the control of the stem cell-specific promoter, Rex-1 [20],
which was shown before to be useful for the selection of embryonic stem cell clones [17]. Thus,
neomycin treatment allowed the selection of undifferentiated cells with stable lentivirus integration
and without silencing or adverse positional effects of the surrounding host chromatin. One further
advantage of using Rex-1-neomycin is that the continuous selection pressure at undifferentiated stages
prevents iPS cell differentiation or lentiviral silencing at higher passages.

Usually, after classical or viral gene transfer into pluripotent stem cells, several single-cell clones
are picked, propagated and characterized individually [16], a very time-consuming procedure and,
therefore, an expensive task. In contrast to previous work, we decided to pool all iPS cells that
survived the neomycin selection and generated one non-clonal iPS cell line for each genotype. This
strategy harbors the risk that a single iPS cell clone with enhanced proliferation by lentivirus-induced
mutations or chromosomal aberrations could overgrow the mixed population. However, the intact
stem-cell morphology, the expression of stem cell markers, the normal proliferation of the mixed clones
and the high similarity of all electrophysiological parameters in cardiomyocytes from early and late
passages of the non-clonal iPS cell lines suggest no adverse effects of this strategy. Importantly, the
phenotypical fingerprint of LQTS 3 (APD prolongation at slow rates) was only observed in Scn5aA/+

108



J. Clin. Med. 2015, 4 118

cardiomyocytes, both at early and late passages. Furthermore, the slope values of cardiomyocytes from
the non-clonal iPS cells were almost identical to those from the original iPS cell clones [5].

The novel possibility to work with non-clonal iPS cells is also supported by a previous report on the
successful generation of iPS cell clones in bulk culture without clone picking, which did not reveal
differences with clonal selected iPS cell lines regarding pluripotency, gene expression profiles or
differentiation potential [27]. Because a non-clonal strategy avoids manual clone picking and could be
applied in 96-well or scalable formats, it enables the parallel generation and genetic modification of
iPS cell lines from different patients at once. This would allow the purification of cardiomyocytes from
many different patients for parallel and comparative electrophysiological screening.

The non-clonal lentiviral cardiomyocyte purification strategy might also have limitations and
variations in efficacy because of uncontrolled variations in copy numbers and integration sites between
iPS cells. High concentrations of neomycin could be used for selecting clones with the highest copy
numbers, and this should be investigated in the future. Because lentiviruses have the tendency to
integrate into euchromatin [28], infection at the stem cell level could lead to clones that are neomycin
resistant at undifferentiated stages, but encounter lentiviral silencing upon differentiation and,
therefore, fail to express puromycin for cardiomyocyte purification. Furthermore, the random
integration of lentiviruses could cause insertional mutagenesis; however, this seems not to be frequent,
because they tend to integrate away from promoters [29].

Recently, metabolic selection by the cultivation of stem-cell-derived cells in glucose-depleted
medium containing only lactate as the energy source was described to be an efficient non-genetic
method for the purification of cardiomyocytes [30]. Although the authors report a purity of 99%
cardiomyocytes, this method seems to be highly dependent on the cell line used. In fact, although we
have extensively tried to reproduce these purity values, we only obtained 45%—-80% cardiomyocytes
from mouse embryonic stem and human iPS cell lines using identical metabolic selection
procedures [31].

4.2. Choice of a Cardiac-Specific Promoter

For cardiac-specific expression of the puromycin resistance gene, we have used the o-MHC
promoter, which was shown to enable high efficient purification of cardiomyocytes from mouse and
human iPS and embryonic stem cells [16,17,32,33]. Because of the size limitation for gene transfer
using lentivirus (~9-10 kb between LTRs [27]), we had to use a short version (~1.7 kb) of the 3’ end of
the classical 6.5 kb-long o-MHC promoter. Although this fragment contained important gene
expression regulatory elements (TATA box, MEF-1 MEF-2 and Nkx2.5 binding sites) [34], it is likely
that unidentified enhancing elements were not present explaining the weak GFP expression.
Nevertheless, purification of cardiomyocytes was unharmed, indicating sufficient expression of the
puromycin resistance gene. This indicates a lower threshold for puromycin resistance than for GFP
fluorescence, because the use of a 2A self-cleaving peptide should result in equimolar expression of
both proteins [18].

In the future, the use of other promoters should be considered. Although the a-MHC promoter is
labeling mature cardiomyocytes in mice, f-MHC is the predominant isoform in the human ventricle,
and o-MHC is a marker rather for atrial or failing human cardiomyocytes [35]. Therefore, mature
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cardiomyocytes from human iPS cells should be selected with the f-MHC promoter. Furthermore,
the choice of other subtype-specific promoters could be very useful to obtain the cardiomyocyte
population of interest. For instance, LQTS could be best investigated in ventricular cardiomyocytes
that have long AP durations and could be selected using the MLC2v promoter. Moreover, mutations
inducing atrial fibrillation might be better investigated with atrial cell selection by the MLC2a
promoter, and for studying inherited sick sinus syndromes, pacemaker cells could be purified with
sinus node-specific HCN or Tbx promoters.

4.3. Automatable and Scalable Electrophysiological Screening

The use of screening procedures to analyze APs of iPS cell-derived cardiomyocytes is particularly
important to identify drugs that induce LQTS or to screen compounds that could treat inherited LQTS.
For the systematic screening of many compounds, the classical manual patch clamp is not suitable, and
automated and scalable systems are mandatory. For instance, the planar patch clamp technique [12] or
the microelectrode array system [24,36] allow the acquisition of more data points per day (planar
patch clamp: 200-1000; microelectrode array: 500) than the conventional patch clamp (50 data
points/day) [36].

The planar patch clamp system that we have used in this study allows the automated recording of up
to eight cells in parallel, as well as the automated application of several compounds. Because cells
must be measured in suspension, very gentle dissociation methods have to be further optimized to
avoid digestion of transmembrane ion channels.

We found that most action potential parameters were similar between manual and planar patch
clamp recordings; however, APD90 tends to be longer (statistically not significant) in the latter (Table 1).
We speculate that when using the automated planar patch clamp method, the dissociation procedure or
the suction process onto the small holes of the borosilicate glass chips could kill smaller atrial or
pacemaker cells with shorter APD or might favor larger ventricular cells with longer APD.
However, although absolute APD values seems to vary with the method, the phenotypical fingerprint
of LQTS 3-specific cardiomyocytes (positive slopes in the longitudinal regression analysis) can be
similarly detected with both patch clamp methods (Table 1).

Similar to the conventional patch clamp, also during automated planar patch clamp analysis, the
intracellular milieu is dialyzed against the internal solution, which leads to the wash out of important
intracellular components and, therefore, reduces the stability of long-term recordings. This limits the
duration of electrophysiological recording of one cell and, therefore, also the number of different
compounds and dosages. Thus, this technology seems to be not suited for real high throughput analysis
of several thousands of compounds.

Although, here, we only performed six recordings on a microelectrode array in parallel, scalable and
automatable systems were developed (QT screen Multi Channel Systems) for parallel field potential
recording and compound testing on 96 channels. In contrast to conventional microelectrode
measurements (500 data points/day), such systems allow the recoding of 6000 data points/day [36].
One remaining challenge is the almost impossible electrical stimulation of cardiomyocytes on
microelectrode arrays for standardized recordings and to determine frequency-dependent effects. This
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could be solved by using optogenetic technology, which was shown to be effective for the stimulation
of purified cardiomyocytes on microelectrode arrays [37].

5. Conclusions

The herein reported non-clonal lentiviral strategy for the purification of cardiomyocytes from iPS
cells is simple, fast and cheap and could be applied to large numbers of different iPS cell lines at once.
In contrast to the picking of classically-transfected iPS cell clones, this strategy would allow the
parallel purification of cardiomyocytes from many different patients for comparative
electrophysiological analysis. Because the disease-specific phenotype of purified iPS cell-derived
cardiomyocytes was retained and could be analyzed with automated planar patch clamp and scalable
microelectrode array technologies, these assay systems will be useful for patient-specific drug
screening in the future.
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Aim of the study

In this study, we investigated patient-specific iPS cell-derived cardiomyocytes with a
heterozygous p.R1644H mutation in the cardiac Na* channel (Scn5a). This particular mutation
was identified in one family branch in which a sudden infant death occurred, and the mother

and sister showed QT prolongation in the ECG as signs of LQTS.

This mutation allowed us to explore whether human disease-specific cardiomyocytes also
recapitulated the electrophysiological hallmarks of the LQTS3, such as faster recovery from
inactivation of the Na* current, and AP prolongation with EADs at low frequency stimulation. If
this was the case, we could use these patient-derived cells to test the effectivity of different
drugs. Such an analysis could be very beneficial for the patient because several mutations in
the Scn5a gene were found, and drug efficacy as well as potential side-effects may be mutation

specific.

Methods and resulis

Fibroblasts derived from skin biopsies from a patient with congenital LQTS carrying a
c.4931G>A missense mutation were used to generate human iPS cells (LQTS3), and
fibroblasts from a control patient to generate human iPS wild-type cells. Due to the missense
mutation, there is an arginine-to-histidine exchange at the cytoplasmic face of the D4S4
transmembrane domain (p.R1644H) of Na+ channels, impairing their inactivation and giving
rise to a persistent late Na* current. This mutation causes an early recovery from the
inactivation of the Na* current, which opposes repolarization, inducing a prolonged QT interval

(Wang et al., 1996).

Human iPS cell colonies from LQTS3 and wild-type patients were derived by retroviral
reprogramming with the four factors Oct4, Sox2, Klf4 and c-Myc, and characterized for
pluripotency through the SEEA4 marker. Pluripotency was confirmed by analyzing their

differentiation potential, giving rise to cell types of all three germ layers (Fig 1 d-h, page 6,
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Malan et al., 2016). Differentiation into cardiomyocytes was achieved by generating EB-like
3D clusters and biphasic modulation of the Wnt signaling pathway (Zhang et al., 2015). EBs
started to beat around day 6 of differentiation and expressed cardiac troponin-t positive cells.
(Fig 1 i-j, page 6). Cardiomyocytes older than four weeks were used for further characterization
since the Scn5a expression was increased at that stage, as seen by the RT-qPCR time course
(Fig 1 k, page 6). LQTS3-derived cardiomyocytes showed a significant increase in the recovery
from the inactivation of the Na* current and longer APD. The APD restitution slope
(dependence of APD on the pacing period) was steeper in LQTS3 cardiomyocytes compared
to wild-type-derived cardiomyocytes, indicating prolonged APD at low stimulation rates in
LQTSS, whereas frequency dependency was not seen in the wild-type cardiac cells (Fig 3 c-
d, page 7). Thus, the characteristic electrophysiological features of the R1644H mutation were
found in the disease human LQTS3 cardiomyocytes. We next used an independent assay
based on field potential recording to further prove the ability of detecting the disease
phenotype. Frequency-corrected field potential recorded on multi-electrode arrays showed
prolonged duration and a notched T wave-like signal probably due to EADs in the LQTS3

cardiomyocytes, thus again revealing typical LQTS3 features. (Fig 3 e-g, page 7).

We further tested whether the cellular model is suitable to assess drug efficacy by applying
mexiletine, a common drug for LQTS3 therapy which inhibits preferentially the sustained late
Na* current rather than the peak current density. This drug acts preferentially on the pathogenic
feature of mutant channels, and was given to the patients in this study to prevent arrhythmic
events. Both APD investigated by patch clamp analysis and field potential duration were
reduced by mexiletine (Fig 4 a-d, page 9). Moreover, mexiletine suppressed in a dose-
dependent manner early after afterdepolarizations. We tested alternative drugs that are known
to counteract the late sodium current, phenytoin and ranolazine. Also, these drugs reduced
APD and field potential duration in our model. This was in line with the clinical observation that
phenytoin was a successfully alternative to mexiletine to treat several affected members of the

LQTSS family in this study (Supplemental Fig 2).
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Conclusion:

The generation of LQTS3 human iPS cell-derived cardiomyocytes from patients with a
heterozygous p.R1644H mutation recapitulated pathophysiological features of the disease. We
showed that the human iPS-derived cardiomyocytes could be used to assess the
pharmacological responses to drugs used for LQTS3 therapy. Investigation of field potential
with EADs and analysis of APs provides integrated readouts that might be most robust and
predictive for investigating candidate drug responses. Drugs like mexiletine and ranolazine
which inhibit late Na* current were effective in inhibiting the characteristic features of LQTS3
in the cardiomyocyte disease model. The effect was in line with the clinical observations that
mexiletine and ranolazine were successfully used in patients. This concordance between iPS
cells and clinical data is noteworthy because mexiletine treatment is not effective in all LQTS3
patients with different point mutations. Thus, iPS cell-derived cardiomyocytes from LQTS3

patients can be used as screening tools to predict and prove therapeutically effective drugs.

Contribution: Designed, performed, analyzed the patch clamp data, wrote part of the

manuscript.
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Abstract Long QT syndrome is a potentially life-threat-
ening disease characterized by delayed repolarization of
cardiomyocytes, QT interval prolongation in the electro-
cardiogram, and a high risk for sudden cardiac death
caused by ventricular arrhythmia. The genetic type 3 of this
syndrome (LQT?3) is caused by gain-of-function mutations
in the SCN5A cardiac sodium channel gene which mediates
the fast Na,1.5 current during action potential initiation.
Here, we report the analysis of LQT3 human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs). These were generated from a patient with a
heterozygous p.R1644H mutation in SCN5A known to
interfere with fast channel inactivation. LQT3 hiPSC-CMs
recapitulated pathognomonic electrophysiological features
of the disease, such as an accelerated recovery from inac-
tivation of sodium currents as well as action potential
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prolongation, especially at low stimulation rates. In addi-
tion, unlike previously described LQT3 hiPSC models, we
observed a high incidence of early after depolarizations
(EADs) which is a trigger mechanism for arrhythmia in
LQT3. Administration of specific sodium channel inhibi-
tors was found to shorten action and field potential dura-
tions specifically in LQT3 hiPSC-CMs and antagonized
EADs in a dose-dependent manner. These findings were in
full agreement with the pharmacological response profile
of the underlying patient and of other patients from the
same family. Thus, our data demonstrate the utility of
patient-specific LQT3 hiPSCs for assessing pharmacolog-
ical responses to putative drugs and for improving treat-
ment efficacies.

Keywords Human iPS cells - Cardiac disease modeling -
Type 3 long-QT syndrome - Drug testing

Introduction

A diagnostic hallmark of LQTS is a prolonged QT
interval in the electrocardiogram (ECG) of patients,
resulting from impaired myocellular repolarization during
action potential (AP) generation. Approximately 5-10 %
of LQTS patients are carriers of a gain-of-function
mutation in SCN5A, the gene encoding the o-subunit of
the cardiac sodium channel (LQT3 subtype). These
mutations result in an enhanced recovery from channel
inactivation and re-activation during the plateau phase of
the action potential [2, 21, 27]. Thus, the persistent
inward sodium current counteracts cardiac repolarization
resulting in prolonged action potentials as well as in the
induction of EADs which are key triggers of ventricular
tachycardia [4, 12, 18, 30].
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In clinical terms, LQT3 patients often exhibit QT
interval prolongation at lower heart rates and, conse-
quently, have an increased risk for cardiac events during
rest or sleep [23]. This is in contrast to other LQTS sub-
types such as LQT1, where cardiac events typically occur
at increased heart rates, that is, during physical or emo-
tional (i.e. adrenergic) stress [5, 24]. Therefore, while B-
blocker therapy alone can be sufficient for treating LQT1
patients, effective treatment options in LQT3 patients may
require additional measures and hence, the best suited
pharmacological treatments are still being explored [20].
Moreover, numerous mutations in SCN5A have been
identified to cause distinct disease phenotypes [18, 22], and
drug efficacy may be mutation-specific, suggesting that
treatments need to be tailored to a given specific gene
defect [19]. In vitro drug screening systems may therefore
aid in predicting therapeutic efficacy. LQT3 models based
on patient-specific hiPSCs have been shown to recapitulate
key electrophysiological disease features such as increased
late Na™ currents and prolonged action potentials at the
single-cell level [15, 29]. However, more macroscopic
phenotypes like induced arrhythmia or spontaneous EADs
have not been reported in these or related studies [6, 9].

To re-investigate this latter point and potentially assess
pharmacological response profiles, we have established a
patient-derived hiPSC model harbouring a heterozygous
SCN5A mutation (p.R1644H) mutation that is known to
cause LQT3 [31]. Disease pathogenesis of this typical
LQT3 mutation is due to disperse sodium channel re-
openings following fast initial inactivation [2, 7, 30]. The
amplitude of the late Na™ current is small (<5 %) when
compared to that of the initial inward one. Nonetheless, the
premature recovery from inactivation of the Na™ current
will counteract cardiomyocyte repolarization, to macro-
scopically cause a long QT phenotype [2]. Interestingly,
besides displaying corresponding electrophysiological
phenotypes, cardiac syncytia of R1644H hiPSC-CMs
showed spontaneous EADs which are key triggers of
arrhythmia in LQT3 patients [12]. EADs could be abol-
ished by treating mutant hiPSC-CMs with the same drug
that was successfully used to treat the underlying patient.
Our data hence suggest patient-specific hiPSC-CMs may
serve as a predictive system for drug assessment in LQT3
personalized medicine.

Materials and methods
Clinical patient history and data generation
In 2006, members of a large family (n = 23) with con-

genital LQTS presented first in our outpatient service. In
one family branch, a sudden infant death occurred during
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the second month of age. Despite lack of pathological
investigation or molecular autopsy, a sudden infant death
syndrome (SIDS) caused by LQTS seemed likely, since her
mother and a sister were also affected by LQTS. Geno-
typing and family cascade screening of all family members
was then initiated. All family members who participated in
the study gave written informed consent before genetic and
clinical investigations, in accordance with the last version
of the Declaration of Helsinki (World Medical Association
and R281) and with recommendations by the local ethics
committee. Briefly, ECG analysis was performed using
conventional 12-lead ECG recordings and standard lead
positions (paper speed: 50 mm/s). Heart rate-corrected QT
intervals (QTc) were calculated using Bazett’s formula.
Genomic DNA was isolated from blood lymphocytes by
standard semiautomatic procedures (QIAcube, Qiagen).
Locus-specific DNA sequencing was carried out by
investigating the major genes relevant for LQTS, KCNQ!
(LQT1), KCNH2 (LQT2) and, subsequently, SCN5A
(LQT3). The patients’ sequence data were compared to the
genomic reference (NM_198056.2). Amino acid annota-
tions were based on the corresponding human protein
sequences (Locus Reference Genome: LRG_289p1). Ala-
mut annotation software (Interactive Biosoftware) was
used for mutation nomenclature.

Generation and characterization of hiPSCs

Skin punch biopsies were obtained from one affected
LQT3 patient of this family as well as from a healthy
control individual, following written informed consent and
approval by the medical ethics committee of the University
of Miinster. Fibroblasts that grew out from the dermal
tissue were expanded in conventional serum-containing
culture media, and subjected to cellular reprogramming
following Melton’s protocol [13]. Retroviruses were pro-
duced in 293T cells using Fugene 6 transfection with
Addgene plasmids 8454 (VSV-G envelope), 8449 (pack-
aging plasmid), 17217 (OCT4), 17218 (SOX2), and 17219
(KLF4) [28]. After retroviral infection of fibroblasts and
culture in conventional hESC media with 0.5 mM of val-
proic acid, emerging colonies were manually picked and
expanded. Several cell lines displaying typical hESC
morphology and growth characteristics were further char-
acterized according to standard assays [11]. In brief, the
heterozygous LQT3 mutation was confirmed using con-
ventional gPCR, cloning and sequencing (Table S2).
Transgene silencing was monitored using primers given in
Table S2. Karyotypes were assessed based on chromosome
counting using standard procedures. The surface marker
SSEA4 was detected using standard immunocytochemistry
procedures (Millipore #90231, 1:50). hESC marker gene
expression was monitored using RT-qPCR analysis as
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described [11], using M-MLV (Affymetrix #78306) with
dT,s priming, iTaqg™ Universal SYBR Green Supermix
(BioRad #172-5853), and RPS16/RPL37A as housekeep-
ing controls (Table S2). Global transcriptome profiling in
comparison to hESCs was performed using TotalPrep™
RNA Amplification kits (Life Technologies #AMIL1791)
and Illumina human-12 V3 arrays, following the manu-
facturer’s instructions and using default settings for
hybridization, and performing background subtraction,
normalization, and scatter plot analysis in GenomeStudio.
Spontaneous in vitro differentiation into derivatives of the
three germ layers was performed using conventional
embryoid body differentiation as described [10].
Immunocytochemistry was carried out using standard
procedures with paraformaldehyde fixation and using
appropriate Alexa-conjugated secondary antibodies (Life
Technologies). Primary antibodies used were anti-SMA
(Dako #MO0851, 1:100), anti-AFP (Dako #A0008, 1:300),
and anti-BIII-tubulin (Sigma #T8660, 1:1000). One LQT3
and one WT hiPSC line showing near-complete transgene
silencing and overall hESC-like characteristics according
to these assays were used for further investigation.

Maintenance of hiPSCs

hiPSCs were routinely cultured in 6-well plates on 1:75
diluted Matrigel™ HC (Corning #354263), in FTDA
medium [10]. FTDA consisted of DMEM/F12, 1x Pen-
Strep/L-glutamine, 1x defined lipids (Life Technologies
#21331020, #10378016, and #11905031, respectively),
0.1 % human serum albumin (Biological Industries #05-
720-1B), 1x ITS (BD #354350), 10 ng/ml FGF2 (Pe-
proTech #100-18B), 0.2 ng/ml TGF1 (eBioscience #34-
8348-82), 50 nM Dorsomorphin (Santa Cruz #sc-200689),
and 5 ng/ml Activin A (eBioscience #34-8993-85). Cells
were routinely passaged as single cells or, initially, as
clumps of cells. For single cell splitting, cells were grown
to full confluence (until cultures seemingly appeared syn-
cytial), digested for 10-15 min using Accutase™ (Milli-
pore #SCRO005) with 10 pM Y27632 (abcamBiochemicals
#ab120129), and replated in the presence of 10 uM
Y27632 at 400,000-600,000 cells per well of a 6-well
plate. hiPSCs reached confluence after 3 days under these
conditions and were subsequently harvested as above, for
continuous maintenance or for the induction of differenti-
ation. hiPSCs were kept in culture for a maximum of 30
passages. Cell lines were tested negative for mycoplasma.

Directed CM differentiation of hiPSCs

In some experiments, cardiomyocyte differentiation was
induced using END-2 co-culture [17], by plating clusters of

undifferentiated hiPSCs onto confluent END-2 feeders in
Knockout™ DMEM (Life Technologies #10829018), 1x
ITS (insulin/transferrin/selenium, BD #354350), 250 uM
2-phospho-L-ascorbic acid, and PenStrep/L-glutamine. For
most experiments, hiPSCs were differentiated using a
directed differentiation protocol [33]: fully confluent
hiPSCs were digested with Accutase and 10 uM Y27632
for 10—15 min at 37 °C, and dissociated into single cells
using a 1 ml pipette. Cells were pelleted and resuspended
in dO differentiation medium. d0 medium was composed of
Knockout DMEM, 0.4 % polyvinyl alcohol (Sigma
#363170), 10 pM Y27632, 1x ITS, 1x PenStrep/L-glu-
tamine, 5 ng/ml FGF2, 0.5-2 ng/ml BMP4 (R&D #314-
BP-050), and 1-2 pM CHIR99021 (AxonMedchem #Axon
1386). Cell concentration was adjusted to 40,000-80,000
cells per ml. 100 pl were added to each well of a 96 well
V-bottom plate (Nunc #277143). EBs were allowed to form
over night after a 1 min plate centrifugation step at 400 g.
Next day (dl), EBs were washed in TS medium and
transferred into ultra-low attachment 96 well U-bottom
plates (Corning #7007). TS medium contained KO-
DMEM, 1x TS, 1x lipid additive (Sigma #L.5146), and 1x
PenStrep/L-glutamine. 100x TS stock was prepared in
advance by dissolving 55 mg transferrin (Sigma #T8158)
in 100 ml PBS containing 0.067 mg sodium selenite
(Sigma #S5261). On days 2-3, the EBs were incubated in
TS medium together with 2 pM IWP-2 (Santa Cruz #sc-
252928), followed by incubation in TS medium w/o IWP-2
hence after. Daily media changes were carried out under a
stereo microscope using 200 pl pipettes with a wide
opening. Spontaneous beating was commonly observed
from day 6 onwards and scored in the 96-well plates. After
the initial differentiation in multi-well plates, beating EBs
were usually pooled and further maturated in 6-well plates
with ultra-low attachment surface (Corning #3471). CM
maintenance medium consisted of KO-DMEM, 2 % FCS,
and 1x PenStrep/L-glutamine. Cardiomyocytes were typi-
cally analysed approximately 4 weeks after the initiation of
differentiation.

FACS analysis of differentiated cultures was performed
on Beckman Coulter Gallios instrumentation as described
[33], following dissociation with 1x TrypLE Select (Life
Technologies #12563011) and using PBS/0.5 % saponin/
5 % FCS for all incubation steps (anti-CTNT, Labvision
#MS-295-P, 1:150/Alexa-488-conjugated anti-mouse, Life
Technologies #A11001). SCNSA expression in cardiomy-
ocytes was monitored using RT-qPCR analysis (Table S2)
or standard immunocytochemistry of dissociated hiPSC-
CMs replated onto gelatin-coated dishes (anti-SCN5A,
alomone labs #ASC-005, 1:150). Additional antibodies
used were anti-o-actinin (Sigma #A7811, 1:800), and anti-
NKX2.5 (R&D #AF2444, 1:100).
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Patch clamp analysis

For patch-clamp experiments beating aggregates after
4 weeks of differentiation were collected in PBS and dis-
sociated with 1 mg/mL collagenase type B (Roche) for
60 min at 37 °C under shaking conditions. Isolated single
cells were plated at low densities on fibronectin-coated
(0.1 %) coverslips in differentiation medium. Patch-clamp
recordings were performed after 48—72 h on single beating
cardiomyocytes using an EPC10 amplifier (Heka) in the
whole cell configuration.

Na™ current was measured in the voltage clamp mode.
For recording of Na® current peak and recovery from
inactivation the internal solution contained (in mM) 3
NaCl, 133 CsCl,, 2 MgCl,, 2 NaATP, 2 TEACI, 10
EGTA and 5 Hepes, pH 7.3 (CsOH) and the external
solution: 7 NaCl, 133 CsCl,, 1.8 CaCl,, 1.2 MgCl,, 5
Hepes, 11 glucose, 0.005 nifedipine, pH 7.4 (CsOH).
Peak Na' currents were measured in response to a
—10 mV depolarizing pulse of 40 ms from a holding
potential of —100 mV, normalised to the cell capacitance
and expressed in pA/pF. For analysis of the recovery
from inactivation kinetics, pairs of depolarization pulses
from —100 to 10 mV were applied with increasing
delays between the two pulses (from 1.5 to 57 ms) and
the second peak Na™ current was normalized to the first,
plotted against the delay and these values were fitted
with a mono-exponential growth to obtain the time
constant of recovery.

Action potential recordings were performed in the cur-
rent clamp mode with an internal solution containing (in
mM) 50 KCl, 80 K-Asparatate, 1 MgCl,, 3 MgATP, 10
EGTA, 10 Hepes, pH 7.4 (KOH) and an external solution
containing 140 NaCl, 5.4 KCl, 1.8 CaCl,, 1 MgCl,, 10
Hepes, 10 glucose, pH 7.4 (NaOH). APs were elicited by
2.5 ms long current injection pulses though the patch
pipette and the strength of the pulse was increased stepwise
until stable action potential generation was established.
The current injections were controlled by an external
Stimulator (Model 2100, A-M Systems) attached to the
EPC10 amplifier. To quantify the frequency-dependent AP
duration, cardiomyocytes were stimulated at different
pacing periods and at each pacing period the average action
potential duration at 90 % of repolarization (APDgy) was
determined. APDy, values were plotted against pacing
periods and a linear regression analysis was used to
determine the slope of this relationship for each individual
cell. The effects of mexiletine (100 uM), ranolazine
(20 uM) and phenytoin (10 tM) on APD were recorded at
a constant stimulation frequency of 0.6, 0.2, and 0.2 Hz,
respectively. Data were acquired at a sampling rate of
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1020 kHz (voltage clamp) or 5 kHz (current clamp),
digitized with the Patchmaster software (HEKA) and
analysed offline using Fitmaster (HEKA) or Labchart soft-
ware (AD Instruments). AP parameters were analysed with
the cardiac action potential analysis module of Labchart.
APDy, was calculated from the peak of the AP to the point
where the AP had dropped by 90 % of its amplitude.

Electrophysiological analysis on microelectrode
arrays (MEAs)

Electrophysiological analysis on microelectrode arrays
(USB-MEA256 system, Multichannel Systems) was per-
formed essentially as previously described [32]. 9-well
MEAs were coated with a small volume of 1:150 pre-di-
luted Matrigel/0.1 % gelatin solution in KO-DMEM for
approximately 2 h at room temperature. hiPSC-CMs were
dissociated from maintenance cultures using a 1x or 10x
TrypLE Select digestion to obtain a single-cell suspension
or small cell aggregates. Approximately 20,000 cells were
plated onto the MEA surfaces in a ~3 pl droplet and
allowed to attach for ~1 h. MEA chambers with attached
cells were then filled with 200 pl of CM maintenance
medium. Two days later, baseline recordings were per-
formed at 37 °C. Only FP spectra showing a clear Ty,,«-like
signal were considered. T,,,x and peak-to-peak finding
algorithms were implemented in MC Rack software v4.5.7.
Field potential durations (FPDs, QT,.x intervals) and
beating frequencies (RR intervals) were averaged from five
consecutive measurements from independent recordings.
Data were processed in MS Excel using Bazett’s formula
for frequency correction: FPD (cQT 0x) = QT max (ms)/
(RR (5))°°. Only samples showing beat intervals in the
range of ~700-2300 ms were considered for QT.x
quantification. Recordings of drug-treated cells were initi-
ated after a wash-in time of about 10 min. Wash-out
recordings were performed after three to five media chan-
ges. FP curves monitoring drug responses were overlaid
using Adobe Photoshop. Mexiletine was administered at
5-20 uM, as indicated in figures. Ranolazine was used at
20 uM.

Statistics

Electrophysiological data are presented as mean values
from biological replicates £ SEM. ECG-based data are
presented as mean values £ SD. Statistical analysis was
performed using appropriate paired and unpaired 2-sided
Student’s ¢ test or Fisher’s exact test F. A p value of <0.05
was considered statistically significant. * In figures indi-
cates p < 0.05, and ** denotes p < 0.01.
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Results
Clinical history of a family with LQT3 syndrome

Following a case of sudden infant death in a large family
with congenital LQTS, 15 of 23 available family members
were identified as heterozygous carriers of a c.4931G>A
missense mutation in the SCN5A gene, a previously descri-
bed LQT3-causing defect. In the sodium channel protein,
this mutation promotes an arginine-to-histidine exchange at
the cytoplasmic face of the D4S4 transmembrane segment
(p-R1644H; Fig. 1b) [2]. R1644H was one of the first LQT3-
causing mutations identified and has been shown to impair
fast Na™ channel inactivation, thereby giving rise to the a
persistent late sodium inward current [12, 30, 31].

The mean baseline QTc interval of LQT3 mutation
carriers in this family was 478 + 35 ms (n = 14),
including two patients with normal QTc values (410 and
424 ms; Table S1). There were no clinical signs for con-
duction disease or Brugada syndrome in the affected family
members. Apart from the sudden cardiac death victim
(2 month-old, unknown genotype), six LQT3 patients had
syncope before medical treatment (mean age of first event:
24 years). 10 of the patients were treated with - blockers,
and six were given class I antiarrhythmics (mexiletine or
phenytoin—three of these with concomitant B-blocker
medication). Cardiac devices were implanted in two LQT3
patients that refused oral therapy due to bradycardia and/or
orthostatic intolerance (Table S1) [34].

Generation and characterization of LQT3 hiPSCs

One affected family member presenting with QT interval
prolongation was selected for hiPSC derivation (Fig. 1a; #5-
3 in Table S1). Primary fibroblasts were derived from a skin
biopsy taken from the patient following ethical approval and
informed written consent. The presence of the mutation was
confirmed by DNA sequencing in the cultured cells
(Fig. 1b). hiPSCs were derived from these using standard
retroviral reprogramming methodology [13, 28]. An hiPSC
clone with normal karyotype (Fig. 1b, c¢) was selected for
further characterization. Transgenes of the four reprogram-
ming factors were silenced to negligible levels in LQT3
hiPSCs (Fig. 1d). LQT3 hiPSC colonies under stem cell
maintenance conditions stained positive for the surface
human embryonic stem cell (hESC) marker SSEA4
(Fig. le). RT-qPCR analysis suggested full activation of
endogenous hESC marker gene expression (Fig. 1f). Global
expression profiling revealed that the transcriptome of LQT3
hiPSCs was virtually indistinguishable from that of hESCs
(Fig. 1g). Spontaneous in vitro differentiation gave rise to
derivative cell types of the three germ layers suggesting

acquired pluripotency (Fig. 1h). Using a directed differen-
tiation protocol [33], LQT3 hiPSCs robustly converted into
spontaneously contracting cardiomyocytes, as evidenced by
high percentages of beating embryoid bodies (EBs) as well as
FACS analysis for cardiac troponin C (Fig. 1i, j; Movies S1,
S2). Finally, because early hiPSC-derived cardiomyocytes
tend to be immature in their physiological properties [33], a
time-course expression analysis of SCN5A was performed.
This revealed that SCN5A was expressed at lower levels in
early (~2 week-old) hiPSC-CMs, but at higher and
stable levels after approximately 4 weeks of culture
(Fig. 1k). These data suggested that LQT3 hiPSCs had
acquired a fully reprogrammed hESC-like state and that
hiPSC-CMs could be functionally analysed following sev-
eral weeks of in vitro culture.

As control, wild-type (WT) hiPSCs were derived from
an unrelated, healthy donor and characterized in a similar
manner. Briefly, WT hiPSCs displayed a hESC-like mor-
phology and karyotype under stem cell maintenance con-
ditions (Fig. Sla, b), had fully silenced the exogenous
transgenes (Fig. Slc), and expressed endogenous marker
genes at hESC-like levels (Fig. S1d). WT hiPSCs differ-
entiated into derivatives of the three germ layers upon
spontaneous in vitro differentiation (Fig. Sle), and readily
formed cardiomyocytes using independent differentiation
protocols (Fig. S1f, g; Movies S3, S4). Hence, based on
these assays, WT hiPSCs shared key pluripotency features
with LQT3 hiPSCs and differentiated into cardiomyocytes
at comparable efficiencies.

Electrophysiological phenotypes of R1644H hiPSC-
CMs

We next investigated the electrophysiological characteris-
tics of LQT3 and WT hiPSC-CMs. The SCNS5A protein
could be detected by immunocytochemistry in a large
fraction of cardiomyocytes from both cell lines (Fig. 2a).
Peak Na™ current density measurements at —10 mV using
patch clamp recordings confirmed that the channel was
functionally active in both WT and LQT3 hiPSC-CMs.
Peak current amplitudes tended to be slightly increased in
LQT3 cardiomyocytes, but this difference was not statis-
tically significant (Fig. 2b, WT: 12.2 + 1.8 pA/pF,
n=11; LQT3: 199 £ 5.5 pA/pF, n=6). A clear
increased recovery from inactivation of the sodium current
was found in in LQT3 compared to WT-CMs (Fig. 2c; time
constant T of recovery from inactivation: WT
10.8 £ 1.8 ms, n = 13; LQT3: 3.6 + 0.6 ms,
p < 0.05). These data demonstrate that the pathognomonic
electrophysiological feature of the R1644H mutation was
found in our LQT3 disease model [30].

Next, we explored action potential durations (APD) in the
current clamp mode. APDs measured at a stimulation

n=>35,
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Fig. 1 Generation and characterization of R1644H hiPSCs. a Elec-
trocardiogram of the donor LQT?3 patient displaying QT prolongation
(QTc: ~507 ms). b Phase contrast morphology of LQT3 skin
fibroblasts and reprogrammed hiPSCs (fop). Bottom Illustration of
amino acid substitution in SCN5A (bottom left) and sequencing
confirmation of underlying heterozygous c.4931G>A nucleotide
exchange at the DNA level (bottom right, reverse complement
strand). ¢ R1644H hiPSCs have a normal karyotype (n = 10). d RT-
qPCR analysis of retroviral transgene expression in freshly infected
LQTS3 fibroblasts and LQT3 hiPSCs. e Immunofluorescence analysis
of the pluripotency marker SSEA4 in LQT3 hiPSCs. f RT-qPCR
expression analysis of endogenous pluripotency genes in LQT3
hiPSCs, in comparison to two hESC lines and the parental fibroblasts.
g Scatter plot analysis of microarray gene expression data from LQT3
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hiPSCs and NCL3 hESCs. Note the high global similarity indicated
by linear regression analysis. Red lines denote intervals of twofold
changes in gene expression. h Immunofluorescence analysis of
spontaneous differentiation into derivatives of the three germ layers.
SMA smooth muscle actin, AFP alpha-fetoprotein. i Percentage of
beating EBs over time generated from LQT3 hiPSCs through directed
differentiation (n = 2). j Representative FACS analysis of differen-
tiated LQT3 EBs indicating the cardiomyocyte fraction based on
cardiac Troponin T (CTNT) staining. k RT-gPCR time-course
analysis of SCNSA expression during cardiac differentiation of
LQT3 hiPSCs. Cells were differentiated on END-2 feeders. Data are
normalized against pan-cardiac markers to account for differences in
CM yield between samples (n = 3)
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Fig. 2 Sodium channel function in LQT3 and control hiPSC-CMs.
a Immunofluorescence stainings of SCN5A (red) in CMs derived
from LQT3 and WT hiPSCs show perinuclear and partial outer
membrane localization. b Representative peak sodium current traces
(left) and average peak current densities (right, n = 11 WT, n =6
LQTS3, n.s.). ¢ Analysis of recovery from inactivation using a 2-pulse
protocol. Left Examples of normalized sodium currents plotted
against pulse intervals. Note the accelerated recovery in the LQT3
hiPSC-CM. Right Averaged time constant of recovery from inacti-
vation (n = 13 WT and n = 5 LQT3, p < 0.05)

frequency of 1 Hz were increased in LQT3 hiPSC-CMs
(Fig. 3a). This was true for averaging data from all types of
cells (Fig. 3b, left: APDgy WT: 95.1 £ 12.3 ms, n = 14;
LQT3: 155.7 &£ 25.7 ms, n = 27, p < 0.05), whereas the
phenotype became somewhat more pronounced when con-
fining the analysis to ventricular-like cells (Fig. 3b, right:
APDgy WT: 1229 £+ 152 ms, n=7; LQT3: 2255 +
36.6 ms, n = 15, p < 0.05). Moreover, as a hallmark of
LQTS3, APD is highly frequency dependent and expected to
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Fig. 3 APD and FPD phenotypes of LQT3 hiPSC-CMs. a Represen-
tative APs from WT and LQT3 hiPSC-CMs. b APDy, quantification
at a stimulation frequency of 1 Hz. LQT3 hiPSC-CMs showed a
significant prolongation (all cells: n =14 WT, n =27 LQT3,
p <0.05; ventricular-like cells: n=7 WT, n=15 LQT3,
p <0.05). ¢ Action potential restitution (APDgy/pacing period
relationship) in a representative WT (black) and LQT3 (red)
hiPSC-CM. Note the positive slope in the LQT3 cell. d Statistical
quantification of the slope of APD restitution in WT and LQT3
hiPSC-CMs (all cells: n = 8 WT, n = 17 LQT3, p < 0.01; ventric-
ular-like cells: n = 5 WT, n = 8 LQT3, p < 0.05). e Representative
field potential recordings of WT and LQT3 hiPSC-CM clusters using
MEAs. FPD (QT,,.x) was quantified on the basis of Q and maximum
T wave-like signals (see indicated interval). The arrowhead marks a
typical EAD-like signal observed in LQT3 CMs. f FPD quantification
from independent WT and LQT3 hiPSC-CM preparations (n = 3
WT, n =5 LQT3, p <0.01). g Field potentials with EADs were
observed in a high percentage of LQT3 samples (n =7 WT, n = 17
LQT3, p < 0.05)

increase at low beating rates, as shown previously [8, 16].
Hence, APD was determined in individual hiPSC-CMs at
various stimulation frequencies (see examples given in
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Fig. 3c). The APD restitution slope (dependency of APD on
the pacing period) was determined through linear regression
analysis. Analysis across all cardiac subtypes yielded a steep
APD  restitution slope for LQT3  hiPSC-CMs
(+11.4 £ 3.2 ms/s, n = 17; Fig. 3d, left) indicating pro-
longed APD especially at low stimulation rates, whereas this
dependency was absent in WT hiPSC-CMs (—3.2 &+ 2.2 ms/
s, n = 8). The difference became even more accentuated
when including only cells with ventricular-like AP shapes
into the analysis (Fig. 3d, right, WT: —3.2 & 3.5 ms/s,
n = 5;LQT3: +19.3 £ 5.3 ms/s, n = 8).

Further, we used bulk cultures of hiPSC-CMs on
microelectrode arrays (MEAS) in order to explore, whether
these pathognomonic features of LQT3 could also be
detected using an independent assay based on extracellular
field potential recordings. Clear T wave-like signals were
readily detectable with both WT and LQT3 CMs, permit-
ting field potential duration (FPD) measurements (Fig. 3e).
Frequency-corrected FPDs determined under spontaneous
beating conditions were significantly increased in LQT3
hiPSC-CMs compared to WT cells (Fig. 3f). Interestingly,
most FP traces from LQT3 hiPSC-CMs displayed notched
T wave-like signals, which we attribute to EADs evoked by
reactivating Na™ currents in the mutant cells (arrow head in
Fig. 3e). Quantification from independent cell preparations
revealed that these EAD signals were highly reproducible
in LQT3 hiPSC-CMs but never seen in WT cells (Fig. 3g).
Collectively, these data reveal typical LQT3 features in
R1644H hiPSC-CMs by electrophysiological analysis,
including EADs at high probability.

Pharmacological rescue of LQT3 phenotypes

Likely, the above phenotypes are a direct consequence of
the reactivating sodium current in R1644H CMs. To
demonstrate this, and to assess the predictability of our
model for drug screening, we employed mexiletine, a Nat
channel inhibitor commonly used in LQT3 therapy [20].
Using patch clamp analysis, we found that mexiletine
(100 uM) significantly reduced APD in LQT3 hiPSC-CMs
(—25.8 £ 6.7 %, n = 5, p < 0.05), thereby correcting the
APD prolongation phenotype at the single cell level
(Fig. 4a, b). Importantly, this effect was not seen in WT
cells (APD: +3.2 £ 4.7 %, n = 8) suggesting that this
drug preferentially acts on the reactivated sodium current
(Fig. 4a, b). Similarly, mexiletine reduced the FPD in bulk
cultures of LQT3 hiPSC-CMs, in a dose-dependent man-
ner, and showed virtually no effect in WT cells (Fig. 4c).
10-20 uM of mexiletine were sufficient to reduce FPDs of
LQT3 CMs to WT-like values (Fig. 4d). Interestingly, we
noticed that the EADs were also affected by mexiletine
treatment of LQT3 hiPSC-CMs. In a highly reproducible
and dose-dependent manner, mexiletine administration
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progressively shifted the EAD signal towards later time
points, outside the T wave-like repolarization window, and
doses above 20 uM fully suppressed EADs (Fig. 4e, f). To
substantiate the idea that late sodium current blockage was
the basis for these patient-specific effects, we additionally
evaluated alternative drugs, ranolazine and phenytoin,
acting via the same principle [3, 25]. Indeed, both com-
pounds specifically reduced APDs in LQT3 hiPSC-CMs
(phenytoin: —29.7 &+ 9.2 %, n = 6; ranolazine: —26.3 +
9.2 %, n = T7) but not in WT cells (Fig. S2 a—d). Similarly,
ranolazine administration (20 uM) abolished spontaneous
EADs in patient hiPSC-CMs and caused significant LQT3-
specific FPD shortening (Fig. S2e, f).

Interestingly, these data provide support of the thera-
peutic strategy applied to the affected LQT3 family
members, including the individual who donated cells for
hiPSC derivation (Table S1). Interpretation of these data is,
however, complicated by the fact that several patients of
this family were treated both with antiarrhythmics and beta
blockers. As a tendency, though, beta blocker monotherapy
was applied to family members with a baseline QTc below
500 ms and this caused a rather moderate decline
(17 &£ 4 ms, n = 3). In comparison, patients with a base-
line QTc > 500 ms were treated with antiarrhythmics
(mexiletine or phenytoin) £ additional beta blocker, which
caused a more pronounced QTc reduction (62 % 18 ms,
n =15, p <0.01 vs. beta blocker monotherapy). In support
of this notion, the patient underlying our study showed a
QTc reduction from ~507 to ~440 ms following mex-
iletine monotherapy (2 x 100 mg/day, Fig. 4g), whereas
additional treatment with bisoprolol only had a slight
additive effect (~435 ms, Table S1). Using this strategy,
adverse cardiac events were prevented in a sustained
manner in all patients who had experienced syncope prior
to therapy (Table S1).

Discussion

Mutations in SCN5A can give rise to distinct disease
phenotypes, namely LQT3, Brugada syndrome, progressive
cardiac conduction disease, and sinus node diseases [18].
Moreover, LQT3 may be caused by diverse gain-of-func-
tion mutations in SCN5A and, as a result of this fact, not all
patients respond to a given pharmacological treatment at
similar efficacy [19]. Patient-specific hiPSC-CMs can be
utilized for evaluating putative disease-correcting effects of
drugs, as exemplified with models of LQT?2 and JLNS [14,
32]. However, because electrophysiological analysis at the
single-cell level is technically challenging and because
hiPSC-CMs present a heterogeneous mixture of cardiac
subtypes, more integrated and disease-associated readouts
are desirable. EADs are considered triggers of life-
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Fig. 4 Rescue of disease-
specific phenotypes in LQT3
hiPSC-CMs by mexiletine.

a Representative action
potential traces before (left) and
after (right) mexiletine
treatment (100 pM). Note the
AP shortening following drug
administration in the LQT3
cells. b Quantification of
mexiletine-induced APDg
reduction (n =8 WT,n =15
LQT3, p < 0.05).

¢ Representative field potential
recordings showing that
mexiletine reduces FPD
specifically in LQT3 hiPSC-
CMs but not in WT cells.

d Quantification of mexiletine
effect at different dosages on
FPD in WT and LQT3 hiPSC-
CMs (n = 3). e Mexiletine
shifts EADs in LQT3 hiPSC-
CMs towards later time-points
in a dose-dependent and
reversible manner
(representative MEA traces).
Arrowheads mark EADs.

f Average quantification of
induced EAD shift in FPs of
LQT3 hiPSC-CMs as dependent
on mexiletine dosage (n = 3).
EADs were fully suppressed
using >20 pM of mexiletine.
g Electrocardiogram of the
donor LQT3 patient under
mexiletine monotherapy

(2 x 100 mg/day; QTc:

~440 ms)
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threatening Torsade de Pointes (TdP) tachycardia in LQTS,
as they may contribute to increased dispersion of ventric-
ular repolarization [1]. Interestingly, on microelectrode
arrays, prominent EADs were consistently observed in our
LQT3 model but were never seen in WT controls, neither
in the cell line used here nor in other independent hiPSC
lines [32]. MEAs may be particularly reliable in detecting
EADs as they tend to overcome cell-to-cell variation by
averaging field potentials from many cells in a given
preparation. Furthermore, intracellular ion concentrations
in cardiomyocytes (Na*, KT, Ca*™) are not disturbed in
MEA recordings, in contrast to the patch-clamp technique
that dialyzes Na®, K* against the electrode solution and
usually buffers Ca?". Perhaps for these reasons, we and
others did not observe EADs in LQT3 hiPSC-CMs using
patch-clamp analysis of single cells [15, 29]. It will be
interesting, therefore, to see whether EADs are a universal
feature also of CMs from other LQT3 hiPSC models, as
revealed here using field potential recordings.

Mexiletine is a commonly used drug for treating LQT3
patients because it is more effective in inhibiting late Na™
currents than peak current density and therefore acts pref-
erentially on the pathogenic feature of mutant channels [7,
26, 29]. This drug thereby appeared well-suited for bal-
ancing consequences of the R1644H mutation which cau-
ses a sustained, non-inactivating sodium current as a result
of disperse reopenings following initial fast channel inac-
tivation [7, 30]. Indeed, mexiletine specifically and dose-
dependently reduced APDs and FPDs in R1644H hiPSC-
CMs but had no effect on WT cells. Moreover, EAD-like
signals arising specifically in field potential recordings
from LQT3 hiPSC-CMs were shifted towards later time-
points by mexiletine administration in a dose-dependent
manner or were fully suppressed at higher concentrations.
Thus, at least in the cellular model, even low dosages of
mexiletine exerted beneficial effects by shifting EADs
outside the critical repolarization time-window. Notably,
the phenotype-correcting effects in LQT3 hiPSC-CMs
were in accordance with the beneficial response to mex-
iletine administration in the LQT3 patient underlying our
study. Moreover, alternative drugs counteracting the late
sodium current, phenytoin and ranolazine, also reduced
APDs/FPDs in our model. Indeed, phenytoin was suc-
cessfully used to treat several affected members of our
LQT3 family, as an alternative to mexiletine (Table S1).
Hence, our data show that drug testing results from LQT3
hiPSC-CMs may be predictive for medical treatment.

This concordance between hiPSC and patient-based data
is noteworthy because mexiletine treatment is not effective
in all LQT3 patients and models [19]. For instance, Ma
et al. analysed an independent hiPSC model of LQT3 and
obtained only a partial rescue of the APD prolongation
phenotype following high-dosage (50 pM) mexiletine
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treatment [15]. Moreover, Terrenoire et al. observed inhi-
bitory side-effects on the hERG channel using mexiletine
administration in yet a different LQT3 hiPSC model, which
complicated medical interpretation [29]. We did not
observe any effects on APD or FPD when monitoring
mexiletine treatment of WT hiPSC-CMs, suggesting no
side-effects at the moderate drug concentrations used in our
study (<20 pM). In summary, monitoring effects on FPD
and EADs provides integrated readouts that might be most
robust and predictive for investigating candidate drug
responses in hiPSC models of LQTS3.
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3.3 Future perspective using optogenetic tools within stem cell derived

cardiomyocytes:

3.3.1 Optogenetic Stimulation of Gi Signaling Enables Instantaneous Modulation of
Cardiomyocyte Pacemaking. Frontiers in Physiology DOI:
10.3389/fphys.2021.768495 Nov. 2021 (IF:4.5)

Aim of the study

G protein-coupled receptors (GPCR) are the principal activators of critical intracellular
signaling pathways that regulate many cardiac functions. Gs- and Gi-activated intracellular
signaling pathways play a fundamental role in neurohormonal control of the circulatory system,
heart rate regulation and contractility. The sympathetic nervous system through (-adrenergic
receptors (B-ARs) signals via Gs, whereas the parasympathetic system through muscarinergic
receptors via Gi. A precise understanding of these signaling pathways is essential to
understand disease mechanisms. For instance, both axes of the autonomous nerve system
are affecting AF initiation and progression (Hanna et al., 2021) through sympathetic stimulation
and Gs signaling that trigger atrial extra beats (Makowka et al., 2019) and by parasympathetic
stimulation of muscarinic acetylcholine receptor 2 / G protein-coupled inwardly-rectifying
potassium channels (GIRK) which shortens APs. GIRK channels are a type of potassium
channel that are activated by beta-gamma subunits of Gi proteins. GIRK activation is a
suggested trigger mechanism, and patients with sustained AF have constitutive GIRK activity
in the atria, even in the absence of the receptor ligand (Dobrev et al., 2001). Investigations in
a canine model of AF have shown that selective inhibition of Gai/o-mediated parasympathetic
signaling nearly eliminated AF inducibility (Aistrup et al., 2011). Furthermore, the highly
selective GIRK channel blocker, NTC-801, dose-dependently decreased AF inducibility and
converted AF to normal sinus rhythm in a canine model of LA tachypacing (Yamamoto et al.,
2014). However, drugs that affect the molecular mechanisms of AF cannot discern the areas
of the atrium most sensitive to Gi signaling. Thus, from this data we could assume that local
and selective inhibition of Gi signaling and GIRK channel function may be a novel therapeutic

target for some patients with AF. To better analyze the local behavior of Gi signaling and the
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influence on AF, we have established optogenetic stimulation of Gi signaling in cardiomyocytes

using the Gi-coupled, long-wavelength-sensitive cone-opsin (LWO).

Optogenetics is a technique for controlling the behavior of cells with light after expressing light-
sensitive proteins. The great advantage of optogenetic stimulation is the temporal and spatial
accuracy: it is possible to locate the signal of a particular cell type or in specific subcellular
regions within a complex cellular system with high specificity. Therefore, optogenetics has
been used to investigate G-protein signaling pathways and also as a new tool for compound
screening to enhance efficiency. Our group showed that opsin proteins like Jellyfish opsin can
selectively activate Gs-protein signaling in cardiomyocytes and in the heart by specific blue
light application, allowing localized and precisely timed Gs stimulation (Makowka et al., 2019).
To extend the optogenetic toolbox for Gi signaling in cardiomyocytes in this study we used
LWO, which was previously shown to activate Gi signaling by light in HeLa cells, neurons and
mouse brains. Most importantly, this opsin has been shown in neurons to activate Gi/t over Go
opsin with a specific 650nm wavelength, which is in the red spectrum and is thus not absorbed
by myoglobin and hemoglobin. The red-light activation property could offer advantages in
better tissue penetration and less phototoxic effects. Thus, this study aimed to characterize
the effectiveness of the red light-stimulated Gi signaling pathways in cardiomyocytes from

murine ES cells by LWO.

Methods and resulis:

To study the LWO-activated signaling pathways in cardiomyocytes, we generated mouse ES
cell lines by electroporation with a plasmid consisting of the human long-wave opsin fused with
eYFP under the control of a ubiquitous CAG promoter. Employing cardiomyocytes derived
from ES cells offers a distinct advantage due to their expression of genes, which encompass
genes specific to pacemaker functionality. Notably, prior studies have demonstrated that G
protein signaling pathways under receptor regulation are already established in these cells
Consequently, this existing signaling landscape provides a conducive platform for exploring

the expression of GIRK channels. The differentiation protocol was also modified to obtain more
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atrial-like cells by adding Noggin and Dickkopf-related protein 1 to inhibit BMP signaling after
mesoderm formation so to facilitate cardiac development and retinoic acid to improve atrial

specification (Zhang et al., 2011).

LWO should specifically activate a Gi-mediated signaling pathway by red light illumination. To
analyze the beating frequency, video microscopy with infrared light was used to avoid
accidental LWO activation. Beating cardiomyocytes in embryoid bodies (EBs) illuminated with
625nm light showed an almost complete block in the basal frequency with high temporal
precision. Moreover, repetitive light stimulations showed a long-lasting inhibitory effect (Fig 1,
page 4, (Coki¢ et al., 2021). Because Gi coupled receptors can be promiscuous as observed
by the activation of Opn4 in heterologous expression system, or ES cell-derived
cardiomyocytes where both Gi/o and Gg/11 signaling pathways can be activated, ES-derived
cardiomyocyte model is ideal for discriminating between Gqg and Gi signaling, as Gq will
increase the beating rate through PLC/iP3/Ca®* pathways, enhancing the Ca® clock
pacemaker machinery. In contrast, the Gi will reduce the beating rate through either a subunits
and PKA-dependent phosphorylation, or the By subunits and GIRK channel activation. To
prove that LWO could selectively activate the Gi signaling pathway, we incubated EBs with
PTX (a known Gi/o blocker), which inhibits the light effect on frequency reduction. Importantly,
we did not observe even the slightest increase in frequency by light in PTX-treated LWO EBs,
excluding Gq activation (see Fig 2 a-b, page 5). Tertiapin-Q, a GIRK channel blocker,
prevented LWO from instantaneously decreasing frequency by 75%. In the presence of
tertiapin-Q we still observed a frequency reduction by light which was ~25% of controls. This
remaining component is likely due to Gi-dependent inhibition of PKA activity, which has been

shown to reduce If pacemaker currents and Ica.L currents (see Fig 2 c-d, page 5).

One of the advantages of LWO in comparison to pharmacological approaches is that no ligand
must be applied and the repetitive application of light activates the receptor without
desensitization. Comparing the light response with the response upon Carbachol (CCh)

application, we observed that the mean time to maximal effect after LWO activation was around
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30 times faster than CCh, and the mean recovery time to 50% of baseline after stimulation was
about 100 times faster (see Fig 4, page 7). To further characterize the light properties of the
opsin tool, we tested various calibrated light intensities to determine a high light sensitivity with
half-maximal effective light intensity (ELi50) of 2.4 yW/mm? and a maximum effect at 100
UW/mmZ. Curve fitting of frequency decreased due to illumination with gradually extending
exposure time but with fixed light intensity showed a half-maximal effective exposure time of
1.2 s and a maximal effect at 10s (see Fig 3, page 6). Thus, due to its light physical properties,
LWO allows the application of brief continuous light pulses with fine modulation of stimulation
intensities and periods, which would be almost impossible with a drug agonist perfusion and

washout.

Conclusion

LWO is a suitable optogenetic tool to specifically activate Gi signaling in cardiomyocytes with
red light. This red light activated opsin has higher temporal effectiveness in activating and
deactivating the Gi intracellular signaling pathways than the classic pharmacological approach.
This optogenetic tool, combined with other types of light-sensitive G-protein-coupled receptors,
will allow for the future study of the interaction between sympathetic and parasympathetic

stimulation, which is of fundamental importance for cardiac function.

Contribution: Designed the experiments, discussed data analysis and results, manuscript

writing.
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optogenetic techniques with selective expression of opsin proteins and activation by
specific wavelengths allows high spatial and temporal precision. Here, we present
the application of long wavelength-sensitive cone opsin (LWO) in cardiomyocytes for
activation of the Gj signaling pathway by red light. Murine embryonic stem (ES) cells
expressing LWO were generated and differentiated into beating cardiomyocytes in
embryoid bodies (EBs). lllumination with red light (625nm) led to an instantaneous
decrease up to complete inhibition (84-99% effectivity) of spontaneous beating, but
had no effect on control EBs. By using increasing light intensities with 10's pulses, we
determined a half maximal effective light intensity of 2.4 wW/mm? and a maximum effect
at 100 pW/mm?. Pre-incubation of LWO EBs with pertussis toxin completely inhibited
the light effect proving the specificity for G; signaling. Frequency reduction was mainly
due to the activation of GIRK channels because the specific channel blocker tertiapin
reduced the light effect by ~80%. Compared with pharmacological stimulation of My
receptors with carbachol with slow kinetics (>30s), illumination of LWO had an identical
efficacy, but much faster kinetics (<1 s) in the activation and deactivation demonstrating
the temporal advantage of optogenetic stimulation. Thus, LWQO is an effective optogenetic
tool for selective stimulation of the G; signaling cascade in cardiomyocytes with red light,
providing high temporal precision.

Keywords: optogenetics, cardiomyocyte, GPCR (G protein coupled receptor), G; signaling pathway, GIRK channel,
pacemaking

INTRODUCTION

G-Protein-coupled receptors (GPCR) play a pivotal role in regulating cardiac function. The
counteracting effects of Gy and G;j proteins are fundamental for the heart rate regulation,
contractility, neurohormonal control of circulatory system, and in pathophysiological conditions
(Capote et al,, 2015). As an antagonist of Gs-pathway, the Gj-pathway inhibits the adenylate
cyclase, decreasing intracellular cAMP level, diminishing protein kinase A (PKA) activity, and
thus, reducing L-type Ca?* currents. In atrial myocytes and cells of the sinus node and AV node,
acetylcholine opens a type of inwardly rectifying potassium channel (Ix ocn/GIRK) through direct
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effects of the G; By subunit (Krapivinsky et al., 1995; Ivanova-
Nikolova et al, 1998). This results in hyperpolarization,
slowing of heart rate, prolongation of AV-node conduction,
and shortening of the action potential duration in atrial
cardiomyocytes (Belardinelli and Isenberg, 1983). Some G;j
coupled receptors, such as adenosine-Al, are cardioprotective
(Hutchinson and Scammells, 2004) and reduce the risk of
cardiac arrhythmia, moreover Gj-coupled a, receptors exert an
important sympatho-inhibitory function (Xiang and Kobilka,
2003).

Optogenetics is a photostimulation technique which
selectively activates opsin proteins by specific wavelengths and
the use of light has a much higher spatial and temporal precision
than application and diffusion of receptor agonists (Beiert et al.,
2014; Guru et al., 2015; Makowka et al., 2019). For instance, the
blue light-sensitive receptor Jellyfish Opsin has been used for
selective activation of Gy signaling cascade in cardiomyocytes
and the heart with high spatial and temporal precision (Makowka
et al., 2019), but direct control of the Gj/, signaling cascade in
cardiomyocytes with light has not been shown yet.

Short- and long-wavelength-sensitive opsins (LWO) have
been used before for control of neuronal G;/, signaling pathways
(Masseck et al., 2014) and LWO has been shown to activate rather
Gjt than G, signaling (Ballister et al., 2018). Thus, the aim of
this study was to use the red light-activated LWO to stimulate G;
signaling pathways in cardiomyocytes.

METHODS

Vector Construction and Transfection of

Embryonic Stem (ES) Cells

An LWO-enhanced yellow fluorescent protein (eYFP) plasmid
was generated for the expression of LWO (human long-
wavelength-sensitive opsin 1, NP_064445.1) c-terminally fused
with eYFP using codon optimized synthesized DNA (GeneArt,
Life Technologies, Germany) excised with Spel und Mlul and
subcloned into a backbone vector with the chicken B-actin
promoter (CAG) described before (Beiert et al, 2014). In
this study, 40 pg of DNA was linearized with Bgl II and
electroporated into 4 x 10° mouse embryonic stem (ES) cells (D3
line) with a single electrical pulse (250 V, 750 wF, 0.4 cm electrode
gap, BioRad Gene Pulser, CA, USA). The electroporated cells
were plated and 400 pg/ml neomycin was added for selection
24 h after transfection. The eYFP positive clones were picked and
cultured separately. Two positive clones were chosen, because of
their specific eYFP expression in cardiomyocytes and stable light
reaction. As a control group, we used the D3 ES cells with stable
expression of the enhanced green fluorescent protein (eGFP)
under the control of the CAG promoter as reported before (Beiert
etal., 2014).

ES Cell Culture and Differentiation

Embryonic stem cells were cultured and differentiated within
embryoid bodies (EBs) using the hanging drop method as
previously described (Bruegmann et al., 2010; Beiert et al., 2014).
For differentiation, we used Iscove’s Modified Eagles Medium
(Invitrogen, MA, USA) supplemented with 20% fetal calf serrum

(FCS) (Pan-Biotech, Germany), 0.1 mM non-essential amino
acids (Invitrogen), 100 U/ml penicillin (Invitrogen), 100 mg/ml
streptomycin (Invitrogen), and 0.1 mmol/L B-mercaptoethanol
(Sigma Aldrich, MO, USA). At day 5 of differentiation, EBs were
either plated on 0.1% gelatin-coated glass cover slips for the
analysis of beating frequency conducted at day 9-14 or fixated
for immunohistochemical analysis. In some differentiations, the
method was modified by adding Noggin (R&D System, MN,
USA, 250ng/ml) from day 4 to 6 and retinoic acid (Sigma
Aldrich, 1 wM) from day 6 to 8 and Dickkopf-related protein 1
(R&D system, 200 ng/ml) from day 6 to 11.

Immunofluorescence

Embryoid bodies were fixed with 4% paraformaldehyde (Sigma
Adrich) and permeabilized with 0.2% of Triton X-100 (Sigma
Adrich) for 20 min, blocked with 5% of donkey serum (Jackson
ImmunoResearch, UK) for 20 min and stained for 2h at room
temperature with primary antibody against o-actinin (1:400,
Sigma Aldrich). Alexa Fluor 647 conjugated secondary antibody
(1:400, Invitrogen) diluted in 1pg/ml Hoechst 33342 (Sigma
Aldrich) was applied for 1h at room temperature. The pictures
were taken with an Eclipse Ti2 microscope with NIS-Elements
and deconvolution software (Nikon, Japan).

Frequency Analysis and Light Stimulation
of EBs

Beating EBs that showed eYFP expression in beating areas
were used at day 9-14 of differentiation. Then, 1-2h before
experiment, the medium was replaced with Tyrode external
solution (in mM: 142 NaCl, 5.4 KCl, 1.8 CaCl,, 2 MgCl,, 10
glucose, and 10 HEPES; pH 7.4) containing 11-cis retinal (1 wM,
Santa Cruz Biotechnology, TX, USA) or 9-cis retinal (1 pM,
Sigma Aldrich). Video microscopy of beating EBs was performed
while perfusing EBs with Tyrode solution without retinal at
~35°C on an Axiovert 200 microscope with a 5x objective
(Fluar, NA 0.25, Zeiss, Germany) using infrared light (760 nm, 1.8
WW/mm? at the focal plane) to avoid accidental LWO activation.
Spontaneous contraction was recorded with a charge-coupled
device (CCD) camera (piA640-210gm, Basler, Germany) at 51 fps
and analyzed online using custom designed software (LabView,
National Instruments, TX, USA) as described before (Bruegmann
et al., 2010; Makowka et al., 2019). Optogenetic stimulation was
performed with a 625nm LED within the LedHUB (Omicron
Laserage, Germany) equipped with a 10% neutral density filter
and coupled to the objective with an optical fiber and a 660 nm
dichroic filter (AHF Analysentechnik, Germany). Illumination
was controlled by a recording system (PowerLab 4/35 and
Labchart software, AD Instruments, Sydney, Australia), which
was also used to record time points of individual beats to calculate
the frequency. Light intensity was calibrated at the objective with
a power meter (PM100 power meter, SI30A sensor, Thorlabs, NJ,
USA) before each experiment.

Analysis of LWO Effect and Light Sensitivity
For statistical analysis, only stable beating EBs without
arrhythmical episodes over 5min before illumination were
included. The average frequency during 10s continuous
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illumination was analyzed and normalized to baseline 10 s before.
To describe the effectivity of LWO, we calculated the blocking
effect with 100% as complete block and 0% as no effect on beating
frequency. To determine light sensitivity, the light intensity of
individual light pulses was gradually increased (in W W/mm?: 0.3;
1; 3; 10; 30; 100; and 300). In addition, 100 wW/mm? individual
light pulses of increasing durations (0.1; 0.3; 0.5; 1; 3; 5; 10;
and 30s) were applied and the frequency was averaged 5 after
onset of illumination compared with 5s before. Half maximal
effects were analyzed by fitting the normalized frequency with
a Hill function with upper level set to 100% (GraphPad Prism,
CA, USA).

Pharmacology

To compare LWO effect with pharmacological activation, we
used supramaximal illumination (100 wW/mm?, 10s) and
stimulation of the muscarinergic acetylcholine receptor with
carbachol (60s, 100 M, Sigma Aldrich). Effectiveness of the
inhibition was calculated 5s after the lowest frequency (to
account for variations in perfusion kinetics) compared with 5s
before illumination/perfusion. The delay to maximum block
was calculated between onset of illumination/perfusion and
maximal effect and the delay to 50% recovery as end of
stimulation/perfusion until frequency reached 50% of initial
baseline. To block G;j proteins, pertussis-toxin (PTX, Invitrogen)
was applied for 24 h in IMDM medium without FCS at a final
concentration of 0.5 pug/ml. The blocker of G protein-coupled
inwardly-rectifying potassium channels (GIRK) tertiapin-q
(100 nM, Tocris, Bristol, UK) was incubated for 30 min after
one initial measurement and kept in the solution for the second
measurement (Figure 2C).

Statistics

Data are shown as mean + SEM and GraphPad Prism 7.0
was used to perform the statistical analysis. For frequency
experiments in Figures 1D,E one-way ANOVA with Tukey’s
multiple comparison test was used. Pertussis toxin (PTX) effect
(Figure 2B) was analyzed with an unpaired Student’s ¢-test. For
the other experiments (Figures 1G, 2D, 4B-D), two-sided paired
Students t-tests were used. A p-value < 0.05 was considered
statistically significant. The n values indicate the number of
independent experiments (EBs).

RESULTS

Red Light Activation of LWO Decreases

Beating Frequency of Cardiomyocytes

The human LWO in fusion with eYFP was stably expressed
under the control of the CAG promoter in ES-cells (D3 line)
(Figure 1A). For differentiation of ES cells into spontaneously
beating cardiomyocytes, EBs were generated with the hanging
drop method (Wobus et al., 1991; Maltsev et al., 1993; Beiert
et al., 2014). Spontaneously beating areas in the EBs showed
differentiation into a-actinin and eYFP positive cardiomyocytes
indicating LWO expression (Figure 1B). An analysis of beating
frequency was performed by infra-red video microscopy to
avoid LWO activation. Illumination of beating areas with red

light pulses (A = 625nm, 10s, 100 wW/mm?) led to an
almost complete block of spontaneous beating in EBs from two
separately differentiated ES cell clones (Figures 1C,D; clones C1
and C2). In contrast, illumination of EBs expressing only eGFP
but not LWO did not reduce beating frequency (Figures 1C,D;
Ctr). Importantly, the baseline beating frequency was similar
between EBs from the two LWO clones and the control eGFP
clone, suggesting that LWO expression does not negatively affect
pacemaking and shows no dark activity (Figure 1E). Application
of two identical light pulses with 90s delay showed similar
effectivity of beating block (Figures 1F,G) indicating that LWO
can be activated repetitively without desensitization.

LWO Activates G;-Proteins and GIRK

Channels in Cardiomyocytes

To confirm the LWO specificity for G; activation, EBs were
pre-treated with PTX (0.5ug/ml) for 24h to block all Gj,
proteins. Subsequent frequency measurements showed that PTX
almost completely inhibited the light effect (Figures2A,B)
and the blocking effectivity was only 4% in contrast to an
effectivity of 88% in non-treated EBs recorded in parallel. Because
activation of GIRK channels by Gj-protein By subunits is the
main mechanism for slowing the heart rate (Huang et al,
1995; Nobles et al.,, 2018), we compared light effects before
and after application of the GIRK channel blocker tertiapin
(100 nM, 30 min, Figure 2C, blue color) and found that tertiapin
reduced the light effect significantly from 91 to 21% blocking
effectivity (Figure 2D).

Dose-Response Relationship Shows High

Light Sensitivity of LWO

To determine LWO light sensitivity, we repetitively applied light
with increasing light energy by using ascending light intensities
or durations (Figure 3). Application of 10s long pulses with
stepwise increasing light intensities from 0.3 to 300 L W/mm? led
to a gradual decrease of beating frequency after each light pulse
(Figure 3A) with a sigmoidal dependency of the blocking effect
on the logarithm of intensity (averaged data in Figure 3C). The
data points of each individual experiment were fitted with the
Hill equation resulting in an average half maximal effective light
intensity (ELi50) of 2.4 4 0.7 pW/mm? (n = 9) and a maximum
blocking effect at ~ 100 pW/mm?. Similarly, application of
light pulses of 100 wWW/mm? with increasing durations from
0.1 to 30s led to gradual block of beating after each pulse
(Figure 3B). The statistical analysis and Hill-fitting of individual
experiments showed a sigmoidal dependence of blocking effect
on logarithm of pulse duration with a half maximal effect at 1.2
+ 0.4s (n = 6) and maximal effect at ~ 10s (averaged data in
Figure 3D). To compare both gradual stimulation protocols, we
calculated and overlaid the total light energy in each light pulse
as s*wW/mm? (Figure 3E). Surprisingly, we found that the light
intensity protocol seemed to be more effective than the pulse
duration protocol (as shown in discussion).

To determine if light sensitivity and blocking efficiency is
constant, we applied two brief (0.5 s) subthreshold pulses at 100
WW/mm? with only 20 s in-between. Because the blocking effect
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FIGURE 1 | Red light activation of long wavelength-sensitive cone opsin (LWO) decreases beating frequency of cardiomyocytes. (A) Embryonic stem (ES) cell colonies
with LWO expression indicated by eYFP fluorescence (green, bar = 200 um). (B) EYFP fluorescence (green) in a-actinin (red) positive cardiomyocytes differentiated
within an embryoid body (EB), generated from LWO ES cells (bar = 25 um). (C) Representative frequency traces of spontaneous beating within two EBs differentiated
from ES cell LWO clones (C1 and C2) and one EB from eGFP control ES cells (Ctr) stimulated with light (625 nm, 100 wW/mm?, red line). (D) Effectivity of inhibition
(100% = complete block of spontaneous beating) by illumination [ANOVA Tukey’s multiple comparison test: **p < 0.001 (C1, C2, n = 11) vs. control (n = 11)]. (E)
Statistical comparison of spontaneous beating frequency of EBs from two LWO clones and the wild-type ES cells [ANOVA Tukey’s multiple comparison test, p = 0.98
(C2,n=17)p =0.46 (C1, n = 13) vs. control (n = 9)]. (F) Representative frequency trace of two supramaximal (10's, 100 pW/mm?) repetitive light stimuli. (G)
Comparison of frequency reduction effectivity of the first and the second light pulse (two side paired t-test: p = 0.73, n = 6).

of the second light pulse was not different (Figures 3EG, n =
5, p = 0.46), we conclude that light sensitivity was similar and
the submaximal blocking effect was not compromised by LWO
refractoriness at this pulse interval.

LWO effect with pharmacological stimulation of the G
pathway (Figure4A) by illumination (LWO, 625nm)
and perfusion of EBs with the acetylcholine-receptor
agonist carbachol (CCh, 100wM). Both stimulations led
to similar blocking effectivity (Figure4B, LWO 78.6
+ 8.5%, n 7, CCh 72.6 + 13.2%, n 7), however,
activation kinetics (delay to maximum block, Figure 4C:
LWO 0.8 &+ 0.1s, n 7: CCh 334 £ 7.8s, n 7) and

LWO lllumination Has Much Higher
Temporal Precision Than Agonist Perfusion

To illustrate the temporal precision of LWO and the
advantage over agonist perfusion, we compared the

deactivation kinetics (time from end of stimulation to 50%
recovery, Figure4D, LWO 0.8 £ 0.3s, n = 7; CCh 99.6
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FIGURE 2 | Long wavelength-sensitive cone opsin acts through G; proteins and GIRK channels. (A) Representative frequency traces of LWO-EBs without (w/o, left)
and with pertussis toxin (PTX) (0.5 ug/ml, 24 h, right) treatment with illumination (625 nm, 100 WW/mm?, red line). (B) Aggregated data of frequency reduction
effectivity with and without PTX (unpaired t-test: “**p < 0.001, n = 4). (C) Representative frequency trace of an LWO-EB before (left) and after treatment with tertiapin
(30 min incubation, right, blue) with illumination (625 nm, 100 wW/mm?, red line). (D) Statistical analysis of frequency reduction effectivity with or without tertiapin
treatment (two side paired t-test: *p = 0.003, n = 5).

£+ 219s, n = 7) was significant and up to two orders
of magnitude faster using LWO illumination compared
with CCh perfusion.

DISCUSSION

Optogenetic ~ methods have many advantages over
pharmacological stimulation, because they allow modulation
of G-protein signaling of specific cell types with high temporal
and spatial precision using light instead of receptor ligands. The
aim of this study was to explore the use of LWO for optogenetic
activation of Gj-signaling in cardiomyocytes. For this purpose,
we used stem-cell derived cardiomyocytes which resemble an
early embryonic phenotype and show spontaneous beating in cell
culture. Importantly, in these cells, the pacemaking mechanism
is already well-controlled by G-protein signaling (Boheler et al.,
2002; Touhara et al, 2016), such as Gq, Gs, and G; proteins
(Layden et al., 2010; Beiert et al., 2014; Makowka et al., 2019).

Rationale for Using LWO to Control G;
Signaling

To modulate G; signaling in cardiomyocytes by light, we have
chosen the LWO, which has been shown to activate Gj,
proteins in HeLa cells (Karunarathne et al., 2013) as well as
cultured neurons and the brain of mice (Masseck et al., 2014).
Importantly, LWO is well-suited for the repetitive and long-
lasting activation of Gj-dependent GIRK currents by light in
HEK293 cells and neurons without desensitization (Masseck

etal,, 2014). This is of great advantage over vertebrate Rhodopsin,
which also activates G; signaling but the responses decline
during repetitive stimulation (Masseck et al., 2014). We have
chosen LWO over short-wavelength opsin (activated by 350-
450 nm) because LWO can be activated by red light >600 nm,
which is not absorbed by myoglobin and hemoglobin, penetrates
deeper into cardiac tissue (Bruegmann et al., 2016), and
has less phototoxic effects. Furthermore, red light >600nm
is spectrally compatible with blue light-activated optogenetic
tools, such as Channelrhodopsin-2 for optical depolarization of
cardiomyocytes (Bruegmann et al., 2010) or Jellyfish Opsin for
light-induced stimulation of the Gy signaling cascade (Makowka
et al, 2019) which are both not activated by red light and
therefore can be combined with LWO co-expression.

LWO Is G; Specific in Cardiomyocytes and
Activates GIRK Channels

It is known that GPCR can show a promiscuous behavior and
thereby activate multiple, even counteracting signaling pathways.
For instance, Melanopsin, a photoreceptor of intrinsically
photosensitive retinal ganglion cells, has been initially described
as a Gq coupled optogenetic GPCR (Qiu et al., 2005) but
it was shown later that it can signal both to Gy and G
proteins (Bailes and Lucas, 2013) and can thus activate
GIRK channels by Gj By subunits (Spoida et al., 2016). Our
model of spontaneous beating ES-cell derived cardiomyocytes
is ideal to discriminate between Gq and G signaling as
the former will increase beating rate through PLC/IP3/Ca®*
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FIGURE 3 | Long wavelength-sensitive cone opsin response can be fine-tuned by light intensity and duration. (A,B) Representative frequency traces of LWO-EBs
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Representative frequency trace and (G) statistical analysis of two submaximal (0.5s, 100 wW/mm?) repetitive light stimuli (two side paired t-test: p = 0.46, n = 5).

release mechanisms enhancing the Ca’* clock pacemaking
machinery (Lakatta and DiFrancesco, 2009; Beiert et al., 2014),
whereas the latter will reduce beating through G; proteins
(Lyashkov et al., 2009). As we have exclusively observed
frequency reduction or even complete block of beating by LWO
activation (Figure 1D), LWO signals through G; proteins in
cardiomyocytes. To confirm this, we blocked G; proteins with
PTX that completely abolished all light effects. Notably, we
never observed a slightest frequency increase by light in PTX

treated LWO EBs (Figure 2B), therefore, excluding G4 activation
by LWO.

Activated Gj proteins can reduce beating rate by two
mechanisms: block of adenylate cyclases by G; a subunits
with subsequent lowering of PKA-dependent phosphorylation
or activation of GIRK potassium channels by G; By subunits
(Lyashkov et al., 2009). In our experiments, application of the
specific GIRK channel inhibitor tertiapin did not affect basal
beating rate but reduced the effect of LWO illumination by
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~75% suggesting that the major G; effect in ES-cell derived
cardiomyocytes obtained by our differentiation protocol is
through Gj By GIRK channel activation. In contrast, GIRK-
based reduction of heart rate in mouse sinus nodal cells is
only responsible for ~50% of heart rate regulation (Mesirca
et al., 2013) presumably reflecting the more robust pacemaking
machinery in these cells or differences in GIRK expression. The
remaining ~25% of regulation we observed is most likely due
to G; a-dependent reduction of basal adenylate cyclase and PKA
activity, which has been shown to reduce HCN/If currents (Abi-
Gerges et al., 2000) and L—type—Ca2+ currents (Ji et al., 1999) in
ES-cell derived cardiomyocytes.

LWO Overexpression Has No Negative
Side-Effects

Overexpression of artificial light sensitive proteins might have
negative side effects on the intracellular signaling machinery
because of dark activity, G-protein binding, alteration of
microdomain signaling, or other overexpression artifacts. In
our experience, the spontaneous beating rate is a very sensitive
parameter for such side effects. Similar to the expression of
Melanopsin for optogenetic Gq stimulation (Beiert et al., 2014)
and Jellyfish Opsin for optogenetic Gy stimulation (Makowka
et al., 2019), we did not observe effects on basal beating rate by
LWO expression. Since we did not analyze protein expression
levels or performed RNA sequencing analysis in this work, we
cannot fully exclude minor side effects. However, it must be
admitted that the ES-cell system itself cannot exclude side effects
for future in vivo applications and thus generation of in vivo
models of LWO overexpression in the heart will be an important
next step.

Fast Kinetics and Light Sensitivity of LWO
Parasympathetic stimulation of the intact heart can be very
fast which has been shown for both electrical stimulation
of the vagal nerve with ~1.5s delay (Ng et al, 2001) and
optogenetic stimulation of parasympathetic neurons (Moreno
et al, 2019) with an immediate reduction of heart rate.
In contrast, diffusion-limited pharmacological activation of
M2-cholinergic receptors with CCh in the three-dimensional
cardiac body in vitro resulted in slow activation (~30s) and
deactivation (~100s). In this in vitro setting stimulation of
LWO led to 30-100 times faster effects with delays of only
0.8s from the start of illumination to maximal effect or from
end of illumination to 50% of recovery, which is similar to
the in vivo kinetics. Thereby LWO allows the application
of brief continuous light pulses with gradually increasing
stimulation intensities; such a stimulation protocol would
be almost impossible with slow agonist perfusion and wash
out, especially in multicellular preparation, such as EB or in
intact organs.

We found that gradual stimulation allows fine tuning the
response of Gj-stimulation on pacemaking activity by either
changing pulse duration or light intensity with a sigmoidal
dependence on the logarithm of light energy (duration * intensity
in s* W W/mm?). Interestingly, the half-maximal light energy was
slightly higher using variations of intensity (24 s*pwW/mm?)
than pulse duration (120 s*W/mm?). Specifically, for a fixed
total light energy at mid-sensitivity (e.g., 30 s*WW/mm? green
line in Figure 3E), longer light pulses (10s at 3 u“W/mm?, light
intensity protocol) are more effective than shorter light pulses
(0.3 at 100 wW/mm?, pulse duration protocol) indicating that
temporal integration of G; signaling is affecting the threshold
blocking effect.
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Compared with previous reported LWO sensitivity for GIRK
activation in HEK293 cells (4 s*wW/mm?, Eli50 at 590 nm: 0.2 s,
20 pW/mm?, Masseck et al., 2014), we observed lower LWO
sensitivity (14-80 s*WW/mm? at 625 nm), which could be due
to difference in the wavelength used.

The calculation of total light energy allows comparison with
other optogenetic GPCR, we have employed to modulate
pacemaking of ES-cell derived cardiomyocytes. Using
Melanopsin to accelerate pacemaking by G4/PLC/IP3 signaling,
we determined a half maximal energy of 2.4 s* W W/mm? (ELi50 of
40 nW/mm? at 60 s pulses, Beiert et al., 2014) and using Jellyfish
Opsin to stimulate Gs/cAMP/PKA signaling, we determined
a half maximal energy of only 0.16 s*wW/mm? (Eli50 of 8
nW/mm? at 20's pulses Makowka et al., 2019). Thus, LWO is
less light sensitive than Melanopsin and Jellyfish Opsin, which is
also advantageous in experimental handling at normal lab room
light. In addition, LWO kinetics on frequency reduction (time to
peak and 50% deactivation ~0.8 s) was much faster than kinetics
of frequency increase by Melanopsin or Jellyfish Opsin in EBs
(activation ~10-50 s) which underscores the involvement or fast
GIRK channels in G; signaling.

Outlook

In the future, the combination of LWO with the spectrally
compatible JellyOP in transgenic mice (Makowka et al., 2019) will
allow spatially confined simultaneous or alternating activation
of Gj and Gy signaling in cardiomyocytes in the heart in
vivo. This will be a valid approach to study the impact of
balanced, dysbalanced, and wrong timing of parasympathetic
and sympathetic input which seems to be important for the
development of pathologies, such as atrial fibrillation (Ang et al.,
2012). The high temporal precision of light enables to study
short-term (seconds) and mid-term (minutes and hours) effects
and, using implantable light emitting devices, also long-term
(days and weeks) chronic G; and G signaling. Furthermore,
selective illumination of left and right ventricle, or of epicardial
and endocardial cardiomyocytes will allow to determine regional
differences of vegetative nerve input on cardiac function,
arrhythmia generation of development of cardiac hypertrophy.
Finally, optogenetics has the advantage of cell type-specific
expression using specific promoters. Thus, using the Cre-LoxP
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4 Discussion
In my studies, | took advantage of pluripotent stem cells, which allowed me to gain insights
into the involvement of specific ECM proteins in physiological development and in

pathophysiological processes.

41 Role of ECM in development and in the functional inteqgrity of cardiovascular cells

Our work has contributed to a better understanding of the role of extracellular matrix
components in the development of cells of the cardiovascular system. In addition, alterations
of the composition and/or structure of the ECM are also known to underlie cardiac and vascular
diseases. For instance, ECM remodeling correlated with increased deposition of ECM proteins
is a hallmark of dilated cardiomyopathy, hypertrophy, and heart failure in humans (Berk et al.,

2007, Bayomy et al., 2012) and it is accompanied by fibrosis or arrhythmias.

Although genetically modified mouse models exist for several ECM proteins, these models are
not optimal because most knock-out mice for laminin, integrins or ILK are lethal at the
embryonic level (Friedrich et al., 2004; Smyth et al., 1999). When | became interested in
laminin and integrins, the use of CRISPR-Cas9 for fast genetic manipulation was not yet
available. Additionally, generating conditional Cre-loxP knock-out mice by crossing a mouse
carrying the Cre recombinase under a tissue-specific promoter with a mouse containing loxP-
flanked (floxed) target genes (such as ILK, laminins, collagen) was not a common technique
in every laboratory, likewise, inducible models involving tamoxifen-inducible Cre recombinase
or the Tet-On/Tet-Off system were not widely used. The Tet-On/Off models involves crossing
mice carrying tetracycline-controlled transactivators (tTA/rtTA) with mice containing target
genes under the control of tetracycline response elements (TRE), enabling researchers to
manipulate gene expression in a doxycycline-dependent manner. However, nowadays,
conditional or inducible mouse models are frequently employed to target gene deletion in
specific tissues or cell types. This approach allows for a more focused analysis of gene function

within the context of a living organism, facilitating the investigation of complex interactions
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among various cellular components, signaling pathways, and other ECM molecules in vivo. It
is important to note that ECM-related gene knock-outs can result in embryonic lethality, like for
the laminin y1 (Smyth et al., 1999) or if the phenotype significantly affects the animals' viability.
Even with new models of induction or conditional control, there is a limit in the ability to study
gene function during development. In my studies, | opted to use pluripotent cells, as the
differentiation of these cells into specific cell types in culture allows me to study early embryonic
stages that are challenging to access in vivo, also in mice. The global knock-out for ECM
proteins in ES cells has the distinct advantage of letting me explore, similar to an in vivo model,
the possible interactions of laminin or ILK in different cell type and their influence overall during
development. Moreover, with ES cells, it is possible to differentiate different types of cells to
perform single-cell analysis a with nearly unlimited supply of cells through selection methods
such as FACS or MAC sorting. In fact, | demonstrate that | could dissect the tyrosine kinase
signaling defects by Ca?* imaging in ILK knock-out or the electrophysiological properties of
cardiomyocytes with the laminin y1 knock-out. At the same time the differentiation into 3D
cluster, EBs permitted do analyze the role of ECM components during the early stage of
development and to dissect their role for different cell types. Furthermore, considering the
principles of the 3Rs (replacement, reduction, and refinement) pluripotent cells serve as an
optimal alternative model to in vivo studies.

A clear example of how genetically modified ES cells permit the analysis of the development
of a defined cell type under the influence of a specific ECM molecule is the study conducted
on ILK. ILK deficiency resulted in a striking phenotype, as ECs fail to mature and form vessel
tube-like structures resulting in impaired vasculogenesis. The experiments revealed that this
phenotypic change was not due to this matrix component's altered mechanical property but to
impaired signaling. It was found that the defect in signaling primarily affected VEGF receptor
2 (VEGFR2), which is crucial for mediating VEGF-induced cellular responses in ECs. VEGF
signaling plays a vital role in various EC functions, including proliferation, apoptosis, and

migration. Our experiments detected a Ca** release defect, indicating a disruption in the
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downstream signaling pathways associated with VEGFR2 activation. This defect was not
restricted to the VEGF receptor but a more general defect of tyrosine kinase receptors because
EGF could not activate this signaling pathway either. In contrast, bradykinin, a G; protein

agonist, exerted intact Ca?* release.

It has been known for some time that microdomains are specialized regions within the cell
membrane that provide a spatial organization and concentration of signaling molecules
enhancing the efficiency and specificity of signal transduction. Caveolae are microdomains
that possess a typical flask shape invagination of the plasma membrane. They are made of
caveolins which bind to cholesterol and stabilize their structure. Caveolae function as signaling
hubs, therefore are particularly important in regulating receptor internalization, trafficking, and
downstream signaling events, and they are highly enriched in EC (Chidlow and Sessa, 2010;
Leo et al., 2020). As platforms for the assembly and compartmentalization of signaling
molecules, they influence the strength and duration of signaling responses. During my studies
on ECM it was known that the global knock-out mouse of caveolin 1 and 3 reduced the number
of caveolae and it was demonstrated that caveolae are involved in muscular development
(Hagiwara et al., 2006; Zhao et al., 2002). Specifically, in constitutive caveolin 3 knockout mice,
it was possible to observe the exclusion of the dystrophin-glycoprotein complex from
microdomains in muscle and abnormalities in the organization of the T-tubule system which
causes limb girdle muscular dystrophy (Galbiati et al., 2001; Hagiwara et al., 2006). In addition,
a general caveolin 1 knock-out mouse displayed dilated cardiomyopathy, pulmonary
hypertension correlated with enhanced systemic levels of NO (Zhao et al., 2002). Furthermore,
in caveolin-1-disrupted mice the lungs of knock-out animals displayed thickening of alveolar
septa caused by uncontrolled EC proliferation and fibrosis (Drab et al., 2001). Recent literature
showed how caveolin 1 interacts with receptors like EGF-R, platelet-derived growth factor
receptor, and TGF (3, thus affecting signaling and being implicated in pulmonary hypertension
or in enhancing tumorigenic potential (Codrici et al., 2018; Oliveira et al., 2019). These findings

are in line with our studies highlighting the fundamental role of intact signaling microdomains
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in controlling cardiovascular cells” function and development. An indication that ILK was
involved in the organization of caveolae was known from studies conducted on keratinocytes
(Wickstrom et al., 2010). Therefore, using a caveolin 1-egfp fusion protein transfection
strategy, we could explore not only in fixed cells but also with live imaging the dynamics of
caveolae formation, positioning and turnover. Trafficking of caveolin 1 was disrupted, and the
positioning to the plasma membrane was impaired in the absence of ILK. The VEGF receptor
2-PLCy axis appeared to be phosphorylated by VEGF, indicating preserved functionality.
However, defective crosstalk between PLCy and downstream signaling molecules clustered in
caveolae was proposed as a mechanism for the observed caveolin 1 trafficking abnormalities.
These findings align with other studies demonstrating that disruption of plasma membrane
microdomains may not affect PLCy activation but can impact the function of molecules such
as PIP2, which depends on cytoskeletal integrity (Jang et al., 2001). Surprisingly, the absence
of ILK did not influence acetylcholine and bradykinin signaling pathways in ECs. It has been
shown that G-protein-associated receptors clustering is not always essential for the correct
signaling, as lipid rafts disruption did not affect 32 receptor response in adult cardiomyocytes
(Calaghan et al., 2008). This observation sheds light on the signaling mechanism in EC lacking
Integrin-Linked Kinase (ILK). Further, the time lapse imaging experiments highlighted an
altered transport of caveolin 1 due to abnormal microtubule and cortical actin interaction. This
data confirmed the dual role of the ECM: ILK acts as a structural element that directly
modulates cytoskeletal integrity through actin and microtubule crosstalk. Additionally,
structural preservation is crucial for the transport, positioning, and turnover of caveolin 1 to the
plasma membrane. In ECs, ILK's modulation of caveolin 1 movement and positioning interferes
with tyrosine kinase receptor-mediated signaling, which requires precise subcellular
positioning for proper functioning. With these findings, | highlighted how a close relationship
between structure and function governs the regulation of intracellular signaling pathways. ILK
deficiency affected cytoskeleton and RTK receptors microdomains thus impairing vessel
development and angiogenesis. These findings were entirely in line with the tissue specific

deletion in EC with the Cre-lox system and Tie2 promoter which have shown the critical role
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of ILK in vascular development and integrin-matrix interactions (Friedrich et al., 2004). It has
been demonstrated that patients with familial exudative vitreoretinopathy who show retinal
vascularization defects possess three distinct mutations in the human ILK gene that
compromise the gene product's function in vitro. Taken together, the data from this study
suggest that defective cell-matrix interactions involving ILK and its interacting partner a-parvin,
are linked to Wnt signaling and contribute to the pathogenesis of this hereditary disorder
characterized by abnormal retinal vascular development. These findings further highlight the
critical role of ILK in angiogenesis and its potential implications for understanding and treating
retinal vascular disease (Park et al., 2019). Recently was shown that ILK plays a crucial role
in VEGFRS signaling by controlling its interaction with 31 integrin, thereby ensuring proper
lymphatic vessel development. ILK emerges as a key mediator in the intricate signaling
pathways that govern lymphatic vascular growth, making it a potential target for understanding
and modulating lymphatic-related disorders (Urner et al., 2019). Our studies on the deletion of
B1 integrin also showed that a reorganization of the cytoskeleton with consequent alteration of
Gi- protein-coupled receptor distribution and muscarinic receptor coupling malfunction
occurred (Bloch et al.,, 2001). Dysregulation of G-protein coupled receptors has been
associated with arrhythmias, including atrial fibrillation, as well as detrimental effects such as
myocyte death and maladaptive cardiac remodeling (Nattel and Dobrev, 2012). By highlighting
the significance of fine regulation in intracellular signaling pathways and the interplay between
structure and function, my findings align with the growing body of evidence that underscores
the importance of the extracellular matrix in cellular physiology and disease processes. Further
studies and discussions on these topics are essential to deepen our understanding of cellular
signaling mechanisms and their implications in various physiological and pathological

conditions.

Thus, considering the relevant role of B1 integrins in Gi-signaling, we thought that its
extracellular binding partner, laminin, could also play a central role in regulating cardiomyocyte

signaling. Studies on embryos of transgenic mice, in which both alleles of the y1 chain gene
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were inactivated, showed early embryonic lethality. The Laminin y1 chain is necessary for
laminin heterotrimer assembly, and laminin turnover, on the one hand, induces the
organization of the cellular basement membranes; on the other hand, it forms a structured
network of components of the cortical cytoskeleton, such as (31 integrin, vinculin, and talin. The
creation of this intracellular signaling network could regulate, as observed for ILK in ECs, the
receptor function (Fassler et al., 1996). In line with the findings on the role of 1 integrins in
muscarinic signaling and knowing that 31 integrins are the primary cell surface receptors that
mediate the interaction between cells and laminin, we decided to use the laminin y1 ES knock-
out model to study its role in cardiac development and function. In this study, we opted also
for a constitutive knock-out in ES cells. Cardiomyocytes were differentiated in embryoid bodies
3D clusters, thus allowing to investigate the effect of global laminin y1 absence and cellular
interactions on cardiomyocyte development. Even though the lack of laminin determines a
reduced (1 integrin expression, the hormonal regulation of the contractility of cardiac cells was
preserved, as observed with electrophysiological measurements on Ca?* currents and
frequency modulation by adrenergic and muscarinergic agonists. Thus, the presence of (31
integrin was enough to preserve the receptors' clustering and function. Although the
sarcomeric arrangement was not affected, laminin deletion caused ECM deposits that hinder
normal electrical conductions, and because of cellular isolation, more ectopic centers
developed. The study's novelty lay in highlighting a role for laminins other than structural and
morphological action. The specific consequence of laminin y1 deficiency is the disruption of
the electrical properties of cardiomyocytes, and the study highlighted the significance of
laminin y1 in promoting homogeneous electrical spreading, which is essential for coordinated
and efficient cardiac function. It was known that there could be abnormal ECM deposition and
remodeling in various cardiac conditions, such as myocardial fibrosis, hypertrophic
cardiomyopathy, and heart failure. Excessive ECM deposition, particularly of collagen fibers,
can lead to the formation of fibrotic tissue within the heart. This fibrosis alters the normal

electrical properties of the heart, affecting electrical conduction and leading to arrhythmias
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(Boldt et al., 2004). Interestingly the laminin y1 absence could not alter the matrix protein-
myocyte interactions which regulate Cx43 expression via 1 integrin signaling, in fact Cx43
expression was preserved at the protein level, as shown in western blots (Shanker et al., 2005).
That suggests that the electrical coupling is also depending on correct assembly of the matrix,
indicating the deleterious effect of that fibrotic deposition. More recently, a case study reported
that partial laminin a2 deficiency in patients developed dilated cardiomyopathy with conduction
defects and ventricular arrhythmia, thus proving the arrhythmogenic potential of laminin

defects (Carboni et al., 2011; Marques et al., 2014).

4.2 Modeling cardiovascular disease with iPS cells

Cardiac model of LQTS3

Cardiovascular diseases, including arrhythmias, pose significant challenges in diagnosis and
treatment. To gain deeper insights into the underlying mechanisms of these diseases and
develop effective therapies, we thought that iPS cells could be a promising tool for disease
modeling. After iPS cells discovery, we had the motivation to see if we could use them to model
monogenetic diseases like channelopathies. Channelopathies were chosen because
mutations in ion channel genes cause them. This genetic simplicity allows researchers to
establish a causal link between the specific mutation and the observed disease phenotype and
enhances the fidelity of disease modeling. In several studies summarized above, | explored
how iPS cell-derived cardiomyocytes can be used as LQTS3 model, a monogenetic cardiac
disorder with distinct phenotypic alterations. The primary motivation of the study on disease-
specific cardiomyocytes from iPS cells derived from the fibroblasts of the LQTS3 mouse, was
to see if, after reprogramming and in vitro differentiation, the typical phenotype of the mouse
carrying the human mutation was detectable. LQTS3 is known to be associated with severe
and malignant arrhythmias, making it also of particular clinical interest. | explored the delta
KPQ mutation, which consists of the deletion of the amino acids lysine-proline-glutamine, in
the intracellular loop between domain Il and IV of the cardiac Na* (Nav1.5, Scn5a) channel

(Nuyens et al., 2001). This mutation in humans is one of the most commonly associated with
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LQTSS, and it generates an abnormal late Na+ current during the prolonged repolarization
phase of the cardiac action potential. Usually, the late sodium current is small, but due to the
mutation, the gating, trafficking, and anchoring with cytoskeletal proteins are altered, and the
current increases. This late current reduces repolarization reserve in cardiomyocytes, leads to
delayed repolarization, prolonged APD, prolonged QT intervals on electrocardiograms, and
induction of EADs which increases the risk of life-threatening ventricular arrhythmias, including
Torsades de Pointes (Schwartz et al., 2001; Wilde and Amin, 2018). At the time of our studies,
LQTSS3 was particularly interesting to model because there was no therapeutic approach.
LQTS patients were all treated with B-blockers which makes sense in LQTS1 and 2, where the
increased frequency can lead to arrhythmic events, but in LQTS3S, the depression of the
frequency is the trigger for the life-threatening arrhythmias. In LQTS3, more pronounced QT
interval prolongation and arrhythmic events occur more frequently at rest (Schwartz et al.,
2001; Wilde and Amin, 2018). We decided to reprogram fibroblasts from the mouse model for
LQTS3 because mouse iPS cells culture was well established in the scientific literature, and
the laboratory had expertise in mouse ES cells. The LQTS3 mouse showed a 2-fold larger
initial fast Na* current density and a faster recovery from inactivation, which might favor reentry
arrhythmias. It was possible to detect the mutation-induced phenotype, namely a prolongation
of the AP and a propensity for arrhythmias, as well as a specific dependence of QT
prolongation at lower beating frequencies. It was intriguing to see that LQTS3-derived
cardiomyocytes displayed in the electrophysiological analysis the hallmarks of LQTSS3 even if
they did not resemble a completely mature cardiomyocyte. Moreover, the essential role of the
late Na* current in inducing arrhythmic events was shown confirming to use this current as
target for the implementation of a specific therapeutic approach. LQTS3 model could help to
detect new drugs which act on the biophysical properties of the mutation. We have then
successfully established a patient-derived iPS cell model with a heterozygous SCN5A mutation
(p-R1644H). This is a missense mutation in the sodium channel protein, with an arginine-to-
histidine exchange at the cytoplasmic face of the D4S4 transmembrane segment. R1644H
was one of the first LQTS3-causing mutations identified and has been shown to impair fast
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Na* channel inactivation, thereby giving rise again to a persistent late sodium inward current
(INa) (Hedley et al., 2009). The pathogenesis of this typical LQTS3 mutation also involves the
dispersion of sodium channel re-openings after fast initial inactivation. Although the late Na*
current has a small amplitude (~5%) compared to the initial inward current, the premature
recovery from inactivation of the Na* current will counteract cardiomyocyte repolarization,
leading to a prolongation of AP duration, QT interval and EAD propensity (Balser, 2001). The
motivation for using patient-derived- cardiomyocytes was to prove the possibility of using them
for evaluating putative disease-correcting effects of drugs, as shown before with the model of
LQTS2 (Itzhaki et al., 2011). Until 2010 the LQTS3 patients at high risk for sudden death were
treated with implantable converter defibrillator (ICD) combined with 3-blockers. However, ICD
firing can be associated with complications. Alternative drugs that inhibit late INa have been
proposed, such as mexiletine, ranolazine, and flecainide (Wilde and Amin, 2018). We also
showed in our patient derived-cardiomyocytes specific effects on electrophysiological
properties such as reduction of APD and FPD prolongation with mexiletine. This drug did not
show any side effect linked to hERG channel alteration in the specific mutation that we
investigated, thus proving to be a good therapeutic candidate. This study demonstrated that
patient-derived iPS cell-derived cardiomyocytes provided readouts that might be most robust
and predictive for investigating candidate drugs for LQTSS3. Recently, reports showed that a
more selective and potent late INa inhibitor, GS-458967, did not affect other ion currents and
was proved on iPS-derived cardiomyocytes from a SCN5a 1795 ins D+/- mutation (Portero et
al., 2017). This mutation is associated with both loss (reduced peak INa) and gain (increased

late INa) of sodium channel function.

Nevertheless, several challenges must be addressed when iPS cell-derived cardiomyocytes
are used to model cardiovascular diseases. One significant challenge is achieving robust and
consistent differentiation of iPS cells into mature and functional cardiomyocytes that faithfully
recapitulate the phenotypic features observed in the diseased heart. Capturing the disease

phenotype at the appropriate developmental stage is crucial, as certain disease-related
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alterations may be more pronounced during specific stages of cardiomyocyte development.

This will be further discussed in the next paragraphs.

Challenges in personalized medicine: non-clonal iPS and automated iPS cell generation

Indeed, human iPS cells could be generated in a patient-matched manner, implicating that
each patient could have their pluripotent cell lines. iPS cell line generation opened the
possibility that human iPS cells could be used to decipher the impact of a mutation in a specific
genetic context because the genetic background can compensate for or exacerbate the
intensity of the phenotype. In fact, in one study of LQTS2 family members with mother and
daughter carrying the same mutation, KCNH2 G1681A, the genetic background is implicated
in the severity of the phenotype. The mother was asymptomatic, whereas the daughter showed
signs of prolonged QT interval and arrhythmic events. The analysis of the phenotype of patient
derived-cardiomyocytes which show, for instance the LQTS3 characteristics, could predict
whether a certain drug is indicated for that disease, even if the biophysical characterization or
even which mutation the patient has, is not known. Drugs for LQTS3 should shorten the APD
or FPD and prevent EADs, thus, this simple readout can predict their benefit or not for the
patient. This idea underlies the motivation for studying the generation of non-clonal iPS lines.
Using lentivirus expressing the Rex-1 stem cell-specific promoter under neomycin antibiotic
selection effectively generated non-clonal mixed clones of wild-type and LQTS3 mutated iPS
cells (Friedrichs et al., 2015). Usually, after gene transfer, several clones are picked, expanded
and individually analyzed. The selection work requires a great deal of time and can be very
expensive. Instead, we decided to combine all the cells selected by neomycin and create a
non-clonal line. Our motivation was to identify a relatively fast method to generate iPS lines to
test whether iPS cells derived from non-clonal selection could express the phenotypic
characteristics of LQTS3. The idea was that for patient-tailored medicine, non-clonal cell lines
could be generated in a shorter time frame, and used for testing drugs to find the best therapy.
However, non-clonal lines have a mixed genetic background, which can be challenging when

establishing standardized experimental conditions and may hinder the reproducibility of
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experiments. Of course, this procedure could also generate ablated clones with lentivirus-
induced mutations and an altered chromosome number. Despite this possibility, we observed
that stem cell morphology and expression of stem cell markers were intact. Furthermore, we
showed a specific LQTS3 phenotypic fingerprint in differentiated cardiac cells with prolonged
APD at slow pacing rates. This data confirms previous studies on the generation of iPS cell
lines in a bulk culture that showed intact pluripotency and maintained gene expression profiles
and differentiation potential (Willmann et al., 2013). Therefore, this non-clonal technique allows
to create lines quickly and cost effectively for eventually high-throughput drug screening.
Nevertheless, we cannot exclude the generation of clones with variations in copy numbers and
integration sites, which could cause insertional mutagenesis. In addition, it might be possible
that clones with certain SNVs could have a selective benefit in comparison to others and create
an unwanted monoclonal population which not always represent the “standard” patient cell

lines.

However, the gold standard procedure is creating iPS cells from single clones, which is
preferable because the presence of the mutation can be unambiguously validated. Compared
to the mixed clone, it is prevented from having cells that do not express the mutation and could
affect the size of the mutation-dependent phenotype. To minimize genetic variation, more
clones must be created, and if the mutation in all clones shows the same phenotype and the
drugs show the same effect, the validity of the screening is more meaningful. The
StemCellFactory project in which we participated aimed to implement automated solutions for
iPS cell line generation. One of the key features of the StemCellFactory is its use of robotics
and automated modular platforms across the process, from the expansion of adult human
fibroblasts to Sendai virus-based reprogramming, automated isolation, and parallel expansion
of iPS cell clones. A high-speed microscope achieves quality control by acquiring whole well
large images and their evaluation through confluence, colony morphology, and topology by a
trained deep learning algorithm, also used for automatic dilution ratio calculation. The system

can perform repetitive tasks with high precision, consistency, and speed, and, due to the
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robotics, can reduce human error and variability, making it a powerful tool for generating large
quantities of iPS cells in defined conditions and cost-effective for disease modeling and drug
screening at an industrial scale (Elanzew et al., 2020). Since the patient-specific approach is
often considered unfeasible due to its high cost, some companies and national research units
have adopted an alternative strategy by creating iPS cell lines from HLA-homozygous donors
from CD34* cord blood cells (Alvarez-Palomo et al., 2022; Yoshida et al., 2023). HLA genes
are crucial for the immune system’s recognition of tissues. The advantage of using HLA
haplotype homozygote donors implies that with a limited number of HLA-homozygous iPS cell
lines representing the most frequent HLA haplotypes in a population, it is possible to establish
immune compatibility for a large fraction of that population. Unlike autologous cell therapies,
where patient-derived cell lines are used for the same patient, these off-the-shelf HLA-
homozygous iPS cell lines can potentially treat millions of patients with compatible conditions.
Standardizing the iPS cell generation and differentiation process reduces the time and
resources needed for patient-specific iPS cell production, accelerating the development and
translation of iPS cell-based therapies to clinical applications. To use iPS cells for therapeutic
purposes and give standard in research results, companies must establish a robust,
reproducible, well-characterized, and GMP-compliant manufacturing process covering
generation and expansion of starting materials, followed by directed differentiation into
specialized cells. As far as | known the current industrial supply chain costs are still a limiting

factor in medical applications (Suresh Babu et al., 2023).

Challenges in disease modeling: Genetic variability and choice of controls

A limitation in the praxis of the use of iPS cells as a disease model is the high phenotypic
variability among the different lines from the same donor, which requires large cohorts of iPS
cell lines to decipher the impact of individual genetic variants. Many genetic disease variants
might have a negligible effect size and thus require many control or disease samples to obtain

a statistically relevant effect.
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The gold standard control nowadays when studying patient specific iPS cells as a disease
model, is to create isogenic lines that have corrected the point mutation, instead of iPS cells
from siblings or other healthy subjects, as was some years ago. Recently, the CRISPR/Cas9
genome editing technique has been used to generate isogenic controls or mutations to obtain
an ideal disease model, for instance, for multiple endocrine neoplasia 1, thereby helping the
understanding of the genotype and phenotype relationship of the disease (Guo et al., 2017).
The perfect disease model should compare the patient’s diseased cells with a genetically
modified version, and a functional rescue related explicitly to the function of the mutated gene
should be included. If the mutation is obtained by gene editing, it is possible to use as control
mock clones. In this case, cells are transfected without Cas nuclease and guide RNA. The
cells are still going through the stressful transfection conditions induced by electroporation or
lipofection, but nothing is being delivered to the inside of the cells. Therefore, a mock control
will provide insight whether the phenotype observed from the CRISPR editing experiment is a
true phenotype or just due to cellular responses that the cells creates upon being exposed to
transfection conditions.

Alternatively, a diseased human iPS cell line can be generated from a sick individual, and gene
editing can be used to correct the mutation to develop therapeutic applications. In this field,
the CRISPR/Cas9-based genome editing technique has become relevant to correcting the
cells’ disease-causing mutations before differentiation and transplantation. These edited
human iPS cell lines are clonally selected and are a renewable source for diseased and healthy
cells controlled for genetic variability. They can be used for various downstream applications
to study and treat the disease. For instance, it has been shown in inherited retinal degeneration
that restored iPS cell lines can be generated with a comprehensive CRISPR-based genome
editing strategy regardless of genomic location and mode of inheritance, and used for
autologous retinal cell replacement (Burnight et al., 2017).

However, achieving this level of quality control in every cell model is not always possible.
Another point that raises concern is the permanence of the epigenetic memory of the somatic

cells of origin which can impact the differentiation of the cell of interest. In some case the
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epigenetic memory could be used to help to generate specific cell types, like in the study of B-
like cells. Human pancreatic islet B cells derived from multiple human donors manifested
enhanced and reproducible spontaneous and induced differentiation towards insulin-producing
cells, compared with iPS cells derived from isogenic non-B-cell types and fibroblast-derived
iPS cells (Efrat, 2021). Of course, epigenetic memory could also hinder the differentiation or
the expression of a specific phenotype in differentiated cells; thus, using several diseased lines
and more controls would also be an attempt to minimize this problem.

Challenges in disease modeling: Maturation and purification of differentiated cells

Using pluripotent cells to recapitulate mature cell defects of late-onset disorders has proven
more challenging as differentiation protocols better reflect immature rather than adult cell types
(Hrvatin et al., 2014, Anderson and Francis, 2018). It should be noted that there is no single
marker for maturation to the adult stage. Maturity is due to changes in morphology, structural,
metabolic and in excitable cells in electrophysiological properties. We know that human
cardiomyocytes require years to complete their growth in a human heart. Studies with human
iPS-derived cardiomyocytes differentiated in EBs kept for one year in culture showed that
cardiac cells displayed larger cell size and sarcomere development with Z-, A-, H-, | bands and
even M band-specific alignment, and expressed maturation-related genes such as MYH7

(Kamakura et al., 2013, Lewandowski et al., 2018, Lundy et al., 2013).

In the research using iPS cells, cardiomyocyte differentiation was necessary because of their
use as a disease model or screening tool. It is known that iPS-derived cardiomyocytes have a
different morphology to adult ones; the highly organized sarcomeres are missing and the
sarcoplasmic reticulum and t-tubules are not well developed (Denning et al., 2016, Yang et al.,
2014). iPS cell-derived cardiomyocytes lack the clustering of stable t-tubules with Ca?*
channels (Cav1.2) near to sarcoplasmic reticulum building the dyads, the Ca?* release unit.
The maturation of cardiomyocytes with adult-like t-tubules and Ca?* release units could provide
a useful human model for pathological excitation-contraction coupling-related conditions. It has

been recently shown that the overexpression of BIN1, a member of the Bin1-Amphiphysin-Rvs
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domain superfamily, can promote the progressive formation of t-tubules and has a direct effect
on clustering of Ca?* channels with stable dyads, thus improving the synchronization of Ca?

release during excitation contraction coupling (De La mata et al., 2019, Guo et al., 2022.

Other solutions to the maturation problem come from special cultivation techniques such as
3D force-generating engineered heart tissue (EHT) (Eschenhagen et al., 2012, Mannhardt et
al., 2016). EHT consists of dissociated cardiomyocytes plated in casting molds anchored
between two flexible silicone posts which generate a defined preload. The EHT technique has
been used for pre-clinical drug development and safety toxicology. EHTs perform auxotonic
contractile work against elastic posts, and this favors the creation of muscle bundles with
cardiomyocytes alignment showing good sarcomeres organization and cross-striation
approaching the classical rod shape of adult cells. EHT with human iPS-derived
cardiomyocytes allows the monitoring of the effects of drugs on the force, pacemaking activity,
contraction, and relaxation kinetics. Nowadays, the state of the art to create a miniaturized
cardiac tissue model in vitro is the generation of organotypic organoids, which showed signs
of maturation of cardiomyocytes. The group of Forte in Finland developed scaffold-free
multicellular beating human cardiac microtissues from human iPS cells that show a degree of
proto-self-organization upon codifferentiation and can be cultured for long term (Ergir et al.,
2022). The 3D organoids observed up to 85 days with TEM microscopy demonstrated
sarcomere assembly with z disk with a length of 1.5um and a sarcolemma around the
contractile apparatus to maximize the efficiency of calcium exchange. The transcriptional
landscape showed differences with the 2D monolayer culture, showing regulation of genes for
heart contraction, sarcomere organization, Ca®* machinery, and ATP synthesis. Moreover,
compared to standard 2D monolayer cardiac differentiation, metabolic maturation was
enhanced when comparing the data set of adult atrial and ventricular tissue genes. Oxidative
phosphorylation, fatty acid lipids and glycogen metabolisms were closer to adult tissues than
the 2D monolayer differentiation. Furthermore, organotypic microtissues could respond to

cardioactive and cardiotoxic drugs in a dose dependent manner. Thus, organoids are used in
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drug testing for cardiovascular diseases because they provide much more throughput than
EHT or animal models. After all, the starting cells are relatively low (~ 5000 cells) and the
culture is relatively simple (Kim et al., 2022; Paik et al., 2020). However, there are till now no
standardized protocols or commercially available cardiac organotypic organoids. There is still
a lack of real vascularization perfusion, and the maturity remains at fetal stages Therefore,
further studies will be needed to find effective methods for the maturation of cardiac organoids
and implement throughput efficiency due to the size limitation of organoids, thus suffering of
internal necrosis. Another point to act on concerning maturation is that most iPS cell-derived
cardiomyocytes have an immature ion channel expression profile. For instance, cardiac
currents like INa*, ICa-L, lto, IK;, and IKs are present, but many clones lack IK; or, as in our
investigated clones, INa* has low expression at early differentiation stages (Dhamoon and
Jalife, 2005, Malan et al., 2011, Hoekstra et al., 2012, Knollmann, 2013). Another point to
consider in analyzing diseases involving ion channel defects is that current density can also
differ between stem cell lines and differentiation stages. Moreover, these immature features
that influence regular electrical activity, such as depolarized membrane potential, lack of a
complete dyads system and spontaneous beating due to a Ca?* regulation which is different
to adults, could be critical to predicting arrhythmias in patients (Chong et al., 2014, Shiba et
al., 2016). In the case of LQTS3, we waited for at least four weeks of differentiation to have
enough Scn5a channel expression to analyze the phenotype. We could prove that this was
sufficient to see the characteristic features of the disease on INa* and APs. However, a more
mature phenotype would be essential for pathologies that show a phenotype exclusively in
adult differentiated cells. For example, deficiency in IKs could impact the phenotype of different
types of LQTS, influencing the membrane potential to more depolarized values than in the in
vivo situation. This could also affect the pharmacological and toxicological screenings of drugs.
IKy expression enhancement was thought to play a role in maturation of cardiomyocytes. IK;
stabilizes the resting membrane potential and shapes the action potential's initial
depolarization and final repolarization. It has been shown that iPS cell-derived cardiomyocytes

expressed low IK; density, showing spontaneous beating, a longer APD and a more
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depolarized membrane potential than adults (Vaidyanathan et al., 2016). Therefore, an
overexpression of IKy should hyperpolarize the cell membrane potential, thus stabilizing and
reducing spontaneous beating. In this study, upregulation of IK; in human iPS-derived
cardiomyocytes infected with an adenoviral construct determined a mature AP. Indeed, IK;-
expressing cardiomyocytes lacked spontaneous beating, have a stable membrane potential at
around -80 mV, and could be electrically paced. Also, Ca?* transient amplitudes as well as late
sodium current were larger Vaidyanathan et al., 2016, Quach et al., 2018). However, no
sarcomeres and contractile apparatus morphology or related genes were investigated in this

study.

Together with the idea of IKy overexpression, the dynamic clamp technique was used to
implement the immature electrophysiology of iPS cell-derived cardiomyocytes. The dynamic
clamp injects current representing the insufficient potassium current, IKs. However, dynamic
clamp requires patch clamp and is therefore low throughput for large-scale drug screening.
The group of Christini (Quach et al., 2018) used optogenetics, modulation of light-sensitive
proteins, to generate by optical dynamic clamp outward currents using an opsin, ArchT,
delivered by adenovirus. The light sensitive ArchT was controlled optically and used to mimic
IK-like current. Compared to genetic overexpression optical dynamic clamp offers more
precise dosing and control of applied current. The idea behind this study was to establish a
first step towards a high throughput all-optical approach that is of non-contact nature, can be
scalable and allows parallel examination of multiple cells, and implement maturity of
cardiomyocytes. However, the measurement of membrane potential was still achieved through
an electrode. In the future, a complete optical readout with genetically encoded voltage
indicators would be a further advantage, enabling all-optical high-throughput screening (Quach

et al., 2018).

All the differentiation protocols considered and cited in the introduction of this work, are forced
to contribute to a specific cell type through directed differentiation. However, they also induce

different cell types from mesodermal origin as well as different subtype of cardiomyocytes. The
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heterogenous differentiated population is a significant limitation for screening, disease
modeling, and also for regenerative therapy, as it increases the risks of tumors, rejection by
the immune system of the host, or other adverse effects due to unwanted cells. To overcome
this limitation, methods exist to select a high purity population of cardiomyocytes either by
antibiotic or by metabolic selection. In my work, | also used a double antibiotic selection with a
lentivirus strategy that allowed stable integration in the genome (Ma et al., 2003) of a stem cell-
specific promoter, Rex- 1, which controls a neomycin resistance gene, used to maintain
undifferentiated cells. The short aMHC cardiac promoter controls puromycin resistance and
the green fluorescent protein (GFP). Differentiated cardiomyocytes that expressed the short
oaMHC promoter survived puromycin application, and puromycin selection eliminated non-
cardiac cells, allowing for the purification of cardiomyocytes. Importantly, purified
cardiomyocytes maintained an intact electrophysiological phenotypic fingerprint comparable to
those of non-antibiotic selected cardiomyocytes therefore, were well suited to investigate
LQTS (Kolossov et al., 2006, Friedrichs et al., 2015). A potential drawback is that the aMHC
promoter might not be optimal for adult cardiomyocytes. Furthermore, we could not exclude
that lentiviral silencing upon differentiation could affect puromycin expression in some clones.
Although less frequent, there is a risk of insertional mutagenesis due to random integration.
Currently, the prevailing approach for obtaining human iPS cell-derived cardiomyocytes
involves metabolic purification and is described in the introduction section. This method
obviates the necessity for genetically modified cells or selection based on specific promoters.
Despite its success in yielding purified cardiomyocyte populations using lactate and glucose-
free medium (Tohyama et al., 2013), the metabolic purification methods' efficacy can vary
among human iPS cell clones and may lack consistency in murine iPS cells (Ordofo et al.,
2020). This method, however, is most efficient in human iPS cell-derived cardiomyocytes, and
it has proven to be higher throughput; in fact it was used for bioreactor culture expansion,

obtaining ~ 7 million cells/mL with a purity of 90% (Laco et al., 2020).
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Comparison of readout systems for disease modeling and screening

The analysis of mouse and human iPS-derived LQTS3 disease cardiomyocytes in our studies
proved that cardiomyocytes could be used for drug screening. One area of interest that opened
up with human iPS cells is the unveiling of novel drug targets. iPS cell lines, derived from
individuals afflicted by genetically-driven disorders, offer an invaluable resource for generating
patient-specific cardiomyocytes. By conducting in vitro studies using these patient-specific
cardiomyocytes, researchers can identify molecules or pathways that play a role in the

disease's pathophysiology. These molecules may represent potential novel drug targets.

The acquisition of the patient phenotype in cell culture and its straightforward analysis is
essential if we want to use these cells to test the efficacy of the potential pharmacological
treatment. However, LQTS affected patients receiving therapy, 10% of LQTS1, 23% of LQTS2,
and 32% of LQTS3 patients treated with B-blockers still experience cardiac arrhythmias (priori
et al., 2004, Han et al., 2020). In iPS-derived cardiomyocytes, applying Na* channel blocker
drugs such as mexiletine or phenytoin showed encouraging results, eliminating typical
pathology features, for example, EADs or prolonged AP duration at low pacing frequency, and
showed no effects on wild-type cells. However, more integrated and automated readout assays
are desirable because the single-cell analysis in the patch clamp is technically challenging.
Microelectrode arrays proved exceptionally reliable in detecting EADs because cell-to-cell
variation was overcome by averaging the field potential from many cells. With the mexiletine
or phenytoin application, the multielectrode assay showed a reduction of field potential duration
and could be used as a treatment against EADs. Indeed, phenytoin was successfully used to
treat several family members affected by the R1644H mutation as an alternative to mexiletine
in the LQTS3 study. This concordance between human iPS cells and patient-based data is
noteworthy because mexiletine treatment is not efficient across all LQTS3 patients. It has been
shown that in some cases, mexiletine can interact with the hERG channel or only partially

rescue the phenotype. In contrast, we did not observe any effects on APD or field potential

160



duration when monitoring mexiletine treatment in wild-type iPS-derived cardiomyocytes, which

suggests no side effects to the moderate drug concentration used in the study.

In the field of safety pharmacology, it is imperative to rigorously evaluate candidate drugs for
their potential to induce adverse cardiac effects, notably concerning QT interval prolongation
and the induction of torsades de pointes arrhythmias. This enables early detection of potential
cardiotoxic effect during the drug development process, helping to prioritize safer compounds
for further development. A staggering 28% of drug candidates are withdrawn in the United
States due to an elevated risk of cardiac arrhythmias, underscoring the criticality of this
preclinical scrutiny. While heterologous systems such as HEK cells engineered to express
hERG channels present an expedient platform for high-throughput assays, they exhibit notable
disparities from cardiomyocytes. Though these systems are easy to maintain and permit high
throughput, they would need ideally the comprehensive repertoire of cardiac ion channels of
cardiomyocytes. They can consequently yield potentially misleading assessments of drug
effects. Here, the value of human iPS cell-derived cardiomyocytes becomes apparent. These
cells express hERG at levels akin to those found in adults. For instance, testing verapamil on
these cells revealed its neutral, non-toxic profile concerning QT prolongation. In contrast in
heterologous systems verapamil acts on both hERG and Ca?* channels, leading to false
positive toxic signals. The drug alfuzosin further underscores the disparities between hERG-
expressing lines and human iPS cell-derived cardiomyocytes. While alfuzosin exhibited no
toxicity in hERG-expressing lines, it demonstrated clear toxicity in the latter due to its impact
on Na+ channels, thereby triggering QT prolongation (Blinova et al., 2017; Burnett et al., 2021;
Kirby et al., 2018; Navarrete et al., 2013). The US Food and Drug Administration (FDA)
endorsement further validates the utility of iPS cell-derived cardiomyocytes in predicting the
proarrhythmic risks of drugs (Blinova et al., 2017; Musunuru et al., 2018). However, it remains
a complementary model in the preclinical screening landscape. Drug screening with human
iPS cell-derived cardiomyocytes can act as a pivotal filter, disqualifying drugs with toxicity in

some lines and picking drugs for further investigation when there is evidence of efficacy.
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Nowadays, it is recognized from institutions and companies that incorporate human iPS cell-
derived cardiomyocytes into drug development could empower precision medicine and safer

pharmaceutical innovation (Musunuru et al., 2018).

Moreover, their application in high-throughput phenotypic assays could enable the systematic
screening of compound libraries, specifically identifying compounds that confer beneficial
cardiovascular effects (Sinnecker et al., 2014). Several high throughput screening readout
systems for pluripotent cell-derived cardiomyocytes or ECs exist. The research studies
presented here used high throughput electrophysiological methods such as MEA or automated
patch clamp. These readout systems permit the parallelization of the measurements. One
limitation of the automated patch clamp system tested in our studies is the use of the cell in
suspension, as in this process, the contractility properties of cardiomyocytes can be affected.
Furthermore, some channels clustered in membrane microdomains may show altered
functions, such as modified biophysical properties, as they depend strictly on the clustering

environment.

Cellular disease models can also be analyzed by high-content imaging. This technique
involves a combination of automated microscopy and image analysis software. The goal is to
acquire and analyze high-resolution images of thousands of cells simultaneously to obtain
quantitative data on parameters such as cell morphology, protein expression, beating
frequency, contractility, calcium handling, and cell viability. This readout system provides a
powerful tool for researchers to investigate cellular pathologies and the effects of drugs or
other treatments on these cells and are less time-consuming or invasive than
electrophysiological methods such as patch clamp or dynamic clamp (Cao et al., 2020,
Chesnais et al., 2022). Additionally, the cells are in a more physiological environment than with
electrophysiological measurements; and with these techniques would be easier to obtain

information from 3D organoids or intact tissues.

As acquisition techniques become increasingly automated, so has the interest jumped for

automated open-source software used in data analysis, in screening systems. One recent
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example is the muscle motion system that has been validated in analyzing contraction, not
only in cellular models but also in complex 3D organoid models. The muscle motion software
allows rapid and reliable identification of disease phenotypes. It can detect potential cardiotoxic
effects in drug-screening pipelines and used for the translational comparison of contractile
behavior (Sala et al., 2018). Moreover, organ-on-a-chip technologies have been developed to
address the limitations of 2D systems. The co-culture of different cells, such as EC fibroblasts
and cardiomyocytes, can form tissue in 3D biomimetic hydrogel in microfluidic devices. The
devices are typically made of silicone and contain tiny chambers that can be used to
manipulate fluids or cells. It has been shown that it is possible to use the microfluidic device to
model the behavior in heart tissue and therefore analyze contractility by Ca?* transients’
behavior in baseline or after drug application. In one study with iPS cells, gene editing with the
CRISPR-Cas9 technique introduced a point mutation in the KCNH2 gene, causing LQTS2.
The generated iPS cells were used to build a 3D heart-on-a-chip to be used for personalized
medicine (Veldhuizen et al., 2022). With lab-on-a-chip readouts, it is also possible to test the
permeability and assess the integrity of the endothelial barrier and its ability to prevent the
passage of harmful substances in physiological conditions since complex organoid systems

could be built.

4.3 Future perspectives: organoids

A single-cell model can recapitulate monogenetic diseases, as the monogenetic mutation is
reflected in a phenotypical effect confined to one cell type. The cellular disease model is
adequate, as shown in the LQTS studies. However, a higher degree of complexity in other
pathologies, such as cardiac hypertrophy, for example, metabolic or psychiatric disorders,
involves several levels of interaction between organs. Furthermore, some pathologies takes
years until the full development of the disease phenotype, and this cannot be modeled by
pluripotent cells. As already mentioned, iPS cell-derived cells may have different maturation
levels, gene expression profiles, and electrophysiological properties, affecting their ability to

model complex diseases consistently. Mimicking the physiological characteristics of organs or
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tissues would be particularly important for complex biological processes unique to humans. In
fact, despite many biological processes being conserved in mice, there are striking differences
as human development is protracted. In recent decades, numerous efforts have been made to
generate in vitro functional organs with human pluripotent stem cells. Pioneering work on
organoid models was conducted for the developing brain (Eiraku et al., 2008), and the actual
rise of the organoids field started when it was demonstrated that cerebral organoids
recapitulate features of human cortex development. Cerebral organoids were used to model
microcephaly, a disorder that could not be studied in mice. Patient-derived-cerebral organoids
showed premature neuronal differentiation. This defect was correlated to the disease and
could help to get insights into the disease's development even in complex human tissue

(Lancaster et al., 2013).

Recent studies on skin and vascular organoids evidence the need for multi-step protocols that
mimic embryonic development into endoderm ectoderm and mesoderm, then cellular
specification applying growth factors and subsequently cultures in architectural structures like
spheroid to produce cystic organoids. In the end, a complex inside-out model is formed, with
specific cellular organization resembling that of tissue (Corsini and Knoblich, 2022; Hofbauer
et al., 2021; Wimmer et al., 2019). A critical point for organoids as in vitro systems is that they
can recapitulate the microarchitecture of the tissue; still, they fail to rebuild the entire structure
of a human organ. During organoid formation, the architecture can be quite variable, and
subsets of cell types are often missing or not adequately arranged; therefore, the tissue's
maturation is also lacking. The incompleteness of the architecture is clearly visible in mimicking
the heart tissue; the most elaborate model so far is the so-called cardioid (Hofbauer et al.,
2021). Cardioids display a coelom-like cavity surrounded by cardiomyocytes, endocardial and
epicardial cells lined with ECs. Despite not containing end-differentiated cells and lacking
typical chamber division, cardioids have been used to model hypoplastic left syndrome and

gestational diabetes (Hofbauer et al., 2021, Lewis-Israeli et al., 2021).
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Blood vessel organoids have recently been created from human iPS cells and have been
shown to recapitulate the structure and function of human blood vessels and mimic the
microvascular changes found in patients with diabetes potentially helping to study metabolic
diseases. The organoid disease model system helped identify key signals like DLL4 and
NOTCHS of vascular remodeling in diabetes, thus indicating that human vessel organoids are
suitable systems to model and detect regulators of diabetic vasculopathy (Wimmer et al.,
2019). A drawback of organoids in metabolic research is the lack of oxygen and nutrients,
especially in their inner part, which can cause metabolic changes per se. Oxygen imbalances
can perturb proliferation and differentiation, affecting the subset of cell types developed.
Nevertheless, it will be exciting to see if organoids can also model adult cardiovascular
diseases or provide a source of cells for cell-based therapies. For example, skin organoids
have already been used to improve disease modeling and drug discovery for genetic skin
disorders. Their degree of complexity has reached levels that suggest they are a promising

alternative to skin grafting approaches (Lee et al., 2020).

4.4 Future perspectives: Drug screening for GPCRs using optogenetics

Recently, we showed that combining pluripotent stem cells and optogenetics allows us to
analyze Gi signaling with high spatiotemporal resolution (Coki¢ et al., 2021). GPCR are
relevant in the cardiovascular system because they control several signaling pathways
involved in the modulation of chronotropy and dromotropy, contractility, vascular tone
regulation and blood pressure. To study Gi signaling stimulation which is fundamental to
regulating heart rate and controlling arrhythmic events, we used a LWO, which was reported
to activate Gi/o signaling in neurons (Masseck et al., 2014). A significant advantage of this
opsin is the possibility of repetitive and long-lasting activation compared to vertebrate
rhodopsin because, in rhodopsin, the response to light fades during close repetitions. Another
advantage of LWO over short wavelength opsins is that it is activated by light with a wavelength
toward red which has better tissue penetrability and less phototoxic effects. LWO was

characterized in our study using mouse stem cell-derived 3D beating clusters. The EB model
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can effectively and quickly evaluate the effect of light-activated signaling pathways on
cardiomyocytes using a screening method that exploits their beating rate. By frequency
analysis of beating clusters in EBs expressing LWO, we could discriminate between the
activation of a Gi signaling pathway which would decrease their beating frequency, or the
activation of a Gq signaling pathway which would increase the beating rate. Moreover, we fine
modulated the receptor with gradual light stimulation, changing either the intensity or duration

of light application.

In patients the precise control of the parasympathetic and sympathetic activity seems vital to
prevent developing pathologies such as atrial fibrillation (AF) (Ang et al., 2012). AF is the most
common cardiac arrhythmia, leading to atrial volume overload, stretch, and fibrosis (Nattel,
2017). Parasympathetic modulation of muscarinic acetylcholine receptor 2 (M2R)/ G protein-
coupled inwardly-rectifying potassium channel (GIRK) (Dobrev et al., 2001, Makowka et al.,
2019, Hanna et al., 2021) is fundamental for the stabilization of the fibrillating activity, and it
has been seen that patients with sustained AF have constitutive GIRK activity without M2R
agonist stimulation. Investigations in a canine model have shown that selective inhibition of
Gai/o-mediated parasympathetic signaling nearly eliminated AF inducibility (Aistrup et al.,
2011, Yamamoto et al., 2014). Furthermore, the highly selective GIRK channel blocker NTC-
801 dose-dependently decreased AF inducibility and converted AF to normal sinus rhythm in
a canine model (Yamamoto et al., 2014). However, drugs that affect the molecular
mechanisms of AF cannot discern the cardiac areas in atria which are the most sensitive to G
signaling. These findings prove that local and selective inhibition of Gi signaling and the GIRK
channel may be a novel therapeutic. High-throughput screening systems would be required to
discover selective and potent GIRK channel blockers. Currently, screening methods use
membrane potential sensitive dyes or thallium-flux assays to determine GIRK channel activity.
These assays are mainly utilized in non-excitable HEK293 cells with M2R overexpression,
require high-end instruments, and allow only an indirect measurement of GIRK channel

activity. In addition, such screening assays always require two consecutive pipetting steps:
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first, the compound being screened, and then an M2R agonist to activate GIRK channels.
Thus, every substance blocking M2R or downstream Gi signaling will appear as a false-positive
hit, reducing the specificity of the screening assays. Moreover, diffusion limitation when
applying pharmacological substances and every instrument, such as the patch pipette for
single cell electrophysiology, would reduce the throughput capability of the assays. Therefore,
the research on applying all-optical system for drug screening has increased in recent years.
A new study conducted with neuronal tissue opsin OPN5, which activates light-induced Gq
signaling pathways, showed the advantage of optogenetics compared to pharmacological
screening. In this study, in collaboration with the pharma industry Bayer, more than 200,000
substances were tested to determine whether they block an intermediate step in the Gq
signaling cascade. A classical approach using pharmacological activation resulted in over
3,000 false-positive hits. In contrast, the light method did not produce a single false-positive
hit. Thus, the tested compound does not affect the optogenetic activation and decisively
increases the specificity and, thereby, the drug screening efficiency (Wagdi et al., 2022). In the
next decade, it remains to be seen whether the optogenetic approach transferred to iPS cells
will become a standard screening method, and pharma companies become increasingly
interested in optogenetics as a screening tool. Optogenetic-engineered stem cell-derived
cardiovascular cells or even 3D systems could be used as a tool for drug screening.
Specifically, actuators like LWO have a better penetrability because red light is not absorbed
by myoglobin; therefore, also 3D organotypic systems could be implemented in preclinical drug
screening, if red light stimulation compared to blue would be preferred. In theory, optogenetic
stimulation in a 3D system could allow for precise and spatially controlled activation of cells,
enabling detailed studies of signaling pathways and cellular behavior. Nevertheless, we cannot
exclude that false positive hits would be generated when considering the Gi screening also
with optogenetics. In fact, LWO cannot discriminate between Gi a and By subunits, and we
also do not know whether it could modulate the intrinsic GIRK activity that some patients may

have.
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Ultimately the real disadvantage for screening is that 3D systems present variability between
different labs, and the need for standardization in the organotypic organoids may lead to

challenges in validation of important factors for consistent and reproducible research.

Standardized organoids that mimic cardiovascular or heart tissue or lab-on-a-chip hearts
expressing optogenetic proteins in specific cell types could further help tackle the effect of
balanced and dysbalanced vegetative nerve systems. Combining the LWO Gi activation by
red light with possibly red shifted Gs actuators cardiomyocytes and organotypic cardioids
would allow to investigate the effect of synergic or alternating stimulation of the muscarinergic
and adrenergic pathways on cardiac pathophysiology, just by changing the pacing frequency

and wavelength of stimulation.
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5 Summary

Embryonic stem (ES) cells and induced pluripotent stem (iPS) cells, known for their
pluripotency, provide versatile tools for studying tissue development and disease mechanisms.
Their ability to differentiate into various cell types, self-renew, and undergo clonal expansion
makes them valuable for addressing challenges in cardiovascular research. Cardiovascular
diseases claimed a staggering 17.9 million lives globally in 2019, as reported by the World
Health Organization (WHO), making up 32% of total worldwide mortality, particularly in aging

populations, thus underscoring the need for innovative approaches.

My working hypothesis presented in this text, was to use ES and iPS cells to explore the early
steps of cardiovascular development. These are challenging to investigate directly in vivo due
to limited accessibility. First, using murine ES cells, | provided insights into the role of ECM in
cardiovascular development. It was known that ILK, a pseudokinase that interacts with
cytoskeleton and signaling pathways, in a Tie2-Cre-loxP system to remove ILK from ECs
selectively, resulted in vascular disruption (Friedrich et al., 2004). Due to early embryonic death
in these mice, the molecular mechanisms causing delayed vascular development remained
unexplored. To overcome this limitation, ILK-deficient (-/-) ES cells were employed, and a
notable reduction in the formation of vessel-like structures within ILK-deficient (-/-) EBs were
observed. Building upon ILK's established role in keratinocytes, where it regulates the
stabilization of caveolae within the plasma membrane, | considered its significant involvement
in EC signaling pathways for vital processes like proliferation, migration, and apoptosis. Our
findings elucidated that ILK affects the signaling pathways, by impairing intracellular Ca®
elevation upon VEGFR2 activation. In essence, ILK emerges as a key orchestrator of tyrosine
kinase receptor-dependent signaling, significantly shaping EC development and function by
modulating caveolae positioning and upholding the structural integrity of actin and tubulin
subcellular networks. One key ECM component, laminin y1, known for its role for embryonic
development and in severe skeletal muscle pathologies and cardiac disorders, such as

dystrophy, cardiac hypertrophy, and vessel malformation was also studied. Disruption of
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laminin y1 resulted in altered basement membrane formation, changes in B1 integrin
distribution, and collagen VI deposits in 3D cardiomyocyte models. These ECM deposits create
isolated pacemaker regions, offering insights into disrupted electrical signal propagation and

arrhythmicity.

The discovery of iPS cells enables the generation of cell lines with gene defects from patients
with cardiovascular diseases or through gene editing like CRISPR-Cas9. Channelopathy-
related diseases, resulting from mutations in ion channel genes, could be used to recreate
disease traits in patient-specific iPS cell-derived monotypic cell cultures. The gene mutation in
a specific ion channel establishes a clear link between the genetic change and the consequent
disease phenotype. Therefore, | focus on exploring LQTS, a monogenetic disorder leading to
prolonged cardiac APD due to delayed repolarization, extended QT interval and ventricular
arrhythmia, using a mouse model with the prevalent delta KPQ mutation in the cardiac sodium
channel. The main objective of the study was to see if disease-specific cardiomyocytes derived
from iPS cells obtained from LQTS3 mouse fibroblasts, after undergoing reprogramming and
subsequent in vitro differentiation, could accurately replicate the distinct phenotype observed
in LQTS3 mice carrying the human mutation. Patient-specific cardiomyocytes accurately
replicate the distinct phenotype, mirroring prolonged action potentials and early
afterdepolarizations. This finding underscores the potential utility of iPS-derived
cardiomyocytes for investigating monogenetic disease mechanisms, even prior to reaching full

terminal maturation.

| then focus on developing a scalable method for purifying iPS cell-derived cardiomyocytes for
electrophysiological investigations. | optimized a lentiviral-non-clonal gene transfer method
with antibiotic selection which offers the potential for expediting cardiomyocyte production.
Genetically modified iPS cell-derived cardiomyocytes retain disease characteristics, suitable
for automated drug screening using planar patch clamp analysis and scalable microelectrode

array technologies.
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Next, | used human iPS cell-derived cardiomyocytes from patients harboring a heterozygous
p.R1644H mutation. The study demonstrated the cells' potential for evaluating drug responses
relevant to LQTS3 treatment in humans. Drugs like mexiletine and ranolazine effectively
mitigated LQTS3 features, aligning with clinical effectiveness. This correspondence between
iPS-derived cells and clinical data offers a promising screening platform for predicting and

validating therapeutic agents.

Finally, the application of optogenetics in ES cell-derived cardiomyocytes introducing LWO
expression allowed me to achieve instantaneous-time control over pacemaking activity via Gi
signaling pathway activation. LWO is a red light-sensitive opsin, with better tissue penetration
compared to blue lights actuators like ChR. The data showed that its red-light responsiveness
surpasses traditional pharmacological methods in terms of temporal efficacy in activating and
deactivating the Gi intracellular signaling pathways. The specificity and efficacy of optogenetic
techniqgues make them promising for high-throughput all optical drug screening, minimizing
false positive or negative hits, due to its specificity in activating the target proteins without

interfering with other signaling components and limiting diffusion problems.

In conclusion, pluripotent stem cells, particularly ES and iPS cells, emerge as valuable tools
for studying cardiovascular development and serving as reliable models for drug screening,
offering insights and applications that contribute to the advancement of cardiovascular

research and therapeutics.
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6 Overlapping uses of current research activities
declaration

This thesis is based on six published original papers. | am the first author of five of the papers,
two as a single first author (Malan D, et al. 2013 and Malan D, et al. 2009) and three papers
as first coauthor together with Mrs. Zhang M. (Zhang M*, Malan D* et al. 2016) and Mrs.
Friedrichs S. (Friedrichs S*, Malan D* et al. 2015; Malan D*, Friedrichs S* et al. 2011), one

paper as a co-shared last authorship (Coki¢ M, Brigmann T, Sasse P * and Malan D*. 2021)

Together with Mrs. Miao Zhang and Mrs. Stephanie Friedrichs, | designed the experimental
settings, acquired analyzed and interpreted the data. | wrote part of the manuscript. The work
was initiated and conceived by the authors. The authorship was shared in accordance with

their commitment.

In the publication Coki¢ M, Brigmann T, Sasse P * and Malan D*, Nov. 2021 | am sharing the
last coauthorship with Prof Sasse. | have contributed intellectually, planning the experiments,

supervising the collection and the analysis of the data, planning, writing and correcting the text.

There is no overlap with other habilitation theses.
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